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Electrolyte Solutions
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The theoretical aspects of the calculation and measurement of the interphase [phase boundary] potential difference at the
interface between two immiscible liquids are examined and the non-thermodynamic tetraphenylborate hypothesis, which makes
it possible to determine the standard ion distribution potentials, is discussed. The electrochemical properties of charged
interfaces are analysed and equations are presented for the interphase potential jumps in the presence of Donnan equilibrium,
incomplete dissociation of the salt, two electrolytes with a common ion, complex formation in one of the phases, and an
oxidation-reduction equilibrium. The experimental methods for the measurement of the interphase potential difference and
for testing the thermodynamic theory of distribution potentials at reversible interfaces are examined
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I. INTRODUCTION

One of the fundamental problems in modern chemistry involves
the elucidation of the mechanism of the distribution of charges at
the interface between two immiscible liquids. The solution of this
problem is essential for the development of phase-transfer and
surface catalysis, electrochemistry and colloid chemistry, artificial
photosynthesis and biochemistry, improvement of extraction pro-
cesses, and the creation of ion-selective electrodes.

The electrochemistry of the interface between two immiscible
electrolyte solutions developed significantly only in the last century.
However, despite major advances, there are many obscure aspects
and unsolved problems in this branch of physical chemistry. In the
present review, an attempt is made to describe the main properties of
charged interfaces between two immiscible electrolyte solutions.

As at any interface, a difference between electrical potentials
arises at the interface between two immiscible liquids which in the
case of equilibrium systems is called the boundary potential differ-
ence or briefly the boundary potential.’

The controversy concerning the nature of the potential jumps at
the interface between two immiscible electrolyte solutions dates back
to the beginning of the century.? Despite its apparent simplicity,
this problem remains of current interest.>® Some workers™® have
transferred, without adequate justification, the Donnan theory,’
developed for the calculation of the potential differences between
electrolyte solutions in two identical solvents « and o', differing only
in the ionic composition, to the system of two arbitrary immiscible
liquids « and B. The potential difference A3 ¢ between two identi-
cal phases o and o is a thermodynamically measurable quantity.

On the other hand, A§o at an oil —water interface cannot be mea-
sured from the standpoint of thermodynamics but it can be estimated
on the basis of model considerations.>*!%-'* The error associated
with it, which was introduced in the above study,’ led to the deriva-
tion of an incomplete formula for the Donnan potential, which is
valid only in certain special cases for phases of identical nature.
Unfortunately, this inaccuracy spread from the above study’ to
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certain reviews® and has created the illusion that a purely thermo-
dynamic determination of the Galvani potential difference is
possible.

Finally, interphase oxidation-reduction potentials have been
examined in the literature solely for certain special systems,'%!%!3
although it is undoubtedly important to give a general definition of
this concept.

In the present reivew, an attempt is made to fill these gaps and to
arrange systematically the definitions and formulae used to estimate
interphase potentials.

Il. INTERFACES

1. The Structure of Interfaces

If two pure liquids are placed in a vessel, then, depending on their
physicochemical properties, there is a possibility of the formation of
several types of structures. If the molecules of each liquid can
interpenetrate one another, mixing in any proportions, such liquids
can be called ideally miscible. Naturally, it is then impossible to
obtain a potential difference between the two phases. An example
of such a system is the well known water —ethanol pair. If the
molecules of neither liquid can penetrate into the other, then such
liquids can be referred to as ideally immiscible. Either a sharp
boundary or a transitional layer, in which components from both
phases are present, is established between them. An example of two
ideally immiscible liquids is the mercury —water system. Sometimes
the interface between two liquids is represented arbitrarily by a
mathematical surface without thickness. This is an ideal boundary
for which the term "interface" is used in the English language liter-
ature. However, in reality at the molecular level it is impossible to
draw a sharp boundary between two phases. A transitional layer
(interphase), whose properties differ from those of the phases in
contact, is formed in this region. The thickness of the transitional
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layer is ~0.1—10 nm. In this connection, it must be emphasised
that the extremely convenient concept of the ideal boundary is a
model one and is therefore outside the framework of thermody-
namics.

This review is devoted to the electrochemistry of the interface
between two immiscible liquids or more precisely two liquids with
limited miscibility, an example of which may be an oil —water
system: both phases are sparingly soluble in one another and there
is an interface between them, constituting a transitional layer in
which the properties of the medium vary from those of one phase to
those of the other. The miscibility of the liquids in the most
thoroughly investigated oil —water systems is low, being of the order
of hundredths per cent (if nitrobenzene, dichloroethane, octane, or
decane is used as the organic phase).

2. Polarisable and Non-polarisable interfaces

The interfaces between two immiscible electrolyte solutions are
characterised by polarisabilities of different types depending on the
extent to which they are permeable to the charged species present in
the system.!®2°  Since formulations which are not completely accu-
rate are frequently encountered in the literature, we shall consider
briefly this question.

If the charged species cannot pass through the interface, the latter
is referred to as polarisable; otherwise the boundary is called non-
polarisable or reversible. We shall begin the discussion with polaris-
able boundaries. Since any boundary is to some extent permeable
to ions, in practice one has to speak only of a particular degree of
approximation to the limiting version of polarisable boundaries.
This limiting version is frequently referred to in modern literature as
an ideally polarisable boundary. In the [IUPAC recommendations,'¢
a boundary between two phases is called polarisable if the phases
contain no components in common or if the exchange of the compo-
nents is difficult. As will be shown below, this definition is unsatis-
factory, because, when the conditions indicated are fulfilled, there is
a possibility of situations in which a direct current flows across the
interface.

Next it is stated in the above recommendations that the interface
can be divided into two components containing respectively charged
species from the phases « and B only. This model idea, which con-
stitutes a drastic simplification of the real situation, actually restricts
the scope of the investigation of polarisable boundaries, reducing
them to a single special case. Other versions, which can be realised
in specific systems, escape the investigator’s attention. Incidentally,
the authors of the recommendations'® agree that many of their
definitions are based on specific models, stipulating this already in
the first page of their report.

The use of specific models is not open to objection when this is
necessary, but we believe that attempts to define a general thermo-
dynamic property in terms of specific models is illegitimate because
this deprives the property described of the necessary generality.
However, as pointed out by Frumkin,?"*? such simplification of the
problem is not, in principle, necessary, because in this field a system
of definitions not employing specific model concepts has existed for
a long time. As early as 1891, Planck'” introduced the rigorous
thermodynamic concept of a completely polarisable boundary.

He defined it as the "boundary whose state is fully defined by the
charge passed through it starting from a certain instant".
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In the first place, it follows from this formulation that the Planck
definition fully excludes the possibility of the passage of a direct cur-
rent through the boundary since otherwise the state of the boundary
would no longer depend on the charge passed through it. The
current may flow between the phases only in a transient regime. In
this definition, nothing is said about the way in which the charged
species which have arrived from different phases are distributed in
the transitional layer. Their distribution may be of any kind and, in
particular, they can overlap (Fig.1). Such a situation can arise on
metallic electrodes when there is partial or complete electron transfer
to adsorbed ions or from these ions to the metal. However, charge
transfer between the bulk phases is impossible in the presence of a
completely polarisable boundary.

A special case of a completely polarisable boundary is the ideally
polarisable boundary whose underlying concepts have been formu-
lated by Koenig.'® Fig.15 illustrates the structure of Koenig’s
ideally polarisable boundary. There is a transitional layer between
homogeneous phases « and § whose properties vary from those of
the phase a to those of the phase B. In the transitional layer, the
phases are arbitrarily divided by Koenig’s surface which is imperm-
eable to all charged species (both ions and electrons). This surface
constitutes an infinitesimally narrow and infinitely high energy
barrier for all charged species, which in fact constitutes the difference
between ideally polarisable and completely polarisable boundaries.

It is in principle unimportant in this case which charged species enter
into the composition of each phase. Koenig’s definition is outside
the framework of thermodynamics, since a definite structure of the
interfacial region is postulated in it and non-thermodynamic assump-
tions concerning the existence of an infinitely high energy barrier for
all the charged species are used.

Although the concept of the ideally polarisable electrode was
developed by Koenig in 1934, the term ideally polarisable boundary
(or electrode) as such was introduced later' and Koenig himself'®
used Planck’s term. The term "ideally polarisable boundary" has
been used in modern literature in a somewhat loose sense starting
from Grahame’s review.?’ It frequently includes the concepts of
both an ideally polarisable boundary and of a completely polarisable
boundary. It is sufficient to say that such confusion occurs even in
the "electrochemical nomenclature” recommended by IUPAC.'¢
Since Grahame? did not differentiate the concepts of free and
thermodynamic surface charges and did not consider the adsorption
or local charge transfer at the interface, he assumed that there is no
need to use Koenig’s surface in order to introduce the concept of the
ideally polarisable electrode. Many investigators repeat this error to
the present day, although as early as two decades ago Frumkin and
co-workers??? analysed in detail the difference between ideally and
completely polarisable electrodes. It was shown that a completely
polarisable electrode can include, in contrast to an ideally polarisable
electrode, systems with local or adsorption charge transfer. For
example, at a platinum electrode, whose potential is more positive
than the equilibrium hydrogen potential by up to 300 mV, hydrogen
ions are adsorbed from solution, react with the electrons from the
metal, and form adsorbed hydrogen atoms:

Hags €H +¢.

This reaction is rapid on platinum and, starting from a certain
instant, can be regarded as reversible. Although local charge
transfer occurs here and Koenig’s surface cannot be introduced,
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there is no charge transfer between the phases and the electrode is
completely polarisable as defined by Planck but not ideally polaris-
able as defined by Koenig.

If the phases a and B contain even one common ion, which moves
freely across the interface, then such an interface can be referred to
as reversible or non-polarisable. Despite the fact that the latter
term is generally accepted, it does not reflect quite accurately the
state of the system. A reversible (non-polarisable) interface can be
partly polarisable or completely non-polarisable. Large currents
can flow in either direction across a completely non-polarisable
interface between two phases containing at least one common ion
without causing a deviation of the interphase potential difference
from the equilibrium value. Ideally polarisable and completely non-
polarisable interfaces do not exist in nature, although certain elec-
trodes can have properties close to ideality under certain conditions.

A partially polarisable interface corresponds to the intermediate
state between ideally (completely) polarisable and non-polarisable
interfaces. This difference actually exists and is usually investigated
in electrochemistry.

In conclusion, we shall show that the definition proposed by
IUPAC,'® namely that the boundary between phases should be
regarded as ideally polarisable when the phases contain no common
components or the exchange of the components is difficult and
cannot be regarded as satisfactory.
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Suppose that a lipophilic reductant and a hydrophilic oxidant
have been added to a water —oil system where each phase contains
electrolytes (but there are no common ions in the two phases), so
that an electron exchange reaction takes place at the interface:

Fe(CN) :-\ / (CsHs),Fe

FE(CN)Z "N (CHs),Fe"

water nitrobenzene

In this case the interface ceases to be ideally polarisable and becomes
partly polarisable or non-polarisable depending on the reaction con-
ditions, although the oil and water contain no common ions. One
can foresee the objection that electrons can be regarded as a common
component in the two phases although they are not present in them
in a free form. However, this does not save the IUPAC definition'$
because it vitiates the significance of its first part: "...when the
phases contain no common components".

o-phase B-phase

transition layer

/

«a-phase

B-phase

Koenig surface

z

Figure 1. Schematic illustration of the distribution of ions and of the structure of the completely (a, b, ¢, and d) and ideally (b and d)

polarisable interfaces.
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ll. INTERPHASE POTENTIALS

1. Boundary Potentials

As at any interface, an electrical potential difference is established
at equilibrium at the interface between two immiscible liquids, which
is referred to as the boundary potential difference or, briefly, the
boundary potential. A classification of interphase potential jumps
was introduced in 1930.2* Fig.2 illustrates schematically the inter-
phase potential jumps at the boundary between two immiscible
phases, o and B, and also between these phases and the vacuum.
The potential ¥*, measured in vacuo in the immediate vicinity of the
above surface, is referred to as the Volta potential or the external
potential. The potential ¢*, in the bulk of the phase, reckoned
relative to a point in a vacuum at an infinite distance, is referred to
as the Galvani potential or the internal potential. These two poten-
tials differ by the surface potential jump x*.

In a study of the contact between the phases a and B, the Galvani
potential difference

Asa(p :(Pa__cpa’

which is determined by the specific distribution of the charged and
polarised dipolar species in the vicinity of the interface, is of princi-
pal interest. The dipolar component of the interfacial potential
difference A§oy is sometimes separated from the overall difference
between the Galvani potentials; one can then obtain the quantity

A o—Ap*Ps,

which is determined by the distribution of ions. Such separation is
of practical value in those cases where the dipolar contribution to
the potential jump is independent of the overall interphase potential
difference (or depends only slightly on the latter), i.e. is ultimately
independent of the ionic potentials and one can assume that all the
changes in the interphase potential difference are described solely by
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the ionic contribution (the measurement and calculation of this
contribution constitutes to a large extent the subject of the modern
science of the interface between liquid electrolyte solutions). How-
ever, there is usually no certainty that the separation of the inter-
phase potential difference into two independent components, due to
the ionic and dipolar contributions, is valid and treatment of the
results in such terms involves a certain degree of approximation.

One should also bear in mind that, contrary to the claim fre-
quently encountered in the literature,2* the dipolar potential jump
Afpy at the interface betweer. two immiscible electrolyte solutions is
generally speaking not equal to the potential difference at the bound-
aries of these phases with a vacuum even in the case of specific
adsorption:

At Q=A™ =% X"

The reason is the mutual influence of the phases on the orientation
of the dipolar molecules in the boundary layers of the liquid.

Table 1 illustrates the thermodynamic feasibility of the experimental
measurement of boundary potentials.

The equilibrium potentials at a reversible or non-polarisable
interface are divided into three types depending on which species
pass from phase to phase:

1. Potentials which arise in an equilibrium system where all the
ions are capable of passing from one phase to the other are referred
to as distribution potentials.

2. If the phases in contact contain ions some of which are
capable of crossing the boundary while others are not, Donnan
potentials or membrane potentials are generated. The transfer of
ions may be prevented by either mechanical (as in semipermeable
membranes) or chemical (as in ion exchangers) causes. If ions of
only one kind can cross the interface, then the membrane potential
difference is called the Nernst potential.

3. If two immiscible electrolyte solutions exchange electrons and
are in equilibrium with respect to electrons, then an oxidation-reduc-
tion potential is established at the interface.
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Figure 2. Boundary potentials in an oil —water system: Y|P )—external potential or Volta potential; ¢%(@P)—internal potential of the
phase a(B); x*(x")—surface potential jump equal to the difference between ¢* and ¥* (¢ and VP); Afp—Galvani potential difference;
Ajy—Volta potential difference; Afp,—the dipolar component of the interphase Galvani potential difference; @3 and o8 —potential jumps

in diffuse layers.
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Interphase potentials on completely (and ideally) polarisable
boundaries can be due to the adsorption of charged or dipolar
species at the interface or by the charging of the latter from an
external source.

Table 1. Thermodynamic feasibility of the experimental measure-
ment of the boundary potentials in immiscible liquid phases o
and B.

Boundary potentials I Feasibility of measurement

External potential of one phase ¥ Measured
Volta potential Ag‘\ll

Surface potential x

Measured
Not measured

Difference between surface potentials Agx Not measured, but can be determined when
an additional non-thermodynamic

hypothesis is used

Internal potential p Not measured

Difference between Galvani potentials AE&; Not measured, but if both phases have the

same composition, measurement is

possible

Change in A%y during any process (adsorption, Measured
change in temperature, concentration, etc.)

Potential difference in the cell between phases of Measured

the same composition E = EAf;‘W

Distribution potential of the salt or individual
ion—Ag‘v: or Ady]

Not measured, but can be determined when
an additional non-thermodynamic
hypothesis is used

Change in A during any process (adsorption of Measured

dipoles, change in temperature, etc.)

Thermodynamics makes it possible to determine the interfacial
potential only at a reversible interface. In the case of an ideally
polarisable boundary, the potential is an additional independent
variable characterising the state of the boundary and is specified by
an external potential source. An electrostatic rather than an
electrochemical equilibrium is maintained on an ideally polarisable
boundary. It is analogous to the state of a charged condenser.

2. Standard Potentials and Standard Free Energies
Suppose that the phases o and B in contact contain ions I; with a

charge number z; and an activity a;. It follows from the condition
for electrochemical equilibrium that

a Wi —u® | R o i
=t " 42 In=
Ag(D Z,»F + 2F a‘f ’ ( )

where p is the chemical potential and F the Faraday. The differ-
ence between the standard chemical potentials of the ion 7 in the two
phases

pé* — pi = AFGY () )

represents the energy of transolvation or the standard Gibbs free
energy ASG (i) of the transfer of the ion / from the phase « to the
phase B. We introduce two further definitions: the distribution
coefficient of the ions:

P/® = exp (— A§G} ()/RT) 3
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and the standard potential of the distribution of ions of the given
kind:
ATG ()

A%t = 8t RT | pap
8P zF 2,F InPET @

According to Eqn.(3), it is evident that PP = 1P/,
The interphase potential difference can be represented in the form

o
o o

B B
RT , & RT 4
Af,‘q)=qu,‘;+-z‘—Fln—;=—ZiTln(P?m ‘). ®)

The equilibrium ratios of the activities of the ions i in two phases is
described by the expression

af Ve &F o 2 o z,F
G M exn [ — 5 (AZp — A o= PP oy (__'_A“ ), 6
o p[ = (450 — Afel ] Pexp(— - a%0), (6)

where 7 is the activity coefficient and ¢ the concentration.

Hence the physicalsignificance of the concepts introduced becomes
clear. The standard distribution potential of the given ion repre-
sents the interfacial potential difference which would be established
at the interface if the equilibrium activities of this ion in the two
phases were identical. The partition coefficient of the ions P?
corresponds to the equilibrium ratio of the activities of the ions i in
the two phases in the absence of an interphase potential difference.

It follows from the electroneutrality condition for the phases that

> 2cf =0; > 2 =0. @)
7 T

The relation between the interphase potential A§¢ and the concen-
tration of ions in solutions is described by Eqns.(6) and (7). If
there are n types of ions in the system, then the number of equations
is n + 2 and the number of variables is 2n + 1, i.e. the number of
independent variables in the system is n - 1. In other words, it is
possible to specify the concentrations of ions of all kinds in a single
phase except one. The concentration of the ions of the remaining
kind in this phase, the concentrations of all the ions in the other
phase, and the interphase potential are then determined by solving a
system of equations.

Apart from the activities of individual ions, it is convenient to use
the concept of the mean activity of a 1:1 electrolyte BA:

aga= (aBaA)% . (8)
The mean activity coefficient of the electrolyte is then given by
84 = (veya)". ©®)

The partition coefficient of a 1:1 electrolyte can be introduced
analogously:

PEE= (PEPPF/), (10)
It is readily seen that PgLB s simply equal to the ratio of the
mean activities of this electrolyte within the bulk of the phases «
and B:
P = aiyasf. 1n

It is of interest that this ratio, in contrast ot the analogous ratio for
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the individual ions [Eqn.6)], is independent of the interfacial
potential. It is also independent of the presence of other ions in the
solutions.

3. Distribution Potentials

(a) Fully Dissociated Electrolyte
We shall consider the simplest case where the boundary is non-
polarisable and the phases o and B contain a binary 1:1 electrolyte
B*A™
a, B*A-|B*A-, B. (12)

The interfacial potential can be readily found from Eqn.(5) and the
electroneutrality condition:

A% 4 A%e8 By
AZp = 898 8PA + RT In Y8Ya . 13)
2 F kg

The first term reflects the individual characteristics of the ions in
two media in the standard state, while the second depends on the
activity coefficients, i.e. reflects the concentration effects. However,
in practice the activity coefficients of the cation and anion can be
regarded as approximately identical: y% ~ v§ and Y& ~ y%. The
expression for the interphase potential difference then assumes the
simple form

A%® -t A0 p/B
Ajp—20% T A5%h _ RT ) 5 (14)
2 2F  puB

Thus the interphase potential difference is equal to the arithmeti-
cal mean of the standard distribution potentials of the individual
ions. This potential difference between the two phases in the
presence of a binary electrolyte has been called the distribution
potential >2° In this approximation, the distribution potential is
independent of the concentration of the electrolyte BA. It is also
independent of the structure of the interface, because it is determined
solely by the thermodynamic properties of the bulk phases. This
rule has been confirmed by experimental studies (see Section 5),
although under certain conditions deviations from it occur. At low
concentrations of the salt BA, the interphase potential difference
depends also on the presence of other ions into which the solvent
molecules dissociate and also of HCO3 ions if the measurements are
performed in air and not in an inert gas.

When the number of ions in the system is greater than two, the
distribution potential is known to depend on the concentrations of
the ionic component of the system. The structure of the interface
between two immiscible electrolyte solutions is also determined by
the volume properties of the phases in contact. If a monolayer of a
surfactant almost insoluble in both phases is adsorbed at the inter-
face, then formally this should not alter the value of A§p determined
from Eqn.(13). However, the blocking of the surface by the surfac-
tant molecules may disturb the thermodynamic equilibrium, as a
result of which the measured potential difference ceases to corre-
spond to the equilibrium value and differs from the distribution
potential. The interphase potentials at an interface between two
immiscible electrolyte soslutons have been calculated in different
specific situations,!!+22:26
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One may consider the general case of an asymmetric electrolyte:
o, By'A| BI°AL, B. (15)

In this case, the interphase potential, determined by the distribution
of electrolytes between two phases, is described by the expression

A= 25050} — 2a050h RT B (16)
25— 2, (zg—2p) F YgY%

For an asymmetric electrolyte, the partition potential depends on the

salt concentration. The second term on the right-hand side of

Eqn.(16) is given by the following expression according to the

Debye — Hiickel theory:

0 31/ 798 N2
RT VY, Sy 12BN ~
———1n z : = (zp + 2a) —o——2 (Iifer"" — Ife5™),
(tp—2za) F 4248 onFel*V RT

where I, is the ionic strength of the solution in the phase o, N, the
Avogadro number, g the electrical constant, and ¢, the dielectric
constant of the phase «. In terms of the Debye approximation, the
distribution potential is independent of concentration only for a
symmetrical electrolyte, where zo = -zp.

4. Incomplete Dissociation of the Sait

With the aid of the scheme

AB AB

A B* A, BY

we shall consider the question of how the incomplete dissociation of
the electrolyte can be reflected in the interphase distributions.
Suppose that the reaction

3
KBA

B4 A== BA, an

where K§4 is the dissociation constant of the BA molecule, takes
place in the phase . This means that the equality

afas = KfaaBa. (18)
holds at equilibrium. The dissociation constant K§, is related to
the chemical potentials p of the corresponding species by the
equation

RT In Kfa = pi% — pp¥ — pR?, (19)
where p° is the standard chemical potential. The same equations
can be written for the dissociation in the B-phase.

The undissociated BA molecules can be distributed between the

phases and the partition coefficient P YR is defined by the equation

RT In P3 = uik — ub%. (20)
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The incomplete dissociation of the molecules does not affect the
interphase potential. A distribution potential, defined by Eqn.(5), is
established at the boundary. The standard distribution potentials of
individual ions {Eqn.(4)] also do not change. However, owing to
the presence of the dissociation equilibrium and the distribution of
the undissociated molecules between the phases, a relation arises
between the constants of these processes and the difference between
the standard Gibbs free energies of the ions (and hence also the
standard potentials):?

K
= Ba 5= 8§Gh+ + AfGh- = FAgh- — FAfoh. D

KEaPER

RTIn

5. Complex Formation in One of the Phases

Suppose that the binary electrolyte BA is distributed between the
phases « and B and that the phase « contains in addition a neutral
complexone T which can combine with the cation B™ to form the
charged complex BT™:

The reaction

K
B* (&) + T (@) ==BT* (). (22)

takes place in the phase o and the dissociation constant K§r is
defined by the equation

RT In Kfr = p§¥s — ubf — p¥® (23)

Apart from the homogeneous dissociation constant K gy of the
ocmplex BT ™, it is also possible to introduce the constant of the
heterogeneous or surface dissociation Kﬁ‘—{ﬁ referring to a process in
which the complexone T and the complex BT are in the phase «
while the ion B* is in the phase B. This constant is defined by the
equation

RT In K% = pb% — g™ — pik, (24)

There is a simple relation between the two dissociation constants
introduced and the partition coefficient of the ion B™:

K¥P = KPR, (25)
The equation for the heterogeneous dissociation equilibrium is
b = K3tk exp (FAZQ/RT). (26

The case where the complex BT ¥ is very stable (i.e. its homogeneous
dissociation constant Kgr is small) while the ion B* is only slightly
soluble in the a-phase (the partition coefficient PP is small) is of
special interest. One can then assume that, apart from the charged
complex BT, the a-phase contains only one charged species—the
counterion A-. Using the usual procedures, it is possible to find the
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interphase potential difference for this case:?®

%
Afo=2L1n A\’ + i _ &
F :MEP ) PREKER) 2KER

where cor, denotes the overall concentration of the complexone in
the free and bound forms in the phase « and the activity coefficients
are assumed to be unity for the sake of simplicity.

We shall consider two limiting cases arising from Eqn.(27).
Supposing that the concentration of the A™B " electrolyte is low.
Then, by expanding Eqn.(27) as a series, we obtain

@7

RT Coom
Afp=-—In__—com (28)
K,

Eqn.(28) can be given a more usual form by introducing the inter-
phase partition coefficient of the ion B™ taking into account
complex formation:

PEP = c&m/KEE. 29
The expression for the interfacial potential is then
o RT, PP
Agp=_r-In Pl 30

This is a typical expression for the distribution potential which
does not include directly the complexone concentration and the form
of the relation is determined by the valences of the electrolyte.
Eqn.(30) is valid for a 1:1 electrolyte. For arbitrary valences, it
assumes the following form:

a

Com
PRSP v

F o 1
— Afp =~——1In
REOT L,

The dependence of FA@/RT on In cgop is described by a straight line
whose slope is 1/2 for a 1:1 electrolyte, 1/3 for a 1:2 electrolyte, and
1/4 for a 2:2 electrolyte.2®

‘We shall now proceed to another limiting case. Suppose that the
electrolyte concentration is high so that the concentration of the
complexone in the phase « is close to saturation. We then obtain
for Eqn.(29)

RT 1y Ceom

A= .
F PR

(32)
Fig.3 illustrates the dependence of FABp/RT on Incf-, which

consists of two linear sections. The slope of the second section

is =1 for a univalent anion A~ or 1/z4- in the arbitrary case. The

point of intersection M (Fig.3) of the two sections yields

0.51n (c%mK 3./P3®), which makes it possible to determine the

heterogeneous dissociation constant of the complex BT ™.

6. The Donnan Potential

The Donnan potential is the name given to the interphase
potential difference when some of the ions cannot cross the interface
between two immiscible electrolyte solutions while the remaining
ions are free to move reversibly from one phase to the other.
Suppose, for example, that an ion R with a charge number zg has
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such a high partition coefficient PP that it is almost totally concen-
trated in the phase a. Apart from the ions R, the system contains a
binary electrolyte B* A~ whose concentration in the B-phase is cha

o, R’R, B*A™| B*A™, B. (33)

FAjyp
RT \

|
|
|
!
B
M \LnCA.

Figure 3. Dependence of the distribution potential on the electro-
lyte concentration in the phase  during the complex formation
reaction in the phase a.

This type of equilibrium was first considered by Donnan® for two
ideal aqueous (= B) electrolyte solutions separated by a semiperme-
able membrane. The Donnan equilibrium was then investigated
also by other workers, but the modifications which they introduced
reduced in essence to the replacement in the Donnan equation of the
concentrations of ions by their activities, which made it possible to
change over from ideal to real solutions. Almost all investigators
considered the Donnan equilibrium between two aqueous solutions.
However, in the general case the phases o and B can be different and
the above equilibrium can be achieved also in the absence of a semi-
permeable membrane.

The Donnan equilibrium at the interface between two immiscible
liquids was first considered in a monograph’ and then in another
study for two ideal electrolyte solutions. Since there are inaccuracies
in the study of Joos et al.,” we shall present the correct derivation of
the Donnan equations for ideal and real immiscible electrolyte solu-
tions in accordance with the study of Markin and Volkov.?®

By definition, the partition coefficient of the salt is given by

PE® = afn/afe. (349
Hence follows the equation relating the activities of the ion B* and
A~ in both phases:
(35)

afaf-= (Pi‘{;")2 ah-ab..
From this equation and the two phase electroneutrality conditions

2rel -+ B+ — cR-=0,

Cg—d—(h

(36)

€0

N3
it is easy to find the Donnan potential;
o _RT,(PEE W%\ RT R
A cp._-;ln( P X Yy \)+2F ln(l +—cg+ . (38)

Eqn.(38) resembles Eqn.(14) obtained by Grundwald et al.?® but
differs from it by the distribution potential of the salt defined by the
first term on the right-hand side of Eqn.(38).

The Donnan potential can also be formulated as a function of the
concentration of the dissolved electrolyte AB:

Afp—FT 1n ( PEE B )
fo="rIn| — ———
P B yE,

; i
+ﬂ ml{ 1+ 2peiia )’ + ZRORVEA .
£ 2Py Pag,

2PEfaf,

As can be seen from Eqns.(38) and (39), the Donnan potential is
represented by a sum which includes the distribution potential and a
term depending on the concentration of the ion R which does not
permeate into the electrolyte. If the concentration of the ion R is
low, then the second term can be assumed equal to zero and
Eqns.(38) and (39) become identical with the expression for the
distribution potential. The distribution of ions between phases is
then determined by known expressions.

At a high concentration of the ion R, a different expression is
obtained for the potential. If we put zg > 0 to make the treatment
concrete, we obtain

(39)

RT In 2CE V-

(]
8P = .
Fo pfbaf_

40)

In this case, the concentration of the counterions A™ in the phase a

ceases to depend on the distribution coefficient and the interphase

potential and approaches the limiting value
cR ~ ZRek.

QY

The coions B* are then almost fully displaced from the phase a:
-3 1 POB‘Q“%A :
Cp+ = —_.
7ReR ¥Ea

7. The Nernst Potential

42)

We shall consider the especially important special case of the
Donnan potential when ions of only one type can cross the bound-
ary. Suppose that these are the B*® jons. The type and number of
other ions do not play a significant role. The interphase potential
difference arising in such a system is referred to as the Nernst
potential:

Atp = A%gS + (RT/zsF) In (ab/ad). 43)
If the phases o and P are identical but are separated by a mem-

brane permeable to the ions B™, then Aﬁ(p% = 0 and the potential
difference is given by

%9 = (RT/zsF) In (ab/a}). 44)
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Sometimes the potential difference determined from Eqn.(43) is also
referred to as the Nernst — Donnan potential, because, although
historically a formula of this type was first obtained by Nernst,?’ it
corresponds to a special case of the Donnan equilibrium,

8. The Oxidation-Reduction Interphase Potential

Suppose that each of the two phases, « and B, contains its own
oxidation-reduction couple Red/Ox:

Red, Red,

As a result of the exchange of n electrons across the interface, an
oxidation-reduction reaction takes place:

v, Red; + v,0x, 2 V3 Red; 4 v,0xy. (45)
At equilibrium, the followig equality holds:

Vifed, + Valbs, = Vgithes, + Vabibr. (46)
Hence we find the interphase oxidation-reduction potential:

(@) (aB, )™

Ay = Aloho + X In . (47)
M (@) ()™
In this case A§ 0,0 denotes the standard interphase oxidation-
reduction potential of reaction (45):
AfoRo = (ViRes, + Vzﬂggg — gy — VAPI%%%.)/ nF, (48)

where n is the number of electrons transferred from Red; to Ox,.
In terms of its physical significance, Eqn.(48) represents the inter-
phase potential for equal activities of the ions of the oxidised and
reduced forms in each solvent. We may note that the interphase
oxidation-reduction potential is defined by Eqns.(47) —(48) when
reaction (45) occurs even when the oxidant or reductant in any of
the redox pairs is a neutral species.

If reaction (45) is accompanied by a change in the pH in one of
the phases, i.e.

o B
Red, Red,
Ox, Ox,
u*

and the reaction
vy Red, + v, Ox, 2 vy Red, + v, 0x, 4+ mH;, (49)

takes place, then from the condition for equilibrium

vlﬁﬁed; + Vsagx. = vaﬁlaled. + V;;gx, + m:ll(-ll"' (50)
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it is possible to find the interphase redox potential

(@Fes) ™ (@, )"

Afo = Afoko + X 1n , 51
bR/ nF (agx‘)v. (a‘ﬁzed.)v. (@™ ( )
where
AZQ = (viues, -+ anl?)'g. — Vs — V«P‘I,igiz — mugf)/nF. (52)

Analysis of the influence of the interface between two liquids on
the standard redox potential of an electron-exchange reaction!!~!¢
has shown that, by selecting the phases o and B, it is possible to
displace the standard chemical potential of the oxidants and
reductants in the required direction and to achieve at the interface
reactions which do not occur at a sufficiently high rate in each
phase.

9. The Mixed Potential

If the two immiscible liquids each contain, apart from their own
redox couple also common ions or compound redox couples, then a
mixed potential is established at the interface to which both the
interphase oxidation-reduction potential and the distribution of the
ions between the phases contribute,

Thereis a possibility of various combinations of electron-exchange
reactions in the two-phase system. Suppose, for example, that each
of the phases o and § has its own redox couple but one of the
couples is soluble in both phases:

Red, Red,

Red,

In this case electron-exchange reactions are possible both at the
interface, i.e.

Redf + Ox§ = Ox¥ + Red?, (53)
and in the bulk of the phase f:
Redf + Ox3 22 Ox! + Red?, (54)

It follows from the condition for equilibrium that

PBet, — HRes, = O, (55)
by, — 1, = 0, (56)
whence
o  RT P Rr  aRudd
A=yl CT I o0 9Bx, ©7

The standard potential for reaction (53) is defined by the expression

A%gho = (RT/nF) In (PEL/PRE). (58)
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Eqn.(57) is identical with Eqn.(14) for the partition potential only
in the case of a two-electron reaction subject to the condition that
ZRed, = -1, Z0x, = t+ 1, and agedla?)x,/a‘lz(ed.agx, = 1. The last
requirement, concerning the ratio of the concentrations of the redox
couple, is artificial in character and may hold only at one point for
definite fixed activites of all the ingredients. It does not follow
from the phase electroneutrality condition because, apart from the
redox couples, there are also other ions in both phases.

Eqn.(57) does not include the second redox couple Red,/Ox; but
the latter does enter implicitly into the second term on the right-
hand side of this equation. The second redox couple is forced to
become automatically adjusted with respect to the first because,
apart from Eqns.(55) and (56), a further two equations, determined
by the equilibrium in the system, also hold:

erd, + ng. = ﬁ%}q + l—lgedu (5 9)
l_l-lged. + l_‘-?)x, = ng. + Fged.- (60)

The introduction of a common electrolyte B, A, into both phases
is not reflected in the form of Eqn.(57) but, by virtue of the electro-
neutrality of both phases, i.e.

Safef =0, Saef =0
¢ 7

the distribution of the concentrations of the redox components in
each phase changes, which makes a considerable contribution to the
second term on the right-hand side of Eqn.(57).

The majority of the redox reactions occurring on the liquid
water —oil and water — biomembrane interfaces are accompanied by
changes in pH, for example:

NADH € NAD" + 2~ + H*. (61)

We shall consider a system of two immiscible liquids o and f:

« p
Red,
Red, 0x,
Ox, H*

Red,
Ox,

Suppose that each phase has its own redox couple and that one of
them is common to both phases:

Redf’ + Oxf 2 Ox{ +- Red; + mH;,
Red? 4 Ox8 = Ox% 4 Redf + mH;, (62)

If n electrons are transferred from Red; to OX, in the course of the
reactions then, when m % n, we obtain from the equilibrium condi-
tion an expression for the mixed potential:

B @
@ A% O RT 9Red; 0% 63
AP = A0 — (" g, )

in which the standard potential is defined by the formula

/8
Rl _In Pox,

w—mF P35 9

Afrio =
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From the condition for thermodynamic equilibrium and the
electroneutrality of phases for reaction (61), one can write 4+2=6
equations for the two redox couples, which exceeds the number of
independent variables in the system. If a proton equilibrium is
established during reaction (61) between the phases o and B, then the
mixed potential can be formulated as follows:?

B
A% — A%, — RT In 9Redi%0x, 2,3RT A%pH, 6
89 ==AgPri0—~ - b, +—-"F 8P (65)
where
Afobom — RT . PR (66)

IV. MEASUREMENTS OF INTERPHASE POTENTIAL JUMPS

1. The Tetraphenylborate Hypothesis

It is known from thermodynamics that the absolute difference
between electrical potentials can be measured only in conductors of
identical composition. For this reason, the difference between the
Galvani potentials between a point in an aqueous phase and a point
in the bulk of an organic solvent is not susceptible to experimental
measurement.

For the determination of the difference between Galvani poten-
tials and surface potential jumps, it is necessary to resort to addi-
tional non-thermodynamic hypotheses. It is comparatively easy to
measure the relative change in the phase boundary potential differ-
ence when the type of dissolved salt is altered, for example, when
one of the ions in the salt is changed. One can then measure the
partition coefficient of each salt PIB With the aid of Eqn.(5), the
phase boundary potential can be expressed in the form

& AQ RT a/g
A= A5p—— = In PR 67

Thus it is possible to set up a scale of the changes in the potentials
when one of the ions is altered, but this scale will include the
unknown constant term Aﬁ(p?—the standard partition coefficient of
the unchanged ion. The problem reduces to the correct selection of
the zero on this scale.

The zero cannot be chosen by thermodynamic methods and
requires the invocation of additional hypotheses. The most popular
tetraphenylborate hypothesis was formulated in 1960 2® and then
developed in other studies.”** The history of its development has
been described in a review.*?

The essential feature of the tetraphenylborate hypothesis is as
follows. If one selects a cation and an anion with identical standard
energies of transfer between two solvents, then the interphase
distribution potential for such a salt is found to be zero. In this
case the partition coefficients of the ions are equal to the partition
coefficient of a salt, which can be readily determined experimentally.
Having determined it, we find the standard free energy of the
transfer and the standard distribution potentials of the individual
ions. As can be readily seen, these potentials are identical in
absolute magnitude and opposite in sign:

Afeh=— Afgl. (68)
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It now remains only to select the suitable ions. Preference has
been given to different ions in different investigations. For example,
Koczorowski® used tetraethylammonium picrate (Et);NPi. In other

studies?®~*3, preference was given to tetraphenylarsonium tetra-
phenyltborate (TPATPB). The constituent ions of this salt TPB~
and TPA™Y, ie

O 17 O

Z NB-< N
e

N\

O 1L O
are similar, firstly, because they are symmetrical species whose
shapes approach those of spheres having identical and fairly large
radii, which permits the assumption that the hydrophobic effect is
the same for both and, secondly, their charges are equal in absolute
magnitude and are located in centres of ionic spheres and are
shielded from the solvent, so that the electrostatic contribution to
the free energy of transolvation of these ions should be the same.
The ions have a comparatively low polarisability and a low surface
charge density and hardly enter into specific interactions with the
solvent molecules. All these factors permit the hope that the
standard energies of the transfer of such ions will be the same for
any pair of solvents.

With the aid of the tetraphenylborate hypothesis, it is possible to
determine the standard distribution potentials by methods such as
cyclic voltammetry, chronopotentiometry, polarography at a drop-
ping electrolyte electrode, chronoammetry, and also solubility and
extraction data,3135:37:38.40-42,44.45

Fig.4 illustrates a typical cyclic voltammogram obtained at a
scanning rate of 25 mV s™! in the water —nitrobenzene (NB) system
containing 10 mM TPATPB in the non-aqueous phase and 10 mM
Li,SO, in water.”> The range of applied potential differences is
limited in the negative region by the potential of the transfer of
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TPA™ from nitrobenzene to water and in the positive region by the
potential of the transfer of TPB~. Since

ARy = ~AR pnr
it is possible to select the starting point for the readings on the
potential scale and to change over, as in Fig.4, from the applied
potential difference scale to the Galvani potential scale or the
distribution potential scale.

I uA

—~
[
T 1

11| R
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-02-01 0 0102 03 04 E.V

Figure 4. Cyclic voltammetric curve for the water —nitrobenzene
system in the presence of TPATPB in nitrobenzene and of Li;SO4 in
water. Peaks 4 and B are due to the transfer of TPA* and TPB~
from nitrobenzene to water respectively. The experimental curve
has been taken from Hundhammer and Solomon.>!

The block diagram of the apparatus, on which it is possible to
determine the distribution potentials of ions and to investigate the
electrochemical properties of the interface between two immiscible

4-electrode
potentiostat

+

pen recorder

pulse
generator

polarising
electrode
———
(74
M
Roli] .a.__
interface X reference
T T T T | electrodes
Refm?) .3—-
B

l polarising

electrode

Figure 5. Diagram of the four-electrode apparatus for the measurement of the electrochemical characteristics of the interface between two

immiscible electrolyte solutions.
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liquids, is illustrated in Fig.5 and the cell and the electrical circuit
are presented in Fig.6. The standard distribution potential of an
ion depends both on the nature of the solvent (primarily on the
optical and static dielectric constant) and on the ionic radius.

Fig.7 presents the dependence of the distribution potentials of
ions on their radii for the water —nitrobenzene, water — 1,2-dichloro-
ethane, and water —dichloromethane systems plotted on the basis of
a series of data35738:40-42:44-54 4,4 published in a review.’® The
radii of inorganic ions were taken from Gourary and Adrian®’ and
those of tetra-alkylammonium salts were taken from Robinson and
Stokes.>®

Figs.7 and 8 show that the distribution potential of an ion
decreases sharply with increase in the size of the ion and in the
dielectric constant of the non-aqueous solvent. The continuous line
in Figs.7a and 7b represents the theoretical calculation with the aid
of non-local electrostatic theory.!*!* For ions with radii less than
0.3 nm, the main contribution to A‘i‘;(p? comes from the electrostatic
component of the free energy of transolvation, while for ions with a
radius greater than 0.3 nm the contribution of the solvophobic effect
is greatest.!>14

2. Methods for the Measurement of the Interphase Potential
Difference

The difference between the Volta potentials and the change in the
surface or Galvanic potential in a system of two immiscible electro-
lyte solutions can be measured by the dynamic condenser, radio-
active probe, and streaming electrode methods and also with the aid
of concentration cells.

pulse R 7
generator

a.c. generator

AE2 |[RE2 OA3

1356

The dynamic condenser method, proposed by Kelvin, was subse-
quently developed in detail in other studies.”*%° All the experimental
methods for the measurement of Volta potentials between the phases
a and B are based on the compensation method, which involves the
application of a potential difference equal in absolute magnitude
but opposite in sign to the Volta potential between the phases o
and ﬁ~59-86

Two types of sensors are normally employed for the periodic
measurement of the capacitance of the condenser formed by the
surface of the electrode and the interface investigated, namely
vibrating and rotating electrodes. The vibrating electrode is less
complex than the rotating electrode but its stability is lower.

The block diagram of the apparatus for the measurement of the
Volta potential by the dynamic condenser method is presented in
Fig.9.5" The generator of mechanical vibrations causes the vibra-
tion of a gold electrode placed at a distance of 0.2—1.0 mm from
the surface of the liquid phase investigated. The aqueous solution is
connected via a salt bridge filled with a saturated KCl solution
(to eliminate the diffusion potential) to a reversible reference elec-
trode. The displacement current arising in the vibration of the gold
electrode is compensated by applying to the vibrating electrode a
potential equal in magnitude but opposite in sign to the measured
Volta potential. The equivalent electrical circuit for the method®? is

presented in Fig.10.

The Volta potential Ay at the boundary between two immiscible
equilibrated (mutually saturated) solutions of electrolytes B* A~ can
be determined experimentally as the compensation potential E; in
the cell

M lwater, B*A™|gas|Nitrobenzene, IM.
B*A” o

Figure 6. The cell and the electrical circuit of the apparatus for the measurement of the electrochemical properties of the interface between
two immiscible electrolyte solutions; EC—electrochemical cell; OA—operational amplifier; AE—auxiliary electrode; RE—reference

electrode; A—oil —water interface.*
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The term gas implies a chemically inert gas phase, i.e. nitrogen, The Volta potential can be measured by the vibrating electrode
argon, or pure air, M is a metallic electrode, and B* A~ is the method as the difference between the e.m.f.’s Eyy and Eyy; of cells (II)
electrolyte. and (III):
1 H,0 .0 Vv
7AW ¥
o4 +
a
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Figure 7. Dependence of the standard distribution potential of an ion on its radius in different systems: a) water —nitrobenzene;
b) water — 1,2-dichloroethane (DE); c¢) water —dichloromethane (DM). The experimental data have been taken from a review. ¢
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M |vibrating |N, | nitrobenzene |water, |saturated |[M, (In
electrode| |B*A” B*A~ |calomel
electrode
M |vibrating |N, water,'saturated calomel |[M. am
electrode B*A™ lelectrode
In other words, the relation
AP0 Y(MX) = Ey = Eyy — En, (69)

org

holds, provided that the following conditions are fulfilled: (a) the
constancy of the surface potential of the vibrating electrode:

(b) the constancy of the surface potential of the water-saturated
nitrobenzene phase; (c) the constancy of the surface potential of the
nitrobenzene-saturated aqueous phase; (d) the stability of the
calomel electrode and a constant and identical contribution of the
diffusion potential between the aqueous phase and the solution in
the calomel electrode.

1
;AH’OWO v

org Yi’

42

g1

o TPB~, TBA®

Figure 8. Dependence of the standard distribution potential of the
ion on the static dielectric constant € of the non-aqueous solvent.
The experimental data were taken from a review.*
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The design of the rotating electrode has been described by
Dudko® and by Freyer and Ohlenbusch.®® The equivalent circuit
is presented in Fig.11. The rotating electrode is placed over a
circular cell in such a way that the geometrical centre of the circle
which it describes during its rotation coincides with the geometrical
centre of the cell. The cell, divided by a partition into identical
sections, is filled with the test liquids.

The essential feature of the radioactive probe method is the
reduction of the resistance of the air gap between the electrode and
the surface of the test liquid when it is bombarded with a-particles
from a radioactive source.’®%” As a result of ionisation, the gap
becomes electrically conducting due to the appearance of charged
particles. The 210Po, 241Am, and ?*°Pu isotopes are normally
employed.®*">"* The 2*'Am isotope has an advantage over >'°Po
because of its longer half-life (458 years instead of 138.4 hours);
furthermore, 2’ Am can be used in the form of a foil which has a
large surface area and can readily be insulated.”® The accuracy and
reproducibility of the results in the radioactive probe method is
lower than in the vibrating electrode method. The equivalent circuit
of the method is presented in Fig.12.

An obligatory condition in the measurement of the Volta poten-
tial by the radioactive probe method is careful shielding of the
measuring chamber and of the electrometer input. An unduly large
gap between the electrode and the surface of the solution of the test
electrolyte is frequently a source of errors in the measurement of the
potential difference as a result of scattering of the radiation and
parasitic leakages. If the gap is too small, incorrect values are also
obtained owing to the interaction of o-particles with the molecules of
the test liquid. The design of the apparatuses whose operation is
based on the radioactive probe method and the experimental tech-
nique have been described in detail.®®

In the streaming electrode method,”®”" a stream of the test liquid
flows downwards along the axis of a tube whose inner surface is
coated with a down-flowing film of another liquid (Fig.13). The
reversible reference electrodes placed in the solutions are connected
to the measuring system consisting of a potentiometer and a null
instrument with a very large internal resistance. At the instant of
compensation, the external potential of this stream is equal to the
external potential of the solution flowing along the inner walls of the
cylinder. This method is rarely used to investigate the interface
between two immiscible electrolyte solutions.”"”

All three methods yield identical results in the determination of
the Volta potentials of electrolyte solutions.”

3. The Adsorption Potential

The term adsorption potential is given to the interphase difference
between Galvani potentials due to the adsorption of ions or dipoles
at the interface.

The problem of the appearance of the adsorption potential,
despite its apparent simplicity, has been the subject of a prolonged
controversy.>+?%80-86  If w0 immiscible liquids, o and P, are in
equilibrium, the interphase potential difference arises in a transition
adsorption layer between them. Formally, it is possible to calculate
the electrolyte distribution potential knowning only the solvation
energies of the ions in each phase without paying attention to the
properties of the interfacial adsorption layer. However, at equilib-
rium, the properties of the ions in the adsorption layer are unambig-
uously related to the properties of the ions in the bulk of each of the
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phases in contact. The distribution potentials can therefore be
calculated in two ways—from the bulk-phase properties of the
solvents « and B and from the properties of the adsorption layer.*

I, °
R
n L
I T
T
3 o

Figure 10. Equivalent electric circuit of the vibrating electrode:
R;—leakage resistance between the electrodes; C;—capacitance of
the vibrating electrode; E;—potential difference between the
vibrating electrode and the surface investigated; Ey,—e.m.f. of the
source of compensating potential; R,—resistance in the compensa-
tion circuit.

At the beginning of this century, Beutner®”3® showed that the
formal thermodynamic theory of the distribution of ions is sufficient
for the determination of the potential difference between two immis-
cible electrolyte solutions and that no additional hypotheses need be
introduced into it.2”%® However, these views have been criticised.3%°
Some workers®®°"? regarded the adsorption potential as being
superimposed on the partition potential jump, while others>*%?
assumed that the adsorption potential jump is part of the partition
potential.

The partition potential is a purely thermodynamic concept. The
calculation of the adsorption potential is outside the framework of
thermodynamics. Definite structural ideas are used in it. Never-
theless, both approaches lead to identical results if the hypothesis
concerning the structure of the adsorption layer corresponds accu-
rately enough to the real picture. To some extent the adsorption

st v,

generator of
mechanical
vibrations
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approach appears to be more general: if ionic equilibrium at the
interface has been disturbed as a result of the blocking of the
interface by a surfactant or if the non-aqueous solvent is non-polar
(octane, decane, and heptane), then the theory of distribution poten-
tials cannot be applied to such systems, while adsorption analysis
makes it possible to describe them with fair acc:uracy.“"sg’n’82

Ry

| SR

I
T T
Figure 11. Equivalent electrical circuit of the rotating electrode:

Rr—load resistance; C;—capacitance between the half-cells and the
rotating electrode; U;—compensating potential.

~

r————="==""
=~
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P |

Figure 12. Equivalent circuit for the measurement of the potential
jump by the radioactive probe method: E;—measured potential

difference; R;—input resistance of the electrometer; Rr—resistance
of the air gap; E,—potential jump at the input to the electrometer.

o oscillo-
amplifie graph

y

Figure 9. Block diagram of the apparatus for the measurement of the Volta potentials between two immiscible liquids: /) vibrating gold
electrode; 2) aqueous electrolyte solution; 3) salt bridge for the elimination of the diffusion potential; 4) reference electrode.5!
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V. TEST OF THE THERMODYNAMIC THEORY OF INTER-
PHASE POTENTIALS

The following cell has been proposed for the measurement of
interfacial potentials: 2°

Hg, Hg,Cl, |H,0, |H,0, |diisopropyl |diisopropyl|H,0, |Hg,Cl,, Hg;(IV)
KCl |M"X™|ketone or ketone, Et,N*,
nitrobenzene, | (Et),NPi |Pi~
M*X"

H,O0 _— H,0 ., ~ or Org , =— tA
AR;:‘¢ const AH:Onp 0A A°™p = cons a

g @ H,0
H,0"M+X™ Torg

RE, =
AH,O“’

Pt NPi
= donst

—ocrf)nst
where M ™ X~ is the salt investigated, distributed between the two
solvents, the distribution correspc nding to equilibrium, and RE is
the reference electrode. If it is supposed that the diffusion poten-
tials A}.{{:S(p and AJf§e are zero while the distribution potential
A0 g npi = const., then, by replacing the M™ or X~ ions by
others, it is possible to determine the change in the distribution
potential AM;A?{fo(pr on passing from one salt (M,X) to the other
M2X):

RT Pﬁri/}i,o RT P&rg]}{,o

M, AOTg = 1 —_ s

AM,AH,O“’MX F In oG oF In porE/;0 : (70)
2 2

Figure 13. Diagram of apparatus for the measurement of the
potential difference at the interface between two immiscible electro-
lyte solutions by the flow method: a) aqueous solution; &) oil;

¢) aqueous salt bridge; 1) water reservoir; 2) inlet for an inert gas;
3) reference electrode; 4) vessel for the streaming electrode.

Eqn.(70) has been tested experimentally for the water —isopropyl
ketone,® water —acetonitrile, water —quinoline,® and water —nitro-
benzene®t185 systems.

1139

It has also been suggested that ANAYE oyx be measured in the
2 2’

cell®!
Au, vibrating 'gas nitrobenzene, |water, |water, |Hg2Clz, Hg; \%
electrode M*X~ M'X" lsat.KCl

gas , — OTRy, — H,0 H,0 =
ABSp = const Agyf const Ao;g ¢ AH:ospdif =0

Aﬁfoqa = const.
The potential measured in cell (V) is the sum of the potential jumps
at all the interfaces. When M ;X is replaced by M,X in cell (V), it is
possible to obtain Aﬁ;A?{fo(pr as the difference between the poten-
tials of cell (V) in the presence of M;X and M,X. The methods of
measurement and calculation have been described in detail else-
where %!

Table 2. The distribution potential differences for two binary
electrolytes M;/M, with a common ion X in the water — nitrobenzene
system at 298 K.

M; .NB
AM%AH20¢, mv
Ma/My X

from from from calc. by

Ref 81 Ref 25 Ref.68 Eqn.(70)
Nat/K+ Cl-, Br, I —52 —53 — —50
Li+/K* Br-, I- —78 — - —73
Cl~/1~ K+, Na*, Et,N+, But,N* -+98 +102 | 4-100. 492 +95
Br+/I- Li*, Na+, K*, But,N* +79 — +70, +75 +77
Cl=/NO; K+ +70 — —_ —
Cs*/K* Cl- -+40 — —_ —
K*/NH] - +30 - - —
Et,N+/K+ I-, CI- +128 4126 +120 +124
Me N*+/K+ - — — +65 —

The results of the test of the thermodynamic theory of distribu-
tion potentials are presented in Table 2, where it is evident that the
experimental changes in the distribution potential of the salt follow-
ing the replacement of one of the ions agree satisfactorily with the
result of the calculation from the partition coefficient of the salt by
Eqn.(70).

---000---

The interest in the processes occuring at the interface between two
immiscible liquids is associated with the fact that we live in essence
in a multiphase world. Almost all energy-transforming processes in
living systems (respiration, photosynthesis) take place at the interface
between two liquid phases.

It may be hoped that the role of the boundary potentials and of
the spatial charge separation on the surfaces of biomembranes and
their models in bioenergetic mechanisms of respiration, artificial and
natural photosynthesis, and the coupling of biochemical reactions
will be elucidated in the next few years.
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