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The Elimination of Liquid Junction Potentials.

IV. The Conditions of Extrapola-

tion™

By BENTON BROOKS OWEN AND STUART R. BRINKLEY, JR."

In the preceding communications®®* of this
series it is shown experimentally that accurate
thermodynamic information can be derived from
cells with heterionic li-

able extrapolations. In
each of these investigations the following condi-
tions were fulfilled.

I. The composition of the liquid systems in
contact are so chosen that, in a series of measure-
ments, these systems can be made to approach by
extrapolation either absolute identity, or some
condition which may be treated by present ther-
modynamic methods.

II. The ionic strengths of the liquid systems
in contact are the same, and the extrapolation is
performed at constant ionic strength.

These conditions are the subject of the present
communication.

Condition I

The necessity of Condition I scarcely requires
comment, but it will be useful to distinguish be-
tween and to classify several types of junctions
which can fulfill this condition. The classifica-
tion of junctions will be based upon their char-
acteristics in limiting states attained by extra-
polation, because it is ordinarily these characteris-
tics which justify their use in thermodynamic
calculations. The concentration of one or more
solutes at every junction will be expressed in
terms of a variable, x (1 2220),
which will always be reduced to
zero by the extrapolation. There
fore when the properties, or types of any junctions
are referred to, it is implied that the condition,
x — 0, has been imposed.

Limiting Liquid Junctions, Type A.—The two
liquid systems comprising Type A junctions be-
come absolutely identical in the limit when x —
0, and their junction potentials are zero. The
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. AgCl [satd.]
quid junctions by suit- Ag, AgCl(s) | KNO; [(1 — x)m] | KNOs [m]
KCl {xm] ;

AgCl [satd.]
Ag, AgCl(s) | KCl [xm]
KNO; [(1 — x)m]

following cells illustrate this type of junction.

H, | H; [satd.] {H; [satd.]
HCl ] HCI[(1 4+ x)m] | Ha 1
AgCl [satd.] | AgCl [satd.] |
KNO; [(1 — x)m] | AgCl (s), Ag 1I
| AgNO; [xm] 1

It is characteristic of such cells that each con-
stituent of the limiting junction solutions, ¢n-
cluding soluble components of the electrodes, is
present in both solutions at the same concentra-
tion. The electromotive forces of these cells are
therefore independent of standard electrode po-
tentials. In other respects such cells may be
widely dissimilar. Thus, Cell I is homo-ionic, and
its liquid junction potential is thermodynatmically
defined at ol values of x. The e. m. f. of this cell
is a simple function of transference numbers and
activities at all values of ¥, and is independent of
the geometry of the junction. Cell II is heter-
ionic for values of x different from zero, and its
junction potential is thermodynamically defined
only in the limit.

Limiting Liquid Junctions, Type B. The two
liquid systems comprising Type B junctions do
not become identical in the limit when x — 0, but
differ only with respect to the soluble components
of the two electrodes. The following cells will
serve as illustrations.

| HgCl [satd.] | H, [satd.]

Hg, HgCl (s) | KCI [m] T KCI[Q —x)m] | Hy 111
; HCI [xm] |

AgNO; [xm]
KNO; [(1, x)m]

[ KNO; [m] Ag v

Although the limiting liquid junction potentials
of these cells are not zero, they are of the type
which is always present when the so-called “‘cells
without liquid junctions” are used to compare
standard electrode potentials. Such junction
potentials are neglected in thermodynamic prac-
tice, and are therefore integral parts of all meas-
ured standard electrode potentials. For exam-
ple, the replacement of potassium chloride by
hydrogen chloride throughout Cell III would lead
to the familiar cell

HgCl [satd.]
HCI [m]

H, [Satd] |

Hg, HgCl(s) HCQl [m] | Ha v
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without changing the nature® of the liquid junc-
tion. Note that the Type A junction of Cell IT
changed to Type B in Cell IV by elimination of
the silver chloride from the right-hand electrode
and solution.

Limiting Liquid Junctions, Type C.—The fol-
lowing cells give rise to Type C junctions

"AgCl [satd. ]‘AgCl [satd.].
Ag, AgCl(s) ( KCl [xm] | HCI [xm] |AgCl(s), Ag VI

i AgCl [satd.]
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right hand solution and electrode of Cell VII,
extrapolation to ¥ — 0 results in a junction with
characteristics of both Types C and B. This com-
posite junction might be termed Type CB, but
since the asymmetry of the B variety is absorbed
in the standard electrode potentials, it will not be
necessary to distinguish between Types C and CB
in the following discussion.

The estimation of a liquid junction potential,

| AgCl [satd.] | AgCl [satd.]

Ag, AgCl (9)‘KN03 lxm (1—y)]1KN03 Lo \KNOa [wm (1 — )] |AgCI (s), Ag  VII

FKCL [amy]

The variable ¥ (1 2 v 2 0) in the last cell is used
to express changes in the ratio of the solute con-
centrations. In this respect, ¥ plays the same réle
in Cell VII that x plays in Cell II, but the condi-
tions of extrapolation in these otherwise similar
cells are quite different. In the operation of Cell
II, m is kept constant during a given extrapola-
tion to x — 0, and the limiting junction becomes
two identical solutions of potassium nitrate of
concentration, m. In the operation of Cell VI,
y and m are kept constant during a given extra-
polation to x — 0, and the junction consists of two
solutions which do not become identical in the
limit so long as vy is different from zero.

Thus, in general, the solutions composing Type
C junctions contain constituents which are not
shared by both in common, and this asymmetry is
not eliminated by extrapolation. The liquid june-
tion potential produced by this asymmetry when
x — 0 is not of the type inherent in ‘‘cells without
liquid junctions,” and cannot logically be neg-
lected. Fortunately there are both experimental
and theoretical grounds for believing that it is
possible to estimate the magnitudes of such resi-
dual junction potentials within reasonable limits.
This possibility argues the practical utility of cells
which lead to this “‘calculable” type of junction
potential, but does not permit the use of such
junctions with the same confidence with which
Types A and B are employed in thermodynamic
calculations. This category can be made to in-
clude cells whose limiting junction potentials are
partly calculable and partly neglected. For ex-
ample, if the silver chloride is eliminated from the

(5) The magnitude of the junction potential would vary to some
extent depending upon the properties of the electrolyte at the con-
centration m, but this variation is also neglected. Thus, in deter-
mining the activity coefficient of HCI in salt solutions, the same
value of E°® is used regardless of the nature of the salt. Since E°
contains the junction potential of Cell V at m = U, the calculated
activity coefficient contains the variation of this junction potential
with the composition of the solutions at finite concentrations.

' AgNO; [emy]
F;, is based upon the expression®
RT T;
—dE = 3 T dnmy (1

in which T3, m;, and 7; are the transference num-
ber, molality and activity coefficient of any ionic
constituent, 7. The valence, z;, carries the sign of
the charge. The activity coefficients may be dis-
regarded, as the equation will be employed only
in the limit, « — 0. The summation extends over
all the ion constituents present, except those pro-
duced by dissociation of the solvent.’

Ordinarily, the exact values of T; and m; are
not known at all points throughout the region of
the junction, and some assumptions are required
before equation (1) can be integrated. For this
purpose Planck® assumed ‘‘constrained diffusion”
across the junction, and Henderson® assumed a
“continuous mixture boundary” which leads to
linear concentration gradients. Both of these as-
sumptions, as well as those employed in more
elaborate treatments!®!!1% of the problem, yield
values of E; which are in reasonable agreement
(plus or minus a few tenths of a millivolt) with
each other and with experiment, if the solutions
are dilute and differences in ionic mobilities are
not extreme. So long as the objectives do not de-
mand more than this reasonable agreement, it is
not necessary to decide which, if any, of these as-
sumptions is strictly valid.

With this in mind, and purely as a matter of
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(1908); M. Gouy, J. ckint. phys., 14, 185 (1916).

(10) P. B. Taylor, J. Phys. Chem., 31, 1478 (1927),
Physik, 91, 622 (1934),

{11} J.J. Hermans, Dissertation, Leiden, 1937.

(12) F. 0. Xoenig, J. Phys. Chem., 44, 101 (1940).
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convenience, the Henderson assumption will be
used in the present discussion because it leads to
the relatively simple expression
RT Z(N/z)(mi — mi)
at infinite dilution. This choice does not imply
that the authors can dispose of the theoretical
objections!! to the general application of this as-
sumption to heterionic junctions. The primes
and double primes in equation (2) refer to concen-
trations in the immediate neighborhood of the
left and right hand electrodes, respectively, and
Al is the limiting conductance of the s-ions.

In order to evaluate the limit appearing in this
equation, the ionic concentrations mj, m{, etc.,
may be expressed as fractions

—E" = Lim 2)

o =mi/m', of =mi/m’, etc. (3)
of the total ionic concentrations, m’ and m". In
the limit, as x — 0

m’ — m’
for the Type A and C junctions. The applica-
tion of this equation to Type B and CB junctions
can only be considered permissible in view of the
convention of disregarding the soluble constituents
of the electrodes in cells containing these junc-
tions.

Combination of equations (2), (3) and (4) leads
to the following result at infinite dilution.
o = REZ®/2G — e | V!
PTOF N - ) ZNip{

For Type A junctions, p/ = p{, etc., and the log-
arithmic factor is zero. According to the conven-
tion referred to above, this factor is also zero
for Types B and CB junctions. For the simplest
Type C junctions (Cell VI), equation (2) reduces
to the familiar equation of Lewis and Sargent.!?
MacInnes and Yeh! investigated cells of Type
VI which contained pairwise combinations of the
chlorides of hydrogen, ammonium and the alkali
metals. Unfortunately, only two concentra-
tions (0.1 and 0.01) were used, but the values of
E] obtained by linear extrapolation for all com-
binations (except those involving potassium chlo-
ride) are in reasonable agreement with equation (5)
the average deviation being 0.11 mv. For the
potassium salts the disagreement is of the order
of 1.2 mv. Data are available which can be used

=0 4)

(8)

(13) G. N. Lewis and L. W. Sargent, THIS JOURNAL, 81, 363
(1909).
(14) D. A. Maclnnes and Y. L. Yeh, ibid., 48, 2563 (1921).
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for a similar “‘two point” (m = 0.05 and 0.03)
extrapolation for the system KCI (m) | KBr (m),
and this also is not in accord with equation (5).
The disagreement in this case amounts to 0.25
mv.

In order to determine whether the discrepancies
obtained with potassium salts represent a failure
of the equation or of the ‘“‘two point” extrapola-
tion, the family of straight lines shown in Fig. 2
of the first paper of this series® has been used to
obtain interpolated values of E — 2 k log (xmy)
+ 2k @ +/u which would be applicable to Cell VII.
The constants ¢ = 0.05915 and a = 0.506 at 25°.
The addition of & log K (= —0.5768) to these
values yields the values of & log Yo Vag + 2 k «
A& + E; which are plotted as ordinates in Fig. 1.
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Fig. 1.—Extrapolation of the results for Cell VII.
Values of y are indicated on the curves; m is constant and
equal to 0.05 mole per kg. of water. The intercepts, Ej,
were calculated by equation (5).

The abscissa is expressed in terms of x at the bot-
tom, and u at the top of the figure. Two impor-
tant conclusions may be drawn from this plot.
First, for all values of y greater than zero the plots
are not linear, and as the system KCI‘AgNOs is
approached (v = 1), a very pronounced curvature
appears in the neighborhood of 4 = 0.025. Sec-
ond, the extrapolated portions of the curves have
been drawn to intercepts, Ej, calculated by equa-
tion (5) without producing any apparent discon-
tinuity with the experimental curves. These re-
sults supply a reasonable explanation of the dis-
crepancies referred to above, and appear to jus-
tify the use of equation (3) in estimating Ej for
practical purposes. The rigorous validity of this
equation is, of course, a question which cannot be
decided by such curved extrapolations from so few
data.
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The classification of liquid junctions according
to their limiting characteristics (x — 0) is helpful
in determining the propriety of using a given cell
for thermodynamic purposes.

The use of Type A junctions assumes the possi-
bility of a suitable extrapolation to x — 0. If
the accuracy of this extrapolation is not inferior
to that of the data upon which it is based, the ex-
trapolated quantity is subject to rigorous ther-
modynamic treatment. The accuracy of such ex-
trapolations appears to fulfil this condition, but
only one system with Type A junctions has been
investigated.®

The extrapolation required for Type B junctions
is similar to that for Type A, and appears equally
accurate,®* but the extrapolated quantity derived
from a Type B junction contains an unknown resid-
ual junction potential. Although this unknown
potential is disregarded in the use of all of the so-
called “‘cells without liquid junctions,” this con-
vention does not always permit a rigorous ther-
modynamic interpretation of the data. For ex-
ample, the values of E° and the activity coef-
ficients calculated from the electromotive forces
of Cell V are somewhat ambiguous for this rea-

1.2 T T ™
[ ]
l
0.8 F
’ré
z I
= |-
=
[ ]
0.4 r— 1
il
0 N
0 0.02 0.04
Concentration.

Fig. 2.—Departures of several extrapolations from
linearity in dilute solutions. I. Cell VIII: abscissa,
chloride (or silver) molality: potassium nitrate concentra-
tion constant, 0.01 molal. Il. Cell IX: abscissa, total
iron wt. normality: hydrochloric acid concentration con-
stant, 0.05 wt. normal. III. Cell III: abscissa, hydro-
chloric acid normality: ionic strength constant, 0.1 nor-
mal.
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son.* On the other hand, the modern electro-
metric determination of ionization constants of
weak electrolytes is free from this defect, because
the residual junction appears twice in the pro-
cedure (in the extrapolations for E® and for K) and
cancels out.

The extrapolations which result in Types A
and B are practically linear when performed at
constant ionic strength.>®* Type C (CB) junc-
tions are produced by extrapolation to zero ionic
strength, and may depart widely from linearity,
asin Fig. 1. Inaddition to the uncertainty caused
by this curvature, the use of Type C (CB) junc-
tions is under the disadvantage of requiring an
estimate of E? Furthermore, all of the equations
proposed for this purpose involve some extra-
thermodynamic assumption that is difficult to
justify per se, and attempts to verify the equa-
tions may have to contend with non-linear ex-
trapolations such as those encountered in systems
containing potassium salts.  These considera-
tions make it undesirable to employ Type C (CB)
junctions for any purpose for which Types A and
B, or cells “without liquid junctions” can be util-
ized, and leave room for doubt that condition I is
rigorously fulfilled by Type C (CB) junctions.

Condition II

While the extrapolations (x — 0) are not neces-
sarily performed at constant total ionic strength,
it appears that this condition must be fulfilled
if a linear extrapolation is to be obtained, or even
approximated. In the three systems investigated
by the authors®? and E. J. King,* the deviations
of the experimental results from linearity are of the
order of the reproducibility of the electromotive
forces (0.05 mv.). The liquid junction potentials
in these systems were small because of the choice
of ions with nearly equal mnobilities,** and the use
of buffers® when acids were present. In cells
containing high liquid junction potentials, there
is evidence of only a slight departure from linear-
ity. For example, the available data!® on Cell III
{m=0.1; x =0.1,0.5, and 1.0) show a maximum
deviation of 0.25 mv. from a straight line drawn
through the points corresponding to x = 0 and
x = 1. This curvature is illustrated by curve III
in Fig. 2, which was constructed as follows: (1)
a large-scale plot of the function £ — k log (mx)
against mx was made from measurements on Cell
111, (2) a smooth curve was drawn through these ex-

(15) A. Unmack and E. A. Guggenheim, Kgl. Danske Videnskab,
Selskab. Math.-fys. Medd., X, 8 (1930).



Sept., 1942

perimental results, and extrapolated to the limit,
mx = 0, (3) a chord was drawn from mx = 0 to

mx = 0.04, and (4) vertical distances between this,

chord and the curve were scaled off at several
values of mx, and plotted as the ordinates of Curve
111, in Fig. 2, against mx as abscissa. Curve III
therefore represents the departure of the experi-
mentally determined function, £ — k log (mx),
from linearity at acid concentrations (mx) be-
tween 0 and 0.04 mole per liter. In this particular
case the ionic strength is constant (0.1 mole per
liter at 18°), and the departure from linearity is
very small.

On the other hand, the upper curves!® in Fig.
2 illustrate the relatively enormous curvatures
encountered when the extrapolation is not per-
formed at constant ionic strength. Curve I shows
the departures of the function, E — 2 k log (xm)
+ 2ka+/f, from linearity for the cell

AgCl [satd.] | AgCl [satd.] AgCl [satd.]
Ag, AgCl (s) | KCl [xm] | KNO; [xm + mo] | AgNO; [xm]
KNO; [mo] | KNO; [my]

at a constant concentration of potassium nitrate
(my = 0.01). These results were obtained graph-
ically from the family of straight lines given in
Fig. 2 of the first paper in this series.? The
temperature is 25°, and m = 0.05 molal. It is
evident that this extrapolation at varying ionic
strength is almost useless for practical purposes,
although the ionic strength is uniform throughout
the cell [equation (4)], and the mobilities of all
of the ions are very nearly equal. In this case
the departure from linearity is obviously due to
variations in activity coefficients, rather than to
large changes in E;.

Curve II in Fig. 2 shows the departures of the
function, E + & log (cpe+++/Cre++), from linearity
for the cell

(16) The construction of Curves I and II is analogous to that just

described for Curve III, but differs in the nature of the plotted ex-
perimental functions.
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FeCl, 4+ FeClg [m]
HCI [mo]

Hg [satd.]
, Pt IX

HCI [m]

used by Popoff and Kunz.V” The constant acid
concentration, m,, is 0.05 mole per kilo of solu-
tion, and the total iron concentration, », is here
expressed in eguivalents per kilo of solution to re-
duce the concentration range covered by the
plot.!® The temperature is 25°. The curvature
in this case is probably due to considerable varia-
tions in E; as well as in the activity coefficients.

Summary and Conclusions

In the elimination of liquid junction potentials
by extrapolation, it is useful to classify junctions
according to their characteristics in the limit ob-
tained by extrapolation. This depends upon the
fact that a given pair of junction solutions may
lead to quite different limiting cell potentials de-
pending upon the nature of the electrodes em-
ployed and the manner in
which the limit isapproached.
Thus, the limiting potential
of the liquid-liquid system KNOs, KCI | KNOs,
AgNO; can be Type A (E} = 0, as in Cell II),
Type B (E% neglected, as in Cell IV), or Types
C and CB (E] calculable, as in Cell VII as written,
or modified by elimination of silver chloride from
the right-hand electrode).

New evidence (Fig. 1) is produced to show that
the Henderson equation yields valuesof E} in reason-
able agreement with experiment. An explanation
is suggested for the previous failure of this equation
in some systems involving the potassium salts.

The practical necessity of performing the ex-
trapolations at constant ionic strength is illus-
trated by means of graphs (Fig. 2).
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(17) S. Popoff and A. H. Kunz, THIs JOURNAL, 51, 382 (1929).

(18) If the molar concentration of iron had been used the maximum
of Curve II would have been over twice as high, The experimental
point at 0.025 normal was disregarded in drawing the curve because it
was incousistent with the data at higher concentrations.

AgCl (s), Ag VIII




