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PART 1

THE CLASS ELECTRODE




INTRODUCTION

In 1909 Fritz Haber(19) found that a potential developed when a thin-
walled glass bulb, containing an electrode and an internal solution,
was immersed in a test solution which was in contact with another
electrode., The potential was found to vary with the acidity of the
test solution., An assembly consisting of such a thin-walled glass
bulb, its internal solution, and the electrode which it contains, has
since become known collectively as a "glass electrode". The Haber

cell may be schematically represented as follows:

Reference Aqueous Solutions Glass Aqueous Solution Reference
Electrode Containing Sol- Membrane of Solvated Pro- Electrode
vated Protons tons of Known
’ Concentration

Since 1909 the phenomenon has been extensively investigated. Although
many kinds of glass may be used to produce membranes which are electro-
chemically sensitive to their surroundings when used in such cells,
only a few kinds exhibit electrochemical and physical characteristics
which make them highly desirable for the determination of hydrogen ion
activities. An ideal kind of glass for this purpose would be such that
the potential developed would be in quantitative accord with the Nerst

equation(z):
+
E =» E, ¢ RP/oF ln aﬂi/hﬂz

Actually no kind of glass exhibits such ideal behavior over the entire
range of concentration, but a few kinds closely approach this ideal

behavior over conslderable ranges. The early researches demonstrated



that glass electrode phenomena are highly dependent upon the nature

of the surface of the glass membrane,

Dole amd others(z) extended the use of the glass electrode to liquid
media other than water. Such work was especially concerned with glass

electrode action in organic solvents,

Part I of this dissertation reports an investigation of the possibility

of extending the use of the glass electrode to liquid ammonia systems.

The starting point of this work was an attempt to discover a potential

between the electrodes of the following cell:

Reference Solution of Glass Solution of Reference
Electrods Ammonium Salt Membrane Ammonium Salt Electrode
in Liquid of Known Con-
Ammonia centration in

Liquid Ammonia
This cell is analogous to the Haber cell (above), since the armonium
ion in liquid ammonia corresponds to the hydronium ion in water, both
representing the solvated proton in the respective media., Since the
glass electrode is capable of measuring the hydronium ion activity in
water, it was felt that it might be capable of measuring the amrmonium

ion activity in liquid ammonia.

No potential could be detected between the electrodes of the above
system when it was tested under a variety of experimental conditions,
A systematic elucidation of some of the possible factors involved in
the failure of this system to develop a potential was then undertaken,
This elucidation led directly to the developments reported in Part II

of this dissertation,



THE GLASS ELECTRODE

Ceneral

The theory(z’ 35 2L) which has been developed to explain the glass
elactrode action in water will be presented in this section. The
early investigations revealed that the glass electrode was not in-
fluenced by the presence of oxidizing or reducing materials. There

is no transfer of electrons at the electrode solution interface.
Therefore, neither oxidation nor reduction occurs. The potential
measured is dependent only on the difference of hydronium ion activity
on either side of the membrane. In other words, the glass electrode
serves ags a junction in a concentration cell. Therefore, it can be

shown that the following thermodynamic relationship holds:
E = E, +RT/nF 1n ay/ap (1)

where al and a; are the activities of the solvated protons on either

side of the membrane,.

Since one of the hydrogen ion activities is held constant, Equation (1)

can be condensed to the following:
E = C (pH) (2)
where C is a constant and pH is defined as - log ay+ .

The overall EMF measured by a pH meter is the sum of all the EMF's
of the system. Figure I (Appendix II) represents schematically the
cell system, E} is the potential between the reference electrode
and the internal solution. This potential will remain constant pro-

vided the temperature does mot vary. E; is the potential between the



reference electrode and the membrane and is equal to the product of
the current times the resistance (IR drop). Since ionic solutions
are used, their resistance will be very low. Moreover, the current
- through the cell is very small., Therefore, the potential (E,) is
negligibles Ej is the potential between the glass surface and the
solution, This should be constant provided the surface does not vary
with time. E) represents the IR drop acfosa the membrane, In early
glass electrodes, this potential was large, since the resistance of
ordinary glass is very high. However, when very thin bulbs of low
resistance glass could be prepared(30) and the proper pH instrumenta-
t1on(9 1ls 31) became available, Ej could be made negligible, Eg

is the potential between the outer surface of the glass and the un~
known solution. It is essentially a function of pH. Eg, similar

to E,, is negligible. E7, the reference electrode potential, is

constant except for minor variations caused by junction potentials.

Thus, it is apparent that, if there is no rapid temperature change,
the observed EMF of the cell systemscaused by Eg, which is essentially

dependent on pHe.

The instrument used to measure this potential is a vacuum tube electro-
meter calibrated in pH units (Figure II). One pH unit is equivalent to
60 millivolts at 25°C. This meter must measure voltage to an accuracy

of 0.6 millivolts with an input current of roughly 10"12 amperes .

In 1922, W. S. Hughes(zz) found that the sodium ion concentration also »f-

fected the glass electrode action. He observed that the glass surface



potential is not a linear function of the logarithm of the hydrogen
jon concentration beyond a pH of 10 (Figure III). This deviation is
called the "sodium error®, Other investigators proved that certain
other monovalent ions had a similar effect when in contact with the
glass electrode(2ls 39), Tne déviation occurred, however, only when
the ion was present at a high concentration with respect to the hydro-

gen ion,

Later, Dole and HacInnes(za)

made a systematic study to find glasses
which would be pH responsive with the least alkaline error. The glass

they found most satisfactory was a soda-lime silicate glass containing
21.6% Nag0, 6.5% Ca0, 71.9% Si0,. This glass is produced commercially

by the Corning Glass Company as thelr "O015 glass", Although this

glass functioned in a satisfactory manner between a pH of 1 and a pH

of 9, a sodium error still occurred iﬁ the more basic region. In
addition, this glass became increasingly soluble at high temperatures(la).
Later, more extensive studies resulted in the development of new types

of glasses(aé! 32, 33), rthe pH responsive glasses have been considered
to be structures consisting of a silicon-oxygen meshwork in which the
alkali metal ions and other cations occupy interstitial positions within
this meshwork(ll), The character and dimensions of the ions govern the
fundamental exchange reactions between the glass surface and the solution,
For the ideal pH-sensitive glass, both low resistivity and low sodium
error are desired. It can be shown that the direct current resistance

of pH sensitive glass is proportional to the ionlc radii of its consti-
tuents. However, it was generally found that the use of a glass having

low electrical resistance gave relatively high sodium errors, Lithium



glasses, for example, were found to have the smallest sodium errors;
however, they generally had a higher resistance than other glasses.

On the other hand soda glasses were found to have higher sodium errors
but lower resistance than other glasses., The lithium glasses(13) are
in general use in the glass electrodes of today. These glasses have
roughly the following composition: 28 mole % lithium oxide, 70 mole ¥
silica content, and the remaining 2 mole ¥ contains the oxide of an

alkaline earth metal of small atomlc radius.

Theory
This section will present an historical survey of the various theories

which have been proposed to explain glass electrode phenomena.

Haber(lg), who first investigated the phenomenon, preoposed a mechanism
based on phase boundary considerations, In his theory, he assumed that
within the glass the hydrogen ion concentration remained comstant
although it varied in the solution. The results lead to the following

equation:
E = RT/nF 1ln Cy+ + C .

Haber was not aware of the sodium error. Hughes(zz) attempted to
explain this error by assuming that the glass acted as a sodium
silicate-silicic acid buffer system. He proposed further that this

buffer did not become effective until a pH of 9. To substantiate



this, he mentioned that the first dissociation constant for silicic
acid is 1 x 1077, However, such a system would not allow for the
variation of the alkaline error which is observed experimentally

when sodium and potassium are used,

Cross and Halpern(15s 11) considered the phenomenon on the basis of
equilibria existing between the glass and the solution. If an electro-
lyte containing alkali metal ions is added, it becomes distributed
between the liquid and solid phases according to the Mass Action Law,
As this electrolyte becomes more concentrated, sufficient alkali metal
jon is distributed between the glass membrane and the solution to set
up an additional potential, the "sodium error" potential, However,

it is known that the glass electrode responds instantaneously to con-
centration variation., The equilibria considered by Gross and Halpern

are likely to be reached more slowly.

The possibility that the glass membrane might be acting as an ion ex-
changer was investigated by Horowitz(2l), His experimental results
indicated that at high concentrations the glass electrode behaved as
a sodium, potassium, or lithium electrode. The Horowitz theory was
later disproved by Freundlich(lz), who found that ion adsorption, as
determined by the electrokinetic potential, bore no relationship to

the thermodynamic potential of the glass electrode.

Another phenomenon which might serve to explain glass electrode action
is the Donmnan semi-permeable membrane effect. If this effect were a
contributing factor, any cation should be able to diffuse through the

glass and thus control the potential. To investigate the possibility



of the presence of Donnan membrane action, the following cells were

(5)

set up :
<IN HC1 glass electrode JN NaOH (La)
«JN HC1 glass 1N
+1N NaCl electrode NaOH (Lb)

If the glass were acting as a semi-permeable membrane, the E.M.F, of
the two cells would be different because the sodium ion would enter
into the reaction. The potential of cell system La was 0.6098 volts

while that of Lb was 0,6090 volts,

In 1931 Dole proposed his liquid junction theory(s’ 36). He assumed
that the conduction through glass is electrolytic rather than electronic,
Therefore, when current passes, ions move from a region of one activity
to a region of another. The potential of the junction between the
glass and the aqueous solution is given by the fundamental differential
equation,

dE = -tH‘ RT/F din aye = tNa*RT/F dln a ———

Na+

(5)

RT/F dln 3ou- * t .- RT/F dln a

+%
OH™ 1 c1™

If tH* approaches 1, then all the other terms would approach 0, amd
the equation would become that of a hydrogen electrode. The general
equation cannot be integrated, however, as t is an unknown function

of the concentration.

Dole then visualized the following cell system to aid in his theoretical

treatment of glass electrode action.



T Glass TI
H20 H*
H* Na* Ha0
Na H*
A B

He also found it necessary to make the following series of assump=-
tions, some of which seemed difficult to justify: (1) only the
positive ions are important (glass electrode action has been found
to be independent of the anions present), (2) the ions are mobile
through the boundaries, (3) a homogeneous solvent exists throughout

the system, and (L) the perfect gas laws are applicable in this case.

If the Henderson Plank equations were applied, the potential of the

glass electrode was determined as follows(zg):

I I

Uys Coa + C
g+ “y+ * UNat“Nat
E, = RT/F 1n al

G G
qu- CH+ + uN&+CNa+

(6)
C G
Uge Cpe ¢ Uy +Cyge

Wyre C%;.

E, = RT/F 1n

B

where u represents ionic mobility.

Adding the two potentials and substituting the activities for con-

centration, the following equation was obtained:

I 1
a ¢ Uy o/ U@
H* Na*/ “H*“ya+

aH+
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If the glass electrode were behaving exactly like a hydrogen electrode,
the potential would be:

1
Ey = RT/F ln% (8).

an:

The difference between this potential and E; should give the glass

electrode or sodium error:

I, SNat 1
+
OE = Eg -Ey =RI/F In i-_}‘li’_-“a (9)s
aH+

This equation for the glass electrode error predicted the following:

(1) The error would increase with diminishing hydrogen activity.

(2) The error would increase with increasing sodium activity at
constant pHe

(3) The error would vary from sodium to lithium depending on
mobility of the ions.

(4) If the activity of hydrogen was small enough, the error
would be proporticnal to the logarithm of sodium ion activity

and thus the glass electrode would act as a sodium electrode,

Equation 9 satisfied the experimental facts up to a pH of 12, but be-
yond thét value it failed. Also, in order to use this equation and
obtain the correct order of magnitude for the error, the mobility of
the hydrogen ion had to be 1011 times as great as that of any other
ion in the solution., Such a2 high value is not substantiated by other
studies, e.g. transference studies at a liquid junction. The necessity

of further modifications of the theory was evident.
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In the interim between 1931-193L, Gurney(17) treated the problem

of the plating out of alloys in a statistical manner, Dole, seeing |
that a similar approach might be used for the glass electrode, pro-
posed a slightly different derivation of the equation for the error
in the glass electrode(6). 1In the new treatment, Dole assumed that
glass was essentially a negative silicate lattice with mobile posi-
tive ions occupying equilibrium positions. These positive ions were
thought to have varying energy levels following the Roltzman distri-

bution 1aw7),

According to this theory, the hydrogen ion is making transitions from
equilibrium positions in the water to positions of equal or lower
energy on the glass surface. However, some of the hydrogen ions on
the glass surface have enough energy to return into the solution.

If the "d" transitions are those which the ion makes onto the glass
from salutiéh and "g" transitions are the reverse, at equilibrium the
two must eqﬁél each other, If the equations for these two types of
transitions are equated (i.e. equilibrium conditions), the interfacial

potential is obtained.

Let Ugf » energy of lowest quantum level of H*+ on glass

surface

Ugf = energy of lowest quantum level of H* in solution

U§§+ and U§:+ are defined in an analogous manner for sodium. All

energies from U, to U, are assumed for the ions.



-]l

The mumber of s-situations, l.e. situations which give rise to
s-transitions, per unit area of glass surface, which have energles

between U and U + 4Uf, can be expressed by:

og
vl - v
1/KT exp wo dU (if no interfacial potential)  (10).
or
U%E +¢V =0
1/kT exp = dU (if interfacial potential) (11).

The number of s-situations is dependent on the number of water mole-
cules in the vicinity (Ny), and also on the mumber of desired positions

occupied by sodium ions.

¥ = fraction of unit surface covered by H* ions,

Therefore,
0g
Upe ¢ €V =U
o Ny /T exp B ¢ (s-situations for H*) (12)
g -
1 -  Fy/kT exp UNg+ *€V =G (s-situations for Na*) (13)

It is possible that the sodium and hydrogen ions cannot occupy the
same positions interchangeably, Let
a = Number of lattice points per unit surface
which H* can occupy
a = Fraction of total lattice points occupied by
B¢
a- a¥ = Total humber of lattice points not occupied by

Ht.



0f these (a-a¥') lattice points, a certain fraction, g , can be oc-
cupied by the sodium ion.

URE + £V -U
Xp

kT
Uﬁ% +« ¢V -U

For H*  a¥Ny/kT au (1L)

For Na* $(a=8 1) Mg/KT exp du (15)

Now the mumber of d transitions must be determined. These depend on
the mumber of hydrogen ions (Ny) and sodium ions present, the mumber

of lattice points the ions can occupy, and the energy of ions,.

UOS -1
d-transitions for H* a Ng+/kT exp %1‘_" du (16)

oS, - U
d-transitions for Na* ad Nyu+/KT exp A v (n)

One more assumption had to be made before these values could be equated,
A probability ratio 24 had to be introduced to account for the fact that

some of the ions might not deposit as expected. Now equating:

og
U s +€V-1U yos, 4+ U
a7 (We/kT) exp L au = Ae a (Ny/er) exp B2 qy
(18).
If URS - UR® = Qqe ; Ng+/Ny = Cye,
the equation (18) for the proton condenses to:
Qu+ - v
¥ = cy+ By+ exp (19)

and for sodium ion:

Quat =€V
1 -7 = Cya+ Pya+ exp *-EEE—'—' (207,
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adding equations (19) and (20):

QNat = €V

-¢V
Qe - €V CNanﬁgNa+ exp . =1 (21).

CH+/31{+ exp
If no sodium is in solution, i.e. if Cya+ = O,
Vo = Gue/k + KT/ 1n Cyefye fie= 1 (22),

the regular hydrogen electrode equation is obtained. The glass electrode

error can then be expressed as:

QN . - QH*
ﬁNa"/ﬂH" CNa* exp —-EET——

Cy

'I'CH.Q

V=V, =AE = kT/t 1n (23).

This equation is found to fit the experimental facts quite well. Tts
advantages over the one obtained by the liquid junction approach are as

follows:

l. No assumptions need be made concerning the mobilities of the
ions.

2. It explains why negative ions have little or no effect as the
silicate lattice is assumed to be negative, thus repelling
anions.

3. The necessary assumption that Qu+ = Qya+ is greater than 15,000

cal/mole appears reagsonably possible.

Since 193l, there have been no results which invalidate the statistical

treatment of the glass electrode(zo).
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Effect of Temperature

Earlier sections indicate the importance of the resistance of glass
membranes. The importance of this resistance becomes evident when
it is realized that there is a point beyond which the errors inherent
in the particular type of measuring equipment being used become
significant., The relationship between temperature and resistance of

glass electrodes can be expregsed by the following equation(B’ 37);
log R = A + B/T (24)

in which R is the observed resistance, T is the absolute temperature,
and A and B are constants, The value of A is dependent upon the
particular dimepsions of the membrane, as well as upon the intrinsic
character of the glass. Thus, the constant A is not fundamentally
significant. The value B is independent on the gecmetiry of the

membrane and is related primarily to the nature of the glass.

From the abtove relationship, it is evident that there will be a
logarithmic increase in resistance with a decrease in temperature.
Because measurements in liquid ammonia are generally made below
-33°C, this increase in resistance becomes significant for the ré;

search reported in this dissertation,
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BEHA7VIOR IN NON-AQUEOUS MEDIA

Tt has been found experimentally that the glass electrode does not
function as a simple hydrogen electrode in solutions the pi of which
is below 1. To explain this "acid error", Dole proposed a "water
activity" theory in 1932(h). This theory postulated that it was the
hydronjum ions, rather than free protons, which reacted at the glass
surface. As the solution became more acidic, protons were not so
completely solvated, and hence did not react ideally with the glass
surface., During the subsequent investigations, glasses were found
with no "acid error"”, In such cases, the proton itself must be the

active agent(27).

Since the degree of solvation of the proton influences pH response

in some cases, difficulty might be predicted in the use of the glass
electrode in non-agueous media where hydronium ion would not exist.
Hlowever, in ethanol-water mixtures of concentrations up to 30% alcohol
by volume, a linear relationship has been found between the potential
and the pH(hh). Acetone-water solutions have been found to give a
linear plot(38)-

In many non-aqueous solutions, however, the glass electrode is found
to vary in a non-linear manner with pH. However, in such cases, the
potentials are generally reproducible and have been used to check

changes of acid concentrations,
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LIQUID AUMONIA

The study of the physical and chemical properties of solutions of
electrolytes in liquid ammonia has been of considerable scientific
interest(hz). Investigations in this medium have appreciably swelled
the knowledge of the properties of liquid ammonia as a solvent as

well as contriouted to the general theory of solution chemistry.

Fecause liquid ammonia has an appreciably lower dielectric constant

than water, i.m. 22.0 at -24°C, 760 mm. Hg and L x 108 cycles/sec.,
there is considerable strengthening of the electrostatic forces be-
tween the ions in this medium as compared with those in water, In
addition liquid ammonda has a very low viscosity which generally results
in an increase of the mobility of ions in the solution. This mobility
could influence the glass electrode action, since this value enters

into the equation derived for the glass electrode potential (see page

10),

It has been found that the affiﬁity of the solvent molecule for the
proton is exceedingly great in liquid ammonia. The effect is shown
with particular clarity when it is realized that there is a difference
of 17.3 calories between the heats of solution of the proton in liquid
ammonia and in water. This greater affinity results in a difference

between the behavior of acids in this medium and acids in water.

According to the theory of Franklin(lo), in 1liquid ammonia the ammonium
ion is an analog of the hydronium ion in water. All compounds which

Split off ammonium ions are considered to be acids in liquid ammonia,
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This category includes ammonium salts, amides, and others. Liquid
ammonia solutions of ammonium salts color acid-base indicators(l),
and produce catalytic action analogous to acids in aqueous media.
Similarly, some metals displace hydrogen from ammonium solutions,
Franklin, Kraus(ll), and Smith(ho), while investigating the con-
ductivity of amides in liguid ammonia, found that their strength

paralleled that of carboxylic acids in aqueous solutions.

The mobility of the ammonium ion{®) gave further indication that
the relationship between the proton and its solvating molecules in
ammonia is somewhat different thaﬁ that in water. The mobility of
the ammonium ion is low compared to the very high mobility of the
hydronium ion, in spite of the fact that the ammonia medium has very

low viscosity.

Finally, liquid ammonia, being a better Rronsted base, equalizes the
relative strength of various acids to a much greater extent than does

water., A comparison of the dissociation constants of H, 5 in water

2
and in liquid ammonia (5.7 x 1078 and 0.98 x 1073 respectively) and
HON (L7 x 10719 and 1,9 x 103 respectively) indicates how gredt

this effect is.

In summary, the proton, when solvated with liquid ammonia, becomes the
ammonium ion., This solvated proton retains many of the acidic properties
of the proton in water. However, because of the strong affinity of

the solvating ammonia molecule for the proton, and cther factors, ad-
ditional properties appear which cannot be directly correlated with

any of those of the hydronium ion.
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PRELIMINARY EXPERTMENTAL WORK

The Cell System

The cell system chosen for investigation may be represented schematically

as follows:

Leadf Pb(NC3)2 |NH),NO3 Varying| Class NH) NO Pb(NO3), ead
.1 MBin Concehtrations| Membrane 0.& Min 0,1 Min
Liquid in Liquid Am- | Corning 015 | Liguid Liquid
Ammonia |[monia Ammonia Ammonia
— i .
Reference Unknown NHy,* Membrane Known NH,*| Reference
Electrode Concentration Concentra<4 FElectrode
tion

The lead=-lead nitrate electrode was used as the reference electrode(BE)-

The potential of a reference electrode in such a system is unimportant
provided it remains constant. Although the lead-=lead nitrzte electrode

is not useful in aqueous work since a reproducible potential cannot be
cbtained owing to lead hydroxide formation, this electrode is frequently

used as a reference in electrochemical measurements in liquid ammonia.'

In many respects its significance for electrochemical measurements in

liquid ammonia parallels that of the hydrogen electrode in aqueous solu-
tions(BS). The use of this reference electrode in the above system eliminated
anmy potential which might have occurred at the junctions between the reference

electrocdes and the ammonium salt solutions.

The lead electrodes were prepared by plating lead on platinum electrodes
which had been cleaned in concentrated nitric acld, washed thoroughly,
and ignited. The lead plating solution was made as follows: carbon
dioxide was bubbled through a saturated solution of lead acetate, The
precipitate (probably a basic lead carbonate} was filtered, washed with

saturated carbon dioxide solution, and dried. The solution resulting
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from a mixture of 60 grams of the lead salt, and LO grams of 72%
berchloric acid was diluted to one liter and used as the plating bath.
The lead plating was contirmued for 1 hour. The electrode, after
being washed thoroughly with distilled water followed ty ac¥tone,

(35)

was allowed to dry in a stream of dry nitrogen

The ammordium nitrate used was recrystallized from methyl alcohol
which had been distilled from calcium hydride. The lead nitrate
wag recrystallized from a slightly acidic aqueous solution and
washed with alcohol, The salts were dried at 110°C. and then
stored in a desiccator. Determination of the lead content of the
recrystallized lead nitrate was made bty the sulfate method of
analysis. This indicated that the recrystallized material con-

tained at least 99.6% lead nitrate.
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EQUIPMENT

Vacuum Line

Figure VI, which shows schematically the vacuum line, is self=-
eXplanatory.- The condensation vessel, which appears just before

the cell proper, was used only in the early measurements. Later,
sodium was placed in a stainless steel tank containing the supply

of liquid ammonia, The ammonia was condensed from the tank directly
into the cell., Wwith the exception of the glass electrode unit
which ﬁas made of lead glass, the line was composed of pyrex glass.
The soft glass was attached to the pyrex by means of a standard
taper joint - soft glass female to pyrex male. A vacuum of 2 x 1070

millimeters of mercury could be obtained.

The Cell

The cell is drawn in a more detailed manner in Figure V. The pre-
liminary design was made by Mr. Haymond Andrews and the main portion
of the glass blowing was done at MacAllister Picknell., It was made
from a 71/60 standard-taper joint. The male portion of this joint
was domed, and two 2L/L0O male joints and one 1L/36 joint, were ring-
sealed into the top. A side arm connected this portion of the cell
to the vacuum line. The other section of the 71/60 joint was flat-
tened to form the bottom of the cell. The 2L/LO joints were used

to hold the glass and lead electrodes and the 1L/36 joint was used
as inlet either for a thermometer or a sample addition mechanism.
The outer glass electrode body was composed of lead glass except

for the Corning 015 glass membrane., The volumes of the outer and
inner cells were calibrated so that a known volume of ammonia could

be condensed into each.
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Exact amounts of various salts necessary to make up the desired con-
centrations were weighed and added directly to the outer and inner
cells. The concentration of the solution inside the glass electrode
was 0.1 M with respect to both ammonium and lead nitrate. The outer
cell was maintained at O.1 M with respect to lead nitrate and 0.C01 M
with respect to ammonium nitrate. Ammonia was condensed directly onto
these salts from the auxiliary tank where it had been dried over

metallic sodium for at least two days.

Stirring and Cooling Systems

The stirring was accomplished by magnetic means. The lar,e Alnico
horseshoe magnet (on load from Sylvania Electric Products, Inc.) had
a rod, silver-soldered on the back so that it could be placed in a
Cenco variable-speed stirrer. The field strength of the magnet was
L300 gausses. This field strength was necessary since the stirring
bar had to be activated through the Dewar vessel which jacketed the

cell,

The cell was initially cooled by an acetone~dry ice bath, Later,
isopropyl alcohol was substituted for the acetone because this

solvent became less cloudy at low temperatures.

Leads

Originally, the leads consisting of copper wire soldered to platimm
were used. The platinum was sealed into lead glass. Platinum wire
sealed into lead glass was used for the electrodes of the reference

cells to insure a vacuum-tight seal., Difficulties caused by stray



currents were so acute when copper wire leads were used that they
were replaced by Heckman electrode cable, a coaxial cable with

polyethylene insulation,

Since a temperature gradient existed along the leads, moisture from
the air could condense in the tip of the lead, c¢ausing a short
circuit between the shielding cable and the platinum wire. To avoid
condensation of moisture on the cable, it was embedded in paraffin

and silica gel was placed above the wax (Figure IV).

Fesults

It was necessary, as a preliminary experiment, to ascertain whether
the potentials set up by the two lead electrodes were identical,
Dipping the lead electrodes into the same liquid ammonia-lead nitrate

solution produced zerc potential.

When attempts were made to measure the potential produced by the

overall cell system, the system behaved as an open circuit.

'n an effort to overcome the increased resistance of the glass,
membranes of various thicknesses were prepared and the cell system
was tested when these were successively utilized; the cell system
sehaved as an open circuit at all times. The same system was used
with water as the medium to check the sensitivity of the membrane.
The circuit could be balanced under these conditions, proving the

membraneg were sensitive in this medium.
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Txperiments with Ammoniated Class

To obtain normal glass electrode action, the membrane used musi be
solvated. VIn order to remove amny water trapped in the interstices
of the glass, the space on each side of the membrane was evacuated
for a period of ten hours. Ammonia was then condensed into the
outer cell only. A vacuum was maintained in the inner cell, After
ten more hours, the ammonia was condensed into the inner cell also;
and the membrane was allowed to remain immersed in liquid ammonia
for an additional }8 hours. Fven after this treatment, the circuit
could not be balanced. This experiment indicated that incomplete

solvation of the membrane was not the cause of lack of electrode response.

It was thought that if ammonium ions were made to replace protons in the
glass by means of migration induced by a potential gradient, then the
exchange at the surface of the membrane, necessary for glass electrode
action, might occur more easily. In an attempt to cause ammonium ions
to migrate into the membrane, a potentiél of 300 volts was applied for
a period of twenty-four hours. However, this treatment proved to have

no effect,

It has been found that the sodium ion in glass can be replaced partially
by the ammonium ion. This method ﬁas been used in glass technology

to produce high silica glass(23’ 25). Ammoniwn {on can be substituted
for the sodium ion in a finished glass and later removed by heating or
leaching. A glass poorer in alkali and richer in silica will result,

A Corning 015 membrane was ammoniated in this manner. FExperimentally,



this was accomplished in a 50 ml, porcelain crucible contalning
Wood's Metal (Figure VII). TInto this the glass electrode tube was
placed. The tube contained a slurry of ammonium sulfate in sul-
furic acid. It was necesgary to choose a salt which (1)} contained
no cation other than the ammonium ion, (2) melted below 20097, and
(3) remained stable at this temperature. Neutral ammonium sulfate
decomposes to ammonia and ammonium bisulfate at a low temperature.
The bisulfate is stable up to 280°C, A mixture of this salt and
sulfuric acid fit the requirements for replacement reaction. A
platimum wire dipped into the slurry and a nichrome wire immersed
in the Wood's metal served as contacts, After the WOod'é metal had
reached a temperature of 200°C, a potential of 7 1/2 volts was ap-
plied for a.period of six hours. A current of between 8-10 micro-
amperes was observed. 4t the end of this period, the glass tube
was washed thoroughly in distilled water and acetone, dried, and
sealed onto the system., Parallel runs were made on similar Coraing
015 membranes in order to analyze the final composition of the am—
mgn@;teg glass. The weight change which occurred when the ammonia
was driven from these treated electrodes by heat, indicated that
about 60% of the sodium had been replaced. A ¥jeldahl analysis
proved that the gas being evolved from the glass upon heating was
ammonia, The use of such glasses in the liquid ammonia system
proved no more successful than the use of the unammoniated Corning

015 membrane.



Discussion of Preliminary Results

From these initial experiments, it seemed apparent that there is

no glass electrode action in the liquid ammonia system. Two factors
had been changed as compared to normal glass electrode usage: the
medium and the temperature. The experiments had been conducted at
a temperature of -L0°C, or 65 degrees below the usual operating

temperature of the electrode.

The resistance of glass is known to increase rapidly with a decrease
in temperature. Conductance through the membrane is necessary for
glass electrode action. Tt appeared possible, therefore that the
decrease in temperature had increased the resistance of the glass

enough to prevent sufficient conductance for glass electrode action.

Another major factor to be considered in the failure to obtain glass
electrode action was the use of liquid ammonia as a medium. It
appeared possible that the ammonium ion in this medium might not,
for various reasons, have sufficlent energy to exchange with an

jon on the surface of the glass membrane.
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FURTHER EXPERIMENTAL RESULTS

Since current must flow through the membrane in order to have

glass electrode action, and since an increase in applied voltage
across the membrane will increase the rate of flow of this cur-
rent, an increase of voltage should produce a current of measurable
magnitude if the high resistance at low temperature is the limiting

factor,

Equipment - The instrument used to measure the current was a
Precision Multirange Test Meter (Series 856G). With this meter

0.1 microamperes can be detected. Initially, a 300 volt D.C, power
supply was used for measurements tut this was replaced by a 2L0O
volt D.C. supply. The power supply, the cell, and the ammeter were
connected in series. If a pH measurement was to be attempted, the

power supply was removed and a pH meter was inserted in its place.

Investigation of Corning Ol5 Glass

Aqueous Conditions - The first series of tests made to determine

the effect of temperature on conductance through the membrane was
carried out in an aqueous medium., In a1l other respects, the cell
system used was identical to that used in liquid ammonia. Since

the voltage applied was known and the resulting current was measured,

the resistance of the glass could be calculated from Olm's Law.

Numerous studies have been made of the increase of the resistance

of glasses with decrease in temperature. However, it was necessary
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to determine whether these relationships held for a glass membrane
in a cell system of the type used, i.e. one involving lead-lead
nitrate reference electrodes in ammonium nitrate solutions. It
was also desirable to extend the resistance measurements to a

temperature well below that involved in the liquid ammonia cells,

The results obtained on application of a 300 volt potential to the
cell system are presented in Table T (Appendix I). Those obtained
on application of a 2400 volt potential are recorded in Table TIT.
In the former case, the current dropped below the limit of accuracy
of the meter when the temperature was decreased to approximately
79C, Therefore, only the 2L0O volt potential was used in the later
measurements. The results of these measurements are plotted in
Figure VIII, and it was found that all values fall on the same
curve, Therefore, the resistance of the glass at a given tempera-

ture remains constant regardless of the potential applied.

Liguid Ammonia Conditions - In the preliminary experimental work,

it had been foumd that 2L00 volt potentials across the membranes

in liquid ammonia systems produced no observabvle current. rareful
repetition of these experiments, using the equipmen: described in
the section immediately above, verified earlier observations., These
measurements were made at -LO°C, Tt was reasoned that if temperature
alone were responsible for the lack of conduction, an increase in
temperature should permit the passage of current. 1t was, therefore,
desirable to attempt to determine how the resistance of the glass
varied with temperature in liquid ammonia. The cell system was pre-

pared as for previous measurements, However, Kronig's cement was



substituted for stopcock grease on all standard taper connecting
Joints in order to enable work at higher pressures. After con-
densing the ammonia, the cooling Tiewar flask was removed, and

the cell was allowed to become warmer. Constant stirring was
maintained. A copper constantan thermocouple sealed into the
cell permitted measurements of temperature. The resul*s are pre-
sented in Table ITI. At =10°C a pH measurement was attempted;
but, as in all previous attempts to obtain such measurements in
liquid ammonia, the meter could not be balanced, Immediately
after the 1last reading (~1°C) the pressure became sufficiently

great to blow apart the large ground plass joint of the cell,

These data show that even at -1°C when a 2L00 volt potential was
applied to the cell system, the conductance of the glass membrane
in liquid ammonia was less than 0,1 miceroampere, In the analogous
aqueous system a current of 2 microamperes was observed at 6°C.

The results of this experiment indicate that, although resistance
might increase greatly with decreasing temperature, the temperature
is not the major reason for lack of conductivity through the glass

in liquid ammonia.

Alcohol-Water Condition - The final step in this series of experi-

ments was to ascertain whether pH could be measured at as low a
temperature at -33°C, It was necessary to determine experimentally
whether the resistance of a glass membrane had been increased to
such an extent by lowering of the temperature that a pH measurement
was not possible. An alcohol-water mixture, containing 807 aleohol

by volume, was chosen for these experiments. Although a linear
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potential response with pH change is not obtained in alcoholic
solutions, a glass electrode‘potential can be measured and re-

produced.

The alcohol-water solution in the outer cell was made .02 N with
respect to hydrochloric acid and that in the inner cell was made
1,2 N with respect to the same reagent. The agar salt bridges,
which served as comections between the alcohol-water solutions
and calomel reference electrodes, partially crystallized at the
lower temperatures; but this did no; interfere with the measure-
ments. Using such a cell arrangement, the Peckman meter could

be balanced at pH = 3 when the temperature was 269z,

Sinne ther: pust bte conductance through the membrane to obtain a

pH measurement, the resistance of the glass membrane in the alcchol-
water solution was determined at various temperatures. The results

are summarized in Tatle IV. The resulting curve (plotted in Figure IY)
is parallel to that obtained in water. The significant fact is,
however, that current was observed to flow at as low = temperature

as -33°C. This was not observed at a similar temperature in the

liguid ammenisa medium.

Investigation of leckman Ceneral Purpose and Type "E" Glasses

The previous experiments indicated that no glass elecirode action
was observed in licuid ammoni:c using Corning Ol5 glass. 7Two Feckman
glass electrode glasses were similarly tested in an effort to as-
certain whether the composition of the glass mipght influence the

results.



The Feckman Ceneral Purpose Glass has an exceptionally low electrical
resistance and is used when chemical and physical strength and dura-
bility are needed., In addition, at room temperature operation, no
#godium error" correction is needed up to pH 11 when this glass 1s
used. The second type of glasg is known as "eckman Type "E'. Since
it is not chemically resistant to acidic solutions, tﬁié glass is
employed in the pH region between 9 and ll. Feckman Amber 7lass,
which is especially suitable for use at elevated temperatures, was
not tested because it is known to have too high a resistance below

room temperature.

Liquid Ammcnia Condltions

T™wo of the outer electrode hodies of both the General Purpose and
the Type "EY glasses were olLtained from Beckman Tnstruments, Ince
Type "BY glass was first tested. The cell was set up in the usual
manner with 0,1 N lead nitrate as reference electrode solution in
both cells and 0,1 N ammonium nitrate in the inner and 0,201 N am-
monium nitrate in the ocuter cell., The system containing the glass
membrane was evacuated for fifteen mirutes before the ammonia was
condensed. The system was allowed to stand overnight in contact
with the solvent in an attempt to solvate the glass electrode.
However, when the lead electrodes were inserted, the pH meter could
not be balanced. A potential of L5 volis was pplied across the
glass bu*t no resultant current coulc be measured on the ammeter.,

The potential was increased to 2400 volts with similarly negative



results. In an effort to condition the glass further, LS volts
were applied across the electrode for a period of 24 hours. A
potential of 2400 volts was then applied for four hours. During
this period no flow of current could be observed., The pH meter

could not be balanced at any time during this series of tests.

The All Purpose (lass was conditioned in liquid ammonia in the
same manner as the Type "E". The results were identical with those

described above.

Acueous Conditions -~ Using a cell system with Type "E" glass as

the membrane and aqueous conditions, the pH meter was balanced at
6.8 pH units. A series of measurements to check the change of
resistance with temperature was started. Unfortunately, the
membrane was punctured as a result of the high current which
occurs with increasing temperatures. The values obtained, how-

ever, followed the pattern of the Corning 015 glass.

The temperature~resistance data of the Ceneral Purpose Class in
aqueous media are more complete and are summarized in Table V.

The resulis are more clearly shown graphically in Figure 7.

Alcohol-Water Conditions - The decrease of conductance with de—~

creasing temperature was determined with General Purpose flass
in 80% alcohol solutions. The cuter cell solution contained,
0.C2 N hydrochloric acid, the inner cell 1.2 N hydrochloric acid.
At 269C the pH meter could be balanced at 7 millivolts. After

the temperature had been decreased to -29°C, a value of 10 milli-
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volts was obtained. Data are summarized in Table VI and presented

graphically in Figure IX.

The current observed were noticeably higher when the General Purpose
glass replaced the Torning Ol5 as membrane. The use of thinner
membranes, as well as of glasses of lower resistance than Corning
015, account for this change. However, the shape of the curves

are similar. Tt is signmificant that current flows and pH can be

neasured at -300C in the aqueous=-alcchol medium,.

This series of experiments shows that the three types of glasses
tested behave in a similar manner with respect to their change of
resistance with temperature. The General Purpose glass, because

of its lower resistance, permits a slightly greater current to flow
at -30°C than does the Corning 015. None of these glasses show

glass electrode action in liquid ammonia.



EFFECT OF SCDIUM TON

If sodium ions are present in agqueous sclution in a sufficlently
high concentration, they will take part in the glass electrode action
and cause the "sodium error”. Tt seemed desirable to attempt to
determine the effect of sodium ion on the glass in ligquid ammonia,
Corning 015 and also Peckman feneral Purpose glasses were used.
The cell system was ‘the same as that used in previous liquid am-
monia work. To the ouler cell enough sodium nitrate was added
stepwise until a concentration of sodium ion 30 times greater than
that of the ammonium ion was obtained., This ratio of sodium ions
to hydronium ions in aqueous medium is more than sufficient to
introduce the "sodium error®, In the liquid ammonia system the

pH meter could not be balanced and the application of 2L00 volts

produced no conduction across the membrane,

In a secorx! experiment, sodium nitrate was substituted for ammonium
nitrate (.1 ¥ NaNO3 in the inner cell and .0OL M NaNOj in the outer).

The glass membrane again did not respond.
The results when Peckman Ceneral Purpose (lass was used were identical,

In summary, no effect of sodium ion on glass electrode action in

liquid ammonia was detected.



DISCUSSION OF RESULTS

Experiments show that there is no glass electrode action in liquid
ammonia. In liquid ammonia the glass membranes do not conduct a
measurable amount of current, This does not result solely from

the low temperature of the system (-LO°C), since r-ising the tempera-
ture to -1°C did not change the results, while in an alcohol-water
system, pH response was observed at as low a temperature as -30°C.
The plots of temperature versus resistance for aqueous and water-
alochol media are similar, indicating that there had been no ap-
preciable variation in this phenomenon as a result of a change in

media,

Identical results were obtained with three different types of glass,
this gave further evidence that the lack of a glass electrode action
in liquid ammonia is neither the result of the low temperature, nor
of the type of glass. Therefore, it is indicated that this lack of

glass electrode action is ascribable to the nature of the medium.

On the whole, these results are not surprising. On solvation in
liquid ammonia, the proton becomes the ammonium ion, which may be
more highly solvated than that in water(32). This ion has little
tendency to dissociate into a proton and a melecule of ammonia.

There has been no evidence that the ammonium ion will cause an
"error” in pH measurements in water. 1In other words, even in

aqueous media, this jon does not take part in any exchange equilibria
with the sodium or hydrogen ions on the surface of the glass. There-
fore, it scems improbable that the ammonium ion in liquid ammonia

would have sufficient energy to react with a glass surface.



A plot of the logarithm of the resistance versus the reciprocal
of the absolute temperature gives a straight line (Figures XI-XIV).
This linearity is in agreement with the well-known equation repre-

senting variation of resistance with temperature, that is:
log R = A + B/T

This relationship was found to apply down to temperatures of at

least -30°C.



SUGGESTED DIRECTION FOR FURTHER WORK

Since glass membranes show no electrode action in the presence of
sodium as well as ammonium ions in liquid ammonia, it is likely that
no ion could cause electrode action in this medium. The direction
for further work, therefore, would be the substitution of a con-

ducting exchange membrane for the glass membrane.

Recently much progress has been made in the preparation of such

anion and cation exchange resin membranes. If such membranes should
prove operative in the liquid ammonia medium, they would be non~-
specific ‘r,-.m'tl would indicate the total concentration of ions of the same

charge.

The study of cationic exchange membranes for electrochemical measure-
ments in liquid ammonia is presented in the second part of this dis-

sertation,
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CONCLUSTON

It has been demonstrated that glass electrodes employing Corning
01&, Teckman Type "E", or Feckman General Furpose glasses can-
not be used to determine the concentration of ammonium ions in

liquid ammonia.

It has been shown that glass electrodes employing Corning 015
or Peckman "eneral Purpose glasses are insensitive to the con-

centration of sodium salts in liquid ammonia.

It has been established that glass electrode action does occur
at temperatures as low as -35°C in water-alcohol solutions,

Therefore, the increase of electrical resistance with decrease
of temperature is not solely responsible for the lack of glass

electrode action in liquid ammonia.

Temoerature~resistance data has been extended to -33PC for mem-
branes of Torning 015 and to =309C for membranes of Heckman
Ceneral Purpose glass in water-alcohol solutions. The resistance
has been shown to vary with temperature in accordance with the

following equation:

og R = A + B/T

- N

It has been demonstrated that imposed potentials of up to 2L0O
volts fail to cause membranes of the above mentioned types of

glasses to pass 0.l microazmpere in bhe temperature range -40°C
to -1°C, when the membranes separate solutions of electrolytes

in liguid ammonia,
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TABLE I

Temperature Resistance Data
300 Volt Potential - Aqueous Conditions
Corning 015 Glass

Temperature Temperature Current Resistance
0 Centigrade O Absolute 1/T Microamperes Megohms

7 280 00357 0.2 1500

> 282 00355 0.2 1500
11 28l 00352 0.3 1000
14 287 003L8 0.5 600
15 288 00345 0.6 500
18 29 00344 0.8 376
22 295 00339 1.1 286
26 299 00334 2.1 150
38 mn 00322 L2 72
Ls 318 L0031k 8.2 37
b 322 00311 10,0 30
52 327 .00306 13.0 22

#Reslstance calculated from Omm's Law E = IR



TABLE IT

Temperature Resistance Data
24,00 Volt Potential = Aqueous Conditions
Corning 015 Glass

Temperature Temperature Current Resistance

© Centigrade O Absolute 1/T Microamperes Megohms
6 279 00358 2.0 1200
7 280 .00357 2.2 1090
8 281 00356 2.8 860
9 282 00355 3.0 800
1, 287 00348 L5 533
16 289 00346 5.2 160
20 293 00341 8.0 300
29 302 .00331 17.0 thl
31 Y304 .00329 21.0 11
35 308 00325 30,0 80
1 31h ~.00319 49,0 L9
L6 319 .00316 0.0 27
50 323 .00309 105.0 22
52 325 .00307 120,0 20

#Resistance calculated from Olm's Law E = IR



TABLE III

Temperature Realstance Data
2400 Volt Potential - Liquid Ammonis Conditions
Cornming 015 Glass

Temperature Current

O Centigrade Microamperes
=37 0.0
-20 0.0
-10% 0.0
-1 0.0
-1 0.0

#Unsuccessful pH measurement attempted here.

=) P



TABLE IV

Temperature Resistance Data
2L00 Volt Potential ~ Alcohol-Water Conditions
Corning 015 Glass

Temperature Temperature Current, Resistance
0 _Centigrade 0 Absolute 1/T Microamperes Megohms
=33 21,0 00416 0.1 2,000
-30 2L3 00412 0.1 24,000
-2l 249 00402 0.1 24000
-16 257 »00389 . 0.2 12000
-10 263 00380 0.5 3LLO
0 273 +00366 1.k 1710
9 282 00355 2.0 1200
12 285 00351 3.0 800
20 293 00311 59 110
30 303 00330 15L.0 171
40 313 00319 32.0 75
L6 319 «00313 80.0 30

#Calculated from E = IR



TABLE V
Temperature Resistance Data

21,00 Volt Potential - Aqueous Conditions
Beckman Type "E" (ilass

Temperature Temperature Current Resiatance

O Centigrade O Absolute 1/T Microamperes Megolms
25 398 »00336 j 60 Lo
28 30 00332 75 | ‘32
3 30L 00329 95 2l
35 Current too high - Pin hole developed

Beckman CGeneral Purpose (Glass

7 280 00357 L 600

8 281 +00356 5 L80
10 283 00353 7 3k
18+ 251 .003LL 15 160
28 30 00332 36 67
31 30l .00329 L7 51
36 309 .00323 75 32
39 312 00321 100 2l,
L2 315 00317 140 17
L5 318 0031k 18k 13
148 321 00312 21,0 10
50 323 +00309 270 9

#pH meter balanced at 6.0 pH units

i“'



TAELE VI

Temperature Reslstance Data
2400 Volt Potential - Alcohol-Water Conditions
Beckman General Purpose Glass

Temperature Temperature Current Resistancex*

O Centigrade 0 Absolute 1/T Microamperes Mogohms
-30 2L3 00112 0.2 12000
-20 253 00395 0.5 1,800
-10 263 00382 1.0 21,00

0 ' 273 00366 243 1042

5 278 .00360 L0 | 600
10 283 +.00353 7.0 3h2
15 288 00347 10.0 21,0
19 292 +003L2 16.0 150
22 295 .00339 25.0 96
25 298 ’.00335 28,0 . 85
30 303 +00330 15.0 53
35 308 .00325 75.0 32
Lo 313 00319 132.0 18
L5 318 .0031} 210,0 1n
50 323 +00310 375.0 6

#Calculated from E = TR
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PART TII

SELECTTVELY PERMEAELE CATION
EXCHANCE MEMBRANES
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INTRODUCTION

In Part I of this dissertation, it was demonstrated that the glass
electrode is not sensitive to changes of ammonjum ion concentration
in liquid ammonia. It may be considered that in agueouns media the
response of the glass electrode to a change in hydrogen ion concentra-
tion results from a change in the dynamic equilibrium which exists
between the hydrogen ions in solution and those on the surface of the
glass, Therefore, the glass which separates the reference electrode
solution from a test solution may be considered to behave as a
membrane made of ion exchange material., In contrast to the glass
membrane, the ion exchange membranes have a high conductivity in
electrolytic solutions at -50°C as well as at 25°C(2’ 18); and it was
reasonable to expect that they would conduct alectricity in liquid
ammonia. For these reasons, the study of cells with an ion exchange
membrane in place of the glass membrane was undertaken. In thls part
of the dissertation, the successful use of an ion exchange membrane

in place of the glass membrane is reported,

In aqueous media, membranes made of ion exchange resins have been used

to determine activity coefficients and to study membrane equilibria(ll’ 5 1),
The research reported in this dissertation demonstrates that ion ex-

change membranes can be used in liquid ammonia in cells analogous to

those used for the glass electrode, Measurements made with such cells

enable the calculation of many cationic or anionic concentrations (rather
than specifically hydrogen ion copcentrationa, which alone are caleculable
when the glass electrode is used), and ratios of activity coefficients

may be calculated for certain of the salts in the test solutions,



~55-

In the first section, the mechanics of the ion exchange membrane and
the findings of previous workers will be discussed. The second sec-
tion includes a description of the cell system used in the research
reported herein and a derivation of necessary equations, This is fol-
| lowed by the experimental section which demonstrates that in the dilute
region the 1ogaritlm of the cationic concentration is a linear function
of the cell potential. Finally, the relationship between the cell
potential and the cationic concentration is used to calculate ratios

of activity coefficients which are compared with those found pre-—

viously by other 'urorlcenres(]'S ) .

This work represents the first reported study of the use of ion ex-

change membranes in liquid ammonia systems.



JUNCTION POTENTTALS PRODUCED FY SELECTIVELY PERMEABLE ION
EXCHANGE MEMBRANES

The electrochemical properties and uses of ion exchange membranés are
dependent upon the fact that they create a rather special type of
Junction between two solutions. It will be helpful in the development
of an understanding of the mature of the ion exchange membrane jJunctions
to review very hg;efly two familiar types of jJunctions; the metallic
Junction which is specifically reversible to one of the ions in solu-
tion and the non-specific liquid junction. It will be shown that the
membrane Junction is similar in certain respects to the liguid junction
and in other respects to the metallic junction. A simplified schematic
representation of the membrane's mode of action will be utilized to
make clear the relationship of the membrane junctiom to the other two
types of Junctions. This will be followed by a brief discussion of
factors controlling the use of ion exchange membranes as electrochemi-

cal junctions.

Liquid Junction -~ When two solutions containming different concentrations

of the same electrolyte are in contact, a potential will generally exist

at the function{5).

Referance Ag*NOy” Liquid Ag*NOB' Reference
Electrode a) Junction ap Electrode
By

In the cell system shown above, the more concentrated solution will tend
to diffuse into the more dilute one. The rate' of migration of each ion

is dependent upon its mobility and concentration. Differences in speeds
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of migration of various ions cause a potential which, for the case of
constant mobility of ions in the Jjunction region, may be expressed by

the well known equation(B’ 18),

E, = (2t: - 1) RT/F 1n al/a2
or (1)

- 1

L - -
= = RT/F1
TS RT/F 1n al/a2

in which 4, + t_ = 1,

Obviously, E is a function of the transference numbers of anions and
cations (%, and t_). Frequently these transference mumbers have a value
of approximately 0.5, and the resultant liquid junction potential is
extremely small if it exists at all. If the migration of the nitrate
ion in the cell 11lustrated could be completely restrained (t_ = O and
t, = 1), the potential would be caused by the diffusion tendency of

the silver ion and equation (1) would then become:
E = RT/F 1n ay/a, (2).

There are two types of junctions in which this restriction of nitrate
ion migration may be attained, namely a metallic Junction and an ion

exchange membrane junctione.

Metallic Junction - A familiar cell system in which two solutions are

separated by a metallic Junction which is specifically reversible to one

of the ions in solution is shown below:
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Reference Ag*NO4~ Silver Ag*NOy Reference
Electrode ay a, Elactrode

Ep

Any current passing through the junction of this cell must be carried by
the silver ion; thus PAg* and tNO3“ are equal to unity and zero respec-
tively. The Junction potential in this system, which is expressed by
equation (2), represents the maximum value which can be obtained for

such a Junction potential involving two sclutions of silver nitrate.

Ion Exchange Membrane Junction - The use of the metalliec junction to
restrict the migration of the negative ions limits the siudy of con-
centration cells to salts of metals which form satisfactory metallic
Junctions. For example, the activities of salts of the alkali metals
in water cannot be studied by using a cell with metallic junctions
because these metals would not form suitable junctions with aqueous
solutiona, A more gensral method for eliminating the migration of
negative ions may be found in the use of ion exchange membranes as
Junctions. Membranes made of lon exchange material act as ion sieves.
An ideal membrane made of a cation exchange ﬁaterial would allow only-
cations to pass through. This simulates a metallic Junction, but it

can be used for salts of any metal.
Consider the cell system represented by:

Reference Ag+N03' Ion Exchange Ag*NOB" Reference
Electrode ay Membrane a, Electrode,

EL
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A cation—exchanger forms the junction between the two solutions. The
ideally selective cation exchange membrane is one for which t =1
and {_ = 0. Equation (1) is valid for any junction and here reduces

to the equation found for the metallic junctlon (equation (2)).

Sollner(la) has demonstrated experimentally that an ideally selective
membrane may be achieved in practice. He studied the behavior ¢f a number
of electrolytes at various concéntrationa in a cell system such as that
described above. By keepting the ratio of the concentrations of the
solutions in the cells constant at 231 he minimizes the effect of

changes of activity coefficients with increasing concentration. The
following table compares the juncition potentials calculated according

to equation (2) with the values found experimentally,

Concentration of Electrolyte Electrolyte Eq,q
C2/Cy (equivalents/liter) Calc., EEgst.

mv
.002/,001 KCl 1?.5 17.5
«00L/.002 KCl 17.3 17.3
+0bL/.02 Kcl 16.6 16.6
.002/,001 K250), 17k 17.h
.02/.01 K280), 16.7 16.7
.002/.001 HC1 17.4 17 .k

A new tcol in electrochemistry was established by this experimental
verification of the fact that under certaln conditions cation ex~
change membranes are permeable only to cations. The type of informa-
tion that this method ylelds is obvious from equation (2)}. Activities

and activity coefficients for a solution of a single electrolyte can



be determined easily and rapidly. Similarly, changes in concentra-
tions can be determined., The applications of the membranes in the study
of electrolytic solutions are not restricted to aqueous media; but, as

shown in this research, may be applied to liquid ammonia solutions.

Discussion of Membrane

The membrane consists of a three dimensional meshwork of cross-linked
chalns of an organic polymer. A simplified diagram of the membrane is

shown in Figure 1(7).

Either actively or potentially charged functional groups are located on
the chains. Examples of such groups are 503' and COO0™ in the case of
cation exchange resins and RNH3+ and RhN+ for the anion exchangers. To
maintain electrical neutrality a mobile ion of opposite charge must be
associated with each charged spot on the membrane lattice, If this
membrane is placed in a salt solution, these mobile ions can be exchanged
or replaced by ions of a like charge from the solution, If a membrane
has an ideal physical structure, only ions of the same sign as the

mobile ion in the membrane will diffuse through, for example, only posi-

tive ions may be transported through cation exchanging resins.

The function of the membrane is comparable to that of an jonic sieve
or screen(13’ 1k, 20). The mechanies of this screening effect and the
factors contributing to it can be shown graphically by means of the

following diagram:
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Three situations can occur in a membrane which has a variable pore
size. . Condit;ion T results if the ion in solution is toc large to
pass into rthe pore. This pore would not make amy contribution to

any electrocr;emical action and may, therefore, be disregarded. The
opposite extreme of condition I would arise when the pore is of such
a size that no screening effect exists (IT). Such pores exist very
infrequently in the membrane but are mentioned to make the discussion
completely general. Finally, the ideal pore size is that which is
large enough to allow the cations of the solution to flow through,

but small enough that the anione are repelled (III). The anions

o R
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are repelled by the negatively charged groups existing throughout
the membrane, Electrical neutrality within the membrane is maintained
between the mobile cations and negative functional groups. The con-
centration of the functional groups and mobile cations within the
membrane is very great {often five to seven molar), compared to

the concentration of anions in the solution outside the membrane.

In order for an anion to enter such a pore in the membrane, it would
not only have to overcome the repulsion of the negative lattice, but
also move from a region of lower salt concentration to one of much
higher within the membrane. Therefore, the cations aleone carry

the current through this pore} the transference number of the
positive ion (t+) would be 1, The potential existing across the
membrane at pore II would be equal to that calculated by equation
(1), whereas that at pore IIJ could be obtained by use of equation

(2). The desirable membrane should have pores of the type III.

Controlling Conditions for Ideal Tonic Selectivity

As previously discussed, the pore aize of the membrane controls to
a large extent the ionic selectivity. By careful regulation of ex=-
perimental conditions during the preparation of the membrane, the
pore size can be controlled to such an extent that the resulting

transference number (t,) approaches, and in most cases equals unity

for moderately dilute solutions, This ionic selectivity may be referred

to as "Permselectivity".

As a corollary to the pore size of the membranes, the size of the

ionic species in the solution also governs the permselectivity. A



A, 13-

—

a

membrane which 18 to be used with large ions can maintain a high
ionic selectivity with a relatively‘greater distribution of pore

size. Indeed, a membrane may exhibit a positive transference rumber
of unity in the presence of a cation of one size and a positive trans-
ference number less than unity in the presence of a cation of dif-
ferent size(ls). This, however, does not present an insurmountable
problem in the use of membranes prepared from ion exchange materials,
if proper caution is observed in selecting membranes suitable to the

solutions under study.

It has been found experimentally that the transference number (t‘._)
deviates from unity in more concentrated solutions (Figure II)(7).
As the salt solution in contact with the membrane becomes more con-
centrated, the probability of diffusion of anions into the membrane

increases (t+ decreases). Data bearing on this point are summarized

in the following table(le).

Concentrationxg{ Electrolyte Positlive Transference Number
.002/,001 1,000
.0L/,02 1.000
»1/.05 99l
o2/.1 971
A/.2 935

In conclusion, it is evident that in aqueous soclutions, the membrane
will serve as a valuable tool in electrochemical studies. JIts uses

as a reversible non-specific electrode are potentially manyfold.



SELECTIVELY PERMEAEBLE ION EXCHANGE MEMERANES AS A TCOOL IN
THE CHEEMISTRY OF LIQUID AMMONIA

The work to be presented concerns the extension of the use of ion
exchange membranes to liquid ammonia and, incidentally, to alcchol.
The type of information which can be obtained in these media is
identical with that which was obtained in aqueous solutions, i.e.
the interrelationship of activity coefficients, cationic concentra-

(18),

tions, and transference numbers

Tdeally, the following cell system would be preferred:

So0lid Reference Ammonium Membrane| Ammonium Solid Reference
Electrode Nitrate Nitrate - Electrode
Cl 02
Liquid Liqiiid
Ammonia Ammonia

The expression for the potential of the total system would be:

E = (2t+-1)mﬁ1ng;:-;%i—;+c (4)
wherejft 1s the mean activity coefficient of ammonium nitrate in liquid
ammonia and t+ is the positive transference number across the membrane,
The transference number of the membrane can be determined by the method
of Sollner(lg), and then one can proceed directly to determine the

activity coefficients or to measure ammonium ion conzentrations.

Experimentally, this cell system was found impractical., The solid

electrodes were not used and a metal-metallic ion electrode, i.e.,

lead-lead ion or silver-silver ion, served as reference. Although



the initial experiments were made with cells in an all ammonla system,
such cells were abandoned because the membranes could not withstand
the vacuum technique used for the handling of liquid ammonia. Ac-
cordingly, a system was :esigned in which the membrane was not en-

dangered by evacuation. It is schematically represented byt

Silver| Silver Ammoni um embrane | Anmonium Silver Silver
Nitrate Nitrate Nitrate |Nitrate
001l M Varying 001 M .001 M
Concentratio
Liquid Ammecnia Alcohol

This arrangement introduced an unusual combination of features which
requires a more complete theoretical ireatment. These fealtures are:
(a) the use of mixed media for which there does not appear to be a

precedent, and (b) the use of mixed electrolytes.

Two sets of experiments were used to determine the applicability of

a cell system involving two separate sclvents, First, the constancy

of the potential of a cell system, which was identical to the one
diagramed above except that a liquid junction replaced the membrane,

was investigated. Second, in order to test the action of the membrane
itself when used in different medla, a water-water, then alcohol-water,
and finally an alcohol-ammonla system were studied. The data demonstrated
that the migration of the anion was, indeed, restricted in a reproducible

mannar regardless of the medium used.

The use of reference electrodes which were dependent on the concentra-

tion of a cation in solution makes the theoretical interpretation of
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the potentials produced by the system more complicated from a
mathematical point of view(10), Nevertheless, clear interpreta-
tion of the factors contributing to the potential of the cell

system is possible,

The change in potential upon addition of NHhNO3 to one side of the

cell system can be represented by an equation analogous to equation

(3):

Te)p (C

E = (2t, - 1) RT/Fln(_i?.E._(_El cu)

This equation, the derivation for which is given in the next section,
can be used to evaluate the ratio of activity coefficients of the
ammonium salt at various concentrations, once the transference number

of the membrane is Knowne.



THE JUNCTION POTENTIAL PRODUCED ACROSS A MEMERANE WHICH SEPARATES
DIFFERENT SOLVENTS CONTAINING MIXED ELECTROLYTES

Electrochemical Considerations

The cell design described in the preceding section introduces new factors
with regard to the membrane potential., Since the chemical potential of

a substance does not depend directly on the nature of the solvent, the
fundamental electrochemical equations which are known to be valid for

aqueous media, can be applled to any solvent. Therefore, a gensral

equation for the potential of the cell system may be derivede

For the cell:

Silver| Ag* (.001 M) mzh* Membrane |NH, +(. 01 M) Ag*(.001 M) |Silver
Metal | NO4 (001 M) NOB' NOB-(.OOI M) 3103-(.001 M) [Metal
Liquid Ammonia Aleohol
I II

The electrode potential E; may be expressed by:

where aAgNO3 is the mean activity of silver nitrate in liquid ammonia.

In an analogous manner, E3 may be represented by:

E3 a - RT/F In (aAgNOB)II

where (aAgNO3)II is the mean activity of silver nitrate in alcohol.
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The polential at the membrane (E,) depends on the activity of fwo
cations, Ag* and NHH+' The Henderson-Plank(®s 12) equation, which

has been used successfully in the calculations of liguid Junction
potentials for mixed electrolytes, may be applied to the above system.
The derivation of this equation utilizes the concept that the junction
consists of a continuous series of solutions produced by the mixing

of the two solutions. This condition may be considered to be satisfied
in the case of the membrane junction. The general form of the equation

is:e

T - [a)d g

v T

where u; represents the mobility and z; the charge of the ith ion.
iin indicates a summation over all the ions, and the superscripts
T and IT distinguish between the ions in the solutions on either side

of the junction.

For the membrane junction in a cell in which all of the ions are uni-

valent, this equation reduces to:

(UI - VI) - (UiI - VIL) (UI + V1 )
(Up + V) = (Upp + Vgp)  (Ugg * Voq)

E;, = RT/F (6)

where U, the total contribution of positive ions to the transport of
current, and V, the total contribution of negative ions, may be more

specifically defined ast



=7 9-

+I oI, gtI gl
17 %agr Cagt T CMES W

T
I " 2nog” UNOgT

+1T +7T +IT +IT
Urp 7 2agr Vagt T Swmt Cwmpt

Vi1 - aﬁé;- “53;-
The ionic mobilities, w, and u_, and the ionic activities, a, and a_ ,
for the mixture of electrolytes (AgNOj and NHhNOB) must be known in
order to use equaiion (6) in calculating junction potentials. No such
data are available for ligquid ammonia or ethyl alcohol media, or for
electrolytes within the cxchange resin., Since the concenirations of
the solutions in which the measurements were made were sufficiently
low, properties which have been found to hold in dilute solutions of

uni-univalent salts in many media may be used in the simplification

of equation (6),

Assuming that the mobility of an ion is dependent only on the concentra-
tion of that ion and not on the ionic strength of the solution
(Kohlrausch principle(%)), the mobility of the silver ion is independent
of the concentration of other electrolytes. The same is true for other
ions. Also, it is assumed that in dilute solution, the mobility of a

specific ion does not change significantly with concentration.

Differences in mobilities may be expected beiween the various ionic

species. However, the data below show that the mobilities of Ag*
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and NHh+ in liquid ammonia and in ethyl_alcohol are very nearly equal.
The ratic of equivalent conductances of NHhNO3 and AgNO3 in liquid am-
monia (=33.5°C) in the concentration range of 0,001 M to 0,004 M is
between 1.01 and 1.04(8). In ethyl alcohol the ratio of ionic con=
ductances of NHh* to Ag* at infinite dilution is 1.11(10), and the
ratio of equivalent conductances of NHhNO3 and AgN03 at 0,005 M is
1.05(9). Although the absolute mobilities in the membrane phase are
unknown, it is to be expected that the relation between mobilities

of ions found in a conventional solution will also hold true in the

membrane.

Therefore, under the assumptions of independent ionic mobilities, of
constant ionic mobilities over the concentration range investigzated,
and of a ratio of Ag* mobility to NHL® mobility equal to 0.9% (NHh/hg+

1,05) equation {6) becomes:

o _ +L +T o -1 ]
S o 19 oy * Pt ) 4 Uy NGT
m u:’ , +IL + 1L o i
MU ‘95 Go e ) a .
95 “‘ér + N : + No, ﬂ03
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where u° 'S are the ionic mobilities of the indicated ions throughout

the whole transition region.

The 0.95 coefficient of the activity of the silver ion in the above
equation is of importance only when the concentrations of silver ions
and of ammonium ions are nearly egual. .For the case in which NHh+
concentration is several times as great as that of Ag*, 1.00 may be
used in place of 0,95 for the coefficient without changing the results

significantly.

This simplification still leaves equation (7) unusable in the absence
of some information about ionic activitiss. Tt has been found in water
(and in other media) that activity coefficients of uni-univalent salts
in dilute solutions are very nearly equal to each other(ll); and the
same may be expected to be true in liquid ammonia. It has been found
to be true in alcohol solution(ll). This assumption may only be well
Justified for liquid ammonia solutions which are very dilute. However,
because the concentration of ammonium nitrate far cxceeded that of
silver nitrate at all times, except when very dilute sclutions were
used, the assumption was only of significance when the conditicns
existed for which it was most valid. If the same solvent were used

on each side of the membranes, the effect of any inequality in the
activity coefficients of the two salts would be minimized because

the ratio of such activity coefficients would be nearly the same for

each solution. Although different media were used on each side of
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the membrane, any difference between the ratio of activity coefficients
of the univalent salts in one medium and the corresponding ratio in
other medium cancel out because only differences in cell potentials
(corresponding to different concentrations of ammonium nitrate in
liquid ammonia) were utilized. Equation (7) may be further simpli-

" fied tod

I 1
By, = S =8 o s (Cagog + CxeyNO5)
u, o+ u_ —
II

+ IT
Vs Cagnoy * Cugmo,)™

(8),

Since the transference number, t,, of the positive ion is u, /u, + u_
and the transference number, t., of the negative ion is u_ju, + u. ,

equation (8) may be rewritten as:

_ I I
EL = (2t, - 1) RT/F 1n %;CA%N% + Cnmyno, ) (9).
Y (CAgNO3 + CNHhNO3)II

The total potential of the cell is equal to the sum of all potentials

present.

Etotal = El + E2 + E3 where E2 = EL

I I(c I
Byorar = PI/F 1n ABN03)” oy _ 1) prsp 10 O (CAgNO3 * Cumynog)
)TT

T
(2pgnoy) 1T ¥'s” Cagnoq * Crmy o,

(10).



or

1
(aponn.,) 1T 1T
E = RT/F In __28%3 - (2¢, -1)1 C +
total (aAgNog)II (2t, - 1) 1n 74" (Chgnoy * Cwyno,)

+ (2, - 1) RI/F ln ¥y (Cpgnoqy * CNHhNO3)I (11).

IT - Alcoholic T - Liquid Ammonia

Since the ammonium nitrate concentration is varied in the liquid am~
monia half of the cell, the ionic strength of the solution will vary,
thereby affecting the activity of the silver nitrate (aAgNo3)I in
that solution. However, a calculation of this change over the con—
centration range investigated (.002 M - ,016 M), using act:vity co-
efficients obtained from a modified nebye-Huckel(ls) equation,
indicates that the potential change over the entire range would

not be greater than L millivolts., This change is within the experi-
mental error. Therefore, the first two terms o” equaticn (11) are
constant, within experimental error, because all of the other terms

they contain are held invariant.
The equation for the potential of the cell may then be expressed by:

I .
Biotar = (2%, = 1) RI/F 103} (Gygy0, * CNHhNOB)I +c o (12),

Thus, the change of potential which occurs as the concentration of

NHhNO3 in the liquid ammonia is increased from A to R may be expressed
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by:

Eg - E, = AE = (2t, - 1) RT/F In +(Cago, * CriyNoy)p (13).
$:(Caghoy + CNmyNO3),

This equation is then a general representation for the potential change
accompanying a change of electrolyte activity. It predicts that a plot
of the logarithm of the cationic concentration versus the potential
will result in a straight line since it was found that, in the dilute
region under discussion, activity coefficients change linearly with
concentration, The slope of the straight line should be dependent

upon both (2t, - 1) RT/F and the activity coefficient ratios.
+

Calculation of Activity Coefficient Ratio and Transference Numbers

If the proper mmerical values are substituted into equation (13),

the following relationship is obtained:

E = (2t+ - 1) (.039) 1og€z£l§_ + log CB/CA (1h).
ey
at -50°C.

where Cy and CA repregsent cationic concentrations and'); is the mean
activity coefficient of ammonium nitrate. The solutions to which
the calculations have been applied had a molar ratio of ammonium
nitrate to silver nitrate of at least 5:1, In this concentration

region, the errors introduced by previous assumptions become negligible,

Both the transference mumber (t,) and ratio of activity coefficients

cannot be determined by the same series of experiments. However, if

either is known, the other may be determined.
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Transference Numbers ~ In aqueous media, the activity coefficients

for ammonium nitrate have been accurately determined; and their values
may be substituted into the equation. Tn thie manner the positive
transference number may be evaluated, and the degree of ionic selectivity

of the membrane thus determined.

In an analogous manner, the transference number of the membrane in
liquid ammonia was determined, using the mean activity coefficients
for ammonium nitrate which have been calculated by Debye-Huckel type
of treatment. These calculated activity coefficients are practically
identical, in this range of 'concentrations, with those experimentally

determined by these workers,

Activity Coefficient Ratlos

It was found experimental}y that the change of the positive transference
number in going from an all water system to a liquid ammonia-~alcohol
gystem is not appreciable. The transference number can, therefore, be
determined (as indicated above) in the all water system and this value
can be used in the calculation of the activity coefficient ratios in

liquid ammonia.

Both methods have been applied to the data obtained with very close

agreement between the results,
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EXPERIMENTAL

THE CELL

Cell A - Cell A, used for a portion of the experimental work de-
scribed in this section, was the cell used for the work reported
in Part I of thls dissertation. The soft glass sections, which

were necessary in the glass electrode investigations, were replaced

by pyrex glass.

Cell B~ Cell P was made from a 500 ml round-bottomed flask which

had four necks, three of which carried 2L,/L0 standard tapered ground
glass joints and one of which carried a 14/36 ground glass joint.
(See Figure IV.) One of the 2L/LO joints was fitted with a "Y" ground
glass adapter., A thermometer was inserted through one of the arms

of the "Y" adapter. The other arm was attached to a."cold finger"
type of condenser which in turn was connected to a vacuum line., The
central 24k/L0 neck contained the ion exchange membrane. The remaining
large neck accommodated the sample addition unit., The fourth Joint

contained the reference electrode for the outer half-cell,

The body of the round-bottomed flask was used as a container for the
gilver—~silver nitrate reference electrode and the liquid ammonia
solutions. The ammonia was condensed into a separate, callbrated
flask which was attached to the vacuum line Just before the cell,
(See Figure V.) The two were Separated by s topcocks so that they

could be operated independently,
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The remaining portions of the cell will be discussed in the following
sequence: reference electrodes; the membrane unit which contains

the membrane junction, the alcoholic solution of armonium nitrate,
and the inner silver~silver lon reference electrode; and the sample
addition unit. Finally, a separate treatment of the liquid Junction

unit will be presented.

Reference Electrodes

Most of the measurements were made using a silver-silver ion reference
electrode in the ocuter cell and either a silver-silver ion electrode
or a silver-silver chloride electrode for reference in the inner cell,
The outer silver electrode was made by\éealing, by means of sealing
wax, a piece of metallic silver (connected to a lead wire) into a
glass tube, A platinum wire plated with sllver was used as the metal

in the inner electrode,

The silver-silver chloride electrode was prepared in the following
manner(l). The plating solution was prepared by adding silver nitrate
to a filtered 20% potassium cyanide solution until a permanent white
precipitate Just appeared. The resulting solution was filtered and
uged for plating, With platinum as anode, the plating was continued
for three hours. The plated electrode was rinsed thoroughiy with
distilled water and finally allowed to stand in distilled water over-
night. The silver electrode was then used as anode for the electro-

lysis'of 0.1 M hydrochloric acid at a current density of 2 milliamperes per
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square centimeter for two hours. The resulting silver-silver chloride
electrode was used after being rinsed in distilled water. This elec—
trode, after being placed in the alecoholic in*ernal half-cell solution,
did not change its potential during the pericd when the experiments

were made.

For the measurements made in the all-ammonia system, lead-lead nitrate
electrodes were used., Since lead nitrate is inscluble in alcohol

and since the presence of divalent cations would complicate the
theoretical interpretation of the results, the lead-lead nitrate
electrodes were replaced by silver-silver nitrate electrodes for

the experiments where alcoholic solutions were employed,

The Membrane Unit

The membranes used in this work were prepared at the laboratories of
Tonles, Inc. in Cambridge, Massachusetts, The lon exchange material
was formed directly on fritted glass discs of medium porosity. The
fritted discs had previously been sealed into 10 mm glass tubing.

By forming the ion exchange membrane directly in the pores of the
glass, the mechanical strength of the resulting membrane was greatly

increased.

The membranes were received in contact with dilute sulfuric acid
solution, and the resin was in its acid form The water had to be
removed from the membranes before they could be used. If this were

not done, the membranes were unservicable for the following reascns:
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(1) as the membrane was cooled for use in liguid aﬁmonia, the water
would freeﬁe and expand, thereby destroying the membrane, and (2)
even if the membrane were not mechanically injured in the cooling
process, the membrane would be in solid solution condition which
would not be desirable. Replacement of water with alcohol eliminated
these difficulties, The membrane was bathed in 100 ml of 10% alcohol
solution for two hours, then in 20% alcohol solution for two hours,
and so on, until finally the membrane was stored in absolute alcohol,
In spite of these precautions, only one-fourth of the membranes pre=-

pared did not develop leaks.

The tube containing the membrane was sealed onto a 2L/LO ground glass
joint. The alcoholic reference solution (.00l M with respect to both
silver nitrate and ammonium nitrate) was ac’ded, and the inner reference
electrode was inserted. These components comprised the membrane unit.
The unit was stored in a large test tube with the outside surface of
the membrane dipping inte alcohol, The test tube and membrane unit
were cooled to -50°C before the membrane was inserted into the liquid

ammonia.

Sample Addition Unit

A simple and direct method of increasing the concentration of solutions
in the closed system, by the addition of known amounts of non-volatile

solutes, was developed. The customary procedures of breaking bulbs

(16)

which contain the samples or of titrating a measured amount of
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concentrated solution into the system from a thermostated buret(zl),

require complex egquipment, the operation of which is both time-con-
suming an’ unreliable. The equipment required for the simple method
described below may be easily constructed from items which are general-
ly availabtle, This method of addition has been found to be as accurate
as previous procedures and may be adapted for use over a wide range

of sample sizes.

The method co@sists of the lowering of a series of boats, containing
weighed amounts of the desired non-velatile selute, one by one into
a well-stirred solution. A schematic diagram of the apparatus is

shown in Tigure IIT,

The apparatus used consisted of a small pyrex glass chamber which had
two standard-taper Joints at right angles to each other. The size

of the joints could be varied to fiti the needs of the equipment. A
glass tube was attached to a standard taper plug (of larger diameter
than the tube) in such a way that the glass tube projected into ihe
chamber when the plug was in place. The end of the glass tube was
fashioned inte a bobbin-like shape, with two glass ridges 1/l inch
apart and with a small hole between the ridges. Pyrex glass fiber
thread was knotted at one end and threaded through the hole. The
knot served to hold one end of the fiber securely. PRotation of the

plug served to wind or urwind the thread.

foats were constructed from glass tublng of the appropriate size

(in this case 8 mm., tubing). They were loosely joined together by



platimm wire, so that all might stand upright while being filled.
One~half to three-quarters of an inch of wire was allowed between
each boat. Samples were weighed and transferred quantitatively

to the desired boat. A pyrex glass welght was attached to the low-

est boat to overcome the initial bouyancy effect.

Before the chamber was attached by means of an intermediate chamber
(see Figure IV) to the proper ground glass joint at the top of the
reaction cell, the glass fiber thread was urwound until the series
of boats might be attached to it. By rewinding the fiber thread,
the samples were then raised into the intermediate chamber, where

they were stored until needed.

The samples were kept sufficiéntly high in the system so that solvent
did not condense on them. The boats were lowered one by one into
the solution., The time required for complete solution depended upon

the solubility of the salt and the degree of stirring.

The Liquid Junction Unit

The unit used is illustrated in Figure VI. A 24/36 ground glass
Joint was ground down further with emery cloth so that a liquid-tight
fit could no longer be obtained(®). 4 very slow leak was observed,
and there was a thin layer of liquid from the inner cell between the
two parts of the joint. The male portion of the joint was sealed
onto the 24/L0 interjoint in the same manner as the membrane had

been. The other portion of the joint was filled with the reference

r



-92=

solution and attached. The two portlons were held together by means
of glass fiber which was wound about the "ears". This unit was stored

until used in a large test tube containing the aleoholic solution.

When the unit was to be used, the storage test tube and ite contents
were cooled in acetone-dry ice to =50°C. The unit was then quickly
removed, and the alcoholic solution was wiped off. The unit was im-
mediately inserted into the central 2L/LO joint in the cell. Liquid
ammonia had previously been condensed inte the cell. This procedure
was used because the vacuum necessary to condense the ammonia was
sufficlently great to draw the solution from the inner cell into the
outer one, By creating a slight pressure of ammonia in the system
during the interchanging of the 2L/L0 plug and the liquid junction
unit, no moisture from the atmosphere could qondense in the cell

system,



GENERAL PROCEDURE

To obtain a series of measurements, the following general procedure
was used., The desired amount of silver nitrate was welghed into

the outer cell (the final concentration being .00l M), and a magnetic
stirring bar was added. The outer reference electrode, the sample
adding unit with the samples in the boats, and the Y tube contain-
ing the low temperature thermometer were inserted into the cell,

A 2L/LO plug replaced the membrane unit in the middle joint at this
time. The cell was then evacuated. (See Figure II, Part I.) The
calibrated flask was cooled to -50°C by means of isopropyl alcohol
and dry ice in a Dewar flask, and 330 ml of ammonia were condensed
into the flask. Then the cell was cooled, and the 330 ml of ammonia
were recondensed into the main cell, When all the ammonia had been
condensed, the pressure in the system was allowed to increase to
slightly above one atmosphere. At this point, the membrane unit,
which had been pre-cooled in alcohol to =50°C, was inserted; and the
whole system was recooled to -50°C, The potentiometer (Beckman

Model G pH meter) was connected in series with the cell., Equilibrium
was shown by a constant potential which was generally established
within several minutes, Since this constant potential, once obtained,
was found in the early experiments to remaln unchanged for periods
ranging from an half hour to twelve hours, the criterion for a
recordable value of the potential was taken to be constancy of wvoltage

for a period of ten minutes,
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EXPERIMENTAL RESVLTS

Experiment T ~ Determination of Membrane Junction Potential in an
All-Aqueous System

The potential for the following cell system was determined as a func-

tion of the armonium ion concentration.

Silver Silver Ammonium Membrane | Ammonium Silver Silver
Nitrate Nitrate, Nitrate Nitrate
10-3 M Varying 103 M 1073 M
Concentrations
WATER WATER

The potentials observed at 24°C over a concentration range from ,002 M
to 036 M with respect to ammonium nitrate are presented in Table VTI.
These values were reproduced within t 1 millivelt in two additional
runs using duplicate membranes. The plot of potential versus the

logarithm of the cationic concentration is linear (Figure XTI).

In order to decrease the importance of the contribution of the silver
ion to the potential, the silver nitrate concentration was decreased
to 10'h M. With such reference cells a comparable linear plot was
obtained (Table VII, Figure XIII). The values of the potentials in
Table VII are the average of five runs using duplicate membranes.

The maximum variatipn of any value from the average iz # 1 millivolt,
The potentials obtained upon the addition of the ammonium salt were
steady and reproducible. When the silver nitrate concentration was
decreased to 10'5 in both reference cells, a constant potential could

not be obtained,



Experiment IT - Determination of Membrane Junction Potentials in a
Cell System with One Half-Cell Aqueous and the Other
Half=-Cell Alcoholic

This system may be represented schematically as follows:

Silver! Silver Variable
Nitrate  NH) NO
104 ¥ Concentrations

WATER

Membrane

Ammonium Silver

Nitrate Nitrate
0,001 ¥ 10°4 M

ALCOHOL

Silver

Again the concentration range was varied from ,002 M to .036 M with

respect to ammonium nitrate and the resultant potentials are recorded

in Table VIII. The temperature was at 2L°C. Four runs checked within

the experimental error of the method (¢ 1 millivolt).

A plot of potential vs. eatiomlec concentration (Figure XII) again

yields a straight line; however, at higher concentrations the slope

changes in this case,
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Experiment IIT - Determination of Membrane Junction Potentials with
Alcohol in Both Half-Cells

The following cell was used in this series of experiments:

Silver| Silver Varying
Mitrate NH&NO
10~L M Concentrations

Membrane! Ammonium Silver Silver
Nitrate Nitrate
1072 M 1074 M

ALCOHOL ALCOHOL

This system is the same as those used in “xperiments I and TI, except
for the use of an all-alcohol system in place of an all-aqueous or
alcohol~aqueous system. The temperature was again maintained at
2L°C. Initially, it was difficult to obtain a constant potentialj
however, when the cell was allowed to equilibriate for a period of
two hours, the system became stabilized; and steady potentials were
observed for the subsequent soclutions, The results representing an
average of three serles of neasuremenis using two membranes are

tabulated in Table "IIT and plotted in Figurc XIT.

Thus, a plot is obtained which is linear at the lower concentrations

but shows a change of slope at the higher concentrations.



Experiment IV - Determination of Membrane Junction Potentials in a
Cell System with Liquid Armonia in One Half-Cell
and Alcohol in the Other (Concentration Thange
001 M to 012 M)

The cell system used for the major portion of the experiments may be

designated schematically as follows!

S1lvery Silver Varying Membrane| A-monium Silver { Silver
Metal | Nitrate  NH)NO Nitrate Nitrate |

L001 M Concéntirations LL001 M .001 M

LIQUID AMMONIA ALCOHOL

Using this cell, the concentration range of 001 M to ,012 ¥ with respect
to ammonium nitrate was investigated thorocughly at a temperaturs of
—SOOC. Seven different membranes were used during fifteen series of
measurements. The results obtained in this range could be reproduced
within £ 1 millivolt, not only for all consecutive series of measure-
ments using the same membrane, but also for zall series of measurements
using different membranes. Figure IX is a plot of the average values

of all potentials obtained versus the logarithm of the cationiz con-

centration,

The specific wvalues obtained in duplicate series of measurements using
Membrane II are recorded in Table IV and are plotted as the upper line
in Figure X.' The variation of results is well within the experimental

error of the meter used for the measurements.

Membrane I, however, behaved in a manner slightly different from that

of the other membranes, This variation is apparent in a comparison
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of the values recorded in Tablas TII and IV and the plots of these
data (Figure X). However, this was the only membrane which gave
results at variance with those obtalned when the other seven mem-—

branes {mentioned above) were used.

Using Membrane III an additional series of measurements was made using
ammonium chloride as the ammonium salt in the test solution. The
results obtained were identical with those obtained using ammonium

nitrate with the same or other membranes.



Experiment V - Determination of Membrane Junction Potential in Cell
System with Liquid Ammonia in One Half-Cell and
Alcohol in the Otber (Concentration Range .012 M to
. .036 M)

The cell system used in the previous experiment was used in this experi-
ment. Typical results obtained for solutions of concentrations above
.015 M are presented in Table V. A plot of the measured potentials
versus the logarithm of the cationic concentration indicates that the
points deviate from a straight line (Figure XI). Moreover, the results
in this more concentrated region were less repfoducible than those
obtained in Experiment IV. The deviations were greater than those

to be expected to arise from the functioning of the pH meter. The

deviations were frequently as great as ! millivolts,

The points in Figure XI represent averages derived from the results
of twelve series of e xperiments in which a total of five membranes
were used. Six of these series extended over the entire range of

concentrations represented, while the other six extended only over

the range 003 M to 012 M.
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Experiment VI - The Determination of Liguid Junction Potentials
Occurring in Cell Systems Studied

The 1ligquid jun-*ion potentials were measured by the same general
method used for the membrane measurements. The ligquid junction
unit, (described on page 91), replaced the membrane unit in the

cell. Tt was found that electrical effects cavsed by slight stray
magnetic fields were important when this unit was used. As a result,
before a measurement could be made, all electrical appliances had to
be turned off. Stirring had to be stopped. Under such conditions,
results were obtained for the liquid armonia-alcchol cell system.

Two of the four tests made are included in Table VI. Results of

all tests were identical and were reproducible within + 1 millivolt.

Further work proved, however, that the Juncticn potential did not re-
main constant for more than fifteen minutes, after which time an
increase in potential occurred. Variation of the potential with
time may be attributed to the slow diffusion of the alcchol into

the liquid ammonia. An example of this effect is shown by that fact
upon the addition, all at one time, of sufficlient ammonium nitrate
to produce a ,018 M concentration, a change of junction potential

of 8 millivolis was observedj whereas, in Table VI, a value of

15 millivolts is reported for the case when the stepwise method of

addition was used to arrive at the same concentration.

However, irrespective of the method used, the change in liquid junction

potential upon addition of ammonium nitrate does not become significant
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until at least ,012 Me Therefore, below this concentration, any changes
of potential which were observed when a membrane was used, were not

caused by variation in liquid junction potential,
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Experiment VII - Determination of Membrane Junctlion Potential in A1l
Liquid Armonia System (With Notes on Preliminary Work)

The first experimental work was performed in an all ammonia system

using lead-lead nitrate reference electrodes.

Lead! Lead Varylng Membrane | Ammonium  Lead Lead
Nitrate NH NO3 Nitrate Nltrate
LO3 M Concentrations L001 M O3 M
LIQUID AMMONTA LIQUID AMMONIA

The data obtained are presented in Table I. A plot of the logarithm
of the cationic concentration (including the lead ion concentration)
versus the resulting potential is linear (Fipure VII). Comparison

of the results of measurements made with each of two membranes show
that in both cases the response was linear, However, the slopes of
the plots are different. This change in slope may be interpreted

as the result of a different degree of ionic perselectivity of ons
membrane as compared to the other (t+ across the membrane may not

have been identical in both cases).

To obtain these data, the membrane was first treated with alcohol and
then the main portion of aleohol was removed from the membrane by
evacuating the cell system for about 30 minutes bhefore the ammonia
was allowed to coadense into the cells, This evacuation caused the
membrane to dry and pull away from the glass disec. In most cases,
the swelling of the membrane upon solvation of the membrane by liquid
ammonia was not sufficient to prevent leakage, and these measurements

had to be abandoned,
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The large mumber of experimental failures during the period of these
experiments indicated that the mechanical strength of the membranes,

as prepared, was not sufficient to withstand the experimental pro-
cedures necessary for all-ligquid ammonia measurements. Furthermore,
some of the measurements of the values of the potential were exXtremely
erratic. This occurred because the changing liquid ammonia level

in the inner cell caused a variation in the concentration of the refer-
ence solution. At this point in the rescarch, the alcohol inner refer-
ence solution was introduced. (See Experimental Cection.) A more
stable, less volatile, constant reference cell was obtained in this
manner, in addition, the lead=-lead nitrate reference electrodes were

replaced by silver-silver nitrate electrodes.
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Experiment YITI - The Determinztion of the Effect of Temperature
on the Vembrane Junction Fotential

in order to determine the effect of temperature changes on the measured

potential, the following cell sysiem was set up:

Silver | Silver Ammonium Membrane prmonivm  Silver Silver
Nitrate VNitrate Nitrate Nitrate
LOO0L M «D02 M L01 M 001 M
LIQUTD ALMONIA ALCNHOL

The potential ol the system was measured at various temperatures. The
temperature was controlled by aldding appropriate quantities of dry ice
to the isopropyl aicsohol in the Lewar vessel. The potentials observed
at various temperatures are listed in "able I7. Thece "ata were plotted
(Figure V17I). The variation of the polential with temperature is
linear. These data indicate that control of thre temperature in the

cell system to within 1%c is sufficient for the experimental accuracy

reguired,
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Experiment IX - Determination of the Tffect of Parium Nitrate on Membrane
Junction Fotential

In order to determine the behavior of divalent ions toward the membrane,

the following cell system was investigated:

Silver Silver Varying Membrane | Ammonium Silver | Silver
Nitrate Ba(NOB) Nitrate Nitrate
.001 M Concentrations 001 M 0L M
LIQUTL AMMONTIA ALCOHOL
~-50°C

The resulting potentials are presented in Table IX and plotted in
Figure XTIIT and ¥IV. A duplicate set of measurements gave identical
results. To compare the results, so obtained, with data collected
previously, lhe s ame membrane was checked using changing ammonium
nitrate concentrations in the outer solutlion. The resultis obtained
are plotted in Fijure YIIT and are identical with those described

previously (Fxperiment TV} for such systems,

It will be noted that a linear plot is obtained with barium ion con-
centrations between 002 ¥ and 008 M, A comparison of the resultant
slopes of ammonium snd barium ion data indicates that the effect of
the two ions are not identical. This to be eipecled, since some of
the assumptions involved in the derivation cof fquation (13) only apply

to uni-univalent saltse
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CALCULATIONS

Transference Numbers

It has been shown in an earlier section that either transference
numbers or activity coefficient data can be obtained from the experi=-
mental results. The equation developed on paze 8h,

C
E = (2t, - 1) RT/F (1n E;EEEEL——-+ n 22
(Yaly Ca
will give a value for t, upon insertion of the values for (1) the
ratios of cationic concentrations and of activity coefficlents and
(2) the change in potential expressed in volts. In the agueous cell
system, for the concentration range studied (.002 - 030 %), (‘yt)E/();)A
is unity: therefore the log ( )ﬂk)B/{?Qt)A is equal to zero. The above

equation then reduces to:
E = (2t, - 1) RT/F (1n Cp/Cy) .

Taking the values for T and CE/CA from Figure YVI, the following rumeri-

cal caleulation was made:

5 = .0L2 = (2t, - 1) (277) (gégég) (2.303) log ,03/.00L

t+ = o9h

The constancy of the slope shows that the value of the transference
number remains constant over this range of concentrations. The value
of .94 indicates that 94% of the current across the membrane was
carried by the positive ions and that in aqueous media the membrane

i3 very nearly ideal in itsselectivity.
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In an analopous manner the positive transference rnumber of the mem-—
brane when it is in the ligquid ammonia-alcohol system may be determined.
The values used were obtained from Figure I¥ over a cationic concentra-
tion range of .07 M to .O13 M. The ratio of activity coefficients

was obtained from a plot of those calculated by Pleskov and Monoszon(ls),

who used a modified Debye~Huckel equation (Figure XV).

B = J0125 = (2%, - 1) (.039) log (O 3+ 2T

t+ ’.98 .

This shows that there was z very slight difference between the propor-
tion of current carried across the membrane by the positive ions in
aqueous media and that so carried in the ammonia-alcohol system. The
ionic selectivity of the membrane apgparently does not change appreciably

in going from one system to the other,

Activity Coefficient Ratios

Using the transference mumber obtained in aqueous media, the activity
coefficient ratios of ammonium nitrate in liquid ammonia may be determined.
The caticnic concentration of .005 M was chosen as a reference point.

Since the ratio of concentration of ammonium ions to that of silver

ions at this point is 5/1, any contribution by the silver ion was
minimized. An example of tle method of calcuilation is shown below

for the change in concentration from ,005 - 007 M (see Figure IX):

E = 004 = (.94) (.039) 1og{ C.oo7 , (¥ 4) .007
& -005 (v o /

Va) 005 /4 Ye) o007 = 1+
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The ratios calculated over the entire concenitration range are pre—

sented in Table X.

Pleskov and Monoszon(IS) experimentally determined the mean activity
coefficients of ammonium nitrate in liquid wmonla by measurement of

the electromotive force of a concentration cell of the type:

Pt| Hy NHNO3 | KNO3 | NH)NO; Hy Pt

Cy Sat. «1N

The values obtained in this manner are plotted against the logarithm
of the concentration (Figure XV). From this graph, ratios of activity

coefficients were obtained and are listed in Table X.

It is of considerable interest to compare the resulis with those cal-
culated theoretically from the Debye-Huckel equation. Because,in

the concentration range investigated, ammonium salts are not completely
dissociated in liquid ammonia, both the degree of dissociation and

the dissoclation constant were introduced into the calculation of the

activity coefficlents by the Debys-Huckel treatment(ls).

In this manner activity coefficients were calculated by Pleskov and
Monoszon which agreed fairly closely with those experimentally deter-
mined, These values are plotted in Figure XV and ratios of these

resulting activity coefficients are also recorded in Table X.



-109-

DISCUISION OF RESULTS

The experiments presented in this study were devised sc as to simulate
the glass electrode cell system; i.e., to have a constant reference
cell and vary the external solution. The method used offers a convenient
means of determining not only hydrogen ion .ctivity but any cationic
activity. Such a use of ion exchange membranes has not been reported
even in aqueous systems. Therefore, before amy application was made
to liquid ammonia solutions, aqueous systems were studied to determine
the validity of reproducible variation of membrane potentials with
chan;ea in concentration, The experimental necessity of introducing
alcohol as a medium in one hilf of the cell system made 1t desirable
to study systems which had different media on either side of the

membrane,
Equation (1h), page 8L is:

o= (2t+ - 1) ('039) lOg (Yi)B/(Xt)A + 10g CB/CA .

This equation is applicable only when uni-univalent salts are present
in the system. GEefore this equation can be used simply to interrelate
the potential measured and the cationic concentration in the test
solution, values for the other two terms (transference number, t,,

and ratio of activity coefficients, (( yt)B/(xi)A) must be established,

Aqueous System

In this system all terms in the above equation, except the positive

transference mumber, are known either by experiment or from the
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literature. It was found that the slope of the plot prescribed

by the equation, i.e., the logaritlm of the cationic concentration
versus the potential, revealed tNHh* = 0,95, This is in excellent
agreement with values obtained by others (Tigure TT) by an entirely
different method which was developed by Sotlner(lg). Sollrner's
method involved a concentration cell in which the concentrations

on both sides of the membrane were varied in such a manner that

they always remained in the absolute ratio of 2:1. Such conirol
kept the activity coefficient ratio close to 1, thus facilitating
the determination of the transference numhbers. The technique used
for the present investigation did not incorporate this simplification.
However, this limitation is not seriocus since at concentrations at
which ratios of activity coefficients begin to vary appreciably, the
membrane itself also begins to deviate from ideality. Therefore, as
a consequence of this work, a new method for the determination of

the transference numbers across a membrane has been developed.

Water-Alcohol System

Over a limlted concentration range, the plois of the results for the
alcohol-water system and the all-water system have slopes which are
essentially the same (Figure XII). Therefore, a change in the medium
did not change the transference number of the membrane. These data
estaublish that, over z definite concentration range, a cell containing
two media may be used successfully. Therefore, the membrane can be

used as an electrochemical tool in non-agueous mediae.
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Liguid A-mornga-ilcohol System

The experimental data discussed above have established that ion ex-
change mentranes can be used if two media are present in the cell
system and that the transference mumber across the membrane may be

determined.

With the liquid ammonia-alcohol system, the permselective membranes

may be used to determine ratlos of activiiy coefficients at a tempera-
ture as low as =50°C., 7In this system, the value of the transference
muaber was found to remain constant over a concentration range which
was somewhal smaller than the range over which the transference number
remained constant in the cell wabter system. This range was 002 - 017 M
for linuid ammonisz-alcohol system and 003 - ,03 I for the water system.
The values of t, agree closely for the two systems, The ratios of
activity coefficients were calculated over the concentration region
investigated. Two sets of activity coefficlent ratios for ammonium
nitrate in liquid ammonia are available in the literature for compari-
son. One set was calculated by means cf a modified form of the Debye-
Huckel eguation. The other was obtained by Pleskov and Monoszon(15)
from a series of measurements of a concentration cell wherein hydrogen
electrodes were used as the specific elsctrdes., The experimental

data presented in this study strongly support their experimental values.

The permselective membranes present a general method for determining
activity coefficients and other properties in non-aqueous media. The
membrane is not specific but can be used with any cation. Its success-
ful use with ammonium ion in liquid ammonia, alcohol, and water promises

wide application with other salts and media.
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One of the limitations of the experimental method described results
from the use of silver-silver ion reference electrodes. There are
relatively few sclid electrodes which have been developed for use

in liquid ammonia., However, the use of such solid electrodes would
be desirable for future work on the electrochemical behavior of ion
exchange membranes in liquid ammonia, and would greatly simplify the
experimental techniques and augment the value and scope of the data
obtainable., The experiments involving the divalent barium ion gave
reproducible results, which, though they illustrate that the present
method can have analytical application for polyvalent ions, are not
susceptible to theoretical interpretation. If solid electrodes were
available, the results obtained with thelr use would be susceptible
to a straightforward theoretical interpretation when divalent ions
are present. This is not possible when silver-silver nitrate elec-
trodes are used because the presence of the silver ion in sclution

complicates the solution.

Analytical Applications

It is of analytical interest that a plot of the logaritlm of the
cationic concentration versus the membrane Junction potential is

a straight line, It is at once apparent that this technique may be
used to determine absolute values of, or monitor changes in, the
cationic concentration in aqueocus and non-aqueous media. The kinetics
of numerous reactions may, therefore, be determined in various media

by proper utilization of cell systems such as those herein reported.
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Another potential analytical application is the determination of end-
points of various electrometirie titrations, for example those involving

neutralization, precipitation, or complex forming reactions.
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CONCLUSION

The reproducible operation, in water, alcohol, and liquid ammonia
systems, of selectively permeable jon exchange membrane electrodes

has been demonstrated.

A new method has been established for the determination of cationice

concentrations in these media.

These electrodes have been applied in the determination of trans-

ference numbers across such membranes in these media.

I% has been demonsirated that selectively rermeable ion exchange
memirane elen’rodes are useful electrochenmical and analytical
t 0ls whether the solvents on eitner side of the membrane sre

the same or not.

A new method for the determination of the ratios of activity co=-
efficients of 3 salt at various concentrations has been presented.
This method is applicable to solutions in mumercus media, including

liguid ammonia.

Ratios of activity coefficients of ammonium nitrate at various

concentrations in liquid ammonia h:ve been determined.

Methods have been indicated, applicable to reacticns in variocus
media, for morditoring of cutionic concentration changes during
sludies of kinetics, and for the determination of end-points of

electrometric titrations.
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APPENDIX IIX



Variation of Membrane Potential with Concentration

Concentration of
Ammonium Nitrate

TABLE T

(A11 Ammonia System)

Cationic
Concentration

(Molarity)
001
.005
.01
015

»020

.031

«035

=116~

Potential (Millivolts)
Membrane IT

Membrane I

( -2)
-18
+1

+22

+31

=20
-10
-L

+10

+20

-26
~20
=10
-1

+10
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TAELE TI
Variation of Membrane Potential with
Temperature
Temperature Potential
(© Centigrade) (Millivolts)
~68.9 238
-59.5 2l2
-56.7 2hk
-51.1 218

-héc? 2;0
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TARLY ITI
Variation of Membrane Potential with immonium Nitrate

Membrane I

Concentration of Membrane Potential Change in Potential
Ammonium Nitrate (Millivolts) (Millivolts)
(Molarity)

- 250

L001 253 3

002 258 8

.003 263 13

« 04 265 15

.005 268 18

.006 270 20



TABLE IV
Varization of Membrane Potential with Ammonium Ton Concentration

Membrane ITI

Concentration of Membrane Potential Change in Potential
Ammonium Ion (Millivolts) (Millivolis)
{Molarity)

- 258

.002 265 7

.00k 268 10

.006 273 15

.008 275 17

010 277 19

.012 282 2¢

- 260 -

.002 268 8

004 271 11

.006 276 16

.008 278 18

.010 280 20

012 282 22
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TARLE V

Variation of Membrane Potential with High Ammonium Ton
Concentrations

YMembrane II

Concentration of Potential Change in Potential
Ammonium Ton (11i11ivolts) (Millivolts)
(Molarity)
27

L0006, 290 16

L012 300 26

01k 303 29

.016 306 32

.018 309 35

.020 306 32

Membrane VI

310
-006 327 17
012 337 27
018 343 33
.02L 353 L3
030 370 50

036 383 73



-121-

TAFLE VI

Liquid Junction Potential Variation with Concentration

Concentration of Potential Change in Potential
Ammonium Ton {¥illivolts) (¥illivolts)
(Molarity)
538
002 538
+O0hL 539 1
006 sh2 4
.008 5Lk 6

525
006 528 3
012 532 7
018 5L0 15
.02L 550 25
033G 55k 29

036 CAD 35



TAPLE VII

=1.2=

Variation of Membrane Potential with Ammonium Nitrate Concentration
Arueous Conditions

Reference Cell Solution - 10~3 ¥ Silver Nitrate - Temp. 24°C.

Ammonium Wilrate Concentration
MO].EBS

.002
.00k
.006
.008

- O-.]_O

=21

-18

10

Totential
{(Millivolts)

-12

11
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TARLE VIIT

Variation of Membrane Potentiasl with A-monium Nitrate Concentration
reference Cell Solution - 1074 Silver Nitrate - Temp. 2L°C.

Potential
Ammonium Nitrate Concentration (Millivolts)
(Moles) Aqueous Alcoholic  Aleohol-Water
.0l —20 +10 -3
L0038 ~8 +30 =36
012 +2 +1,5 -28
L0186 +8 +50 -19
020 +12 +50 =12
02l +15 +62 -8
.028 +16 +70 9

032 +20 +80 +3



TABLE IX

Variation of Membrane Potential with Rarium Ton Concentration

Barium Ion Concentration
Moles

+0020
0025

004

.008
»010
012
Nush

016

Change in Potential

50

=12}~

Millivolts
8
12
18 16
22 20
28
36 38
b3
L8



TABLE X

Activity Coefficlent Ratios

As Determined

=125~

Concentration As Determined Calculated
Ratio By Membrane Junction By Pleskov & Monoszon Debye Huckel
(Molarity)
.005/.007 1.09 1,08 1.08
.005/.009 1.16 1.17 1.13
.005/.011 1.26 1.25 1.19
.005/.013 1.35 1.32 1.23
.005/,015 1.39 1,38 1.27
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APVETLIX IV
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FIGURE T

SIMPLIFIED MOLECULAR MODEL OF A PERMIONIG
CATION MEMBRANE IN SOLUTION
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TRANSFERENGCE NUMBER OF Na?t
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FIGURE II

PERMSELECTIVITY

OF PERMIONIGC CR=-3I IN NaC! SOLUTIONS

(MEASURED AS TRANSFERENCE NUMBER
OF THE SODIUM ION)
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FIGURE V
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CATTUNIC CONCENITRATON

FIGURE ¥II 133

VARIATION OF MEMBRANE POTENTIAL WITH CATIONIC CONCENTRATIC
(ALL AMMONIA SYSTEM)
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POTENTIAL (MILLIVOLTS)

VARIATION
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FIGURE VIILC
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| - FIGURE IX e
VARIATION OF MEMBRANE POTENTIAL WITH CATIONIC

CONCENTRATION
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CATIONIC CONCENTRATION

FIGURE X
-136-

VARIATION OF MEMBRANE POTENTIAL WITH CATIONIC CONCENTRATI!
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FIGURE XIL ~138-
VARIATION OF MEMBRANE POTENTIAL WITH CATIONIC CONCENTRATIC
(VARIOUS MEDIA) |

X ALL ALCOHOL
@ ALCOHOL-WATER

e WATER
“10-3 3
-o-ALL WATER
0002 —
OOI 4 1 1 1 1 ] 1
-60 -~ 40 -20 o) - 20 40 60 8

POTENTIAL  (MILLIVOLTS)



~139-

FIGURE XII
VARIATION OF MEMBRANE POTENTIAL WITH CATIONIC

CONCENTRATION
( BARIUM AND AMMONIUM IONS)
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CATIONIC GONCENTRATION

FIGURE XTI ~2ho-

VARIATION OF MEMBRANE POTENTIAL WITH CATIONI
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FIGURE XN
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VARIATION OF ACTIVITY COEFFICIENT WITH CONCENTRATION
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VARIATION OF MEMBRANE POTENTIAL WITH CATIC

CATIONIC CONCENTRATION (MOLES)

02

0!
009

008
007

006
005

004

003

002

CONCENTRATION
(ALL AQUEOUS MEDIUM)

/

42 MV

| | |

-40

-20 0 20 40
POTENTIAL (MILLIVOLTS)



2.

3.

L.
5.
6.
Te

8,

9.
10.

1.

12,

13.
1k.
15,

16,

17,
18.

19,
20.

21,

BI BLIOGRAPHY

BI‘OWB, At S., J. Am. Chem. SOC., 26-, 61‘6, 193ho

Clarke, J. T., Marinsky, J. A., Juda, W., Rosenberg, N. W., and
Alexander, S. Ae, J. Phys. Chem., 56, 100, 1952.

Glasstone, S., Textbook of Physical Chemistry, pp 926 D. Van
Nostrand, New York, 19L6.

Ibid, pp 89L.
Cregor, H, P., Thesis, University of Minnesota, (19.5).
Henderson, P., Z. physik. Chem., 63, 325, 1908,

#Tonics", Inc., Permionic Membranes, Bulletin #1, February 1951,
Cambridge, Massachusetts.,

Landolt-Bornstein, Physikallsch Chemische Tabellen, Series 3,
Vol. 3, 206L.

Ibid, pp 2077.
Ibid, Series I, Vol. 2, 909.

Lewis, G. N., and Randall, M., Thermodynamlcs, Chapter XXIX,
McGraw-Hill, New York, 1923.

MacInnes, D. A., The Principles of Electrochemistry, Reinhold
Publishing Corporation, New York, 1939.

Meyer, K. H., Trans, Faraday Soc., 33, 1073, 1937.
Meyer, K. H. and Sievers, J. F., Helv, Chim. Acta, 19, 6L9, 1936.

Pleskov, V. A., and Monoszon, A. M., J. Phys. Chem. U.S.S5.R.,
6, 513-523 (1935).

Sanderson, R. S., Vacuum Manipulations of Volatile Compounds,
Ja+ Wiley, New York, 151d.

Sollner, K., J. Am. Chem. Soc., 65, 2260, 19l3.

Sdllner, K., J+ Electrochem, Soc., 97, 139C, 1950.

Sollner, K. and Gregor, H. P., J, Phys. Chem., 51, 299, 19i7.
Teorell, T., Proc. Nat'l. Acad. Sci., U. S., 21, 152, 1935.

Watt, G. W., and Keenan, C. W., J. Amer. Chem., 71, 3833, 15L9.



- ’ -1 hh_

THE AUTHOR
Name ? Martha Jane Bergin

Home Address: 55 Fermood Road
Boston, Massachusetts

Date of Birth: March 13, 1926

Parentst John A. and
- Augusta (Harris) Bergin

Education:
High School: Girls' Latin School

College:! Radcliffe College
A.P. (with Honors) 1945

Boston University
AWM., 1950

Teaching and Research Experience

Teaching Fellows during academic years of 1949-50 and 1950-51 in the
undergraduate analytical chemistry and the graduate semi-micro organic

analysis course.

Fellowship from Research Corporation, inter session and summer session

1951,

Professional Experience

Analytical chemist in General Engineering laboratories of Sylvania
Electric Products, Inc., Salem, Massachusetts from 1945 up to the
present time. Leave~of-absence granted from September 1949 to

September 1951,



=145~

ABSTRACT

Part I - The Glass Electrode

The glass electrode is a convenlent instrument for the determination
of the activity of the solvated proton (H (Hzo);) in water., This
inveatigation was undertaken to determine whether the glass elec-
trode could similarly be used for the determination of the activity

of the solvated proton (H (NHB);) in liquid ammonia.

The cell system generally used to measure the activity of the hydronium

ion is represented by: ¢
Reference Test Solution Con- Glass Reference Solution Refefence
Electrode taining Hydronium Membrane Contaiming Hydronium Electrode.
ion ion
3 %

In this system, the relationship between the measured potential and

the hydronium lon activity is:
E = RT/F 1n al/ao + C.

The theoreticzl derivation of this equation is predicated on two ideas:
(1) that protons are transported by the membrane, and (2) that a
rapidly established exchange equilibrium exists between the protons

in the glass and the hydronium ions in solution.

A similar cell system was used to investigate the possibility of glass

electrode action in liquid ammoniat
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Lead| Lead Ammonium Glass Reference Lead Lead
Nitrate Nitrate Membrane Solution Nitrate
Ammonium
Nitrate
, LIQUID AMMONIA ) LIQUID AMMONIA

The lead~lead nitrate electrodes serve as reference electrodes in
the liquid ammonia system. GClass membranes were used which were
made of three different kinds of glars: Corning 015, Beckman

General Purposs, and Beckman Type "E",

The glasa electrode action of each glass membrane was first established
in water by the measurement of the resultant potential. However, when
liquid ammonia was used as the solvent, the cell behaved as an open
circuity and, therefors, no potential could be measured. Tc encourage
the necessary exchange rsaction, the glass membrane was modified by
replacing a portion of the sodium ions in the silicate lattice by
ammonium ions. The "ammoniated" glass membrane also failed to produce

any electrode response.

The electrical resistance of glass is an inverse function of the tempera-
tures In order to ascertain whether the lack of glass elecirode action
in liquid ammonia solutions was a result of the high resistance of the
glass membranes at the temperature (-35°C) of the measurements, the
relationship between the resistance of the membrane and the temperature
was determined experimentally. The resistance of the membrane was
studied over the temperature range TOC to 50°C in an aqueous systen,

and over the temperature range -BSOC to 15°C in a water-alcohol system,

In both cases, the resistances were found to follow the relationship:

Log R = A + B/T
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where 3 is the observed resistance, T is the absolute temperature,

and 4 and b are constants.

In liguid ammonia, over a temperature range of -i2°C to 0°C, no

passage of current through the membrane was detectzed when external
potentials of up to 2420 volts were applied to ithe system. Since easily
measurable conluction through a glass membrine can he obitained in

the water-aleohol medium at -35°C, the temperature alone 's not
responsible for the extremely high resistance of the membrane in

liquid ammonia., Since conductance through the membrane is required

for glass electrode action, it is evident that such action will

not ocecur in liquid ammonia,

In summary, this part of the investigation has demonstirated experi-
mentally that the glass electrode cannot Le used to determine the
concentration of ammoniam ion in liquid ammonia. An exchange action
between the protons in the glass and the solvated protons in the solu-
tion is necessary for glass electrode action in water. It must be
concluded, therefore, that an analogous exchange involving the am-
mondum ion in liquid ammonia and the proton on the glass surface,

does no* occur,.
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Part IT - Selectively Permeable Cation “xchange Membranes

In Part T of this investipation it was demonstrated that the glass
electrode does not regpond to a change of ammonium ion concentra-
tion in liquid ammoniae. In agqueous media, the response of the

glass electroda to a change in hydrogen ion activity may result from
a2 change in the dynamic exchange equilidbrium which exisis between
the hydropon iong in solution and those on the gsurface of the glass,
Therefore, the glass which separates the refersnce solutisn from

the test solution may be considered to behave as a membrane made

of ion exchangs material, Part IT of this investigation reports

the succe-sful use of a membrane made of a synthetic cation ex-

change resin in place of the glass menmbrane,

In aquedus media, membranes made of ion exchanye resins have been
used to determine activity coefficients and to study membrane
equilibria. The research reported herein demonstrated that ion
exchange membranes can also te used in liguid ammonla in cell

syetems analogous to those used for the glass electrode,

Two cell systems were stidied, The first may be represented

schematically as follows:

Silver FSilver Ammonium Membrane' Ammonium Silver | Silver

Nitrate MNitrate | Nitrate Titrate
(‘Tarying . (Reference) ;
Concentrations ! :

| |

{
WATER | WATER !
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This cell system was used %o establish that the catlon exchange
membrane behaved as an electrode which was reversible to cations

in solution, The potential of the cell varied in a linear manner
with the logarithm of the cationic concentration over the concentra-

tion range 0.00LM to 0,0l with respect to ammonium nitrate,

Luring the study of the action 2f the membranes in liquid ammonia,
some initial experiments were performed in 3ll liquid ammonia cell
systems. The use of such cells had to be abandoned because most
of the membranes could not withstand the vacuum technijue neces-

sary for the use of liquid ammonia,

The cell system which was used for the major portion of the in-

vestigation may be represented schematically as follows:

Silver [Silver Ammonium enmbrane {Ammonium SilverefSilver
Nitrate Nitrate Nitrate Nitrat
(Varying i (Paference) i
Concentrations :

j

ALCOROL :

LIQUID AMMONIA

It was found experimentally that the presence of two media in the
system did not alter the fundamental nature of the membranels

electrode action.

The use of this cell system necessitated the derivation of an equa-
tion for the Junctiosn potential produced across the membrane. Since
the chemical potential of a substance does not depend directly on

the nature of the sslvent, fundamental equations found valid in
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aqueous media can be applied to amy solvent. Utilizing the Henderson-
Plank equation for liquid junction potentials, the followlng relation-
ship between the change of membrane potential resulting from a change
in cationic concentration was obtained:

AE = (2t, - 1) RIF ln(ML

P Oy

where A E is the change in potential, t, representas the fraction of
current carried across the membrane by the positive ions, C, and Cg
represent cationic concentrations, and“aA+ signifies the mean activity

coefficients of the salts,

The equation predicts that, at constant temperature, a plot of the
potential versus the logarithm of the cationic concentration should
be linear; and the slope of such a line should be dependent on the
transference number of the cation across the membrane, The ratio

of activity coefficients can be obtained from this relationship.

Within the concentration range 0.002M to 0.Cl6M with respect to
ammonium nitrate, a straight line plot was obtained in accordancs
with the above predictions. A value for the transference mumber
(t,) of 0.98 was calculated from the experimental data obtained,
Morgover, ratios of activity coefficients of ammonium nitrate in
liquid ammonia were calculated within this concentration range.
These values agreed closely with those obtained by earlier investi-

gators who used a different electrochemical method.



-]_5]__

Tn summary, in Part TI of this dissertation it is demonstrated
that if a membrane, made of a cation exchange resin, be substi-
tuted for the glass membrane, and if certain other experimentally
necessitated modifications of the intermal solvent are made,
potentials are produced, the variation of which is in quantita-
tive agreement with theoretical equations deduced, That is, this
dissertation reports an electrode which may be used in liquid am-
monia, and other media, to determine cationic activities in a
manner inalsgous to the use of the glass electrodes in determining
hydronium ion activities in aquecus media. & major difference
between the reported electrode and the glass electrode lies in
the fact that the former is sensitive to changes in the activity
of any cation, while the latter is generally sensitive only to

changes in hydronium ion,

*n addition %o enalling casy measurement of cationic activities,
the experimental results have been used to calculate ratios of
activity coefficients in liguid ammonia; and a method is clearly
indicated for use of the new electrode for Jeterminition «f the

activity coefficients themselveés in liquid wmmonia.



