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Abstract

DETERMINATION OF TRANSFER ACTIVITY COEFFICIENTS
USING EMF CELLS WITH LIQUID JUNCTION
by

Sidney S. Goldberg

Adviser: Profegsor Orest Popovych

Transfer activity coefficients, log mYi’ of sodium
(Na+), hydrogen (H+), triisocamyl-n-butylammonium (TAB+),
and picrate (Pi ) ions were evaluated using e.m.f. cells
with liquid junction between pairs of the following dipolar
aprotic solvents: acetonitrile, N,N-dimethylformamide,
dimethylsulfoxide, and propylene carbonate. Solutions of
tetraethylammonium perchlorate (Et,NCl0,), tetraethyl-
ammonium picrate (Et.NPi), and triisoamyl-n-butylammonium
tetraphenylborate (TABBPh,) were used as salt bridges in
these cells. Values of log mYi Were calculated from the
measured e.m.f. of the cells and calculated values of the

liquid-junction potential.

The liquid-junction potential, Ej' in cells with junctions
between two solvents was attributed to the transport of

solvated ions across the solvent-solvent interface., Eguations

for the calculation of the E, in cells with and without salt

3

bridges were developed. The Ej was formally divided into

iv



Es, which accounts for terms duve to the transport of ions

across the interface and E which accounts for

j solvent’
contributions to the Ej due to the transport of solvent
molecules across the interface.

Ej solvent Was calculated independently for two Siffarent
cells with a junction between the sare solutions but with

dirfferent pairs of indicator electrodes. values

Ej solvent
between aqueous and methanol-water solvents were found to
increase with increasing metbhanol coatent and showed an
inverse depeﬁdence on the concentration of the current-

carrying species in solution. Values of E, were

j solvent
lowered by the addition of saturated aquecus KC1l salt hridges
between the solutions studied. 1In addition, literature data
of measurements of pH-cells with ligquid Jjunction in

methanol-water and ethanol-water media were interpreted.
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INTRODUCTION




Presentation of the Problem.

Introduction.

With the increased availability of nonagueous solvents
in large qﬁaqtities, chemists have shifted some of their inter-
est from the physico-chemical properties of agueous sclutions
to those of nonagueous solutions. Analytical chemists have
been using nonagqueous solvents as a means of shifting chemical
equilibria to effect saparations and identifications
which would be impossible in aquecus solutions. Physical-
organic chemists have discovered that transfer from alcohols
to dipolar aprotic solvents increase some reaction rates by
many orders of magnitude.

At the same time, it should not seem strange that chemists
have retained many of the conventions used in agueous systonms.
Electrode potential and ion-activity scales are conventionally
referred to ideal soluticns of unit activity in the solvent of
interest as the standard state. Thus, there are as many con-
ventional electrode-potential and ion-activity scales as there
are solvent systems studied.

_'With the growing interest in nonagqueous solvent chemistry,
it has becaneincreasingly important to develop a system of cor-
relating data in these solvents to a universal solvent scale
(eingle standard state). Prediction of the changes in the
chemical prcoperties of solutes when transferred from one sol-
vent to another is one of tke major objectives. Quantitative-

ly, this can be attained with knowledge of the free energies



of transfer of the solutes between different media.

While a correlation of chemical properties qf solutes in
different solvents is of great interest, the key to establish-
ing single scales of electrode potentials and ion-activities
lies with knowledge of the free energies of traaner of single
ions, or the corresponding transfer activity coeff*c1ents, also
kaown as the medium effects. Although measurements of the free
energy of transfer of single ions are not thermodynamically
feasible, various extrathermodynamic assumptions have been
employed to obtain values of the transfer activity coefficient
of single ions, which is a measure of the free energy of trans-
fer.

In this thesis, we will be studying e.m.f. cells with
liquid junction as a means of obtaining values of the transfer
activity coefficients for single ions. Measurements will be
made in a series of dipolar aprotic solvents. New eguations
will be developed for these systems. In addition, detailed
interpretation of existing literature data on cells with lig-
uid junction in methanol-water and ethanol-water media will
be carried out, particularly with pPH cells. Measurements of
e.m.f. cells with liquid junction in methanol-water solvents

will be made and analyzed,



Transfer Activity Coefficient. g

Tha chemical potential of a solute i in a solvent s

referred to the standard state in the giwven scolvent is de-

fined as

Gi = G + FPT in ay (1)

where Ei is the chemical potential or partial mclal free
energy of the solute, i, SG; is the standard free energy of
solute i in the solvent of interest, and a, is the activity

of solute i in that solvent expressed as

* = m., _¥.
al i SYl

(2)

where m, is the molality and sYi is the salt-effect activity
coefficient which becomes unity at infinite dilution in given

solvent. Similarly, the chemical potential of a solute i in

water is defined as

G. = & <+ RT ln a

i w i i (3)

where subscript w refers to the aqueous standard state, WG;
is the standard free energy of solute i in water and a is

the conventional agueous activity given as

a, =nm, _Y. (4)

where m is the molality of solute i and the agqueocus activity
coefficient wli approaches unity only at infinite dilution in
water. The chemical potential of any nonaqueous solution can
be formulated referring to either aqueous or nonaguecus stan-

dard states. 'or a given nonaguecus solution, the difference



petweeén the-noragquenus and ajueous standéfd free energies
is expressed by.

a. .
6} - ,6} = RT n .5% - (5)
‘The ratié term, ai/ai, represents the activity of a solution
referred to ita aqueous stindard state divided Ly the
activity of the same solution rerorred to its nonagueous
standard state. This term ig defined as the transfer

activiﬁy coefficient, or medium effact:

24
m'i at (6)

Thus, the transfer activity coefficient is a measure ol the
diffarence in the standard free energy of a solute i in

water and in the nonaqueous solvent:

e _ e - .
sGi wGi RT 1ln m¥i

The transfer activity coefficient os a solute i is a function
only of the two standard states, temperature arnd pressure

but is independent of the concentratica of solute i or other

solutes.

The salt-effect nonaqueous activity cpeff.cient, gfi’
is related to its equivalent value on the agueous scale,
wli’ by the transfer activity coefficient:

wizi T osfiaVi (&)



For an agqueocus system, the value of the transfer activity
coefficient will be unity. |

Similarly, the transfer activity coefficient can be
considered a conversicn factor from a nonagueous to the

agueous activity scale:

a = a; m'i (9)

For example, with knowledge of the transfer activity coef-
ficient, log m H’ the paﬁ of a nonagueous solution can be

expressed on the aqueous pay gcale

pa, = paj - log vy, {10)

wherea paﬁ = =lJog m and m_. and gYy are the molality and

H s'H H
the nonagueous salt-ecffect activity coefficient, respec-
tively.

For the reaction

A+B=C+0D (11)

the eguilibrium constant in water, W and in a nonaqueocus
solvent, SR, are related by the transfer activity coeffici-
ents:

Y Y
K= goemD

(12)
S m'am'm

Up to row, we have defined the transfer activity

coefficient as the difference between the standard free



energies Letween a nonaqueous solvent and water. Water has
generally been chosen because of the vast amount of relevant
physio-chemical informatinon available in that solvent.
However, any other solvent could be used as a reference
medium., For example, acetonitrile has been used as the
reference medium for comparisons among organic solvents.

The solvent chosen as reference must be clearly specified.

Thus, the term MeczYEMSO refers to the transfer of solute

i from acetonitrile (reference) to dimethylsulfoxide.

There is much confusion in the literature as to the
nomenclature used to describe the difference in the standard
free energies of a solute in two different solvents. An
excellent discussion of this topic is written by Popoﬁych
in the "Treatise on Analyctical Chremistry" (l1). At present,
the term, "transfer activity coefficient," is the most
frequently used term in recent literature (1~3). However,
the older term, "medium effect,” is still uced. In this
thesis, the term, "transfer activity coefficient," will be
used exclusively for

m'i*



Establishment of a Universal Activity Scaie.

Chamists measure the pH of solutions to obtain values
of hydrogen ion activities in solution. The activity of
any species, e.g., hydrogen ion, electolyt=2, is referred to
infinite dilution of that specius in the solvent of interest.
Measuremence in a nonagueous solvent are, generally,
referred to infinite diultion in the nonaqueous solvent.

In other words, activity scales are dependent on the
reference solvent chosen.

Is the activity of an aqueous scolution of pa, = 3
equivalent to a sclution of paﬁ = 3 in glacial acetic acia
medium? The solution in acetic acid is intuitively more
acidic than the agquecus solution of the same activity.
Similarly, & solution of péﬁ = 3 in liquid ammonia should,
intuitively, be more basic than an agueous solution at the
same pa, as was mentioned earlier. Thus, there are as many
solvent activity scales as solvents with no means of
intercomparing these scales without knowledge of the
transfer activity ccefficient.

By definition (Equation 6), the transfer activity

coefficient is a ratio of the activities of a solute i
= e {6)

in two different solvents, provided the solutions are at
the same chemical potential {(or we are talking about the
game solution). Tha value cf mYi can only egqual unity if
the solute activities in benh solutions.are equal. The



nonagueous activity, ai, can be convertad to an agqueous

activity by means of Equation 13

pa; = pa; - log vy (13)

with pa and pa; being the negative logarithm of the
aqueous and nonaquecus activities, respectively. For
example, the activity of a solution of silver ion in
acetonitrile, paﬁg, can be equated to a paAg dn the agueous
scale by:

Pary = paig - log m'Ag {(13a)



. 10.
Establishment of a Solvent-Independent Scale of Electrode

Potentials.

By convention, the standard electrode potential qf the
hydrogen electrode, E‘h, is considered equal to zero in every
.solvent. All measurements of potential differerces in a sol-
vent are therefore referred to the standard hydrogen elec-
trode (SHE) in®that solvent. Thus, direct intercomparison of
potential scales in different solvents will lead to erroneous
results. For instance, when comparing the conventicnal stan-
dard pctential value of Cu+2/Cu in acetonitrile of 0.74 volts
with the conventional standard potential of Ag'/Ag in water
cf 0.80 volts, it would be assumed that silver salts would
oxidize copper metal in acetonitrile. However, the opposite
is true; cupric salts oxidize silver metal in acetonitrile.

The idea that the standard potential of the hydrogen
electrode is independent of solvent seems difficult to accapt.
Is the hydrogen ion solvated to the same extent in every sol-
vent? Our chemical knowledge suggests otherwise. The hy-~
drogen ion tends to be less tightly solvated in acidic sol-
vents, such as glacial acetic acid and formic acid, than in
basic solvents, like hydrazine and pyridine. The convention
of E°}{= O is only applicable for comparisons within a single
solvent system.

The cénventional standard potential of an electroactive
ion, i, is defined by

SE°(",S) = E°(i,s) - E°(H, =) (14)



11l.

where sE"(i,s) is the pctential of i in solvernt s and E° (H,s)
is the standard potential of the hydrogen electrode in
solvent s. Similarly, the standard potential of the
electroactive ion i on the water scale, wE“(i,s}, is

dafined by

wE (i,8) = E°(1,s) - E®(H,H,0) (15)

where E°(i,s) is the absolute standard potential of i in
solvent s and E°(H,H,0) is the absolute potential of the
hydrogen electrode in water. E°(H,H,0) is assumed to be
zero volt3s. An exXpression converting the conventional
standard potential on the nonaqueous scale to a correspond-
ing aquecus value is obtained by combining Eguations 14

and 15, yielding
wE°(i,s) = sE°(i,s) + E°(H,s) - E°{(H, H:0) (l6)

The term E°(H,s) - E°(H,H,0) represents the difference in
the standard potentials of the hydrogen electrode on the
nonaqueous and aquecus scales. This expression is directly

related to the trarsfer activity ~ocefficient of the proton:

E°(H,s) - E°(H,H,0) = 3T 1n _y,

(17)
Substituting Eguation 17 into Egquation 16, we find:

[ - B9 _PLI‘.
oF (i,s) = <E (i,s) + 5 in ' H (18)



1a.

The standard potentizl of any electrode on any solvent
scale can be.converted to its value on the aqueous scale
using the transfer activity coefficiant ocn the hydrogen ion,
mYH' Hence, a universal =cale qf electrode protentials can
be developed if values of o H for the scolvents of interest

are known.



13.

Evaluation of Liguid-Junction Potentials Across the Interface

cf Two Solvents.

The potential of an electrochemical cell which contains
an interface hetween two different solutions will include a
ligquid-junction potential, Ej' across that interface. 1In
agueous solutions, the E, is primarily due to the differences
in the concentration of the ions and in their mobilities in
the two solutions across the interface. Chewmists have min-
imized the value of this potential experimentally by includ-

ing in the e.m.f. cells, salt bridges between the two half

cells. Salt bridges must contain electrolytes cf high con-
centration, relative to the other ione present. However, the
ligquid-junction potential between two dissimilar solvents can-
not be simply suppressed by addition of a salt bridge. Tke

reason why this is sc will be developed in detail in what
follows.

Consider Cell I, which is composed of two half cells that

are standard hydrogen electrodes in water and in solvent s:

* ,
Pt, Ha 'H' {a~1) | B (ag'=1) &, Pt (Cell T)

H20 [ '
The potential E for the above cell can be expressed:
E =E°(H,s) - E (l,H,0) + E, (19)
with Ej being the liquid-junction potential across the inter-
face between Lhe .aqueous and the nonagueocus solutions.

As previcusly discussed, the iirst two terms on the

right hand side of Equation 19 are directly related to the
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transfer activity coefficient:

e - g RT
E"(H,s8) - E (H,H,0) aF P nV¥g (17)
Thua, Eguation 19 reduces to:
RT
_E_‘;‘—E-,- ].anH +Ej i {20)

Thus, the value of the liquid-junction potential across the
interface between two solvents can be directly obtained from
an e.m.f. measurement if the value of the relevant transfer
activity coefficient is known.

In summary, three major problems can be solved with know-
ledge of transfer activity coefficients for single ions:
1) eatabiishment of a universal activity scale, 2) establish-
ment of a solvent-independent electrode potential scale and
3) evaluation of liguid-juncticn potentials across the inter-

face of two solvents.
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Methods of Determination of Theumodynamic Transfer

Activity Coefficients.

While the transfer activity coefficients of single “ions
can only be determired via extrathermodyramic means, transfer
activity coefficients of uncharged molecules, complete elec-
trolytes and electroneutral combinations of ions can be cal-
culated from experimental data without any extrathermodynamic
assumptions. The most common methods of determining therino-

dynamic transfer activity coefficients are discussed below.

Solubility Method.

The solubility method@ is generally most widely used in
determining thermodynamic transfer activity coefficients.
When water and a rcnagquecous solvent is =saturated with solute

i, the chemical potentials of the solutions are express=d by:

o ~ -
wCi wGi + RT 1n a; (satd.) (2la)

and

-] x
sGi = sGi + RT 1n a; {satd.) (21b)

where a; {satd.) and ai* (satd.) are the activities nf catur-
ated aqueous and nonagueous solutions. The free energies of
a solute in the soclid state and in a saturated solution are
equal. Thus, in the absence of any crystal solvates, the

free energies of any two saturated solutions of solute i must

be equal. Equating Equations 2la ana 21b yielcs:

- ] o
Gi --wGi = 1ln ai(satd.) = 1n Y

mYi (22)

]
RT ai {satd.)

The transfer activity coefficient of an uncharged solute is
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the ratio of the activities of saturated solutions in the
aqueous and nonaqueous golvents. For an electrolyte, the
activity of a saturated solution is equivalent to the sol-

ubility produrct, Ko Exprasceed in logarithmic form, Equa-

p.
tion 22 becomes:

log mVi = E(BKBF) - p(wKsp) (23)

At this point, it is important to reiterate that the choice
of water as a reference solvent is only as a convenience;
any solvent can be used as reference.

For a sywmeirical electrolyte (l:1, 2:2, etc.),
L )

2 L]
log _ Y = (log n¥s t log _Y_ ) (24)

log m s

Y )
m (electrolyte)

where Y 2 Y

mTt 7 omYer uﬁ?_ are the transfer activity coefficients

for the electrolyte, cation and anion, respectively. Cal-
culations of transfer activity coefficients for the electro-

neutral differences between ions can be made. For example,

log mYcr ~ log mY Br log mYAgCl - log mY AgBr (25)

Similarly, transfer activity coefficients for electrolytes

for which ion-activity products in a solvent cannot be ac-
curately determined experimentally, can sometimes be calculated.
For example, values for log Y for tetraphenylarsonium tetra-
phenylborate (PhyAsBPhs ), which is extremely insoluble in water,

are cbtained from log o’ values of other electrolytes:

109 Y ph,AsBPh, - 1°9 nYph, AsPi + log Y (26)

wY kBPh, "199 n Y

m ° KPi

While the solubility method i: generally the most appli-
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cable, there are several complications involved in its use.
First , t h e free energies of saturated solutions of a solute
are only equal if no crystal solvates are formed with either
3olvent. In such crses where they are formed, another method
for the determination of m ¥4q Must be used. Second., in sol-
vents of low dielectric constants, the possible association

of ions must be taken into account. In cases of appreciable

ion-pairing, the solubility product must be expressed as

Ksp = m? g? y?2 (27)
where m is the molality, a is the degree of dissociation of
the ion-pairs, and Y is the salt-effect activity ccefficient.
The degree of dissociation is generally determined experi-
mentally from electrolytic conductance measurements.
A third problem encountered involves obtaining values

of the salt-effect activity coefficients. In most cases,

experimentally determined values of activity coefficients in

nonagueous sclvents are not known. Calculations of these
coefficients, using either the Debye-Hiickel equation or a
Davies equation, are commonly used for solutions of electro-
lytes of concentrations up to approximately 10~% molar. How-
ever, cexperimental determinapions of activity coefficients
are more desirable, of course. In nonaqueous solvents, in
perticular, it is advisable to investigate how the literature
values of solutility products were obtained. Many of these

measurements are of poor precision and accuracy.
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E.m.f. Methecd.

Transfer activity coefficients of electroneutral combi-
nations of ions can often be determined using e.m.f.
measurements. The standard free enexgy of an electro-

active ion is directly related to its electrode potential by:

G; = -nFE; (23)

Hence, the diffcrence in the standard potentizl, E;, of

galvanic cells in two different media can be used to calcu-

late the transfer activitv coeff cient:

« _ _RT .

In actuality, the standard potential of any electrode is
equal to the potential difference of the given standard
electrode and a standard reference hydrogen electrode in the
solvent of interest. Thus, the dilference in standard
potential of an electrode in two media is a measure of the
sum.or the difference of log mYi and log oYy For example,

Cell II represents a hydrogen-silver-silver chloride cell:

Pt, H:21(qg) HCl (a = 1; AgCl{s), Ag
' (Cell II)

[+ ]
The value of EAgCl

of Cell II. Thus, the difference between the standard

is simply equal to the standard potential

potential of the silver-silver chloride electrode in water

and nonagueous =olvent is related oo logy a¥icy?
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log nYgcp = (109 vy + 109 pYoy) =

EO - Q
w AgCl 8" AgCl at zsec. (30)

0.05916 ¢
Similarly, the difference Letween the standard potentials of
any metal-metal ion electrode in any two solvents is a

measure of tﬁe difference of the transfer activity coeffici-

ent of the metal ion and the hydrogen ion:

E® - E°

- _EM " wM o \
log vy l1og Yy 5 GE9TE at 25°C. (31)

Thus, only transfer activity coefficients for electro-
neutral combinations of ions are thermodynamically

determinable.
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Distribution Method.

. The use of the distribution.method for determination cof
transfer activity co;fficients is gquite liinited. 1In casas
where two solvents are totally immispible, the value of in
can ke determined by extraction methnds, because at equili-
brium, the chemical potentials of solute i in the twn phases
are equal. The advantage of this method is that dilute sol-
utions may L; used; thus, uncertain corrzctions for salt-
effect activity coefficients and the degree of dissociation
required in the solubility method can be neglected. However,
in practice, most csolvents of interest are miscible. In ad-
dition, so-called immiscible solvents are nevertheless satur-

ated with each other at equilibrium. Thus, theie is no

digtribution of the solute between the two pure solvents.
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Transfer Activity Cocfficients of Single Iuns.

Although thermodynamic transfer activity coefficients

of electrolytes are experimentally attainable, their uséful-
ness in terms c¢f solution chemistry is rather limited. For
example, they do not provide a correlation of e.m.f, and pH
gcales in different solvents. The k2y to the correlation

of e.m.f. scales, universal ion-activity scales and the

evaluation of liquid junctions liec with knowledge of trans-
fer activity coefficients of single ions. Since these
quantities are not thermodynamically attainable, various
extrathermodynamic methods have been developed to determine
them. Popovych (1,4) has written excellent cfiticgl reviews

of these methcds. However, in this thesis, we shall discuss

only a few of them.

Reference-Electrolyte Method.

In the reference-electrolyte method, the transfer activ-
ity coefficients of the cation and anion cf the reference

electrolyte are assumed to be equal. Thus,

log mY = loy Y (32)

cation m'anion 172 log mY

reference
electrolyte

The transfer activity coefficient for a single ion is obtain-
ed by equally dividing the thermodynamic transfer activity
coefficient of the reference electrolyte.

What makes a good choice of reference electrolyte? It
must be a l:]1 electrolyte with equivalent anion and cation.
Our main consideration is that the difference in solvation
energy between twc solvents be identical for both ions.
Therefor+, the reference ion: should ke large (r='43}, have

small surface charge densities, low polarizabilities, should
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not interact specifically with solvent molecules, and be as
equal in size and simllar as possible. The transfer free
energies of these ions would be determined mainly by the
nonelectrcstatic energies of solvation and could be consid-

ered equal.

There are three electrolytes that fit the above
criteria. The first is tetraphenylphosphonium tetraphenyl-
borate (Ph,PBPh,}. Crunwald, Baughman and Kohnstam (5) used
Ph,PBPh, to estimate free energy changes for the transfer of
single ions betwe=n dioxane-water mixtures. Triisocamyl-n-
butylammonium tetraphenylborate (TABBPﬁu) was used by
Popovych (6) to determine transfer activity coefficients in
methanol and the ASTM mixture, consisting of 50.0% toluene,
43.5% isopropanol and 0.5% water and by Popovych and Dill
{7) in ethanol-water mixtures. Currently,.the electrolyte
of choice is tetraphenylarsonium tetraphenylborate
(Ph,AsBPh,) (1,7-12). When the Ph,AsBPh, assumpticn is ap-
plied, the transfer activity coefficient of the reference

electrolyte is divided equally between its ions:

109 mYPh..As = 1Og mYBPhq = l’ 109’ mYPh..AsBPhu. (323)
Once the transfer activity coefficient is available for one
ion, values of lcg mY for all other single ions can be cal-

culated from available data, for example:
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log nYx = 199 p¥keen, ~ 169 nYgpn, (32b)
log Y1 = 109 p¥kc1 = 199 ¥k (32¢c)

log Yy = 109 y\Yue1 ~ 199 p¥c1 (32d)



24.

Potentiometric Methods.

Introduction.

As we have seen earlier, it is possible to calculate
transfer free energies and transfer activity coefficients of
electroneutral combinations of ions from standard potentials
of electrodes reversible to these iors. However, when at-
terpts are macde to extend the interpretation of e.m.f. measure-
ments to individual iconic species, a problem as to the choice
of reference electrode arises. In cells without liguid junc-
tion, where the reference electrode is transferred from sol-
vent to solvent along with the indicator electrode, the
measured e.m.f. reflects the solvation-energy changes not
only for the ion ¢of interest (to which the indicator elec-
trode acts reversibly), but also for the ion to which the
reference electrode responds. For example, in our previcus
discussion, a coimparison of the standard silver-silver chlor-
ide electrode potentials (Cell II) in water and a nonagueous
solvent yielded the sum of the transfer activity coefficients
of chloride and hydrogen ions:

L
E - E

- W_AgCl s~ AgCl °

log mYH + log nfel 0. 0591% at 25°C (20)

and would not be a suitable method for determining the trans-
fer activity coefficient for chloride ion alone.

One approach to the above problem has been to search for
a reference elerctrode whose potential would remain nearly
constant in all solvents (13). Another approach is to ob-
tain the valniie of the transfer - :tivity zocificient, m! ¢ for

one of the ions by some extratrermodynamic assumption not in-
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volving electrodes arnd then calculate the ' for the ion of
interest.

An alternative is to study the effect of soelvent on
electrode potentiale using e.m.f, cells with liquid junction.
Here the reference electrode is always kept imnersed in the
same medium (e.g. agqueous) while the solvent is varied only
in the indicator-electrode compartment. The widely used
calomel electrode with a salt bridge of saturat2d aqueous
KCl is the most familiar reference electrode of this type.
Unfortunately, in that experimental arrangemant, the measured
e.m.f. includes not only the electrode potentials, but also
an uncertain and varying liquid-~junction potential, Ej' at
the interface of the two solutions. Therein lies the dilsmma:
irn cells withecut liguid junction, extrathermodynamic estimates
must be made as to the effect of the solvent on the potential
of the reference electrode; on the other hand, if the refer-
ence electrode is always kept in the same medium, we must
deal with the liquid-junction potential. at the boundary of

electrolyte solutions in different solvent media.



Assumption of Negligible Liguid-Junction Potentizls.

As an example of the application of this assumption to
the estimation of transfer activity coefficients of single

ions, the potential of Cell I:

]
Pt,H2(g) , HC1 (a=1)' HC1l (a =1) Ha (g) ,Pt {Cell I)
T
H,0 i s | *
E
3
expressed in Equation 20, is a measure of the cormbination of

the transfer activity coefficient of the hydrogen ion and

liquid-junction potential, Ej:

_ RT

E cell = —% 1ln Y, + Ej (20)
When the value nf the liquid-junction potential can be con-
sidered negligible or calculated by some means, the transfer
activity coefficient can be determined from Eguation (20).

This is what Bjerrum and Larsson (l14) assumed when they

estimated values of transfer activity coefficients of the hy-
drogen jon in ethanol-water media. E.m.f. measurements o¢f
Cell III, composed of a hydrogen electrode in the nonagqueous
solvent and a 3.5N agueous calomel electrode as a reference.
Pt,H,{(g) ' HCl " 3.5N KCl{(ag.) 6 Hg,Cl, ,Hg Cell III

| ETOH-H 20 I
By assuming that the potential at the calomel electrode re-

mained constant, they calculated values of mYH for the proton

using the eguation at 25°C:

#° (cell, Hz0) - E (- ¢11, EtOH-H:O0)

log _Y, = {33)

m H

0.05916
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where Ef(cell,HzO) and E°(cell, EtOH-H,0) are the standard
potentials of Cell III measured with an agueous and nonagqueous
hydrogen electrode, respectively. In effect, these measure-

ments could be represented by the e.m.f. of Cell I, which is:

_ RT
Of course, by assuming that Ej = 0, they were able to derive
values of log m' H in ethanol-water media.

Oiwa (15}, using Cell IV:
Pt,H, (g) [HC1 KCl(sat.aq.) Hg,Cl,Hg (Cell IV)
MeOH-H,0
derived values for mYH in methanol-water mixtures by estimat-
ing the liquid-junction potential using the Planck equation.
Parker and his associates (9,16-19) have proposed that

the liquid-junction potential of Cell V be considered neg-

ligible:
Ag | AgClO, (0.01M) EtyNPi (0.1M) gCl0« (0.01M) | Ag
Reference Solvent |[Reference Solvent Solvent b5
or S
Cell V

Here the reference solvent 'is either acetonitrile or methanol
and the bridge sclution of 0.1M tetraethylammonium picrate
(Et,NPi)is contained either in the reference solvent or in
solvents, whichever is the poorer solvator of silver ions.

By assuming that Ej in Cell V is negligible, the transfer
activity coefficient of silver ion was calculated from:

B EC
_ ell
o9 w ¥ ag = ©0.0591¢ (34)

Parker chose tetraethylammonium picrate as the salt bridge



28,

electrolyte because its ions have similar mobilities in
several different solvents. In addition, he claimed that
neither of thse ions have strong specific interactions with
the solvents studied and so the solvation numbers of the two
ions may be constant and approximately equal.

In their attempts to correlate standard electrode poten-
tials in different solvent media, Rondinini, et.al. (20,21)

evaluated the liquid-junction potential of Cell VI:

Hg,Hg,Cl, | sat LiCl LiCl + CH3COOH -(Sat)Kc1ngzc12.Hg
in CH,COOH in 8§ l S |
1 E . L} ]
Ej J
{Cell VI)

The e.m.f. of this cell was measured in different solvents

§ at various concentratiocns of acetic acid, CCH:COOH in the

middle compartment of the cell, the molar ratio cLiCl:CCH,COOH
being fixed at 1:6.87 and egual to that of saturated LiCl in
100% CH,COOH. They contend that the liquid-junction potential
Ej" can be assumed to be negligible over the whple (LiCl +
CH,COOH) concentration range in each solvent " because the
increasing of CH,COOH drastically lowers the actual dielec-
tric constant of the solvent concerned resulting in a mini-
mization of the ionized part of LiCl with respect to the

KC1l bridge." (21). The Ej' was eliminated by plotting the

Ecell vs. the log (CCH COOH) and extrapolating to the point

T

of “CCH,COOH, solventless" Rondinini, et.al. claim that the

1
Ej term cancels out "because at that limiting CCH;COOH the

junction is between two identical solutions®" (21).
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The validities of all of the above assumptions (Bjerrum
and Larsson, Oiwa, Parker and Rondinini will be critically
evaluated in the theoretical discussion of liquid-junction

potentials.
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Theoretical Discussion of Liguid-Junction Potentials.

Cells without Salt Bridge.

Alfenaar, Deligny and Remijnse (22) derived an equation
for the liquid-junction potential across the interface of
two media. Their cell, Cell VII, is composed of silver-
silver halide electrodes in solutions of alkali halides in
water and methanol-water solvents, S:

Ag,AqgZ(s)

M2 M2Z AgZ(s) ,Agq Cell VII
(H,0) (s)

The liquid~junction potential between the two solvents is

due to the transport of ions and solvent molecules across

the interface:

Ej =-1 t AGions + i dGi solvent (35)

ions molecules

This can also be expressed by:

RT s MZ RT s e
E; = -(ty-t;) =% 1In - (o) o
j M%) F WMz i ) w 'z
1 ° ¢
- /F (4 MG (M)-tz AG (2D + Ey _ . (36)

where m and y are the molalities and salt-effect activity
coefficients of electrolyte MZ and subscripts w and s refer
to aqueous and nonaqueous solutions, respectively. The
transport numbers € and tz were considered solvent indepen-
dent and AG: (1) and 661 (z) are the standard free energies
of transfer for ions M’ and Zz , respectively, from water to

nonagquecus solvent. represents the component of

E.
} solvent
the liquid-junction potential due to the transport of solvent

molecules acrnss the interface. Tiwe E. term can be
. J solvent
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exactly evaluated from the e.m.f. of Cell VII:

M

= Eel1 viI = F

Ej solvent AG;(MZ) (37)

and AG;(MZ), the transfer free energy of the complete
electrolyte.

Although the movement of ions and solvent molecules is
mutually interdependent, Alfenaar, et. al. (22) divided the
Ej formally into Eé, which contains all the contributions

due to ions and to E. the contribution due to

j solvent’
transport of solvent molecules, Thus, Equation 36 can be

formally written as

E. = E! + E

j j j solvent (38)

The reason why the transport of solvent molecules is
believed to contribute to Ej is based on the fact that some
solvated ions are carried across the interface along with
the solvent molecules. This phenomenon will be discussed

in greater detail later in the text.
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Cells with Salt Bridges.

In the work of Alfenaar, DeLigny and Remijnse (22),
equations were formulated to express the liquid-junctien
potential between two media without a salt bridge solution
present. 1In this thesis, equations are derived for the lig-
uid junction potential of e.m.f. cells containing a salt

bridge between two different solvent media. Consider Cell VIII

M MZ 'RX i MZ i M (Cell VIII)
S 151 {52 |
the liquid-junction potential in this cell is expressed by
m Y
= - _ RT 2 _ _ RT 2

1 -} o & -]
—F[tMAGt (M) - £,8G2 (Z) + tp4G? (R) - t,AGP (x)]

* Ej solvent (39)

where m is the mcolality of electrolyte MZ, y is the conven-
tional activity coefficient, RX is the salt bridge electro-

lyte, and 1 and 2 refer to different solvents.

An equation can be derived evaluating Ej solvent from
the measured cell potential and other thermodynamic data.
The sum of the transport number of all the ions in solutions
is equal to unity:

ty + tg + tgp + ty = i (40)
thus,
ty =1 - tz - tg - tx (41)

Substituting Equation 41 into Equation 39 yields:
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1
Ey = Ejp = FLIL - ty-tp-t,)8G2 (M) ~ £,AGE (2} +

t _AG2(R) - t_AG°(X)] + E (42)

Rt X"t jsolvent

where EjA is egual to the first two terms in Equation 39.

Expanding this equation and combining terms yields

Ej = By, - glAGLIM) - t,(AGZ(M) = AGL(Z) + tp(AGI(R) -
AGYE (M)) - £, (AGR(X) + AGE(M))] + Ejsolvent (43)
Since:
4G (R) - MGE(M) = AGE(RX) - 4GS (MX) (44a)
AG2(M) + MGO(X) = 4GP (MX) ~ (44b)
and MG2(R) + M62(2) = 4G°(RZ) (44c)
Equation 43 can be written as:
Ej = EjA - i.l—[AG,Z(M) - tZAG{_:(MZ) + tR(AG;:(Rx) -
AGE(MX)) - tx(AGE(Mx)] + Ejsolvent {(45)

Combining Eguation 45 and the e.m.f. of Cell VIII described
by:

1

Ee11 = F

o
ﬂGt(M) + Ej (46)

and rearranging terms, we obtain:

= - —1 o - o -
1’:::.),30”‘2!rlt E e11 EjA F[tzact(mz) tp (4GE (RX)

AGP (RX) - AGP (MX) + £ ,AGP (MX)] (47)



Equation 47 contains no single ion terms; only thermo-

dynamic data and the cell potential.

34.
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Critique of Previous Approaches Using E.m. f. Cells With

Liguid Junction,

In light of Equation 39, the assumption of negligible
Ej in Bjerrum and Larsson's work (14) is obviously incorrect.
They failed to take into account the contributions due to
the transfer free energies, QGE, for any of the ions (the
entire bracketed term in Equation 39), nor to E,

jsolvent’
addition, Bjerrum's use of a cube root formula log f =

In

-k&E to calculate activity coefficients is gquestionable.
Therefore, it is not surprising that differences between
their estimated values of log “ﬁ for single ions are not con-
sistent with thermodynamic data.

Similarly, the Planck eguation used by Oiwa (15) to
calculate Ej only takes into account the first two terms in
Equation 39. However, the major contribution to the ligquid-
junction potential is due to terms containing the transfer
activity coefficients,

Parker (9, 16-19), in his derivation of equations for
Cell V (17), fails to take into account the contribution of
agt and C10,” ions to the liquid-junction potential. While
the mobilities of Et,N' and Pi~ ions may be similar and,
hence, their transport numbers equal, transport of Ag+ and
Cl10, ions across the interface must be considered. This
contribution of Ej can be reduced to a negligible value by
adjusting the concentration ratio of Et«NPi/AgCl0, to at
least a hundred-fold value. In Parker's cells, however,

that ratio is only ten.
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Moreover, the transfer £free energies, AGt, of the salt
bridge ions, EtuN+ and Pi , are not generally equal. Trans-
fer activity coefficients of these ions differ by as much as
two log oY units (1). The assumption of negligible liquid-
junction potential in Cell V, therefore, falls short of its
mark.

Since an analysis and derivation of equations of
Rondinini's work (20,21) is quite complicated and of little
practical value because their approach was based on unsound
principles and assumptions, a few general comments sSeem more
appropriate. Rondinini, et. al. fall to consider any contri-
butions to the liquid-junction potential due to differences
in the transfer free energies of any of the ions in Cell VI.
Moreover, their assumption of negligible liquid-~junction in
Cell VI seems odd. Every time the concentration of acetic
acid in the middle compartment is changed, a totally new
solvent mixture is created. The solvation properlies of
10% acetic acid are not the same as those of 20% acetic acid.
Thus, they are making extrapolations using a different cell

each time.
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Objectives of the Present Work

The first objective of this work is to estimate the
value of transfer activity coefficients for single icns in
several dipolar aprotic media using e.m.f. cells with liquid
junction. Experimental data from the present study ané from
the literature are analyzed toward that end. Although
the assumptions of the previous authors (9, 14-19) as to the
value of the liquid-junction potential across the interface
between two solvent media were incorrect {usually assumed to
be negligible), transfer activity coefficients could be
calculated from their data if the Ej values were really
known.

In our present work, we calculate the Ej of
e.nm.f. cells containing salt bridges between two different
solvent media (Cell VIII). The Ej of such a cell is

expressed by Equation 39:

RT _ + )BT 10q Y2
z)F ty)F g

m
log %= -
J 9 mi (¢

M

- l a - o o - Q
F[tMaGt(M) tzAGt(Z) + tRAGt(R) txAGt(X)]

+ Ejsolvent (39)
Recalling Equation 7:

AGt(i) = RT 1ln Y, (7)

Equation 39 can be rewritten as:
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N - - L .rn—z.lz— -
Ej (tM tz) (0.05916) log iy Y1 0.05916

- Y Y - Y
[tnlog mYM tylog m¥Y, + t log m¥, - t,log m x]

* Eygolvent (at 25°C) (48)

If we substitute values of the transfer activity coeffi-
cients, log myi' transference numbers of these ions, an

approximation for E, and correct for the differences

jsolvent’
in salt-effect activities (first two terms in Equations 39
and 48), we can calculate the liquid-junction potential of
Cell VIII. Values of transfer activity coefficients of
single ions required for this calculation are based on the
tetraphenylarsonium tetraphenylborate (Ph,AsBPh,) ASSump-
tion (Equation 32a) and were obtained from literature data
(1,10) or from data determined experimentally by the
author,

Once the value for Ej was obtained, it was substituted

into Equation 49:

- E L]

E
log n'y 0 0501% at 25°C (49)

from which the transfer activity coefficient for the
electrode active ion (M) was calculated.

Measurements of Cell VIII were carried out in
dipolar aprotic solvents, using thre=z different salt bridge
electrolytes, RX, using sodium and hydrogen glass indicator

electrodes. Parker's cell (Cell V) was, also, analyzéd.
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The second objective of this research is the interpre-
tation of e.m.£f. measurements of cells with ligquid junction
between water and alcohol-water media. Measurements using

e.m.f. cells (similar to Cells VI and VIII) with and without

concentrated salt bridge electrolytes are made, using
calomel and sodium glass electrodes. Attempts are made
to elucidate the Ejsolvent term. In addition, literature

data of measurements of pH-cells in methanol-water and
ethanol-water mixtures with saturated aqueous calomel and

hydrogen electrodes are analyzed.



EXPERIMENTAL

40.
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Preparation of Solvents.

Acetonitrile (MeCN}.

Acetonitrile was purified by the method of Coetzee, et.
al. (23). ACS Reagent-Grade acetonitrile (Fisher or
Mallinckrodt) was shaken successively with silica gel (6-
16 mesh), activated alumina (80-200 mesh) and P;0s. Approx-
imately five liters of decantate from these treatments were
used to charge a distillation flask. The solvent was
fractionally distilled with fresh P,0s using a 30-cm vigreux
column., The first and last liters were rejected and the

middle fraction collected.

N,N - Dimethylformamide (DMF}.

Certified ACS-Spectranalyzed N,N - dimethylformamide
(Fisher) was fractionally distilled under reduced pressure
through a 30-cm vigreux column. Out of a five-liter charge,
the first and last liters were rejected and the middle

three liters were used.

Dimethylsulfoxide (DMSO).

Certified ACS-Grade dimethylsulfoxide (Fisher) was
fractionally distilled over CaH,; under reduced pressure
using a 30-cm vigreux column. The first and last fractions
of about one liter each were discarded and the middle

fraction was collected for use.
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N - Methylformamide (NMF).

N - Methylformamide (Matheson, Coleman and Bell or
Pfaltz and Bauer) was treated with P,Os. The solution was
decanted into a one-liter distillation flask and then
distilled under reduced pressure using a 30-~cm vigreux
column. The middle 400-ml fraction of the one liter of

decantate was collected with the rest discarded.

Methanol (MeOH).

Spectranalyzed methanol (Fisher) was used without any
further purification. Methanol-water mixtures were pre-
pared volumetrically using approximate required amounts of
spectranalyzed methanol and deionized water. The density
of the solvent mixtures was determined gravimetrically in
quadruplicate using calibrated 100-ml volumetric flasks.

The exact weight percentage was determined from a plot of
density vs. weight percent methanol prepared from literature
data (24). Appendix 1 contains a table of densities of

methanol-water solvents.

Propylene Carbonate (PC).

Propylene carbonate (Eastman) was treated with portions
of Ca0 and fractionally distilled under reduced pressure
using a 30-cm vigreux column. The middle three-liter
fraction of a five~liter charge was collected for use with

the other fractions discarded.
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Preparation and Purification of Solutes.

Triiscamyl-n-butylammonium Iodide (TABI).

Triigoamyl-n-butylammonium iodide was prepared by relux-
ing triisocamylamine (Eastman) and l-iodobutane (Eastman) in

95% ethanol at 85°C for 48 hours. The reaction mixture was

added to cold water and separated from the upper agueous
phase. Crude TABI was obtained in the form of a brown oil.
At this point, the crude product was either used as is in
the synthesis of TABBPh, or further purified. 1In the latter
case, the o0il was placed in a dry ice-isopropanol bath.
After allowing time for all the salt to freeze out of solu-
tion, the solution was slowly brought up to room temperature
and filtered. This filtered salt was redissolved in ethyl
acetate and the above procedure repeated until a snow-white
powder was formed. The salt was then dried in the vacuum

oven for a few hours at 60°C.

Sodium Tetraphenylborate (NaBPH,).

Sodium tetraphenylborate (Eastman Chemical - highest

purity) was used without further purification.

Triisoamyl-n-butylammonium Tetraphenylborate (TABBPhu}.

Triisocamyl-n-butylammonium tetraphenylborate was pre-
pared by the metathesis of triisamyl-n~butylammonium icdide
and sodium tetraphenylborate in a 1l:1 (by volume) methanol-

water mixture. Crude TABBPhy was filtered and thoroughly
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washed with deionized water. The crude salt was dissolved
in a 3:1 (by volume) acetone-water mixture and heated.

Water was added until a slight cloudiness appeared, followed
by a small amount of additional acetone to dissclve all of
the TABBPh,. Upon slow cooling, long white needles were
formed. This procedure was repeated twice and the solute

was dried in the vacuum oven at 60°C for six hours.

Tetraethylammonium Picrate (Et,NPi).

Tetraethylammonium picrate was prepared by the metathe-
8is of hot picric acid in a 1:1 (by volume) methanol-water
mixture with tetraethylammonium bromide in methanol. Pre-
cipitation of crude Et.NPi was completed upon addition of
cold water. The crude product was filtered, washed and
recrystallized twice from 95% ethanol. Long orange-yellow
needles formed. The product was dried in the vacuum oven at

60°C for a few hours.

Tetraethylammonium Perchlorate {(Et¢«NClOu).

Tetraethylammonium perchlorate (Eastman) was recrys-
tallized twice from 95% ethanol and dried overnight in the

[ ]
vacuum oven at 60 C.

Tetrabutylammonium Picrate (BuuNPi}.

Tetrabutylammonium picrate was prepared exactly as

Et,NPi except that Bu,NCl was used instead of Et,NBr.



45.

2,6-Dinitrophenol (DNP).

2,6-Dinitrophenol was purified by the method of
Kolthoff, Chantooni and Bhowmik (25). Crude DNP (Eastern
Chemical) was recrystallized from deionized water and dried

overnight in the vacuum oven at room temperature.

Picric Acid (HPi).

Picric acid was purified using the method of Kolthoff
and Chantooni (26). Reagent-Grade picric acid (Allied
Chemical) was dissolved in hot reagent-grade benzene. After
cooling, the solution was transferred to a one-liter
separatory funnel and shaken with three 5-ml portions of
12M HCl to convert any ammonium picrate (a common contami-
nant) to picric acid. The benzene layer was shaken with
portions of water, testing for any presence of chloride ion.
The organic layer was separated and evaporated to dryness.
The product was recrystallized from benzene and dried over-

night in vacuo at room temperature.

Tetraethylammonium 2,6-Dinitrophenclate (Et.NDNP).

Tetraethylammonium 2,6-dinitrophenolate was synthesized
using the method of Kolthoff, Chantooni and Bhowmik (25).
Tetraethylammonium hydroxide (Eastern Chemical, 25% in H,0)
was used to titrate 2,6-dinitrophenol until almost equiva-
lence, monitored by a pH-meter. The solution was evaporated
to dryness and the residue was washed with several portions

of anhydrous ethyl ether to remove the excess phenol. The
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salt was recrystallized from a mixture of ethyl acetate-
petroleum ether (“B" fraction) and dried in vacuo at 60°C

for four hours.

Potassium Picrate (KPi), Sodium Picrate (NaPi).

Picric acid was dissolved by heating in a 1l:1 (by
volume)} methanol-water mixture and combined with an equi-
molar solution of the desired alkali hydroxide in water.

On cooling, large needleé separated. More cold water was
added to complete precipitation and the precipitate was
washed by decantation. The KPi was recrystallized twice
from deionized water; whereas, NaPi was recrystallized from
a 1:1 (by volume) ethanol-water mixture. The crystals were

dried in a vacuum oven for 6 hours at room temperature.

Tetraethylammonium Bromide (Et,NBr), Benzoic Acid,

Salicylic Acid.

Tetraethylammonium bromide, benzoic acid and salicyclic
acid were all recrystallized from 95% ethanol ahd vacuum

dried for a few hours at 60°C.

Sodium Salicylate,

Sodium salicylate was recrystallized from acetone and

dried in vacuo at 60°C for a few hours.
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Lithium Benzoate.

Lithium benzoate (ICN Pharmaceuticals) was used without

any further purification.

Potassium Perchlorate.

Potassium perchlorate (Baker Analyzed) was used without

any further purification.
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E.m.f. Measurements.

The e.m.f. of galvanic cells with liquid junction of
two different designs was measured with and without salt
bridge electrolytes.

Sodium glass electrodes (Fisher Scientific 13-639-20)
and hydrogen glass electrodes (Fisher Scientific 13-639-3)
were used and the voltages measured with either an Electro
Scientific Instruments portametric voltage bridge or a
Hewlett-Packard digital voltmeter. Due to the high
impedance of the glass electrode, a series of operational
amplifiers had to be employed in the circuit. Figure 1
shows the circuit diagram of the amplifier system. The gain
of the amplifier system was 3.00. All cell voltages
reported have been corrected for this factor. Keithley
Instruments Model 301 sclid-state operational amplifiers
were used as amplifiers A and B; while, an Analog Devices
4073 amplifier was used as amplifier C.

Measurements were first made using a H-cell design.

The H-cell (Figure 2) is divided into three compartments

by one~centimeter diameter sintered glass frits of fine
porosity. The outer compartments were filled with solutions
of the electroactive ion in the solvent of interest with

the middle compartment containing a solution of salt bridge
electrolyte. The cell voltages using the H-cell were stable
to within 1-2 millivolts.

After evaluation of the H-cell data, it was decided to

use a cell of different design. The new design comprised



Figure 1

Circuit Diagram of Amplifier System
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Figure 2

Illustration of the H-Type Cell

50.



51.

electrodes with sleeve-type junction. It was hoped that, by
using sleeve~type junctions, diffusion would be minimized in
compariéon with the H~cell with its relatively large inter-
face area across the frits, thus leading to increased
stability in voltage readings.

The cell of new design with sleeve-type electrodes is
shown in Figure 3. Each electrode consists of a glass tube
of precision bore enclosing a stainless-steel tube. The
bottom of the glass tube was ground to make a socket of
exact fit over a half-sphere ground-glass ball. The ground-
glass ball was connected to the stainless-steel tube by a
Teflon-coated stainless steel wire fashioned through a
Teflon support. The Teflon support was composed of two
parts: part A contains the teflon wires and screws into
part B which snuggly fits in the ground ball (Figure 4).

The electrochemical cell was composed of two of these
ground-glass sleeve electrodes immersed in a beaker contain-
ing the salt bridge solution. The glass tube moved freely
up and down to allow for £filling with the solution of
interest. The glass tube was clamped in position atop the
ball by a collar to obtain a tight fit. 1In this position,
the sleeve is full of solution with the surface of the
ground-glass ball wetted with solution. The outside of the
Sleeve was repeatedly rinsed and the second sleeve filled
in a similar manner. Finally, the outside of both sleeves
was wash repeatedly and placed in the salt brige solution.

The glass electrodes were lowered through the steel tube



Figure 3

Illustration of the Sleeve-Type Cell
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Figure 4

Detailed Illustration of Sleeve-Type Electrode

53.



54.

into the solutions and the voltage was measured. Using this
cell design, the stability of measurements was improved to a
tenths of a millivolt.

The immersion of a platinum electrode into the salt
bridge solution and connecting it to the ground terminal of
the amplifier circuit was found to aid in stabilizing the
cell voltage. The platinum electrode eliminates stray ac
currents, which compounded with the high impedance of the
glass electrode, led to unstability. Thus, all measurements
were made with a platinum electrode used as ground. All
glass electrodes were modified for use with BNC input con-
nectors for further stabilization.

Many other reference electrodes were prepared. Silver-
silver chloride electrodes were prepared electrolytically.
The surface of a silver electrode (Thomas 4859~H20) was
cleaned by first soaking it in ammonia to¢ remove any old
gilver chloride deposits followed by rubbing the metal with
emery paper until the surface appeared clean and shiny. The

silver elcectrode was placed in a 1M HC1l solution as the

anode with a platinum electrode as the cathode. Application
of current density of approximately 5-10 milliamperes per
square centimeter produced a greyish coating of silver
chloride. The electrolysis was stopped after a few minutes

and the electrodes were aged in deionized water for a few

days before use.
Commc.ocial silver electredes {Thomas 4859-H20) were

used in acetonitrile. Either a platinum leaf or wire elec-
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trodes were used in all the solvents.

Calomel electrodes were made with the aid of a Kontes
Universal Electrode Kit. An internal platinum electrode
was placed into a removable glass tube containing a mixture
of calomel and mercury. The electrode was either placed in
another tube with a cracked-glass junction containing
saturated potassium chloride in dimethylformamide for use
in that solvent or used directly, as in methanol-water
solvents. In the latter case, the tube containing calomel
was changed for every measurement. Contact with the outer
solutions was made via a hole in the tube wall with care
taken to be certain that no air bubbles were present. The
calomel electrodes were tested vs. silver-silver chloride
electrodes in water and found to be within excellent agree-
ment (+1l mV) with the expected values.

Sodium amalgam electrodes containg approximately 0.02
wt % sodium were prepared by electrolysis of 1 N NaOH. The
electrolysis was carried out in a vessel which functioned
as a separatory funnel, so that the amalgam couid be drawn
off from the NaOH solution. Mercury served as the cathode
and platinum wire served as the anode. Dry argon was
bubbled through the mercury during the electrolysis in order
to stir the amalgam. After the electrolysis proceeded for
the required period of time, the amalgam was drawn off into
an evacuated vessel for storage. All further transfers of
the amalgam took place under an atmosphere of dry argon.

The pcorcentage of sodium in the amalgam was determined by
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decomposition in hot standard sulfuric acid and back~
titration with a standard base. 1In use, the amalgam con-
tained in the reservoir was dropped through a l-cm length
of polarographic capillary at a rate of one to two drops
per second. This capillary was fastened to the electrode
assembly by means of a Teflon tubing connector, so as to
facilitate replacement if it became clogged during a run,
The spent amalgam dropped through the solution into the
trap at the bottom of the electrode compartment, where it
was isclated from the bulk of the solution. Isoclation of
the spent amalgam was necessary to prevent reaction with
the solvent. Electrical contact with the amalgam was made
by a platinum wire sealed into the neck of the electrode
assembly.

All measurements were made at 25.00°C +0.01° by
immersing the electrochemical cell in a water bath at that
temperature. The temperature of the water bath was kept
constant by using a Yellow Springs Instruments Co. Model 72
proportional temperature controller. The actual bath
temperature was verified by means of a certified National
Bureau of Standards thermometer.

The cell voltages were monitored by using a Varian A-25
strip chart recorder. It was found that the voltage leveled
off to a steady value after a maximum of thirty to forty
minutes. After this time, all voltages were measured using

the calibrated voltmeters previously described.
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Solubility Determinations

Solubilities of solutes were determined by the analysis
of saturated solutions in solvents of interest. Six to
eight solutions of each of the salts were shaken in thermo-
stated flasks until there was no change in concentration.
The flasks were either of the water-jacketed type with water
from a 25.00°C bath circulating through them, or were
ordinary volumetric flasks placed in a Lab-Line platform
shaker bath thermostated at 25.00°C.

Solutions of picrates in propylene carbonate were
analyzed spectrophotometrically using a Cary Model 17
Spectrophotometer. One-milliliter aliquots of solutions
were drawn up from each of eight flasks and diluted to 100
ml. These new solutions were further diluted by taking 10
ml of this picrate solution and diluting it to 100 ml. The
final dilution ratio was equal to 1 ml of the saturated
picrate solution to 1000 ml of solution. Spectra of these
solutions were obtained and the absorption peaks at 375 nm
used for analysis. The molar absorptivity of 375 nm was
determined by preparing scolutions of known concentration of
picrate ion in propylene carbonate and analyzing its spec-
txrum.

The solubilities of KC1l0, and Et NBr were determined
gravimetrically. Aliquots of the saturated solutions were
placed in a weighing bottlz (40 x 80 mm) of known weight
and dried in a vacuum oven at 180°C. After all the salvent

was dried off, the samples were cooled to room temperature
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in a vacuum dessicator and reweighed. The oven temperature
was kept well below the melting or decomposition tempera-
tures of the solutes,

Scolutions of NaCl in propylene carbonate were analyzed
using a Perkin-Elmer Model 372 Atomic Absorption Spectro-
photometer in the emission mode. Saturated solutions of
NaCl were aspirated directly without dilutions and compared

to standard solutions of NaBPh, in propylene carbonate.
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Electrolx&}c Conductance.

Conductance measurements were performed using a Wayne-
Kerr Model B-224 Universal Bridge and a dip-type conductance
cell with a cell constant of 1.00 cm ®.

Several solutions of known concentration in the range
of 10-° to 10~? M were prepared. The conductance cell was
repeatedly rinsed with the sample solution. Special care
was taken to make sure no air bubbles were present between
the two platinum electrodes. The beaker was immersed in a
water bath of constant temperature of 25,00°C, controlled
by a Yellow Springs Instruments Co. Model 72 proportional

temperature controller.
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Dipolar Aprotic Solvents.

solubilities and Transfer Activity Coefficients of

Electrolytes,

Introduction,

As previously discussed, values of transfer activity
coefficients of single ions, log mY' are required to calcu-
late the liquid-junction potential, Ej' in Cell VIII.
Although log mY for most of the ions studied are available
in the literature (1, 10), measurements of the transfer
activity coefficients of some electrolytes, and the subse-
quent calculation of log mY values for single ions from
those measurements, were found necessary.

Transfer activity coefficients of electrolytes were

obtained from solubility measurements, using Equation 23a:

log in = p(sKsp) - p(rKSp) {(23a)

where 8 and r refer to the solvent of interest and the
reference sclvent, respectively. Values of log mY for the
ions of interest were calculated from available data for the
transfer activity coefficient of other ions, previously cal-
culated using the tetraphenylarsonium tetraphenylborate

(Ph, AsBPh,} assumption (Equation 32a). For example,

log _ Y

mcloe = 199 nYkciow ~ 1°9 Y (50a)

m K

log mYPi = Jog mYKPi - log mYK (50b)
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Solubility Measurements.

The solubility of KC10, and Et.NBr in propylene carbo-
nate was determined gravimetrically, while the solubility
of KPi in that solvent was found spectrophotometrically.
The experimentally determined value of the molar absorp-
tivity of 1.82 x 10" was obtained using solutions of known
concentration of KPi. The solubility of NaCl in propylene
carbonate was determined by flame emission using standards
in that solvent.

Salt-effect activity coefficients (molar scale) for
these compounds were calculated by means of the Davies
equation:

10gf=—A———...£E___..-

= (51)
(1 + Yc)

uﬁa

where f is the activity coefficient, A is the Debye-Hiickel
constant, and C is the solubility. Solubility products

(Ksp) for KC104, KPi, EtuNBr, and NaCl were calculated by:

Ksp = (cf)?
The degree of dissociation was assumed to be unity because
of the high dielectric constant of propylene carbonate
(D = 64.4).
Values of the solubilify, solubility products, and trans-
fer activity coefficients referred to water for these com-
pounds in propylene carbonate are listed in Table 1.

Attempts were made to determine experimentally the solu-

bility of KPi in dimethylsulfoxide and of TABI in a few



solvents. However, this proved impractical due to their

high solubility in those solvents.
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Table 1

Solubility and Solubility Products of KClO,, KPi,

Et ,NBr and NaCl in Propylene Carbonate (molar scale).

Solute Cy (M) x 102 PKgp log "0y}
KPi 4.34  £.09 2.96 -0.45
KC10,, 4.97 +.03 2.83 0.85
Et,NBr 8.61 +.44 2.54 4.37

NaCl 0.0197 +£.0006 7.43 8.93
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E.m.f. Cells with Salt Bridges.

Studies Using Sodium Glass Electrodes.

H=-Cell.

Na-electrode Na+ soluticon RX Na+ solution | Na—electrode
(Solvent I) 0.1M(Solvent I) | (Solvent II}

{Cell IX)

salt bridge, RX, was measured using the H-type cell design.
Experimental values cf the e.m.f. of these cells and of the
cell potential divided by %; (59.16 mV at 25°C) are given in

Tables 2-6. The precision of the values of E 1/59.16 (an

cel
approximation of log mYNa) is *#0.2 units or better.

Voltage measurements using the sleeve-type design were
found to be much more stable than those using the H-cell.
The cell voltages are stable to a few tenths of a millivolt
for the sleeve~type design, but only to 1-2 millivolts for
the H-cell.

The salt-effect activities of the sodium ion in solu-

tion were calculated by means of the Debye-Hiickel equation:

log £, = - — B/ (52)

1 + B ay/c

where f1 refers to the salt-effect activity coefficient, A
and B are the Debye-Hiickel coefficients, C refers to the
analytical molar concentration of sodium ion and a is the

L]
ion-size parametcr, assumed to be 3 A for sodium ions in



66.

dipolar aprotic solvents. Appendix 2 lists values of the

Debye-Hiickel coefficients in various solvents. All measure-
-2

ments of Cell IX were made with solutions in the 10 to

"
10" M concentration range.

Nernstian Response.

The Nernstian response of each sodium glass electrode
was tested versus a reference electrode in each solvent of
interest. Reference electrodes were selected from the
literature (27). 1In dimethylsulfoxide, N-methylformamide,
and propylene carbonate, a silver-silver chloride electrode
in a 10_3M solution of tetraphenylphosphonium chloride was
used. A silver-silver nitrate electrode was used in aceto-
nitrile. A calomel electrode containing saturated KCl in
dimethylformamide was used in that solvent. The e.m.f. of
all these cells with 0.1 M Et,NPi as a salt bridge was
measured using sodium solutions at various concentrations

and plotted vs, pay. - The slopes were found to be linear,

although not strictly Nernstian, down to 10°° molar. Table 7 lists
the Nernstian factors for each electrode used as well as the
correlation coefficient, R, as a measure of the linearly of

the electrode response (linear being equal to 1):

R = —% (53)

where m is the slope, o, and g, are the standard deviations

in the pay,-array and e.m.f.-array, respectively.
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E.m.f. Values of Cell IX in the DMSO-MeCN System.

(H-type) 25.00°C.

67.

Solvent I = MeCN Solvent 1II = DMSO
RX = 0.1 M TABBPh, in MeCN
NaBPh, Solutions
[ 4 ’
Molarity Molarity E:c:ell PoNa PNa Bcell Ecei1
(MeCN) (DS} (V) (MeCN)  (DMSO) (V) 59.16
1.078 x 1072 1.044 x 10~° -355 2.115 2,081 -353 -6.0
1.078 x 10~° 1.044 x 10~° ~363 3.019 3.016 -363 -6.1
1.078 x 10~ 1.044 x 10~ " -353 3.984 3.992 ~353 -6.0
1.078 x 10~° 1.044 x 10°° -341 4,973 4,985 -353 -5.8
NaPi Solutions
1.270 x 10°°2 1.296 x 10°° -339  2.055 1.997 =336  =5.6
1.270 x 10~° 1.296 x 107’ ~353 2.952 2.926 ~352 -6.0
6.350 x 10" 6.480 x 10 " -351  3.237 3.216 -351 -5.9
1.270 x 10~ 1.296 x 107" -339  3.914  3.900 -339  -5.7
6.350 x 10 6.480 x 10" -348 4.210 4.197 -348 -5.9
1.270 x 10" 1.296 x 10”° -336 4.902 4.891 -336 -5,7
Eel1

59.16

(xX) = =5.9 £0.2



Table 3

E.m.£. values of Cell IX in the DMF-MeCN System.

68.

(H-type) 25.00°C.

Solvent I = MeCN Solvent II = DMF
RX = 0.1 M TABBPh, in MeCN
NaBPh., Sclutions
¥ [
Molarity Molarity Ecel1 Paga Paya Ecel1 Ecel
(MeCN) (OVF) (V) (MeCN) (DME") (mv) 59.1
1.029 x 10~° 1.001 x 10~2 -295  2.133  2.139 -295  =5.0
1.029 x 10~ 1.001 x 10~° -301  3.038 3.048 ~301 -5.1
5.145 x 10" " 5.050 x 10 " -302 3.335  3.331  -302 -5.1
1.027 x 10" 1.001 x 10°" -290  4.005  4.015 -290 -4.9
5.145 x 10 5.050 x 10" -284  4.311 4.307 -284  ~4.8
1.027 x 10 ° 1.001 x 10~° -275  4.994 5.005 =275 - 4.7
NaPi Solutions
9.853 x 10’ 1.110 x 10~° -290  3.056  3.005 -287 -4.8
4.927 x 10" 5.550 x 10 " -299  3.343  3.292 =296 ~5.0
9.853 x 10 ° 1.110 x 10~" -281  4.022 3.971 -~-278  -4.7
4,927 x 10~° 5.550 x 10" -288  4.319  4.267 =285 -4.8
9.853 x 10 ° 1.110 x 10 ° -260 5.012 4.960 -257 -4.3
Elel1
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Table 4

Values of Cell IX in the NMF-MeCN Systen.

(H-type) 25.00°C.

Solvent I = MeCN

69.

Solvent 11 = NMF

RX = 0.1 M TABBPh, in MeCN
NaBPh, Solutions
] [}
Molarity Molarity Ewell1 Pina Py, cell Ceell
(MeCN) (NMF) V)  (MeCN)  (NMF) (mv) 59.16
1.040 x 107> 1.122 x 1072 -239  2.129  1.964 -229  -3.8
1.040 x 10~° 1.122 x 10~ -242  3.033  2.955 =237  -4.0
5.200 x 10”" 5.610 x 10 -240  3.320 3.254 =236 -4.0
1.040 x 10~ 1.122 x 10~ -250  3.999  3.952  -248  -4.2
5.200 x 10" 5.610 x 107 -220  4.296  4.252 =218  -~3.7
1.040 x 10 ° 1.122 x 10°° -209 4.988  4.950  ~207  -3.5
NaPi Solutiocons

4.865 x 10" 5.960 x 10" -243  3.348  3.228 -236 -4.0
9.728 x 10~° 1.192 x 10~° -231  4.028  3.925 -225 -3.8
4.865 x 10~° 5.960 x 10~° -223  4.324  4.226 =217  -3.7
9.729 x 107" 1.192 x 107 -259  5.017  4.924  -254  -4.3
El
5‘9*_’}% (R) = 3.9 £0.2
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Table 5

E.m.f. Values of Cell IX in the PC-MeCN System,.

(H-type) 25.00°C.

Solvent I = MaeCN Solvent II = BC

RX = 0.1 M TABBPh, in MeCN

NaBPh, Solutions

1 [}
Molarity Molarity Ec:ell PNa Paya Ece11  Ecell
(MeCN) (PC) V)  (MeCN) (7)) (V) 59,16
1.095 x 102 9.909 x 10~° ~21  2.110  2.066 -19 -0.4
1.095 x 10™° 9.909 x 10 " -26  3.012  3.025 -26 -0.4
5.475 x 10" 4.954 x 10~" -26  3.299  3.320 -25 -0.4
3.285 x 10 2.973 x 10" -30 3.512 3.538 -29 -0.5
1.095 x 107" 9.909 x 10" -34  3.977  4.01l -33 -0.6
Ecell .
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Table 6

E.m.f. Values of Cell IX in the DMF-DMS0QO System.

Solvent I = DMSO Solvent II = DMF

RX = 0.1 M TABBPh, in DMSO

NaBPh, Solutions

Molarity Molarity  Fcell PNa  Pla  Feenn  Ecenn
(DMSO) (DMF) (mV) {DMSO) (DMF') (mv) 59.16
1.013 x 1072 1.020 x 10 ° 72 2,093  2.132 70 1.1
1.013 x 10~° 1.020 x 10°° 73 3,028  3.040 73 1.2
5.065 x 10 5.100 x 10" 73 3.320 3,327 71 1.1
1.013 x 10~ 1.020 x 10™" 65  4.005  4.007 65 1.1

NaPi Solutions

1.308 x 10 1.105 x 10 72 1.994  2.102 66 1.1
1.308 x 10~ 1.105 x 10™° 70 2.922  3.007 65 1.1
6.540 x 10”" 5.525 x 10" 76  3.212 3,294 71 1.2
1.308 x 10" 1.105 x 10" 67  3.896  3.973 62 1.0
6.540 x 10™° 5.525 x 107 57  4.193  4.269 52 0.9
1.308 x 10~° 1.105 x 10°° 60  4.887  4.962 52 0.9
g

5. 1g (X) = 1.1 20.1



Table 7

Nernstian Factors of Sodium Glass Electrodes in Dipolar

Aprotic_Solvents.,

Electrode C Electrode D Electrode B
AE AE AE

Solvent EpaNa R ApaNa R ApaNa R
MeCN 58.7 .997 57.5 .998
DMSO 59.9 .999 60.5 1.00
DMF 61.9 .999 61.9 .999
PC 56.2 .995 57.4 .995 53.2 .995
NMF 57.5 .992 57.6 .2394

-2 -5
Concentration Range = 10 - 10 M Na' ion

72.
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Correlation of the Standard Potentials of Sodium Glass and

Amalgam Electrodes.

Measurements of the e.m.f. of Cell IX require the use
of sodium glass electrodes in different solvents. If these
measurements are to be accurate, the standard potential, E°,
of the glass electrode must be indeprendent of the nature of
the solvent studied.

While the behavior of cationic glass electrodes in
agueous solvents is well known (28}, few studies have been
carried out on their response in nonagueous solvents.
Norberg (29) studies the behavior of hydrogen electrodes in
isopropancl and methyl ethyl ketone, while Karlberg {30)
discussed their response times in isopropanol. McClure and
Reddy (31) determined the slopes of concentration response
curves of cationic glass electrodes in some dipolar aprotic
solvents.

In the present study, sodium glass electrodes were
compared to sodium amalgam electrodes in dipolar aprotic
solvents., Equation 54 describes the response of a sodium

amalgam electrode in a solvent s:
= -1 - -
ENa(Hg) ENa(Hg) ‘°§ log 8Na -06 log aNa(Hg) (54)

where Aya is the activity of sodium ion in the solvent of

interest, is the activity of sodium in the amalgam,

ANa (11g)
ENa(Hg)
and E

is the standard potential of sodiun amalgan electrode

Na (Hg) 18 the potential of the sodium amalgam electrode.

Similarly, Equation 55 represents the electrode response of
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of a sodium glass electrode in the same solution:

Exa(g) = Eﬁa(g) - .06 1og ag. gy * E, (55)

Na(g) 2P Eya(q)

potential of the sodium glass electrode, respectively, and

where E are the potential and the standard

EA is the "asymmetry potential” term. The "asymmetry
potential” includes any potentials that are not included in
-]
the ENa(g)te
difference between the amalgam electrode and the glass

rm. Equation 56 represents the potential

electrode in the same solution of sodium ions:

-— = d - ° - -—
ENa(Hg) ENa(g) ENa(Hg) ENa(g) -06 log aNa(Hg) Ep

(56)

The only way the difference ENa(Hg) - ENa(g) can remain
constant in different solvent solutions is if the "asymmetry
potential”, E,. is to remain unchanged or to be zero. Thus
effective AE® of the glass electrode would be independent
of the solvent.

The potential difference between sodium glass and
sodium amalgam electrodes was measured in acetonitrile,
dimethylformamide, propylene carbonate and dimethylsulfoxide

and found to be constant to *3 mV, which is within the

experimental error of our measurements.
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E.m.f. Measurements,

The measured e.m.f. of Cell IX can be expressed as a

combination of four different terms:

- o - -] .
Ecell 1x E(Sz) E(51) * Econe. * Ej (57)

where E?Sl) and E?Sz) are the standard potentials for the
standard potentials of the electrodes in solvents 1 and 2,

E.onc is the potential due to the difference in activities

of the electroactive species in the two solvents and Ej is

the liquid-junction potential. The experimentally determined

AE
gslopes of Epa -

Na

were used as Nernstian factors (NF):

E = NF (S:)Xpa

conc. - NF(S:) Xpa

(58)

Na({Sz:) Na(s5;)

The corrected values of the e.m.f. of Cell IX are listed in

Tables 8-14 with:

L} - -
Ecell ® Ece11 ~ Econc. (59)
Elel1l .
Values of T3 -1¢ VS- concentration for each solvent pair

studied are correlated in Table 15. As pointed out earlier,

E
the precision of the values of ggs%l, using the sleeve-type

cell design is generally better than *0.1 units, which is an

improvement in comparison with the H-cell design with

precision of *0.2 units.
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Table 8

E.m.f. Values for Cell IX in the DMSO-MeCN System.

(Sleeve-Type) 25.00°C.

Solvent I = MeCN Solvent II = DMSO

RX = 0.1 M TABBPh, in MeCN

Eell Pa Pha  Eoone  Elel

Molarity Molarity

(MeCN) (DMSO) (V)  (MeCN)  (DMSO) (V) (mv)
1.068 x 10~ 1,040 x 107 =346.6 2.119  2.077 2.6  ~=349.2
1.037 x 107> 1.034 x 107 -352.7 2.130  2.079 0.8  =-353.5
1.068 x 10~ 1.040 x 10~° -357.2 3,023 3.015 6.8 -364.0
1.037 x 10" 1.034 x 10~° -356.3 3.035 3.018 4.4 -360.7
8.296 x 10 8.272 x 10~ -359.6 3.126 3.111 4.7 -364.3
4.273 x 10°" 4.159 x 10~ -355.3  3.402 3.402 8.2 -363.5
4.148 x 10" 4.136 x 10~ -362.7 3.415 3.404 5.4 -368.1

RX = 0.1 M Et,NPi in MeCN

1.068 x 10 1.040 x 10 -342.5 2,119 2,077 2.6  -345.1
1.037 x 1072 1.034 x 107°  -343.1 2.130  2.079 0.8  -343.9
1.068 x 10~° 1.068 x 10°°  -345.0 3.023  3.015 6.8 -351.8
1.037 x 10~° 1.034 x 10°°  -350.5 3.035  3.018 4.4  -354.9
8.296 x 10 * 8.272 x 100"  -349.3 3.126  3.111 4.7  -354.0
4.148 x 10 " 4.136 x 10°*  -353.7 3.415  3.404 5.4  -359.1
RX = 0.1 M Et,NC10, in MeCN
1.068 x 10~ ° 1.040 x 10°%  -336.3 2.119  2.077 2.6  -338.9
1.037 x 1072 1.034 x 1072 -336.3 2.130  2.079 0.8  -337.1
1.068 x 10 ° 1.040 x 10°'  -340.6 3.023  3.015 6.8  -347.4
1.037 x 10°° 1.034 x 10~ ° -347.7 3.035 3.018 4.4 -351.1
8.296 x 10 8.272 x 107"  -348.3 3.126  3.111 4.7  -353.0
4.148 x 10°" 4.136 x 100" -352.3  3.415  3.404 5.4  -357.7



E.m.f. Values for Cell IX in the DMF-MeCN System.

Table 9

(Sleeve-Type) 25.00°C,

17.

Solvent I MeCN Solvent II = DMF
RX = 0.1 M TABBPh, in MeCN
[ ]

Molarity Molarity Ebell PNa Pya Eomm: EEell

(MeCN) (DMF) mv)  (MeCN)  (DMF) o) W)
1.052 x 10~° 1.067 x 102 -285,5 2.124 2.115 6.2 =291.7
1.052 x 10~ ° 1.067 x 10 ° ~298.0 3.029 3.021 9.2 -307.2
8.416 x 10~ 8.536 x 107"  -300.3 3.121  3.113 9.5 -309.8
4.208 x 10" 4.268 x 107" =299.9 3.409  3.402 10.5 ~310.4
2,104 x 10”" 2.134 x 10~ -297.1 3,700 3.694 11.5 ~-308.6

RX = 0.1 M Et ,NPi in MeCN
1.052 x 1072 1.067 x 1002 -293.5 2.124 2.115 6.2 -299.7
1.052 x 10’ 1.067 x 10°°  -297.1 3.029  3.021 9.2 -306.3
8.416 x 10 8.536 x 107 -298.3 3.121  3.113 9.5 =-307.8
2.104 x 10°" 2.134 x 100" -303.0 3.700  3.694 11.5 -314.5
RX = 0.1 M Et,NC10, in MeCN

1.052 x 10~ ° 1.067 x 10 ° -285.8 2.124  2.115 6.2  292.0
1.052 x 10~° 1.067 x 10°°  -289.6 3.029  3.021 9.2  298.8
8.416 x 10 8.536 x 10°°  -290.5 3.121  3.113 9.5  300.0
2.104 x 10" 2,134 x 107" -291.5 3.700  3.694 11.5  303.0



Table 10

E.m.f. Values for Cell IX in the PC~MeCN System,

(Sleeve-Type) 25.00°C.

78.

Solvent I MeCN Solvent II = PC
RX = 0.1 M TABBPh:, in MeCN
Molarity Molarity Eoe11 PaNa PNa Boonc  Ecell
(MeCN) {(PC) (V') (MeCN) (EC) {reiv) (mv)
1.057 x 10~ ° 1.103 x 10~ ° -38.9 3.027 2.979 -6.7  =32.2
8.456 x 10" 8.824 x 10 ° -38.2  3.119 3.074 -6.6 -31.6
4.228 x 10 ° 4.412 x 10 " -39.2  3.407 3.369 -6.6 ~32.6
2.114 x 10" 2.206 x 10" -36.6 3,698 3.666 =-6.6 -30.0
RX = 0.1 M Et.NPi in MeCN
1.057 x 10 ° 1.103 x 102 -28.9 2,123  2.022 -8.6  -21.3
1.057 x 10°° 1.103 x 10™° -34.3  3.027 2.979 -6.7 -27.6
8.456 x 10 8.824 x 10" -30.6 3.119 3.074 -6.6  -24.0
4,228 x 10" 4,412 x 107" -29.4  3.407 3,369 -6.6  -22.8
2.114 x 10°" 2.206 x 10" -34.7 3.698 3.666 -6.6  -28.1
RX = 0.1 M Et,NCl1l0O, in MeCN
1.057 x 10~ 1.103 x 10~° -32.2 2.123  2.022 -8.6 -23.6
1.057 x 10~ 1.103 x 10~° -39.5 3.027 2.979 -6.7  -32.8
8.456 x 10 8.824 x 10" -39.2  3.119 3.074 -6.6  -32.6
4.228 x 107 4.412 x 10~" -41.6 3.407 3.369 -6.6  -35.0



Table 11

E.m.f. Values for Cell IX in the DMF-DMSO System.

(Sleeve~Type) 25.00°C.

Solvent I = DMSO Solvent II = DMFP

RX = 0.1 M TABBPh, in DMSO

[}

Molarity Molarity Eoell P2Na Paya '%umu: Ecell
{DMSO) (DMF') (V) (DMSO) (DMF') (mV) {mV)
2.631 x 10°° 2.634 x 10 ° 72.5 1.76%9  1.788 4.7 67.8
2.631 x 107° 2.634 x 10~ 74.9 2.633  2.655 6.6 68.3
2.105 x 10 ° 2.107 x 10~° 75.3  2.725  2.745 6.7 68.6
1.052 x 107° 1.054 x 10~ 75.1 3.013  3.026 6.8 68.3
5.262 x 10 " 5.269 x 10" 79.9 3.304  3.314 7.2 72.7

RX = 0.1 M Et,NPi in DMSO

-2 -2

2.631 x 10 2.634 x 10 63.5 1.769 1,788 4.7 58.8
2.631 x 107 2.634 x 107° 64.3 2.633  2.655 6.6 57.7
2.105 x 10~ 2.107 x 10~° 64.6 2.725 2.745 6.7 57.9
1.052 x 107° 1.054 x 10°° 66.0 3.013  3.026 6.8 59.2
5.262 x 10" 5.269 x 10 ' 66.3 3,304 3,314 7.2 59.1
RX = 0.1 M Et,NC10, in DMSO
2.631 x 107 2.634 x 107" 70.6 1.769  1.788 4.7 65.9
2,631 x 10 ° 2.634 x 107" 72.5  2.633 2,655 6.6 65.9
2.105 x 10 ° 2.107 x 107" 73.1 2.725 2,745 6.7 66.4
1.052 x 10°° 1.054 x 10~° 74.9 3.013  3.026 6.8 68.1]
5,261 x 10" 5.269 x 10" 72.7 3.304  3.314 7.2 65.5
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Table 12

E.m.f, Values of Cell IX in the PC-DMSO System.

(Sleeve-Type) 25.00°C.

Solvent I = DMSO Solvent II = PC

RX = 0.1 M TABBPh, in DMSO

Molarity Molarity Bce11 PiNa P2Na Boonc  Ecell
(DMSO) (PC) S (V) (DMSO) (PC) (V) (V)
1.029 x 107 1.030 x 10~  313.7  2.087 2.050 -7.3 321.0
1.029 x 1077 1.030 x 107 321.7  3.022 3.008 -8.4 330.1
8.232 x 10" 8.240 x 10~" 322.4  3.115 3.103  -8.5  330.9
4.116 x 10°°  4.120 x 10~° 323.8  3.407 3.399  -9.0 332.8
2.058 x 107 2.060 x 107 324.5  3.702 3.696 -9.6 334.1
RX = 0.1 M Et,NPi in DMSO
1.029 x 107> 1.030 x 10°°  309.0  2.087 2,050 -7.3  316.3
1.029 x 107 1.030 x 10°°  312.7  3.022 3,008 -8.4 321.1
8.232 x 100"  8.240 x 10~ 319.7  3.115 3,103 -8.5 328.2
4.116 x 107"  4.120 x 10~  314.3  3.407 3.399  -9.0 323.3
2.058 x 10~ 2.060 x 10°° 314.7  3.702 3.696 -9.6 324.3
RX = 0.1 M Et ,NC10, in DMSO
1.029 x 107> 1.030 x 10>  304.7  2.087 2.050 =7.3 312.0
1.029 x 1077 1.030 x 10~  311.1  3.022 3.008  -8.4 319.5
8.232 x 10" 8.240 x 107" 314.4  3.115 3,103 -8.5 322.9
4.116 x 107"  4.120 x 10°"  313.3  3.407  3.399  -9.0 322.3
2.058 x 107 2.060 x 10" 315.1  3.702 3,696 -9.6 324.7



810

Table 13

E.m.f. Values for Cell IX in the PC-DMF System.

(Sleeve~-Type) 25.C0°C.

Solvent I = DMF Solvent II = EBC
RX = 0.1 M TABBPh., in DMF
) E paN paNa E E!
Molarity Molarity cell a oonc cell
(DMF) (PC) (V) {DMF} (PC) (mV) (mv)
1.008 x 100> 9.943 x 10~ 268.4  2.064  2.136 -14.1 282.5
1.008 x 10°° 9.943 x 10°  264.5  3.024  3.045 -25.2 289.7
8.064 x 10°° 7.954 x 10°° 257.9  3.118  3.137 -26.1 284.0
4.032 x 107" 3.977 x 10~ 235.0  3.414  3.426 -29.1 264.1
RX = 0.1 M thNPi in DMF
1.026 x 107> 1.022 x 10°°  269.2  2.129  2.053 -22.6 291.8
1.026 x 1070 1.022 x 10°°  258.9  3.038  3.012 -27.8  286.7
8.208 x 10 8.176 x 10° 266.0 3.130 3.106 -28.5 294.5
4.104 x 207"  4.088 x 10°° 240.3  3.418  3.402 -30.6 270.9
RX = 0.1 M Et,NC1O., in DMF
1.026 x 1077 1.022 x 10°2  253.3  2.129  2.053 -22.6 275.9
1.026 x 10> 1.022 x 10~  240.8  3.038  3.012 -27.8 268.6
8.208 x 10~ 8.176 x 10 * 242.6  3.130  3.106 -28.5 271.1
4.104 x 100  4.088 x 10°° 243.9  3.418  3.402 -30.6 274.5
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Table 14

E.m.f. Values for Cell IX in the NMF-MeCN System.

(Sleeve-Type) 25.00°C,

RX = 0.1 M TABBPh, in MeCN

1
Molarity Molarity E:cell Pya PaNa E%onc Ecell
(MeCN) (NMF) (V) (MeCN)  (NMF) V). (V)
1.042 x 107 1.155 x 10°% 234.9  2.128  1.952 10.1  224.8
1.042 x 10~ 1.155 x 10>  238.4  3.033  2.942 5.2  233.2
8.333 x 10°° 9.240 x 10°° 237.1 3.125 3.039 4.9 232.2

RX = 0.1 M Et ,NPi in MeCN

2

1.042 x 107> 1.155 x 107>  243.0  2.128  1.952 10.1  232.9
1.042 x 107°  1.155 x 1077 251.3  3.033  2.942 5.2 246.1
8.333 x 107 9.240 x 107 247.6  3.125  3.039 4.9  242.7

RX = 0.1 M Et4NC1O, in MeCN

1.042 x 10 1.155 x 1.0.-2 238,0 2.128 1,952 10.1 227.9

1.042 x 10 1.155 x 107’ 241.2 3.033 2.942 5.2 236.0

8.333 x 10 9.240 x 107 230.7  3.125  3.039 4.9  225.8
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Table 15
| |
Ecelltmv) .
Values of Using Various Salt-Bridge Electrolytes.
E' {mV)
—EE%lIg—— (Measure of log myNa)
Solvent I = MeCN Solvent II = DMSO
Approximate
Molarity
of NaBPh. TABBPh, Et,NPi Et,NC1O,
1 x 107 -5.90, -5,98 -5.83, -5.81 -5,73, -5.70
1x10? -6.15, -6.10 -5.95, -6.00 -5.87, =5.93
8 x 10" -6.16 -5.98 -5.97
4 x 107" -6.14, -6.22 -6.07 -6.05
X = -6.09+.10 X = =5,94+,09 X = -5.88%.12
Solvent I = MeCN Solvent II = DMF
1x102 -4,93 -5.07 -4.94
1x10? -5.19 -5,18 -5.,05
8 x 107" -5.24 -5.20 -5.07
4 x 10" -5.25 - -5,12
2x 10" -5.22 -5.32 -
X = =5,17+.12 X = =5.19+,09 X = =-5.05+.07
Solvent I = MeCN Solvent II = PC
1x10 2 - . -0.36 -0.40
1x10 3 -0.54 -0.47 -0.55
8 x 10 " -0.53 -0.41 -0.55
4x10 * -0.55 -0.39 -0.59
2x10 " -0.51 -0.47 -
X = ~0.53+.01 X = ~0.42+.04 X = -0.52+.07
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Table 15 (continued)

Solvent I = DMSO Solvent II = DMF
Approximate
Molarity
of NaBPh, TABBPh, Et.NPi Et.NC1O0.
1 x 102 1.15 0.99 1.11
1x10°} 1.15 0.98 1.11
8 x 10" 1.16 0.98 1.12
4 x 10" 1.15 1.00 1.15
2x 10" 1.23 1.00 1.11
X = 1.16+.04 X = .99+,01 X = 1,12+,02
Solvent I = DMSO Solvent II = PC
1x 1072 5.43 5.35 5.27
1x 10 5.58 5.43 5.40
8 x 10" 5.59 5.55 5.46
4x10" 5.63 5.46 5.45
2 x 10™" 5.64 5.48 5.49
X =5.57+.08 X = 5.45%,07 X = 5.41+.08
Solvent 1 = DMPF Solvent II = PC
1x 102 4.78 4.93 4.66
1x 108 4.90 4.85 4.54
8 x 10 " 4.80 4.98 4.58
4 x 107" 4.46 4,58 4.64
X = 4,74+ .17 X = 4.84+.15 X = 4,60%,05
Sclvent I = MeCN Solvent TI = NMF
1x 102 -3.80 -3.94 ~3.85
1x 10°° -3,94 -4.16 -3.99
8 x 107" -3,92 -4.10 -3.82

-4.07+.09 X = ~3,89+.07

“<1
It

X = -3,89+.06
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Liguid Junction Potentials.

As we have previously discussed, if the values of the
liquid-junction potential across the interface between two
media are known, transfer activity coefficients of single

ions to which the measuring electrode responds can be calcu-

lated. Consider Cell IX, with NaBPh, as the source of Nat
ions:
Na-electrode Na® solution RX Na' solution Na-electrode

(Solvent I) 0.1M(Solvent I} | (Solvent II)

{Cell IX)

The liquid-junction potential of this cell is represented by:

a
E (mv) = -(tg, ~ tgp, ) (59.16) log Sz NaBPhu _ (54 4
J " s, 2NaBPh,
[tNa 109 VNa - taph, log mYBPhu * tgp log Vg
- tx log me] + Ejsolvent (60)
whe;e aNaBPh“ is the conventicnal activity of the NaBPh.
solutions. The liquid-junction potential is due to the
transport of all species across the interface:
Ey = i;ﬁstiacions + EAGisolvent molecules (35)
or simply:
E. = B! + (38)

j 3 Sjsolvent
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where Ei represents all the terms due to the transport of
ions across the interface, (i.e., all but the last term in
Equation 60). It is worth repeating that the movement

of jons and solvent molecules across an interface between two
solvents is mutually interdependent and, thus, the division

of Ej into E5 and E,_ ig strictly formal. Ei can be

jsolvent
calculated from the transference numbers, ti' and transfer
activity coefficients of the single ions in solution if

those data are available.

Since the values of transference numbers of these ions
in the solvents of interest are not always known, transfer-
ence numbers in our system were estimated based on the
limiting ionic conductance, Ao' and concentration of those
ions in solution. Table 16 contains values for the limiting
conductances of ions in several dipolar aprotic solvents.
All of these values were obtained from the literature, ex-~
cept that of the picrate ion, Pi~, in PC which was calculated
from experimental data of the limiting conductance of KPi
obtained in this study. Table 17 lists values for the
limiting conductances and concentrations of KPi in propylene
carbonate. A value of 24.7 for AO of KPi in propylene
carbonate was determined by plotting A versus vYc. The corre-
lation coefficient, R, for this plot is .966.

Transference numbers for ions in a solvent were calcu-

lated by:

_ Citos
i iCiAOi .

(61)
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where Ci is the concentration of ion, i, and Aoi is the
limiting conductance of that ion in solution. The guantity

CiA is an estimate of the mobility of ion i in the solvent.

oi
Tables 18~-20 list the calculated transference numbers for
these ions in wvarious solvents, using different salt bridge
electrolytes. Values of these calculated transference
numbers in the solvents of interest were averaged and used

as the approximation of the transference number in Equation
60. They are listed in Tables 21-23.

As can easily be seen from Tables 18-23, the tranfer-
ence number of Nat and BPh., ions are not significant at
NaBPh, concentrations below 10-2M (except, ©of course, for the
BPh, ion with TABBPh, as salt bridge, where the salt bridge
contributes significantly to the BPh, ion concentration).
Thus, the first two bracketed terms in Equation 60 can be
neglected if the concentration ratio of salt bridge
electrolyte RX to NaBPh, is at least a hundredfold.

Values of transfer activity coefficients for single ions
were obtained from the literature (1,10) or from data exper-
imentally determined by the author. Table 24 lists values

of log in (molar scale} referred to water for the single

H; O MeCN

mY Na is different

ions of interest. The value of log
than that reported in Reference 1, because a value of

pKSpNacl in acetonitrile based on a solubility determination

(48) was used here rather than one determined from a conduc-

tometric titration of a halide in a saturated solution (10).
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s
Table 25 lists values of log ng for single ions to be

substituted into Equation 60 for calculation of E;. sR and

S refer to the reference solvent and solvent of interest,
respectively. Transfer activity coefficients for the TARY

ion in all solvent pairs and of Pi ion in solvent pairs
containing DMSO were not available in the literature; nor
could they be determined from experimental measurcments due to
the extreme solubility of electrolytes containing these ions in
the solvents of interest. Transfer activity coefficient

data in solvent pairs involving NMF are not available in the
literature.

Ei was calculated using Equation 60 for cells using
Et,NCl1l0, as a salt-bridge electrolyte for all solvent systems
and for cells using Et,NPi as salt bridge electrolyte in all
solvent pairs not involving DMSO. Tables26-27 list values
for the calculated Ei and Eéell-E!’

J

If we assume that the E. term in Equation 60 is

jsolvent
negligible, transfer activity coefficients for the sodium

ion, log mYna €2n be calculated from:

] - )
Ecell Ej

59.16

log mY (62a)

Na

Values of log mYNa obtained from Equation 62a are listed in

Tables 26-27.
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It is possible to calculate E, by using

j solvent
Equation 47

= - -1 ° - ° -
Ej solvent = Fgell Ej A F[tzﬁGt(Mz) tg (AGE (RX)

AG;(RX) - AGE(MX) + txaG;(Mx)] (47)

but the calculation of the transfer activity coefficient and

Ej solvent contain a term involving the e.m.f. of the cell,

Eéell‘ If we want to calculate log mn'Na in Cell IX by:
E' - E! - E,
log s cell ) 3 solvent (62b)
59.16
we end up subtracting Eéell from itself. Thus, we are forced

to obtain a value of E.

j solvent independently or make some

approximation as to its value when calculating the transfer
activity coefficient.

Parker, et. al. (17) based on their studies of the corre-
lation of heats of solution and cell potentials, concluded

that the E.

j solvent term between dipolar aprotic solvents is

small and can be neglected. Hence, as a first approximation,

E will be considered negligible in the dipolar

j solvent
aprotic systems.
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Table 16

Limiting Equivalent Conductances of Ions.

}0
Ion DMF DMSO MeCN PC
Nat 29.9 (32) 13.5 (35) 76.6 (40) 10.2 (44)
Lit 25.0 (32) 11.4 (36,37) 69.3 (41) 7.3 (45)
Et,N' 35.4 (33) 17.1 (9) 85.1 (9) 14.4 (46)
tas’ 11.0 (38) 57.7 (42)
ag’ 35.2 (32) 15.9 (39) 86.0 (33)
Ph,As" 31.0 (34)
Pi~ 37.5 (9) 17.3 (9) 77.3 (9) 12.72
C104 "~ 52.4 (32) 24.6 (9) 103.4 (40) 18.3 (45)
BPhu 11.0 (35) 57.7 (43) 7.8 (47)

2 This work.



Conductances of KPi in Propylene Carbonate at 25.00°C.

Table 17

108, M

4,055
4.583
5.481
62.41

11.71

A
21.04
20.79
20.27
19.47
18.37
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tNa
BPh,
Et,N

telo,

Na

BPh,

ot ot

Et,N

teio,

Na
tuph,
Et,N

te10,

Table 18

Transference Numbers of Et,NC1l0, & NaBPh,

in Individual Solvents.,

Et,NC1lO. Salt Bridge Concentration = .1 M

1072

-032
.033
.377

.588

.031
.025
.387

.557

.038
.029
421

+512

Solvent: DMF
CNamph,
107° 8 x 10~
.003 ,002
.004 .003
.400 .401
.593 .594
Solvent: DMSO
.003 .003
.003 .002
.408 .408
.586 .587
Solvent: MeCN
.004 .003
.003 .002
.448 .449
. 545 .545

001
001
.402

.595

.001
.001
.409
.589

.002
.001
.450

.547

b

4 x 10~

92.



Table 18 (continued)

Solvent: PC

CxaBPh,
1072 10”1 8 x 107" 4 x 10°°
.029 .003 .002 .002
tNa \
taph. .023 .002 .001 ,001
tEe N .417 .438 .439 .439
.530 .557 .558 .558

te1o,



Na
BPh,

Et N

o o ot

Pi

Na

tBPh,

Et,N

tpi

Na
BPh,

Et,N

22 « S o R 1 4

Pi

Table 19

Transference Numbers of Et,NPi & NaBPh,

in Individual Solvents.

Et,NPi Salt Bridge Concentration = .1 M

Solvent: DMF

CNaBPh.
10”° 10”° 8 x 10”" 4 x 10
.038 .004 .003 .002
.039 .004 .003 .002
.448 .482 .482 .484
.475 .510 .511 .512
Solvent: DMSO
.037 .004 .003 .002
.030 .003 .003 .002
.464 .494 .494 .495
.469 .499 .500 .501
Solvent: MeCN
.044 .005 .004 .002
.033 .004 .003 .002
.484 .510 .521 .522
.440 .472 .473 .474

"
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tBbh.
EtuN

Pi

10

.044
.033
.484
.440

Table 19 (continued)

Solvent: PC

CnaBPh.

10~}

.005
.004
.520

.472

.004
.003
.521
.473

Y

8 x 10

4 x 10~

.002
.002
523
474

95.



“Na

BPh ,

TAB

Na
BPh,

TAB

Na
tsph.

TAB

Na
tBph,

TAB

Transference Numbers of TAREBPhu

Table 20

& NaBPh.

in Individual Solvents,

TABBPh, Salt Bridge Concentration

.1 M

.056
.500
.443

.046
.500
.454

.057
.494
.448

Solvent: DMF

C

NaBPh,
1w07° 8 x 10”*
.005 .005
.500 .500
.495 .495

Solvent: DMSO

.005 .005
.500 -500
.495 . 495

Solvent: MeCN

.005 .005
.500 .500
.495 .495

Solvent: PC

. 006 .002
.500 .499
.494 .499

4 x 10

.003
.501

.497

.003
.501
-497

.003
501

.497

.002
.499
.499

[

96.
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Table 21

Average Transference Numbers for Et.NC1l0O, & NaBPh,

in Solvent Pairs.

Et.NC1l0, Salt Bridge Concentration = .1 M

Solvent System: DMF-MeCN

CNaBPhu

10”2 10" 8 x 107" 4 x 107"
tNa .035 .004 .003 .002
tBPhu .031 .004 .002 .001
tEtaN .399 .424 .425 .426
tClOu .535 .569 .570 .571

Solvent System: DMSO-MeCN
tNa .034 .004 .002 002
tBPh» .028 .003 .002 .002
tEthN .404 .428 .428 .428
tClOu . 535 .566 .566 _ .566
Solvent System: PC-MeCN

tya .034 . 004 .002 .002
tBPhk .026 002 .002 .002
tEtuN .419 .443 -444 444

.521 .551 .552 .552

teio,



Table 21 (continued)

Solvent System: DMF-DMSO

C

NaBPh,
1072 107° 8 x 10”" 4 x 10"
tea .032 .003 .002 .002
tBPhu .029 .003 .002 .002
tEth .382 .404 .405 . 405
tc105 .557 .590 .591 .591
Solvent System: PC-DMF
tNa .030 .003 .002 .002
tBPhn .028 .003 .002 .002
tEL N .447 .419 .420 .420
tCqu .544 575 «576 .576
Solvent System: PC-~DMSO
tNa .030 .003 .002 .002
tBPhq .024 .002 .002 .002
tEtku .402 .423 .424 .424
.544 .572 .572 572

tcio,




Table 22

Average Transference Numbers for Et, NPi & NaBPh,

BPh,
EtyN

Pi

“Na

BPh,

et N

in Solvent Pairs.

Et WNPi Salt Bridge Concentration = ,1 M

10

.041
.036
-466

.458

.041
.032
.474

.454

. 040
.031
.491

.440

CNaBPh,

Solvent System: DMF-MeCN
10”° 8 x 10°

.004 .004

.004 .003

.501 .501

.491 .492
Solvent System: DMSO-MeCN

.004 .004

.004 .003

.507 .507

.486 .486

Solvent System: PC-MeCN

.004 .003

.004 .003

.524 .525

.469 .470

4

.002
002
.504
.494

.002
.001
.510
.488

.003
.003
.525
.470

99.
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“Na

tsph,

tEt. N

“Na

tsph,
tEth

Pi

Na
BPh,,

EtyN

t o+

Pi

10~
.038
.034
.456
.472

.036
.034
. 473

.457

.036
.029
.481
.454

Table 22 (continued)

DMF -DMS0

Salvent System:
CnaBph,
107° 8 x 10°°
.004 .003
.004 .003
.488 .489
.504 .505
Solvent System: PC-DMF
.004 .003
.003 .002
.505 .506
.488 .489
Solvent System: PC-DMSO
.004 .003
.003 .003
.511 .512
.482 .482

100.

4 x 107"

.003
.003
.489
.505

.003
.002
.506
.489

.003
.003
.512
.482
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Table 23

Average Transference Numbers for TABBPh, & NaBPh,

in Solvent Pairs.

TABBPh, Salt Bridge Concentration = .1 M

Solvent System: DMF-MeCN

CNaBPH..
10~° 10”° 8 x 10" 4 x 107"

tNa .045 .005 .005 .003
tBPhu .500 .500 .500 501
tTAB . 455 .495 .495 .497

Solvent System: DMSO-MeCN
tNa .051 .005 .005 .003
tBPhu .500 .500 .500 .501
toap .449 .495 .495 .497

Solvent System: PC-MeCN
tNa .051 .005 . 005 .003
tBPhu .497 .500 .500 .501
toap .452 .495 .495 .497

Solvent System: DMSO-DMF
tNa .050 .005 .005 .003
tBPhu .500 .500 .500 .501
t .450 .495 .495 .496

TAB



BPh,

TAB

Na

r’.

BPh,

e

TAB

10~

.050
.497

- .453

.056
-497
.447

Table 23 (continued)

Solvent System: PC~DMF
CNaBPh,

1073 8§ x 10”
.005 . 005
.500 .500
. 495 .495

Solvent System: PC-DMSO
.005 .005
.500 .500
.495 -495

"

.003
.500
.497

.003
.500
.497

102.
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Table 24
Values of Transfer Activity Coefficients, log Hz!?‘yi,
for Single Ions (molar scale-water reference). (1)
Ion MeCN DMSO DME PC
Na¥ 3.0 (48) -2.4 -1.6 2.7
Et Nt -1.7 -2.2 -1.5 -0.9
TABY - - - -
ag* -3.8 -5.9 -3.0 2.9
Pi~ -0.3 - -1.7 -1.6
clo,~ 0.8 ~0.2 0.1 -0.3
BPh,~ -5.9 -6.5 -6.7 -6.1

103,
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Table 25

Values of Transfer Activity Coefficients, log séyfz,

for Single Ions (molar scale). (1,10}

DMF-MeCN DMSO-MeCN PC-MeCN
Ion {MeCN-ref.) {(MeCN-ref.) (MeCN=ref.)
Na® -4.6 -5.4 -0.3
Et,N' 0.2 -0.5 0.8
TaB’ - - -
agt 0.8 -2.1 6.7
Pi~ -1.4 - -1.3
cio,” -0.7 ~1.0 -1.1
BPh, -0.8 -0.6 -0,2
DMF-DMSO PC-DMF PC-DMSO
Ion (DMSO-ref.) (DMF-ref.) {DMSO~-ref.)
Nat 0.8 4.3 5.1
Et N¥ 0.7 0.6 1.3
raB’ - - -
agt 2.9 5.9 8.8
Pi- - Ool -
clo, 0.3 -0.4 : -0.1

BPh, -0.2 : 0.6 0.4
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Table 26

Calculated Liquid-Junction Potentials, E% & log mYNa’

Using Cells with Et,NC1l0., as a Salt Bridge.

Approximate
Concentration '

NaBPh, Ele11 ™)
1 x 102 -292.0
1x10° -298.8
8 x 10" -300.0
2x 10" -303.0

Approximate:
Concentration .

NaBPh,, Ecellumn
1x 10 ¢ -338.9,-337.1
1x10°° -347.4,-351.1
8 x 10" -353.0
4x 10" -339.5,-357.7

DMF-MeCN
t - ]
Ej Eoe11 ~ B 1og MECN DF
(W) (niv) %9 n'Na
-18.8 -273.2 -4.62
-27.7 -271.1 -4,58
-27.9 -272.1 -4.60
«27.9 -275.1 -4.65
MeCN DMF = _ _
log " T () = -4.61.03
MeCN.DMF _ _, .
log nﬁNa = ~4,%

{based on literature data in Table 25)

DMS50~-MeCN
' ' -
Ey Boe11 ~ Ey Lo, MECN, DMSO
(V) {miV’} og nﬁNa
- 9.8 -329,1,-327.3 ~5.56,~5.53
-19.7 -327.7,-331.4 -5.54,-5.60
-20.3 -332.7 -5.62
-20.3 -319.2,-337.4 ~5.40,-5.70
McCN DMSO =y _ .
log m'Na (x) = -5.56+.08
MeCN_DMSO _
log m'Na = =5,4

(based on literature data in Table 25)
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Table 26 (continued)

PC-MeCN
e ation Y ) El Ee11 ~ Ej Log MECN,FC
NaBPh, cell () () %9 m'Na
1x10°° - 23.6 ~53.0 29.4 .50
1x 10" - 32.8 -56.7 23.9 .40
8 x 107" - 32.6 -56.8 24.2 .41
4x10 " - 35.0 -56.8 21.8 .37
log "NTE @) = L42¢.05
1log Mecﬁysg = -0,3
{(based on literature data in Table 25)
DMF -DMSO
Approximate E! E' .. - E!
i ™ Eggy; W) (i) ce%r}m ’ log PPV R
L1 —— ——_—————
1x20° 65.9 - 7.8 73.7 1.25
1x10° 65.9 - 6.4 72.3 1.22
8 x 107" 66.9 - 6.4 73.3 1.24
4 x 10" 68.1 - 6.4 74.5 1.26
2 x 107 65.5 - 6.4 71.9 1.22

log MO (%) = 1.24¢.02

DMSO, DM
log nNa 0.8

(hascd on iiterature data in Table 25)
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Table 26 (continued)

PC-DMF

Approximate E! E' - B!
Concentration E' (i) cell 3 logIlE%PC
NaBPh, cell (niV) (i) m'Na
1x102 275.9 -35.0 310.9 5.26
1x10° 268.6 ~29.1 297.7 5.03
8 x 10 " 271.1 -29.0 300.1 5.07
4 x 107" 274.5 -29.0 303.5 5.13
IMF PC = _ .
log = Yya {(x) = 5.12+.08
DMF. PC
log nﬂrua--4.3
{(based on literature data in Table 25)
PC-DMSO
Approximate E! E* - E'
Concentration E' V) j cell j log DMSO FC
NaBPh, cell (m¥) (V) 9 m'Na
1 x 1072 312.0 -42.3 354.3 5.99
1x 10" 319.5 -36.7 356.2 . 6.02
g8 x 10~ 322.9 -36.6 359.5 6.08
4 x 10" 322.3 -36.6 358.9 6.07
2x10" 324.7 -36.6 361.3 6.11

1og PO (%) = 6.05+.04

DMSC PC
log mwNa = 2.1

(based on literature data in Table 25)



108.

Table 27

Calculated Liquid-Junction Potentials, Ei & log n¥Na’

Using Cells with Et.NPi as a Salt Bridge.

DMF-MeCN
memm. Iate El EI - El
Concentration E (mv) 3 cell | log MeCN#DMF
NaBPh,, cell (mv) (V) m'Na
1x 107 -299.7 -34.0 -265.7 -4.49
1x 10! -306.3 -45.7 -260.6 -4.41
8 x 10°" -307.8 -45.7 -262.1 -4.43
2 x 10" -314.5 -45.8 -268.7 -4.54
MeCN DMF =, _ _
log m'Na {(xX) = -4.47+.05
MeCN_DME _ _
log miNa = 4.6
(based on literature data in Table 25)
PC-MeCN
Appnwdmw¢e E! E' - E
Concentration E (V) 3 cell 3 1 MeCN_PC
NaBPh, cell (V) (mv) I mina
1x 10" ~21.3 -56.3 35.0 .59
1x10° -27.6 -60.8 33.3 .56
8 x 10" -24.0 -60.9 36.9 .62
4x10 " -22.8 -60.9 38.1 .64
2 x110 " ~28.0 -60.9 32.9 .56
MeCN. PC

log mYNa (x) = .60+.03

{(based on literature data in Table 25)
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Table 27 (continued)

PC-DMF

Approximate - E' .. - B

Concentration E® (V) 3 cell 3 hx;PCImF
NaBPh, cell (niV) (riV) m'Na
1x 10 291.8 -21.6 313.4 5.29
1x10° 286.7 -15.7 302.4 5.11
8 x 10 * 294.5 -15.7 310.2 5.24
4 x 10" 270.9 -15.7 286.6 4.84

log S0 ) = 5.12:.17

PC DMF
log m'Na = 4.3

(based on literature data in Table 25)
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Comparison of Calculated Transfer Activity Coefficients with

Literature Values.

Table 28 contains data comparing the average values of
log n'Na calculated by Equation 61 with literature values.
As can easily be seen, there is excellent agreement between
the literature values based on the Ph AsBPh, assumption and
those obtained using Equation 61 for systems involving mea-
surements between acetonitrile, dimethylsulfoxide, and di-
methylformamide. However, transfer activity coefficients
between propylene carbonate and other solvents disagree with
the literature data by an almost constant amount of 0.8
log . units.

To what can we attribute the large discrepancy in the
transfer activity coefficient involving propylene carbonate
and the relative smaller differences in the other solvents?
Possible uncertainties in the literature values for log mYi
for the single ions and experimental error are not sufficient
to explain this problem. The answer seems to lie with our
assumption of negligible Ejsolvent in Equation 60.

| Acetonitrile, dimethylsulfoxide, and dimethylformamide
have similar values for dielectric constants and dipole
moments (49). However, the dielectric constant and dipole
moment of propylene carbonate are much higher than the other
solvents mentioned. Table 29 lists values of the dielectric
constant and dipocle moment Sf these solvents (50). The
term can be considered small (within experimental

Ejsolvent

error) foi measurements betweoen similar solvents. However,
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Ej solvent cannot be neglected in measurements of junctions
between propylene carbonate and acetonitrile, dimethyl-
sulfoxide, and dimethylformamide. These conclusions were
drawn based on the tetraphenylborate assumption for transfer

activity coefficients of single ions.

The value of E.

j solvent can be approximated from:

A = = log mn'Na (lit.) - log m'Na (cal.) (63)

Ej solvent

These values are also listed in Table 28.



Table 28

~112.

Calculated and Literature Values of Transfer Activity

Coefficients of the Sodium Ion, log Séyg;.
Literature Et.,NC10, Et,NPi
S : S (Table 25) (This Work) ar This Work
DMSO : MeCN -5.4 -5.56 0.2 -
DMF' : MeCN -4.6 -4.61 0.0 -4.47
DMF ¢ DMSO 0.8 1.41 -0.3 -
PC : MeCN -0.3 0.42 -0.7 0.60
PC : DMF 4.3 5.12 -0.8 5.12
PC : DMSO 5.1 6.05 -0.9 -

*»
=
1

log m'Na (lit.) - log ' Na (this work)

Reference Solvent

w0
-
I

-0.9

-0.8
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Table 29
————ty

Dielectric Constants and Dipole Moments of Scolvents (50)

Solvent Dielectric Constant Dipole Moment
MeCN 35.6 3.92
DMF 36.7 3.86
DMSO 46.7 3.96

PC 64.4 4.98



114.

Calculation of Transfer Activity Coefficients for taB? and

Pi~ Ions.

Transfer activity coefficients for the picrate ion
between dimethylsulfoxide and any of the other solvents of
interest are not available due to the extreme solubility of
picrates in dimethylsulfoxide. For the same reason,
solubility data of electrolytes containing TaB" ion in dipolar
aprotic solvents are not available in the literature.
However, transfer activity coefficients of the above ions
can be calculated from the measured e.m.f. of Cell IX and
known values of log mY for the other ions in solution.

By rearranging terms in Equation 60 and recalling that:

' L
Ece11 ~ B4

0.05916

at 25°C (4%a)

log mYNa =

we obtain when using TABBPh, as salt bridge electrolyte in

Cell IX:
(1-t,, ) E'
_ Na cell (mV)
log vy = w——— log _Yy -
m'TAB trap m'Na (59.16)(tTAB)
(tya ~ tppn,’ 1 s, %NaBPh,
t °d —xg _—_——— *
TAB S, “NaBPh,
t
BPhy E.
-——— log _¥ + solvent \'
wap 9 a'BPh, * en ‘T ) (64)

(59.16)(tTAB
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Similarly, when using Et,NPi as salt bridge, we can express:

EI
= _cell{mv) _ SzaNaBPhl

109 n¥pi = 159.16) (t5;7 (tya~tepn,’ 109 R —

(1-t,. ) t

Na BPh
log _Y - —= log _Y +
tPi m' Na tPi m'BPh,

t

Et, solvent (mV)

———— log _¥Y +

Calculated values of log n'Pi and log n'TAp 2T€ listed in

Table 30. Only values of Eéell for Cell IX for NaBPh,

concentrations below 10_2M were used in the calculation of

log and log

mY TAB

the contributions due to the ions other than those of the

salt bridge electrolyte,.

nYPi using Equations 64 and 65, to minimize

Values of the transfer activity of picrate ion in DMSO

referred to water were calculated by:

H,0_DMSO

_ S_DMSO
mYpi - 199

H,0_S
leg mYpi = 109 Ypj

with S being either acetonitrile, dimethylformamide or

H,0O_DMSO

propylene carbonate. The avérage value of log nPi

was found to be -1.8 units.

(66)



ils.

Table 30

Transfer Activity Coefficients for 'I'AB+ and Pi~ Ions

DMSO

in Dipolar Aprotic Solvents.

: 8, log “lvran log 5\ vpi
t MeCN 0.5 -1.3

¢ MeCN 0.5

: MeCN -1.5

: DMSO -2.4 0.3

: DMP -2.1

: DMSO ~0.1 0.2

Reference Solvent
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Calculation of Transfer Activity Cocefficients for Ag+ Ion

Using Parker's Cell.

Transfer activity coefficients for the Ag+ ion can be
obtained from measurements of Parker's Cell {(Cell V) if the
ligquid~-junction potentials are known:

Ag AgClo, (0.01 M) Et NPi (0.1 M) " AgClo, (0.01 M) Ag
Reference Solvent | Reference Solvent [

{Cell V)

The liquid-junction potential, Ej' can be calculated from:

Ej = -59.16[tAg log Y - t

Ag ~ Ycio. 1°9 m'cio,

+ t log mY

Lty N gt N - tpi 109 p¥pil + Eysolvent
(67)
Parker (9) reports the e.m.f. of Cell V, using acetonitrile
as reference solvent, to be =152 mV when S is DMSC and 40 mV
when S is DMF., These voltages correspond to values of
MeCN, DMSO MeCN. DMF

log mYAg = =2.6 and log mYAg = 0.7.

Assuming E,

jsolvent to be negligible between these

solvents, as in our previous discussion, Ej can be calculated
from transference numbers and transfer activity coefficients
for the ions in solution. Transference numbers, ti’ are
calculated as done previously (Equation 61) and are listed

in Table 31. Values of transfer activity coefficients for
the ions of interest can be found in Tables 25 and 30. E.
for Cell V was calculated to be =18 mV and -47 mV when S§ was
DMSO and DMF, respectively. Transfer activity coefficients

were then calculated using Equation 49, Table 32 compares
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values of log mYAg with the literature.



rt
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Table 31

Transference Numbers of AgClO, and Et.NPi.

0.01 M AgClO4 & 0.1 M EtuNPi

Solvents
MeCN DMSO DMF DMSO=MeCN DMF~MeCN
.047 .041 .043 .044 . 045
.057 .064 .064 .060 .060
.469 .445 .434 .457 .452
.426 .450 .459 .438 .443
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Table 32

Comparison of Values of Transfer Activity Coefficients

for the Silver Ion, log MeczYAg {MeCN-reference),

Parker, et. al. Calculated Ej

Negligible E, (This Work) Literature (1)
MeCN_DMSO
log m'Ag =2.6 2.3 2.1
MeCN_DMF
log mYAg 0.7 1.5 0.8
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Studies Using Hydrogen (Glass) Electrodes.

Additional e.m.f. studies in dipolar aprotic solvents

were made using hydrogen glass electrodes in Cell X.

H—glass electrode *-buffer | 0.1 M RX * ~buffer H—glass electrode
Py Poy |
Solvent (I) | Solvent (I) | Solvent (II} '

{Cell X)

Buffer solutions of known paﬁ-values in these solvents were
prepared based on the literature data (25, 26, S0). Combi-
nations of different concentrations of picric acid and
tetrabutylammonium picrate were used to prepare buffers in
acetonitrile (26). Similar mixtures of 2,6-dinitrophenol
and tetraethylammonium 2,6-dinitrophenclate were used in
dimethylformamide (25). Buffers in dimethylsulfoxide were
solutions of picric acid, salicylic acid and sodium sali-
cylate or benzeoic acid and lithium benzoate (50). Results
of measurements of Cell X can be found in Tables 33-34,

The term E__,,/59.16 + Apaa is a measure of the transfer
activity coefficient for the hydrogen ion and the liquid-

junction potential, Ej:

E.
cell *
55.1¢ T 4P3g = 109 vy + 597TE (68)

Values of this term are also listed in Tables 33-34. The
precision of these measurements is about 0.2 units except
for the 0.5 value in the DMSO-MeCN system with TABBPh, as
salt bridge. However, the accuracy of the value of

Ecell/SQ.lB + Apa% is questionable because of the large
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uncertainty of the Ka values of these buffers in these
solvents which, in certain cases, are reported to be one

significant figure only and, consequently, the pa% values of

the standard buffer are uncertain.



123.

Table 33

E.m.f. Values for Cell X in the DMF-MeCN System.

(Sleeve-type) 25.00°C.

Solvent I = MeCN Solvent II = DMF

RX = 0.1 M TABBPh, in MeCN

ak a* E E
(Eug) (iegN) Bee11  AP2 55-Te 5315 * 7%
5.2 10.4 -395.7 -5.2 -6.69 -11.9
5.2 11.8 ~318.0 -6.6 -5.38 -12.0
5.2 10.1 -411.0 -4.9 -6.95 -11.9
5.8 10.4 -432.0 -4.6 -7.30 -11.9
5.8 11.8 -366.0 -6.0 -6.19 -12.2
5.8 10.1 -459.0 -4.3 ~7.76 -12.1

X = -12.020.1
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Table 34

E.m.f. Values for Cell X in the DMSO-MeCN System.

{Sleeve-type) 25.00°C.

Solvent I = MeCN Solvent II = DMSO

RX = 0.1 M TABBPh, in MeCN

* * E
_(;:gg) (EZgN) Ecell Apaj g%ll% Fse_l%e— + Py
10.4 10.1 -744.3 0.3 -12.58 -12.3
6.4 10.1 -503.7 -3.7 - 8.51 ~12,2
10.4 10.4 -715.3 0.0 -12.09 -12.1
6.4 10.4 -547.7 -4.0 -9.26 -13.3
1.9 10.4 -258.5 -8.5 - 4.37 -12.9
1.9 11.8 -187.3 -9.9 - 3,17 -13.1

X = -12.7:0.5

RX = 0.1 M Et NP1 in MeCN

6.4 10.4 ~530.3 -4.0 - 8.96 ~-13.0
1.9 10.4 -252.6 -8.5 -~ 4.27 -12.8
1.9 11.8 -180.4 -9.9 - 3.05 -13.0
6.4 11.8 -462.3 -5.4 - 7.81 -13.2
10.4 11.8 -698.0 -1.4 -11.80 ~13.2
X = -13.120.1
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Table 34 (continued)

RX = 0.1 M Et,NC10, in MeCN

a* aX E E
(EMgO) (iegN) Ecell Apaﬁ 55%%% é%?%g-FApa;
10.4 10.4 -769.7 0.0 -13.01 -13.0
6.4 10.4 -523.0 -4.0 - B8.84 -12.8
1.9 10.4 -245.3 -8.5 - 4,15 -12.7
10.4 11.8 -703.3 -1.4 -11.89 -13.3
6.4 11.8 ~-460.3 -5.4 - 7.78 -13.2
1.9 11.8 -181.4 -9.9 - 3.07 -13.0
10.4 10.1 -798.0 0.3 -13.49 -13.2
6.4 10.1 -556.3 ~3.7 - 9.40 -13.1
1.9 10.1 ~277.2 ~8.2 - 4.69 -12.9

X = =13.0#0.2
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Transfer Activity Coefficients of the Hydrogen Ion in

Dipolar Aprotic Solvents.

The transfer activity coefficient of the hydrogen ion

can be calculated from the e.m.f. of Cell X by:

E E,

_ Pcell ~ *
log vy = —s5.Tg— < * APay (68a)

The liquid-junction potential, Ej' of this cell cannot be
calculated precisely because of the lack of information as to
the transfer activity coefficients of the ions in the paﬁ
buffers used. 1In addition, the buffer ions are, in some
cases, of equal concentration to that of the salt bridge
electrolyte, thus significantly contributing to ion transport
across the interface and the liquid-junction potential.
However, some estimation of Ej is possible by assuming that
only the salt bridge ions contribute significantly to trans-
port across the solvent-solvent interface.

Table 35 list estimated values of Ej based on transport
of salt bridge ions only. Values of log mYH calculated by
Equation 68a using these calculated Ej values are also listed
in Table 35. By subtracting the estimated value of Ej from
the Ecell/59'16 + Apaa term, the estimated value of log mYH
approaches the literature value, although it does not exactly
match it. It is important to reiterate at this point that
the accuracy of the values of E__,,/59.16 + ﬁpaﬁ term is
suspect because of the large uncertainty of the Ka values of

the buffers in these solvents.
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Table 35

Fstimated Values of Ej and Transfer Activity

Coefficients of the Hydrogen Ion in Cell X

Salt Bridge
(MeCN)

TABBPh,
Et.NPi

Et,NC10,

Salt Bridge

Ecel

TABBPh,,

Y )
59.16 T 0Py E; (mV) log MeCN, DMSO
(Table 33) ‘j‘é'i_s .16 g m'H
-0.6 -12.7 -12.1
-004 -1311 -12-7
-0.1 -13.0 -12.9

log MeCNyIMSO (1) = —11.2
—— *
79.16 T 4Pay E; (mV) 1oq MECN_ DUF
(Table 34) £9.16 cg m'H
-OI7 -12-0 —1103
log MeCN\DME (1) = -10.4
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Summary of Studies in Dipolar Aprotic Solvents,

In summary, measurements of e.m.f. cells with liquid
junction between solvent pairs were made. The use of three
different electrolytes as salt bridges was studied. Equations
for the calculation of the liquid-junction potential, Ej' of
these cells were developed and values of Ej were calculated.

Transfer activity coefficients for the sodium and
hydrogen ions were calculated from the measured e.m.f. of
the cell and the calculated liquid-junction potential, Ej'
and were compared to literature values obtained by other
methods. In addition, the transfer activity coefficients of
TAB+ ion between various solvents and Pi~ ion for solvent
systems involving DMSO, which are not accessible via other
methods, were calculated. The transfer activity coefficient
of Ag+ ion was determined using literature data on the e.m.f.
of cells with liquid junction by calculating the Ej and
correcting for it.

The E.

jsolvent t&¥M in the liquid-junction potential

equations can be assumed to be negligible between acetoni-
trile, dimethylformamide, and dimethylsulfoxide while, in
measurements between propylene carbonate and these other
solvents, Ejsolvent was significant. fThese conclusions were

drawn based on the tetraphenylborate assumption for transfer

activity coefficients of single ions.
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Alcohol-Water Mixtures.

Introduction.

As we have discussed previously, the liquid-junction
potential between two solvents is primarily due to the
transport of ions and solvent molecules that are transported in

the solvation sphere of the ions across the interface. The liquid-
junction potential, Ej' can be represented by:

Ej = Ea + Ej gsolvent (38)

where E!

3

across the interface and E,
jsolvent

accounts for all terms due to the transport of ions
involves the transport of
solvent molecules across the interface. While Ei can only
be calculated using extrathermodynamic data for transfer

activity coefficients of single ions, can be calcu-

Ejsolvent
lated from e.m.f. measurcments of cells with and without salt
bridges and other thermodynamic data. For example, for Cell

VII, a cell without a salt bridge:

Ag, AgZ(s) : MZ / MZ ! AgZ(s), Ag (Cell VII)
| ! !
j (H20) - (8) '

Ejsolvent is calculated from:
M

= - apro
Eysolvent = Ecell F G (M2) (37}

and for a cell with a salt bridge (Cell VIII):

M ‘ M2 ’ RX M2 'M (Cell VIII)
S) Si1 1 So ]
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- .1 o - o - e
Ejsolvent Ecell F[tZAGt(MZ) tR(AGt(RX) AGtmx’]

+ txAG;(MX) (47a)

Although we can evaluate Ejsolvent' we are faced with a
dilemma: both the calculation of the transfer activity co-

efficient and E,

jsolvent contain a term for the e.m.f. of the

measured cell, Ecell' The calculation of the transfer
activity coefficient involves subtracting the ligquid-junction

potential from Ecell=

E - E,.
_ cell 3
log \Ym = —0.05916 (49)
Since
= '
Ej Ej + Ejsolvent, (38)

we are in reality subtracting the value of E.ell from E o1l
and are left with a useless identity, log mYM = log mYM'
Thus, if we chose to evaluate the transfer activity coeffi-

cients for single ions, must be obtained from an

Ejsolvent
independent source or by some approximation.

In our study of dipolar aprotic media, where many of
the values of transfer activity coefficients are questionable,

we chose to evaluate log in rather than E. However,

jsolvent’
in methanol-water mixtures, transfer activity coefficients
are known with good precision and accuracy based on the

tetraphenylborate assumption. Thercfore, we studied
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N . .
the Ej solvent term of the liguid-junction potential between

aqueous and methanol-water mixtures. In addition, existing

literature data on cells with liquid junction in methanol-

water and ethanol-water media are interpreted.
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Previous Studies Evaluating Ej . jien¢e

Alfenaar, Deligny and Reminjse (22) evaluated Eﬁ and

Ejsolvent in Cell VII:

Mz
(s)

AgZ, Ag (Cell VII )

Ag, RAgZ MZ
| (H,0)

for 2 x 10"'5 mole fraction MZ solutions in water and
methanol-water solvent where MZ was one of seven alkali

halides. E was calculated by:

jJ solvent

t
= -——M o
Ejsolvent Ecell E‘AGt(Mz) (37)
They found that the value of Ejsolvent increased steadily

with the percentage of methanol in solvent, S, for all the

electrolytes studied. E varied a few milli-

jsolvent’ also,
volts depending on the nature of electrolyte MZ.

Murray and Aikens (51) measured E. in cells

jsolvent
similar to Cell VII with junctions between water and
methanol, ethanol, acetone, acetonitrile, and propylene

carbonate solutions and for some junctions between pairs of

nonaqueous solutions. Their cell (Cell XI),

M({(s), MX(s) ' NX(sat., S;) i NX(sat., S;) : MX(s), M

| (Cell XI)

consists of two saturated solutions of NX in two different

solvents, S: and S:, with M representing some metal with a

sparingly soluble salt, MX,



133.

The e.m.f., of this cell can be represented by:

B

tNAG;(NX) + E (69)

cell -~ F jsolvent

As discussed, in the absence of any crystal solvates,
the (partial molar) free energies of any two saturated solu-
tions of a solute, i, are equal. Thus, the free energies of
the two saturated solutions of NX in solvents 5, and S, must

be equal and AGE(NX) is egqual to zero, leaving

Ece11 = Ejsolvent (70)

Murray and Aikens (51) found a strong dependence of
. . +
Ejsolvent on the nature of current-carrying species, N and

X~ . In addition, the value of E.

jsolvent in Cell XI with

saturated KCl as NX between water and methanol is nearly

three times smaller than E_ reported by Alfenaar, et.
. jsolvent

al. (22) between 2 x 100 mole fraction KCl in water and

methanol. They state that "...the value of E.

jsoclvent depends

not only on the nature, but also on the concentration of the
current-carrying species present” (51). They concluded that
the solvent contribution to the ligquid-junction potential is
due to the transfer of sclvated ions across the solvent-
solvent interface, which in turn is a consequence of the
difference in the chemical potential of the solvent species.
In other words, the ions themselves have no tendency to
diffuse in Cell XI, since they are at equal chemical poten=-

tials; however, the solvent molecules will tend to diffuse
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and carry solvated ions with them across the interface.
Differences in transport of solvated ions across the inter-

face cause the liquid-junction potential.
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Outline of the Present Work.

In our present work, we have derived equations evalu-

ating E. in cells with liquid junction between

j solvent
water and methanol-water solvents. Four different e.m.f.

cells:
Hg, Hg,Cl,| NaCl '@ NaCl | Hg,Cl,, Hg (Cell XII)
(H20) | (S) \
Na-glass | NaCl ; NaCl | Na-glass {Cell XIII)
H,0) § (8) |

Hg, HgoCl: | NaCl |KCl{sat.) NaCl | Hg,Cl,, Hg
|
‘(HzO) l (H,0) ; (8) ’ (Cell XIV)
NaCl KC1l(sat.) NaCl | Na-glass
(H.0) (H20) v (S) . (Cell XV)

Na-glass

were studied at various concentrations of NaCl from saturated
-1 , .
to 3 x 10 M. These potentials were measured with solutions

at different percentages of methanol for solvent S.
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Derivations of Equations for E in Cells XII-XV.

jsolvent

The e.m.f. of Cells XII and XIV are equal to:

RT
Ece1l x11) = E(ceil x1v) = Ba = F 199 n¥c1 * Ej (71)

a

2
3 where a,

where E, = -%? log
1

A and a, are the

conventional activities of NaCl solutions in solvents S;and

S2, respectively. Similarly,

= RT :
E(Cell XV) E, + ¥ log nna * Ej (72)

E(cel1l xIII)

The liquid-junction potentials, Ej, in Cells XII and XIII are

the same (same sclutions, only different electrodes). Thus,
- -RT
Ej(cell x11) = Ej(cel1 x11I) = Fltya 199 n'na

-tCl log mYCI] + Ejsolvent (73)

The sum of transport numbers of all ions in solution is equal

to unity:

tNa + tc1-= 1 (74)

Thus,

tNa = 1 - tcl (74a)
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and

tey = 1 - by, (74b)

Substituting Equation 74b into Equation 73 yields:

RT
Ej(cerl x11) ~ FLltya 1°9 nYynac1 =~ 199 picad * Eisolvent
{75)

Substituting Equation 75 into Equation 71 and rearranging

terms yields an expression for E, for Cell XIT in

jsolvent
terms of measurable quantities:

= E (76)

RT
Eisolvent (Cell XII) = E(cell x11) * F 9 p¥nac1 ~ Ea

Similarly, substituting Equation 74a into Equation 73 yields:

_(RT
Ej(Cell XTI1I) "[b‘ log m'Na - tCl log mYNaCl]+ Ejsolvent

(77}
Substituting Equation 77 into Egquation 72 and rearranging

terms yields an expression for E, for Cell XIII in

jsolvent
terms of measurable quantities:

- _ RT -
Ejsolvent(Cell XIIT) E(Cell XI1I) T 199 n¥naca Ea

(78)

For Cells XIV and XV, the liquid-junction potentials are

equal to:

_RT
= Ejcell xv) =~ F Lt

Ej(cell xIv) Na 1°9 mYna ~ ®c1 1°9 m¥c1

+ ty log mYK] * Ejsolvent (79)
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The sum of transport numbers of the ions:

tya ¥ tcy ttg = 1 (80)
Thus,

tya =1 - to; - & (80a)
and

toy =1 = g, - tx (80b)

Substituting Equation 80b into Egquation 79 yields:

= - RT
Ej(cell x1v) = - F Ena 1°9 n¥naci * tx 1°9 nYkel
-log n¥c1l *+ Ejgoivent (81)

Substituting Equation 81 into Equation 71 and rearranging

terms yields:

RT
+ ¥r[t

Eysolvent (Cell XIV) = E(cell x1V) Na 199 mYNacCl

+ t, log mYKCl] - E, (82)

At low concentrations of NaCl in comparison to the KCl

concentration, tNa can be considered negligible and Equation

81 reduces to:

- RT -
Eigolvent (Cell XIV) = EB(cell x1v) * F itk 199 n¥kc1d ~ Ea

(83)
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Similarly, substituting Equation 80a into Equation 79 and

recalling that:
log g = 109 pyna = 109 p¥gey ~ 109 p¥ynacl (84)
yields:

RT
Ej(cell xv) = “FLtk(109 p¥xey = 109 pVyaca!
“te1 199 pYnaci * 109 mYNa] * Ejsolvent {85)

Substituting Equation 85 into Equation 72 and rearranging

terms yields:

= - RT -
Eisolvent(cell xv) = E(cell xv) Fltg(log pYpey ~ 109 ¥nacy)

-t (86)

c1 1°9 mYNaC1] - Ep

At low concentrations of NaCl, we can assume tNa to be zero

and t, = t = 0.5 and Equation 86 reduces to:

K Cl

= - RT '
Ejsolvent(Cell Xv)y E(Cell XV) F.[log m'NaC1l

- 0.5 log mYKCl] - E, {87)

In review, Equations 76, 78, 82, and 86 evaluate Ejsolvent

in Cell XII-XV in terms of the measured e.m.f. of these cells

and other thermodynamic data.
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Present Work in Evaluating Ejsolvent‘

Ejsolvent was calculated for Cell XII-XV by using the
appropriate equation derived for each cell. Cell XII and
XI1I contain exactly the same solveﬁt and electrolyte compo-
sitions except that calomel electrodes are used in Cell XII
and sodium glass electrodes are used in Cell XIII. Thus,
the value of Ejsolvent should be the same for these cells.
Similarly, Cell XIV and XV differ only as to the electrodes

used to measure the cell potential. Hence, E should

jsolvent
be the same in Cell XIV and Cell XV.

Transfer activity coefficients for electrolytes, NaCl
and KCl, in various methanol-water mixtures studied were
calculated from literature data (52). These values
are listed in Table 36 and plotted in Figures 5 and 6.
Transference numbers for Na' and C1” ions used in the equa-

tions for E. in Cells XII and XIII were assumed to be

jsolvent
approximately equal based on literature data in methanol (53),

80,

tha = tc1 = 0.5 (88)

The transference of Na® ion was assumed to be negligible in
Cells XIV and XV if the KC1l/NaCl concentration ratio was more

than a hundred to one, thus,

t, =t = 0.5 (89)
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Conventional salt-effect activities for all the unsaturated
solutions were calculated by the Debye-Hlickel equation.
Debye-Hlickel constants, A and B, for methanol-water solvents
are listed in Appendix 2.

Measurements of the e.m.f. of Cells XII-XV were made

between solutions of equal concentration in water and in the

2

methanol-water solvent at concentrations of 3 x 10 ° M,

3 x 10 ° M and saturated NaCl. was calculated

Ejsolvent
using equations derived for each cell:

for Cell XII,

Ejsolvent = Eee11 * ¥ 199 pYnac1 T Ea (76)
for Cell XIII,
= - RT -
Ejsolvent = Bcell -~ F 199 mYNac1l ~ Ea (78)
for Cell X1V,
_ RT _
Ejsolvent = Ecern ¥ Tr[tK log mYKCI] Ea (83)

and -for Cell XV,

- - RT - -
Ejsolvent = Ece11 F (109 m'Nacl 0.5 log mYKC1] Ea

(87)

Recalling that the free energies of saturated solutions
of a solute in different solvents are equal, it follows that
the potential of cells of the type o0f Cells XII and XIII
should ke zero. The reason why it is not zero is attributed

to the existence of E.

. Therefore, for Cells XII ard
jsolvent
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and XIII containing saturated solutions, we recall that

Ejsolvent = Ecel1 (70)

as in the work of Murray and Aikens (51). Table 37

lists values for E. calculated from the above egqua-

jsolvent
tions for each cell studied. The e.m.f. of Cells XII-XV
containing saturated NaCl solutions are listed in Table 38.

As previously stated, the value of Ejsolvent should be
the same when calculated in Cells XII and XIII and, similarly,
in Cells XIII and XIV, because the liquid-junction potential
in each of these cases is between the same solutions. As
can be seen from Table 37, there is excellent agreement
(+3 mV) between Ejsolvent values calculated from Cell XII

and Cell XIII, with the best agreement at NaCl concentrations

other than saturated (+2 mV}). values calculated

Ejsolvent
for Cells XIV and XV are in good agreement with each other
(+5 mV) but poorer than for Cell XII-XIII, which may be
attributed to our approximations of transport numbers in
these cells.

In our previous study in dipolar aprotic solvents,

E was found to be significant for junctions between

jsolvent
propylene carbonate and aceionitrile, dimethylformamide, and
dimethylsulfoxide and negligible for junctions between the
other solvents. This was attributed to propylene carbonate's
dissimilarity with the other solvents in terms of their

dielectric constants and dipol«e moments., As the percentace

of methanol increases in the nonagueous solvent in Cells
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XII-XV, the scolvent becomes less similar to that of the
reference, water. For example, the dielectric constant of
methanol-water solvents decreases with increasing methanol

-2
content. Figure 7 shows a plot_of Ejsolve.nt for 3 % 10 © M NaCl

solutions in Cells XII and XIII vs. wt. % methanol and

Figure 8 plots E, for 3 x 10~ M NaCl solutions in

jsolvent
Cells XIV and XV. As can easily be seen from these plots,

Ejsolvent tends to increase with increasing wt. % methanol.

From Table 37, we can see that, as the concen-

tration of NaCl decreases, £ generally increases,

Ejsolven
The value of Ejsolvent for saturated solutions of NaCl is
appreciably lower than values determined at the other con-
centrations studied. For example, for a junction between

90 wt. % methanol and water, E for saturated NaCl

jsolvent
solutions in Cell XII is 14 nV compared to 45 mV for

. -3 .
solutions of 3 x 10 M NaCl. Similarly, an Ejsolvent value

=5

of 57.8 mV for a junction betwzen 2 x 10 mole fraction
NaCl solutions in water and 87.68 wt. % methanol was
calculated from experimental measurements of Alfenaar, et.
al. (22), using a value of log mYNacl from Reference 52.
Although this measurement was made at 87.68 wt. % methanol
rather than at 90% methanol, it scems to indicate a trend

toward largexr values of E. with decreasing concentra-

jsolvent

tion of NaCl. The dependence of E.

jsolvent on the concen-

tration of the charge-carrying species was also cbserved
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by Murray and Aikens (51). Reasons as to why Ejsolvent
should vary with concentration are open to conjecture.

For ligquid-junctions between aqueous solutions, the
liquid-junction potential, Ej' has been decreased experi-
mentally by including concentrated (relative to the other
ions present} salt bridges containing ions of equal mobility
between the two half cells. Although the Ej for junctions
between two dissimilar solvents cannot be simply suppressed
by addition of a salt bridge due to the dependence of E; on
the transfer activity coefficients of all the ions in solu-
tion, it is of interest to see the effect of the addition of
a concentrated aqueous KCl salt bridge between NaCl solutions
in water and methanol-water solvents. 1In addition, ﬁost
pay measurements in alcochol-~water media make use of a calomel
electrode containing a saturated agueous solution of KC1l as
salt bridge electrolyte (54).

The e.m.f.'s of Cells XII-XV are determincd by
the same NaCl solutions except that Cell XIV and XV contain
satgrated agueous KC1 solutions as salt bridges. As can
easily be seen from Table 37, without exception, the values

of E.

jsolvent in Cells XIV and XV (with salt bridges) are

appreciably lower than those in the cells without the salt
bridge present. This may, in part, be due to the dependence

of E.

jsolvent on the concentration of the ionic species in

solution, which we discussed ecarlier. tends to bce

E.
jsolvent
smaller at high concentration of the current-carrying ions

in solution.
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To summarize, was calculated independently for

Ejsolvent
two different cells with a junction between the same solutions

but with different pairs of indicator electrodes. The values

of E,

jsolvent Were within good-to-excellent agreement with

each other. values between aqueous and methanol-

Ejsolvent
water solvents were found to increase with increasing

methanol content (increasing dissimilarity of the solvents).

E showed inverse dependence on the concentration of
jsolvent

the charge-carrying species in solution. In addition,

valuas of E, were lowered by addition of saturated

jsolvent
aqueous KCl salt bridges between the NaCl solutions.
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Table 36

Transfer Activity Coefficients of NaCl and KCl in Methanol-

Water Solvents (Water reference-molar scale) (52).

Wt. % Methanol 109  Ynacl log [ Yxe1
100 3.81 3.87
90 3.37 3.64
80 2.91 3.06
70 2.48 2.55
60 2.05 2.10
50 1.70 1.70
40 1.31 1.32
30 0.97 0.97
20 0.65 0.64
10 0.32 0.31
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Figure 5

Transfer Activity Coefficients of NaCl in

Methanol-Water Solvents (molar scale)
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Figqure 6

Transfer Activity Coefficients of KC1l in

Methanol-Water Solvents (molar scale)
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Table 37
Calculated Ej solvent Values for Cell XII-XV.
Ej solvent
90% MeOH
Approximate
NaCl Conc. Cell XII Cell XIIIX Cell XIV Cell XV
sat. 14 18
3 x 1072 4021 3742 23+2 1643
3 x 10°° 45:1 4512 28+5 2415
80% MeOH
sat. 7 12
3 x 10°° 3240 30+4 14+ 14:1
3 x 107° 39+2 3612 15+1 20+1
70% MeOH
sat, 7 11
3 x 10”2 26+1 261+3 10+2 1121
3 x 10°° 3241 32+1 5+1 17+1
50% MeOH
sat. 7
3 x 10°° 2140 23+1 +2 11+2
3 x 107° 20+4 26+1 + 1342
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Figure 7

E of Cells XII-XIII in Methanol-Water Solvents
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Figure 8

of Cells XIV-XV in Methanol-Water Solvents

(3 x 10°% M NaCi)
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Table 338

E.m.f. of Cell XII-XV for Saturated NaCl Sclutions

in Water and Methancl-Water Sclvents.

E.m.f. (mV)

Wt. % MeOH Cell XII Cell XIII Cell XIV Cell XV

90 14 18 8 16
80 ? 12 10 13
70 7 11 2 7

50 2 7 7 8
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Measurements Using pH-Cells in Alcohol-Water Media.

The normal operation of a pH cell (Cell XVI)

Hg, Hg:Cl.(s) | RCl{conc aq) l Buffer , H-electrode
l (Cell XVI}

involves the standardization of the electrodes with buffers
of known pa, and, then, comparing the potential difference in
the unknown solution to that of the standard with the
assumption that the liquid-junction potential is the same in
the unknown solution as in the standard buffer. This works
well for aqueous solutions. However, if we measure the e.m.f.
of a nonaqueous buffer in Cell XVI and standardize the elec-

trodes with aqueous buffers, the pay will be:

Pay = paH* - log vy + Ej (90)

where Pay and paﬂ* refer to the agueous and nonagqueous
conventional activities, respectively.
Bates, Paabo and Robinson (54), in their studies of

Cell XVI, determined values of & defined as:

§ = Ej - log Yy (91)

for dilute buffer solutions in ethanol-water and methanol-
water solvents in contact with 3,5 M agqueous KCl. Popovych,
Gibofsky and Berne (11l) cal-ulated the ligquid-junction
potential, Ej' by adding values of log o H based on the

Ph,AsBPh, assumption to the 4's determined by Bates, et. al.
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(54). These values of Ej and log n'yg 2re listed in Teable
39, Similarly, values of Ej in Cell XVI can be calculated
for junctions between buffers in methanol-water solvents and
concentrated KC1 by using values of log n'H (55) based on the
tetraphenylborate assumption. Values of Ej and log n'H for
methanol-water solvents are listed in Table 40.

The ligquid-junction potential can be written as:

= [
Ej Ej + Ejsolvent (38)

Thus, if the value of Ei is known, can be obtained:

Ejsolvent

Ejsolvent = Ej - Eﬁ (38a)

Since, in Cell XVI, the concentration of KCl is at least one-
hundred times greater than the concentration of the ions in
the buffer solutions, the contributions of the buffer ions to
the liquid-junction potential can be considered negligible.

Thus, Ei can be approximated by:
= - 1 -
Ei = F[tK log Yy toy log mYC1] (92)

Values of the transfer activity coefficients for K' and C1”
ions based on the Ph,AsBPh, assumption were used to calculate

E; in ethanol-water solvents (11) and in methanol-water sol-

vents (55} and are listed in Tables 39 and 40, respectively.

E! and E., for Cell XVI are listed in Table 39 for

3 jsolvent
ethanol-water solvents and Table 40 for methancl-water sol-

vents., Figure 9 shows values of Ei vs. wt. % ethanol
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and Figure 10 displays variation of Eé vs. wt. % methanol.

Values of E vs. wt. % ethanol are plotted in

j solvent
Figure 1l1. A good correlation exists between the Ej solvent
values from the work of Bates, et. al. (54) and those calcu-
lated from Cells XIV-XV for 3 x 10 ¢ M NaCl solutions in
water and methanol-water solvents with saturated KCl as salt
bridge. This can be seen in Figure 12. Values of Ej solvent
for junctions between concentrated aqueous KC1l and dilute
solutions of ions in methanol-water solvents may be approxi-

mated from Figure 12.
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Table 39

. . . + + -

Values of §, Ej' Ei, Ej solvent’ and Transfer Activity Coefficients of K, H , and Cl

Ions in Ethanol-Water Solvents.
s fg’” (interpolated)  (b)  (interpolated) (interpolated)  solvent
| ]

We. $ EtOH  (oH units) 199 g 11 E; (W) log vk log e ES (mvV) (V)
0.0 0.000 0.00 0 0.00 0.00 0 0
16.2 - 0.003 0.08 -5 - 0.34 0.16 -5 0
33.2 0.086 —0012 2 0.46 0-56 3 "'l
52.0 0.221 -0,68 27 0.67 1.28 18 9
73.4 0.196 -0.83 37 1.12 2.10 29 8
85.4 -0.032 -0.53 33 1.70 2.60 27 6
100.0 -2.91 1.68 73 2.67 3.45 23 50

{(a) § = Ej--logmyH

(b) sign changed to confarm to H:0 reference
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values of &, E., E!, E

Table 40

i solvent’ and Transfer Activity Coefficients of K+, H+, and C1~

i J
Ions in Methanol-Water Solvents.
s Eg‘;) (nterpolated) (o) (interpolated)  (interpolated) By ootvent
Wt. $ MeOH  (pH units) m'H j 9 'k %3 ¥l By () ()

0.0 0.000 0.00 0 0.00 0.00 0 0
8.1 0.002 0.02 1 0.18 0.08 3 2
16.3 0.004 0.06 4 0.38 0.12 8 4
33.3 0,051 0.06 7 0.74 0.31 i3 6
52.1 0.130 0.12 1 1.02 0.67 12 1
68.1 0.121 0.16 -2 1.29 1.06 7 9

(a) &6 = Ej - log o'H

() sign changed to conform to H;O0 reference
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Figure 10

E5 of Cell XVI in Methanol-Water Sclvents
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Figure 11
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Figure 12

in Cells XIV-XVI in Methanol Water Solvents
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Iterative Methods for the Determination of Transfer Activity

Coefficients of Single Ions.

As we have discussed previously, it is possible to cal-
culate transfer activity coefficients of single ions from
the e.m.f. of cells with junctions between different solvents
if the liguid-junction potential is known.

Consider Cell XVII,

H-electrode | HC1 !KCl{conc) ! HC1l  H-electrode

H,0 | H;0 i s |

(Cell XVII)

The transfer activity coefficients of the hydrogen ions are

obtained from:

(E.e1; ~ Ej)

log y, = ] at 25.0° C (93)
mH 59.16

The liquid-junction potential, Ej' is calculated from:

Ej = - 59.16[tH log Yy - toy log ve; + ty log mYK]

. (94)

Ejsolvent

Since the concentration of KC1 in the salt bridge is much

greater than the HCl concentration, ty can be assumed to be

negligible and t, = t = 0.5, yielding

K Cl

Ej = - 59,16(.5 log nYk ~ -5 log mYClJ + (95)

Ejsolvent

By substituting values of the transfer activity coefficients

of the K' and Cl~ ions basad on the Ph,AsBPh, assumption ani
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approximating the value of E the liquid-junction

jsolvent’
potential can be calculated. Substituting the E, and e.m.f. of

J
the cell into Equation93 yields the transfer activity coef-
ficient of the hydrogen ion.
In the early stages of this work, it was thought that

better values of transfer activity coefficients for single

ions could be obtained by a series of iterations. Recalling

that

109 1Yc1 = 109 pYuey — 199 ¥y (96a)
and

log vg = 109 Ygcy = 109 _vo, (96b)
new “corrected" values of log mYel and log mYg €an be

obtained by substituting a new value for log mYH (not
necessarily that based on the Ph,AsBPh, assumption). These

new "corrected" values for log and log nYx would be

mYcl
substituted into Equation 95, yielding a new estimate of the
liquid~junction potential. Ej would then be resubstituted
into Equation 93 and log Y H re-evaluated. This process
would be repeated until the values of the transfer activity
coefficients converged.

However, this plan proved impractical because of the
nature of transfer activity coefficients and of the Ej

equation. Since transfer activity coefficients of electro-

lytes are concitant values and
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log m'cation + log m'anion ~ log mYelectrolyte (97)

any increase in the value of log must be matched by

m'cation

a corresponding decrease in the value of log mY Thus,

anion’
if log m'H is increased by 1.0 log mY units, log m'cl must
decrease by a corresponding 1.0 log n units. In addition,
values of transfer activity coefficients for all other
cations must increase by 1.0 units and values for all other

anions must decrease by 1.0 units:
log m'M = log mYmMcl ~ log m'c1 (98a)
log vy = 109 _yuy = log vy {98Db)

Thus, log mYK will increase by 1.0 log Y units.

With this in mind, if we substitute the new values of
log nYK and log n'cl into Equation 95, the bracketed term
will increase by 1.0 log Y units and Ej will decrease by
59.16 mV (1.0 log oY units). When the new Ej is substituted
into Equation 93, it, in turn, causes log mn'H to increase,
restarting the cycle. The value of log o H will change
unidirectionally with every iteration and no convergence
will occur,

While this kind of iteration for the purpose of obtain-
ing convergence of transfer activity coefficients and Ej
values proved impossible, it is possible to use such a pro-
cess to make a single correction in the wvalues of the

transfer activity coefficient of the measured ion. Consider
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Oiwa's cell (Cell 1V}

KCl(sat. ag.) ’ Hg2Cl: (s), Hg

Pt, Hz(g) ‘ HCl
MeOH-H,0 | I

(Cell 1IV)

If we subtract the e.m.f. of Cell IV from the e.m.f. of the
same cell where cMeOH = 0, it would be equivalent to

measuring the e.m.f. of Cell XVII:

H-electrode ;| HC1 KCl(sat. ag.) HC1 ;| H-electrode
‘ (H,0) S

(Cell XVII)

The Ej of Cell XVII can be calculated from Equation 95 with

the value of E._

j solvent approximated from Figure 12 (previous

section). Values of transfer activity coefficients of
single ions (55) based on the Ph,AsBPh, assumption are used
to calculate Ej. The Ej is then substituted into Equation
93 to calculate new values of log mYu" Values of Ei,

E and transfer activity coefficients of

j solvent’ Ecell'
single ions as well as the "new" values of log mYy are

listed in Table 41 at different wt. % methanol.



Table 41

Values of Ei, Ej solvent

Activity Coefficlents Used in Iterations of log mYy*

, E(Cell XVII} and Transfer

90% MeOH

E(Cell XVII) = 18.5
Ei (Equation 94) = 9 nmv

Ej Bolvent(Figure 12) = 22 mV

Initial Values

log n'H -0.02
log mYc1 1.87
log mYK 1.58
60% MeOH
E(Cell XVII) = -11.7 nVv
E% (Equation 94) = -9 mVv

Ej Solvent(}?lgure 12) = 10 mv

Initial Values

log u'H -0.15
tog ea 0.85
log ¥ 1.15

r. K

10g  yyoy = 3-45

log wVic1 = 1.83

Tterated Values

-0020

log mYkcl = 2.00

]
o
-
o
0

109 \Yucl

Iterated Values

-0.21

0.90
1.10

l6€.



Table 41 {continued)

40% MeOH

E(Cell XVII) = -7.,1 mV
Ei (Equation 94) = -12 mv

Ej solvent(Figure 12) = 8 mv

Initial Values

log n'H 0.02
1og Ye1 0.42

log .Yk 0.84

log = 1.26

mYKC1l

log mYuc1 = 0.43

Iterated Values

le7.
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Recommendations for Future Studies.

Further studies of e.m.f. cells with liquid junctions
between different solvents would increase our understanding
of the nature of liquid-junction potentials in these cells.
Knowledge of transfer activity coefficients for salt-bridge
ions in dipolar aprotic solvents (e.g., NMF) would help us
determine log mY values for ions of interest, using these
cells. Transfer activity coefficients of ions unattainable
by other methods (similar to the previous studies with taB*
and Pi~ ions) can be obtained. Studies of e.m.f. cells
without salt bridges between solutions of electroactive ions
in different scolvent media would also be of interest.

Additional studies of the dependence of Ej solvent °0
the physico-chemical properties (dielectric constant, dipole
moment, polarizability, hydrogen bonding, etc.) of the
solvents in the cell would help us elucidate the nature of
this term. For example, studies of cells containing
dissimilar solvents, e.g., formamide (very high dielectric
constant) and DMF (low dielectric constant), ana similar
solvents might help us develop a better theory of explaining

the E term. Methods of prediction of when

j solvent
can be considered a negligible contribution to

Ej solvent
Ej need to be found. The significance of this research is
dependent on possible errors in the value of Ej and on the
propagation of these errors in subscquent calculations.

M=asurements of cells containing solutions of ions of

unequal transference and solvation numbers and of different
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polarizabilities (e.g., potassium, nitrate, bromide, and
i1odide) should be carried out to test further the validity
of our equations. Commercial ion-selective electrodes are
avallable to perform these measurements. An explanation of
the inverse relationship of the value of Ej solvent with
the concentration of ions present in solution is needed.

It would be of great value 1f one could develop a method
for measuring or calculating Ej solvent which would not

depend on e.m.f. measurements of cells with liguid junction,

of which E is a component. Analysis of the solvent

j solvent
composition at the interphase region between the two
solvents by chromatography or refractometry could, possibly,

be used.



Appendix 1

Densities of Methanol-Water Solvents at 25°C (24).

Wt. % Methanol Density
0.0 0.9971
10.0 0.9799
20.0 0.9644
40.0 0.9316
50.9 0.9119
60.0 0.8907
80.0 0.8425
90.0 0.8150
100.0 0.7866

170.
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Debye~Hiickel Coefficients for Various Solvents at 25°C

(molar scale)

Solvent A B
DMF 1.59 .481
DMSO 1.11 .439
MeCN l1.64 .486
pPC .686 .363
NMF .144 .215
100% MeOH 1.90 .509
90% M=0H 1.52 .473
© 80% MeOH 1.28 .446
70% MeOH 1.10 .424
60% M=20H .956 .405
50% MeOH .B839 .388
H,0 .509 .329
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