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Presentation of •problem.

Introduction.
Electrode potentials and ion-activity scales are 

conventionally established referring to an ideal 
solution of unit activity and unit molality in the solvent 
of interest as the standard state. For convenience* 
these hypothetical standard state solutions will be 
referred to as "infinitely dilute solutions". As a 
result of this choice of standard states* there are as 
many conventional electrode potential and ion-activity 
scales as there are solvents. The limitless number 
of electrochemical scales presents a problem since 
comparisons between conventional electrochemical 
measurements are restricted to measurements performed 
in identical solvents. Many of the early chemical 
investigators were aware of this restriction (1 # 2 ,
39 9 ) but they did not concern themselves with it since 
most electrochemical measurements were performed in 
aqueous media. More recently* with the availability 
of many nonaqueous solvents in bulk quantities* many 
investigators have been studying nonaqueous electrochemical 
systems and it has become necessary to seek methods of 
correlating data obtained in different solvents. In order 
to accomplish this* the old convention of choosing a 
different standard state for each solvent must be changed
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and a new one substituted that allows only one standard 
state to be used for all electrochemical measurements. 
Classical thermodynamicists would be quick to point out 
that the use of a universal, solvent-independent standard 
state requires knowledge of energic properties of 
single ions. Traditionally, studies of the energetics 
of single ions have been avoided (4-, 5* 6 ) since 
classical thermodynamics yields information about 
electroneutral combinations of ions or neutral 
molecules only. More recently, however, many 
extrathermodynamic methods have been proposed for estimating 
single ion properties. The aqueous pH scale has been 
extremely successful and many investigators (^, 7 , 8 ) 
feel that properties of single ions are indeed significant 
and may provide information which would be unobtainable 
using the classical approach.

In this thesis, the various extrathermodynamic 
methods for establishing solvent-independent e.m.f* 
scales and ion-activity scales will be critically 
reviewed and a new method for establishing these 
scales will be presented and evaluated. Solvent- 
independent e.m.f. and ion-activity scales were 
established in ethanol— water solvents, methanol, 
and acetonitrile.
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The medium effect*
The chemical potential of solute i in solvent 

s referred to its aqueous standard state, wG(i,s), 
is defined as

wG(i,s) = VG° + RT ln&i (l)

subscripts w refer to the aqueous standard state, 
v g P is the standard free energy of solute i in 
water, and a^ is the aqueous activity of solute i 
given by

ai “ mi wYi t2>

where m. is the molality and v. is the activity
X  W  X

coefficient which approaches unity as the molality
approaches zero in water. Similarly, the chemical
potential of solute i referred to its nonaqueous
standard state, _G(i,s), is defined ass

sG(i,s) = SG.° + RT In a1 (3)

where subscripts s refer to the nonaqueous standard 
state, G.° is the standard free energy of solute iS X
in a nonaqueous solvent and a^* is the conventional 
nonaqueous activity given by
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where m. is the molality of solute i and v. is itsX 5 X
nonaqueous salt effect activity coefficient which approaches
unity as the molality approaches zero in the given nonaqueous
solvent* In actuality, the chemical potential of any
nonaqueous solution can be defined using either the aqueous
or the nonaqueous standard states* Since the chemical
potential of a given solution is independent of the choice of
standard states, G(i,s) = tltG(i,s)» ands w

referred to its aqueous standard state divided by the 
activity of this same solution referred to its nonaqueous 
standard state and represents the most fundamental 
definition of the medium effect, i

Thus, the medium effect of solute i, is a measure
of the difference between the standard free energy of 
solute i in water and in the nonaqueous solvent t

ai= RT In - 5 (5)

The ratio a./a,* represents the activity of a solution
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G ° - G.° * RT In y. (7)s i w 1 m T l 'r 7

The medium effect is therefore independent of concentration 
of solute i "but dependent on the nature of the interactions 
between solute i and the nonaqueous solvent, the aqueous 
solvent (or another reference solvent), and on the 
temperature and pressure*

With the aid of the medium effect, a conventional 
nonaqueous activity, at, can be converted to its value 
on the aqueous scale, a^ i

a . —  at y . (8)l l m Ti ' '

Similarly, a conventional nonaqueous activity coefficient, 
gY^, is related to its equivalent value on the aqueous 
scale, jy.$ through the medium effect t

W  1

Y- = Y • Y • (9)w Ti sTi m Ti

For aqueous solutions, is identical with w y ^ and 
the medium effect is unity.

The medium effect of species i can also be expressed 
in terms of changes in the standard electrode potentials, 
using the relationship

-nF AE.° = RT In v,l i m l (1 0 )
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where A E ®  is the difference between the standard 
potential of an electrode reversible to species i in 
water and in the given nonaqueous solvent* For example, 
in the case of electrodes reversible to a single reducible 
species in solution, the medium effect for that species is 
given by 1

E°(i,s) - E°(i,H20) = “| l n inyi (11)

where E°(i,s) and E°(i,H20) are the absolute standard 
potentials of i in the solvent and water, respectively* 
Similarly, for oxidizable species in solution, the medium 
effect is given by

E°(i,H20) - E°(i,s) = ^ l n inyi (12)

where the E°'s are those of an electrode reversible to 
the oxidizable species.

The difference in standard free energy of solvation 
between an aqueous and a nonaqueous solution of solute 
i is due to the difference between the water-solute and 
nonaqueous solvent-solute interactions* In other words, 
changing the medium surrounding a solute has the effect 
of changing its standard free energy of solvation*
Because of this, the difference between the aqueous and 
the nonaqueous standard free energies is termed the
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"medium effect" by many investigators (*!-» 10— 1 9).
Various other terms have been used for „y <* The term *m l
"primary medium effect" has been used by Owen (23),
Robinson and Stokes (20), Alfenaar and DeLigny (21), 
and Bates, Paabo and Robinson (22). Owen was perhaps 
the first author to recognize the scope of the medium 
effect. His formulation of the "primary medium effect" 
was equivalent to the "medium effect" in use today.
Owen also used the term "secondary medium effect" to 
represent the difference in salt effect activity 
coefficients of solutions of a given substance in two 
solvents. The term "distribution coefficient" dr 
"partition coefficient" was used by Bjerrum and 
Larsson (9)» Kolthoff and Bruckenstein (2*0, and 
Laitinen (25). This term is misleading since it 
implies that operationally a solute must be distributed 
between two media for a medium effect to be established. 
However, it is impossible to distribute a single ion 
between pairs of solvents and, many solvent pairs are 
miscible. "Solvent activity coefficient" has been used 
by Parker and Alexander (26— 30). In the case of 
Parker and Alexander*s "solvent activity coefficient", 
infinitely dilute solutions in methanol were us^d as the 
standard state. Most recently, Kolthoff and Chantooni (31) 
have proposed the term "medium ion activity coefficient" 
for Popovych (4) feels that the term "medium effect"
is the most logical choice for ^y  ̂ since it is analogous
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to the terms "salt effect" or "concentration effect"
which are used for v-* The terms "medium effect" ands 1
"salt effect" or "concentration effect" identify the 
causes for a solutes departure from ideal behavior as 
defined by the standard state* In this thesis# the 
term "medium effect" will be used exclusively for mvjL*



The three interrelated problems.

Establishment of a solvent-independent electrode 
potential scale*

Conventionally# all electrode potentials are 
measured with respect to the standard hydrogen 
electrode (SHE) having an assigned standard potential 
of zero volts in all solvents. This implies that the 
SHE experiences no change in potential upon change of 
solvent. Since the potential of an electrode is in 
part determined by the solvation energy of the electrode- 
active ion# the convention that - 0 in all solvents 
is the same as saying that the solvation energy of the 
hydrogen ion is constant in all solvents. In actuality# 
this is an absurd assumption. In basic solvents such 
as liquid ammonia and hydrazine# the hydrogen ion is 
much more tightly solvated than it is in water. In 
acidic solvents# such as glacial acetic acid and formic 
acid, the hydrogen ion is less tightly solvated than it 
is in water. Our chemical intuition alone tells us 
that the solvation energy of hydrogen ions and hence# the 
potential of the hydrogen electrode must vary from 
solvent to solvent. Just as a matter of discussion# 
if we were to assume Ê J? = 0 in all solvents# it would 
be a logical extension to assume that the standard 
potential of all electrodes remains constant regardless
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of solvent. This too is of course# absurd.
Because of the conventional method of establishing 

electrode potential scales, there are as many different 
independent scales as there are solvents. One cannot 
deduce any comparitive information from conventional 
potential measurements made in different solvents. For 
example# if a conventional potential of -0*3*l-volts is 
reported for a Tl/Tl+ electrode in both water and 
ethanol, this does not necessarily mean that the Tl+ 
is equally strong in terms of redox ability in both 
solvents.

The ordinary conventional standard potentials of an 
electrode-active ion# i, is defined by the relationship

E°(i#s) s E°(i,s) - E°(H,s) (13)b

where E°(i#s) is the potential of i in solvent s s
with the subscript s referring to the standard state# 
E°(i,s) is the absolute standard potential of i in 
solvent s and E°(H#s) is the absolute standard potential 
of the hydrogen electrode in solvent s. The standard 
potential of the electrode-active ion, i# on the water 
scale*# wE°(i,s), is defined by

wE°(i,s) s E°(i,s) - E°(H,H20) (1*0

where wE°(i,s) is the standard potential of ion i in
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solvent s referred to infinite dilution in water, E°(i,s) 
is the absolute standard potential of an electrode reversible 
to species i in solvent s and E°(H,H20) is the absolute 
standard potential of the hydrogen electrode in water* 
the latter is assumed to be zero volts* wE°(i,s) is 
termed the standard potential on the water scale*
Combining Equations 13 and 1^, we get an expression 
which can be used to convert conventional standard 
potentials into their corresponding value on the water scale

wE°(i,s) = sE°(i,s) + E°(H,s) - E°(H,H20) )15)

The last two terms in the above equation represent the 
difference in the absolute standard potential of the 
hydrogen electrode between water and solvent s and 
are related to the medium effect of the proton as follows *

E°(H,s) - E°(H,H20) = § ? l n mYH (l6 )

lnmYH is 't*ie medium effect for a single ion, the proton* 
Knowledge of this value is necessary for converting 
nonaqueous e*m*f* and activity measurements to their 
values on the aqueous scale* If the medium effect for 
the proton is known in a given solvent, all conventional 
potentials measured in that solvent can be converted to 
their values on the water scale with this equation 1
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wE0<i.s) = aE°(i,s) + §  lnmY(I (17)

A very nice way of illustrating how the medium
effect for the proton aids in establishing a universal
electrode potential scale in which all potential's are
referred to the aqueous standard state is by means of a
bar graph. In Figure 1, we see the three possible
relationships between conventional and "aqueous** electrode
potential scales. In Figure 1, E°(i,s) and E°(H,s) are
the absolute standard potentials of electrodes reversible
to i and H in solvent s, andJi^tHfHgO) is the absolute
standard potential of H in water. The conventional
standard potential of i, the one in which E°(H,s) =0,s
is equal to the "distance" betweensE°(i,s) andsE°(H,s).
The universal or aqueous standard potential of i is equal
to the "distance" betweensE°(i,s) and^E°(H,H20)• As can
be seen* to convert from one e.m.f. scale to another*
all one has to know is the difference between E°(H»s)
and E°(H*H20). In the case of water, Figure 1-a,
sE°(H»s) = ̂ (H.HgO) and all conventional aqueous standard
potentials are equal to standard potentials on the
water scale. In some cases, Figure 1-b, E°(H,sJ is moreS|
positive than E°(H,HpO) and in others, Figure 1-c, it is 
more negative. In any case, Equation 17 can always be 
used to convert standard potentials to their corresponding 
values on the water scale.
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Figure 1. Relationships Between Conventional and 
"Aqueous" Electrode Potential Scales*
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In establishing a solvent-independent electrode 
potential scale in which the standard potential of 
hydrogen is aero in water only, knowledge of medium 
effects for single ions is necessary. This presents a 
problem because medium effects for single ions are 
not rigorous thermodynamic properties. Nernst (9-a, 9-b) 
was probably the first investigator to realize that there 
is a need for single ion medium effects but he was also 
probably the first to realize that they are not 
thermodynamically accessible* Since it is impossible 
to measure directly the solvation energies of a single 
ion without measuring the properties of its counterion, 
classical thermodynamicists had given up hope of ever 
establishing a universal electrode potential scale (5 * 6 ). 
There has always been a tendency to ignore the problem 
of universal e.m.f. scales because the solution to 
the problem is extrathermodyhamic. This is probably one 
of the most important, least investigated problems 
in the realm of electrochemistry.
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Establishment of universal ion-activity scales*
The tremendous success of the aqueous pH scale

has made it clear that single-ion activity scales can
be extremely useful. Conventionally, the activity of
any species, i, is referred to infinite dilution in
the solvent of interest just as conventional electrode
potentials are referred to E°(H,s) - 0 , the standards
potential of the hydrogen electrode in the solvent of 
interest. There would be no objection to this convention 
if it would never become necessary to compare aqueous 
with nonaqueous activities. However, with hydrogen- 
ion activities alone, intercomparisons between solvents 
are very important. Does an aqueous solution of pa^ = 3 
have a greater acidity than a methanolic solution of 
pa^ ss k ? Does a solution of pAg* = 2 in acetonitrile 
have the same silver-ion activity as an aqueous solution 
of pAg « 2 ? These and other questions like them can 
only be answered with the aid of medium effects for 
single ions.

Prom a fundamental expression for the medium 
effect, Equation 6

it can be seen that aqueous and nonaqueous activities 
differ from each other. To convert nonaqueous activity
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a*  of any species i, -"be it an uncharged molecule* an 
electrolyte* or a single ion- to its value on the 
aqueous scale, a^, knowledge of the medium effect for 
that species* is required* For single-ion scales
such as the pH or the pAg scale, knowledge of the 
medium effect for a single ion is required to convert 
nonaqueous to aqueous activity. For example, to convert 
nonaqueous pa^to aqueous pa^i the medium effect for 
the proton is used t

paH = PaH*- logmYH

Similarly, to convert nonaqueous pa^g values to aqueous 
pa^g values, knowledge of the medium effect of silver 
ion is required i

eaAg - K g  " x°e mYAg (19)

Without values for the medium effects of single ions, 
it is impossible to compare quantitatively nonaqueous and 
aqueous activities. All the arguments that apply to 
the determination of medium effects for single ions 
for the purpose of establishing a universal e.m.f. scale 
apply here. Medium effects for single ions are not 
rigorous.thermodynamic quantities, yet, they are 
required to establish universal ion-activity scales.
The establishment of these scales is another important
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fundamental problem that has not received its proper 
share of attention from chemical investigators.



18

Evaluation of liquid-.junction potentials between 
aqueous and nonaqueous solutions.

The liquid-junction potential is intimately 
connected with the measurable cell potential of any 
galvanic cell with transference. This potential is 
interfering in its nature since it is not a direct 
measure of the activities of the electrode-active 
species. In the simplest case, where both half-cells 
are aqueous# the best investigators have been able to 
do is to minimize the potential by including a concentrated 
salt bridge at the junction between the two half cells.
In the case of a liquid-junction between two dissimilar 
media, the junction potential cannot be suppressed to 
a negligible value by including a salt bridge.

Cell I is a galvanic cell with liquid junction at 
an aqueous-nonaqueous interface which is of fundamental 
importance in this discussion i

Pt;H2(g)/H+(aH = l)/h+(aH*=l)/H2 (g)iPt (Cell I)
H20 s

The left-hand electrode is an aqueous SHE electrode.
The right-hand electrode is a nonaqueous SHE electrode.
The half-cells are connected by a liquid junction. 
Experimentally, Cell I will generate a potential 
which is given by the expression
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Ecell I “ Eright " Eleft + Ej {20j

where E. is the liquid-junction potential between the
J

aqueous and nonaqueous half-cells. In the conventional 
method of assigning potentials* Eright w°uld be equal 
to which would in turn be equal to zero. Since*
conventionally, the standard potential of the hydrogen 
electrode is defined as zero in all solvents, 
of Cell I would also be zero. Thus, in the conventional 
manner of defining e.m.f• of galvanic cells, the measured 
potential of Cell I can be entirely attributed to the 
liquid-junction potential i

Ecell I ” Eright “ Eleft + Ej " Ej ^21^

As has been pointed out, however, the conventional 
manner of assigning potentials goes against our chemical 
sense. Since the potential of an electrode is directly 
affected by the solvation energy of the electrode-active 
ion, the standard potential of the aqueous and nonaqueous 
hydrogen electrode should differ by an amount corresponding 
to the difference in the standard free energy of solvation 
of the proton in the two solvents. If a uniform standard 
state is adopted for the potentials of both electrodes, 
part of the measured potential of Cell I would be 
attributable to the difference between the standard
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potentials of the electrodes* Adopting the aqueous 
standard state, the potential of Cell I can be written

Ecell I = wE°tH-s> - w E°<H,H20) + (22)

where the first two terms on the right of Equation 22 
are equal to the medium effect for the proton

wE°(H,s) -wE°<H.H20 ) = I| ln ^  (23)

Thus, the measured potential of Cell I is equal to the 
log of thesum of theAmedium effect for a single ion and the 

aqueous-nonaqueous liquid-junction potential

Eoell I = i  ln m^H + Ej <=*>

Consequently, the knowledge of the medium effects for 
single ions would allow calculation of aqueous-nonaqueous 
liquid-junction potentials*

To summarize, there are now three major problems 
that can be solved with medium effects for single ions*
1 )establishment of a solvent-independent electrode 
potential scale 2 )establishment of universal ion- 
activity scales and 3 ) evaluation of liquid-junction 
potentials at aqueous-nonaqueous interfaces* The 
satisfactory solution to all three problems is dependent
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on an accurate evaluation of medium effects for single 
ions. It must be pointed out that it is not necessary 
to measure the medium effect for every single ion 
individually. Once one single ion medium effect is 
available in any given solvent* all other medium effects 
for single ions become accessible through classical 
thermodynamic data. For instance, the difference in 
conventional standard potentials of the Ag/AgCl 
electrode between water and solvent s is related to 
the sum of the chloride ion medium effect, 
in solvent s and the medium effect for the proton, 
log mY^ in solvent s i

wE°(Ag/AgCl,H?0) - „E°(Ag/AgCl,s)
2 .303RT/riF “

s l0S mYH + l0S mYCl

The medium effect for the proton appears in Equation 26 
because all conventional standard potentials are 
differences between the absolute potentials of the 
electrode under consideration and the hydrogen electrode 
in the given solvent (see Equation 1*0. In a similar 
manner, thermodynamics can yield sums (or differences) 
of medium effects for other combinations of ions.
For instance, the difference in conventional standard 
potentials of the silver electrode between water and
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solvent s is related to the difference (log _vAm' Ag
l0® mYH > '

sE°(Ag/Ag+,s) - wE°(Ag/Ag+,H20) =
2 .303RT/nF ' ^

=logmYAg- log mYH

Once one medium effect for one single ion is known,
all other medium effects for single ions become
accessible in a given solvent. If myH in solvent s were
known, mYQ^ cou^d calculated using Equation 25 and
the experimentally accessible quantities wE°(Ag/AgCl,H20)
and E°(Ag/AgCl,s)* For this reason, anyone involved with s
methods for determining medium effects for single ions 
must also be involved with thermodynamic medium effects 
as well.

Electrochemical measurements in aqueous solutions 
are most abundant in the chemical literature and for 
this reason, the "universal" standard state most often 
cho$«n by investigators in the field of medium effects 
is the aqueous one. It is possible however, to choose 
the infinitely dilute solution in any other solvent 
as the standard state.
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Thermodynamic medium effects*

Expressions for the activity of electrolytes.
The total free energy of an electrolyte is equal 

to the sum of the free energies of all of its ions (2 0). 
Prom the equation relating free energy to activity

we get an expression for the activity of an electrolyte# a,

where a+ and a_ are the molar activities of the positive 
and negative ions# respectively# and v+ and v_ are the 
number of moles of positive and negative ions contained 
in one mole of electrolyte. The molal activity of an 
ionic species, i# is given by

where m^ and are the molality and salt effect 
activity coefficient. Activity can also be defined 
using the molar or mole fraction scale. Ionic molalities 
of the positive (m+) and negative (m_J ions are related 
to the molality of the electrolyte# m, by the equations

Gi = Gi° + RT ln ai (2?)

(28)

(29)
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m+ = v+ m (30-a)

m_ = v__ m (30-b)

Having in mind that v is the total number of moles of 
ions in one mole of electrolyte

v = v+ + v_ (3 1)

an operational definition of activity can be written 
using Equations 28— 30

a = v 7 + v v- • mv Y7 + Y V- (32)electrolyte v+ v- 111 Y+ Y—

To simplify Equation 3 2, a mean ionic activity coefficient, 
Y+» can be defined

Y±V = Y+V+ Y_V- 03)

Equation 32 can now be written as

Electrolyte = v7 + v- “ * <" Y+)V <3E

For a ltl electrolyte, the activity is given by

(35)
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2 2where m y, is the solubility (ion-activity) productT
of the electrolyte* For electrolytes of other types*
Equation 34- can be used to arrive at expressions for 
activity#

For dilute solutions of neutral molecules, the 
activity can be very well approximated by concentrations (25).
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Methods of determining medium effects.

The distribution method.
From the expression for the medium effect of 

solute i

mYi = (6)*
1

where a^ is the activity of the solute on the aqueous 
or any other "reference solvent" scale, and a/* is the 
activity of the solute in.the same solution but on the 
scale in the given non-reference solvent, it can be 
seen that distribution methods can be used to evaluate 
medium effects for electrolytes and neutral molecules.
In those few instances where two solvents are totally 
immiscible, the medium effect of a compound can be 
determined by studying its distribution between the 
solvents when they are in contact with one another.
Since it is not possible to distribute a single ion 
between two phases, only medium effects for electroneutral 
compounds can be determined in this manner. In practice, 
the distribution method for determining medium effects 
has not been too useful because most solvents of 
interest are miscible with one another.
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The solvation energy method.
By definition* the difference between aqueous 

and nonaqueous standard free energies of solvation 
is directly related to the medium effect i

G.° - G.° = RT In v . (7)s i  w i  mTi w '

This relationship suggests another method that can be
used to determine thermodynamic medium effects for
electrolytes. The standard free energy of solvation of 
species i can be determined in the solvents of interest 
and the medium effects can be computed from these values. 
Alternately* methods can be devised which give the difference 
between G.° and G-° directly. A major objection toS X W X
the solvation energy method of determining medium effects 
is that the accuracy of the method is of the order of 
magnitude of the medium effects themselves unless the 
solvents involved have vastly differing solvating 
powers (4, 33)•
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The solubility method.
The solubility method is perhaps the most widely 

used method of determining thermodynamic medium effects. 
If an aqueous and nonaqueous solution is saturated 
with the compound of interest, the free energies of the 
saturated solutions will be

G(i,H20) = J * *  RTln (a.)aati (36-a)

0(i,s) = 3G P +  RT In (ai*)aat> (36-to)

where (aj_)sa-t# and (ai*)Sat. are ^he ac‘fĉ v'i'fcies of 
the saturated aqueous and nonaqueous solutions, respectively. 
If the solid crystals in contact with the aqueous and 
nonaqueous solutions are identical, the free energies 
of the solutions will be equal and, from Equations 36-a 
and 36-b 1

aGi° * v,Gi° “ RT ln - RT ln . n  < 3? >

it can be seen that the medium effect for an electrolyte 
or an uncharged molecule can be determined by measuring 
its solubility in the solvents of interest. Again, it 
is important to note that the "reference solvent" does 
not have to be water.

There are various pitfalls to be watched for in
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the solubility method* The first complication is 
that if crystal-solvates are formed, the free energies 
of the saturated aqueous and nonaqueous solutions will 
not be identical. In the general case of crystal- 
solvate formation, the expressions for the free energy 
of the solutions (Equations 360a and 36-b) must include 
the free energy change accompanying the transfer of 
solvent s from the pure solvent to the crystal-solvate

psG = %  RT In p— -—  (38)
i*x»s

Where Pg and P^,x .s are the vapor pressures of the 
solvent and the solvate, respectively. When corrections 
via Equation 38 are introduced into Equation 37 for 
the solvate (i*x*s) and the hydrate (i*y*H20 ), Equation 
37 transforms into

„o „o y FH2°Pi*x*s , (ai^sat. .
s ■ - R T * ln' - R T l n < v ^  - (39)

= RT In v.m 1

Another complication in the solubility method for 
determining medium effects for electrolytes is the 
possible association of ions in solvents of low dielectric 
constants. Where ion-pairing is appreciable, the 
activity of the electrolyte is no longer defined by 
Equation 2 9. The effective removal of ions from the
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solution must be accounted for by including the degree 
of dissociation, o< , in the expression for activity#
For a uni-univalent electrolyte that is not completely 
dissociated, the activity becomes

a = m2oi 2 Y+ C^O)

Electrolytic conductance techniques are readily applied 
to determine the degree of dissociation*

A third problem that is often encountered when 
using the solubility method for determining medium 
effects is that of evaluating activity coefficients*
In the case of dilute solutions of non-electrolytes, 
the activity coefficients are equal to unity (2 5)*
For electrolytes, activity coefficients have to be 
experimentally determined or calculated from a model*
The Debye-Huckel model is useful for calculating activity 
coefficients of solutions of 111 electrolytes no more

— oconcentrated than 10 molar (3 2) in water and less
**• 9than 10" molar for solutions in solvents with smaller 

dielectric constants than water* Experimental 
determinations of activity coefficients are desirable 
and possible in most instances.
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The e»nitf. method.
Medium effects for electroneutral combinations of 

ions can be determined from e.m.f. measurements (34).
The sums of the medium effects (in logarithmic form) of 
oppositely charged ions of the difference between the 
medium effects of ions of like charge are accessible.

The difference in standard free energies of solvation 
and hydration of species i corresponds to the transfer 
of species i from the aqueous to the nonaqueous standard 
states. The standard free energy for the hydration 
reaction

i(g) = i(w) (41)

is WG.° and the standard free energy for the solvation 
reaction

i(g) - i(s) gG? (42)

is The transfer of i from aqueous to nonaqueous
standard states corresponds to

i(w) = i(s) SG° - WG.° (4 3)

and the energy of transfer is G.° - WG.°. Standard free
S  X  w  X

energies can be expressed in terms of standard potentials
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via the equation

G ?  = -nFE° (44)

Thus, the medium effect for species i can "be expressed 
in terms of standard potentials

reaction 43. If standard free energies or solubility 
data are not available for a substance, its medium 
effect is still accessible through e.m.f. measurements. 
The experimental quantities that are available are 
differences in the standard potentials of species i and 
an arbitrary reference potential, usually that of 
hydrogen. In each solvent, the potential of hydrogen 
in that solvent is used as the reference potential. 
Thus, although the medium effect for a single ion,
M+, is not readily available through electrochemical 
measurements, the difference between the medium effects 
of M+ and H+ ions is accessible. The experimental 
aqueous standard potential of M+ ion, WE°(]VI,H2 0), 
in reality corresponds to the reaction

£  E.°1

where A E °  is the standard potential corresponding to

M+(w) + | H2 = M + H+(w) wE°(H,H20) (46)
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and in the nonaqueous solvent, the standard potential, 
sE°(M,s), of M corresponds to

M+(s) + iH2 * M + H+(s) sE°(M,s) (4*7)

The difference "between aqueous and nonaqueous standard 
potentials then corresponds to the reaction

M+(w) + H+(s) as M+(s) + H+(w) (if8)
w E°(M,H20) - sE°(M,s)

and the difference wE°(M,H20 ) - gE°(M,s) can be equated 
to the difference between the medium effects of M and 
H through Equations 4*3 and 4*5 *

SE°(M,S) - w E°(M,H20) = {§ lnmYi - f  lnmY„ (49)

It should be noted again that sE°(M,s) and wE°(M,H20) are 
the conventional standard potentials that are experimentally 
accessible*

The difference between the conventional aqueous
and nonaqueous standard potential of a divalent positive 

+2ion, Z will correspond to this reaction

Z+2(w) + 2H+(s) = Z+2(s) + 2H+(w) 
w E°(Z,H20) - gE°(Z,s)

(50)
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The difference-, wE°(Z,H20) - sE°(Z,s) can be equated to 
the difference between the medium effects of Z+2 and H+ 
via Equations kZ and ^4 i

sE°(Z,s) - WE°<Z ’H2°> " f f l n n,VZ - f  l n ^ H (51)

For an electrode reversible to a univalent negative 
ion, X“, the conventional aqueous standard potential 
corresponds to the reaction

X + 4h2 = X"(w) + H+(w) wE°(X,H20) (52)

The conventional nonaqueous standard potential of X~ 
corresponds to

X + iH2 = X~(s) + H+(s) sE°(X,s) (53)

The difference in standard potentials corresponding
— +to the transfer of X and H from water to the 

nonaqueous solvent is then

X"(w) + H+(w) = X"(s) + H+(s) (5*0
gE°(X,s) - wE°(X,H20)

And from Equations ^3 and 4-51 the medium effects of 
X“ and H+ that correspond to the difference in standard
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potentials of X are

wE°(X,H20 ) - SE°(X,S) = f  lnmYx + f  (55)

Prom the conventional standard potentials of a metal- 
metal ion electrode in water and in nonaqueous solvent, 
the difference between the medium effect of the metal ion 
and hydrogen can be calculated from Equations 49 or 51• 
From the conventional standard potentials of an anion 
electrode, the sum of the medium effects of the anion 
and hydrogen can be calculated from Equation 55* For 
the cases where divalent anions or trivalent anions and 
cations are involved, equations similar to 49» 51 and 
55 can be derived. Only medium effects for electroneutral 
sums and differences of combinations of ions are 
experimentally accessible.
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■ Medium effects for single ions.

Introductory remarks.
The solution to the three interrelated problems 

of establishing universal solvent-independent electrode 
potential scales and ion-activity scales* as well as of 
evaluating aqueous-nonaqueous liquid-junction potentials 
is dependent upon the evaluation of medium effects 
for single ions. For each solvent, only one single 
ion medium effect would have to be estimated and all 
others would then be accessible by rigorous thermodynamic 
methods. With medium effects for single ions, we 
could express all electrode potentials on a single scale 
with only one arbitrary zero point, E 0̂ = 0 in water 
only; we could express all single ion activities on 
a single scale with only one standard state, the infinitely 
dilute aqueous solution; we could evaluate liquid- 
junction potentials at aqueous-nonaqueous interfaces.

Recently, there have been many extrathermodynamic 
methods proposed for evaluating medium effects for single 
ions. This particular branch of electrochemistry has 
become alive, so to speak with real valid attempts 
at solving the problems. The problem of the single ion 
medium effect would probably have remained academic if 
it weren't for the availability of many nonaqueous solvents 
in large scale quantities. Although there is probably
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more known about aqueous electrochemistry than 
electrochemistry in all other solvents combined, 
the study of nonaqueous electrochemistry is developing 
at a rapid pace. More and more investigators are
concerning themselves with nonaqueous chemistry and

' ¥

the importance and scope of medium effects for single 
ions has taken on new significance. Knowledge of 
medium effects for single ions will prove useful in 
the areas of study of electrode potential, liquid- 
junction potential, surface potential, solvation in 
pure and mixed solvents, of acid and base strengths, 
establishment of nonaqueous pH and other single-ion 
scales, theories of solvation, studies of hydrogen- 
bonding and other specific solute-solvent interactions, 
solubility product determinations, extraction theory 
and practice, and chromatographic theory and analysis. 
Nowadays, with our newly developed interests in 
nonaqueous chemistry, with the realization that 
chemistry does not have to be confined to aqueous media, 
the medium effect problem has reached a position of 
major importance.
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Physical interpretation of medium effects for single ions.
Just mentioning the words "single ion" would be 

enough to disturb some thermodynamioists. In 1929*
E. A. Guggenheim, the thermodynamicist» made his famous 
anti-single ion statement which for decades has deterred 
physical chemists from investigating energic properties 
of single ions. In Guggenheim's words (5) *

"The electric potential difference between two 
points in different media can never be measured 
and has not yet been defined in terms of physical 
realities; it is therefore a conception which 
has no physical significance."

This statement has done much more harm than good. It 
was probably intended to show that thermodynamics cannot 
give us exact values for certain properties of single 
ions. It does not mean, however, that energic properties 
of single ions can never be determined extrathermodynamic- 
ally. Many investigators feel (*(■, 7, 8, 21, 32, 35) that 
non-thermodynamic properties of individual ions are not 
only physically significant but are accessible extra- 
thermodynamically. There seems to be some sort of stigma 
on the field of single ion energetics due to Guggenheim's 
original statement and the number of investigators who 
blindly followed his lead and extended the original 
meaning of his statement until it was generally 
beleived that studies of single-ion properties are 
fruitless. On the contrary, studies of single-ion
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energetics have proven to be extremely fruitful and 
useful. The pH scale and specific ion electrodes are 
just two areas in which single ion energetics have been 
successfully applied. There is no doubt that hydrogen- 
ion activities can be measured with more accuracy 
than many thermodynamic quantities (*J-» 12). The old 
beleif that only thermodynamic data are reliable is 
crumbling as investigators are discovering the wonderful 
usefulness of single ion quantities derived extrathermo- 
dynamicaily.

The widespread beleif that physical properties of 
single ions have no physical significance is absurd.
This is just a myth that was started by the early 
thermodynamic purists and perpetuated until this day.
It is obviously true that the whole is equal to the 
sum of its parts and thus# we can say that the free 
energy of a salt is equal to the sum of all the 
contributions to the free energy by the individual ions 
comprising the salt. Individual ions do exist# even 
though they are under each others influence. Alfenaar 
and DeLigny have said (21) i

.knowledge of activity coefficients of individual 
ions is not only of academic interest# but can also 
contribute towards the understanding of intermolecular# 
and even intramolecular interactions. Hence# it may 
be concluded that activity coefficients of individual 
ions have physical significance."

and Strehlow has said (3 6) 1
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"If one accepts the view that the correct prediction 
of the outcome of an experiment and the correlation 
of experimental facts are the genuine aim of 
theoretical considerations, then ’single ion 
thermodynamics' is a legitimate branch of physical 
chemistry *'*

Other investigators feel that although single ion 
activities are thermodynamically inaccessible, they do 
have significance in that they offer an explanation 
for various phenomena* Prank (7) feels that the problem 
of single ion activities is one of accessibility only 
since there is no problem in defining a single ion 
activity in terms of a thought process* For example, 
one can think of a liquid-junction potential between 
solutions of different activity in two similar solvents 
as being due to the transport of ions across the junction* 

For the past forty years, chemists have tacitly 
admitted the physical reality of single ion properties 
in their widespread use of the Debye-Huckel equations* 
Since the time of Pleskov (37) and Izmaylov (38), 
chemists have been actively seeking ways to measure 
experimentally medium effects for single ions*

There is an abundant amount of experimental 
evidence to support the physical reality of energic



properties of single ions. The success of the pH scale 
and other single ion scales is indisputable. As 
Popovych has said (^) i

"Conventional pa,, values are beleived to possess 
a definite meaning in terms of thermodynamic 
acid-base equilibria."

Strong acids are more tightly solvated by liquid 
ammonia than by water (3 6, 39). The difference in 
solvation energy of these acids between ammonia and 
water is about 25kcal/mole and almost wholly independent 
of the anion. Alkali salts of these acids have about 
the same solvation energy in water and liquid ammonia. 
Although circumstantial, this is good experimental 
evidence that protons are more tightly solvated by 
ammonia than by water whearas alkali-metal ions and 
anions do not prefer either solvent. From conductivity, 
transference, and viscosity measurements of solutions 
of silver nitrate in mixtures of acetonitrile and water, 
Strehlow and Koepp (8 8) determined that silver ions 
are preferentially solvated by CH^CN as compared to 
water. It is difficult, if not impossible to discuss 
the thermodynamic properties of compounds without 
including some single ion interpretation.

Bockris and Reddy (32) ask the question "Is it 
meaningful to try to obtain experimental values of 
the heats of solvation of an individual ion?". In the
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answer to this question* they cite proof that solvation 
enthalpies of single ions are meaningful# This can be 
seen by comparing the differences in hydration enthalpies 
between pairs of salts with only one varying ion- In 
Table 1* it is seen that there are almost constant 
differences in the heats of hydration of lithium and 
sodium halides and of sodium and potassium halides. 
Because in each pair of salts, the differing ions are 
Li— Na or Na— K, the differences in hydration energies 
of the salts must represent the difference in hydration 
energies of the individual cations*

In the opinion of this author, there is no question 
about physical significance of properties of single ions- 
This includes differences in those properties such as 
medium effects for single ions- The problem lies in 
the accessibility of those properties, not in their 
physical significance.
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Table 1. Enthalpies of Hydration of Pairs of Alkali- 
Metal Salts with Common Anions (32).

Salt - AH 0 kcal/mole Difference
LiF 245*2 27.4
NaF 217*8

LiCl 2 1 1 .2 27.4
NaCl 1 8 3 -8

LiBr 2G4.7 27.4
NaBr 177*3
Li I 194.9 27.4
Nal 167.5

NaCl 1 8 3 *8 2 0 .0
KC1 I6 3 .8

NaBr 1770 2 0 .0
KBr 157.3
Nal 167.5 2 0 .0
KI 1^7.5



Difference between "real" and "chemical" energies 
of solvation*

The process of solvation can be envisioned in 
a thought experiment* A particle in vacuum is brought 
across the vacuum-solution interface into the solvent 
where it is solvated. For an uncharged particle* the 
only energy involved is the energy of interaction 
between the particle and the solvent in the interior 
of the solution* There is no energy required to bring 
an uncharged particle across the surface of the solution.
For a charged particle* however, there is an energy involyed 
when the particle traverses this interface* This energy 
is given by zF’P where z is the charge on the particle*
F the Faraday* and ^ the surface potential of the solvent* 
The energy term z f4* is opposite in sign for anions and 
cations* The total energy involved in bringing a 
particle from vacuum to its solvated state in solution 
is termed the "real" solvation energy* If medium 
effects for single ions were formulated using "real" 
solvation energies, they would include a term corresponding 
to the difference between the surface potentials of 
water and the nonaqueous solvent* This would be 
inconsistent with the definition of the medium effect as 
a measure of the difference between the standard 
free energies of hydration and solvation*
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Alternately, a thought experiment can be devised 
for the solvation process in which the particle is 
discharged in vacuum, brought across the vacuum- 
solution interface, placed in the interior of the solvent, 
and then charged. In this process, the species crossing 
the double layer at the surface of the solution is 
uncharged regardless of its initial and final charge, so 
that the solvation energy derived from a process like 
this does not include the zFV term due to the surface 
potential of the liquid. Solvation energies derived 
from processes like these are called "chemical" energies 
of solvation and it is the difference between the "chemical" 
energies of solvation and hydration that exactly corresponds 
to the medium effect for an ion. For neutral molecules 
or electroneutral combinations of ions, the "real" and 
"chemical" energies of solvation are identical.

It is best to visualize the medium effect for 
a single ion as the energy corresponding to the following 
three thought processes ; 1 ) two identical ions are
discharged in vacuo 2 ) one ion is brought across the 
aqueous double layer, the other across the nonaqueous 
double layer 3 ) the ions are charged in their respective 
solvents.

Pleskov (37) was the first to emphasize the 
difference between "real" and "chemical" solvation 
energies. Following Pleskov*s formulation, the "real"
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energy of solvation for a cation, Gp is

G = G + zF 0/ p x s * o (56-a)

where G is the '’chemical" solvation energy and <11 is
A O v

the surface potential of the medium. For an anion, the

It is possible to measure the "real" solvation energies 
of single ions (40— ^3). It is only the "chemical" sol­
vation energies that have proven to be experimentally 
innaccessible. With knowledge of "real" solvation 
energies and surface potentials, it would be possible 
to calculate "chemical" solvation energies. Alternately, 
with knowledge of "chemical" and "real" solvation 
energies, it would be possible to calculate surface 
potentials.

Randles (4-0, ^l) devised a method to measure 
"real" hydration energies of ions. In his method, the 
potential difference is measured between a stream of 
mercury and a stream of electrolyte solution separated 
by inert gas such as N2 or A. A jet of mercury is 
passed through the axis of a cylindrical tube down the 
sides of which is passing a stream of aqueous electrolyte.

"real" solvation energy, G is given by
r

G = G - zF VL> p x s T o C 56—b )
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A steady potential develops between the mercury and 
the solution. Cell II is a typical cell used by 
Randles

Hg jet/N2 gas/KC1(H20,flowing),Hg2Cl2,Hg Cell II

From the potential of Cell II and cells like it,
Randles calculated the "real" solvation energy of 
alkali-metal and halide ions. As with medium effects, 
once the "real" solvation energy of one ion is known 
in any solvent, the "real" solvation energies of all 
other ions become accessible through thermodynamics.
A difference between "real" and "chemical" solvation 
energies is that the "real" solvation energy of a 
single ion is a thermodynamic quantity to begin with.
Since the surface potential of water is not yet known 
with any degree of accuracy, Randles * "real" single ion 
hydration energies cannot be used to calculate 
"chemical" hydration energies.

In another type of experiment, Case and Parsons (42, 
43) estimated "real" free energies of transfer of 
individual ions from water to some organic solvents.
They merasured the e.m.f. in cells in which an air 
space separates an aqueous and a nonaqueous electrolyte 
solution. Identical electrodes are immersed in the two 
solutions and the "real"free energy of transfer of the
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chloride ion is calculated from the e.m.f. of cells 
such as Cell III

Ag/AgCl/NaCl,solvent/air/NaCliHgO/AgCl/Ag Cell III

By combining Randles* data on "real" hydration energies 
with Case and Parson's data for "real" energies of 
transfer* "real" energies of solvation can he calculated* 
However, data on real solvation and hydration energies 
cannot be used to calculate medium effects until 
we have accurate values for the surface potential of 
all solvents involved.



Choice of water as a reference solvent.
So far in this thesis, the medium effect has been 

defined as a measure of the difference between the 
standard free energies of hydration and solvation.
While this is by far the most common definition, it is 
a bit misleading since it implies that medium effects 
are involved only when water is one of the solvents. 
Although water is most often choosen as the "reference" 
solvent to which all nonaqueous activities and e.m.f#*s 
are referred, it need not necessarily be the case. 
Sometimes, experimental data are available for a series 
of solvents other than water. If a solvent-independent 
e.m.f. or ion-activity scale were to be set up using this 
data, the solvent for which the most data is available 
would be choosen as the "reference" solvent. In the 
most general sense, the medium effect can be defined as 
a measure of the difference between the standard free 
energy of solvation in a reference solvent and another 
solvent

sGi°- refGi0 = R T l n n1Yi (57)

In this thesis, unless otherwise stated, it will 
be assumed that water is the reference solvent.
There are actually many valid reasons for choosing water 
as the reference solvent. Water has been the most
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frequently studied solvent* In the beginnings of 
chemistry# it was the only solvent available in quantity. 
It is easily purified, easy to obtain, and cheap.
Its high dielectric constant (D = 78) makes it a good 
solvent for ionic compounds. It has a high boiling 
point and it is non-toxic. The author recommends 
retention of water as the "reference solvent".
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Experimental inaccessibility of medium effects for 
single ions*

Medium effects for single ions are not directly 
accessible through the distribution* solvation energy, 
solubility, or e*m*f* methods* Since surface potentials 
of various solvents are not accurately known, knowledge 
of "real" chemical energies of solvation for single 
ions does not lead to knowledge of medium effects for 
single ions* Various thought experiments can be devised 
which would allow an investigator to work with single 
ions* In the ultimate experimental sense, an experiment 
can be devised in which a beam of single ions is directed 
at a solvent for the purpose of obtaining a chemical 
solvation energy* There are two important criticisms 
of an experiment like this. First of all, the observed 
solvation energy would be the "real" solvation energy 
rather than the "chemical" solvation energy because the 
ions would be passing through the vacuum-solution 
interface. The second criticism to this experiment is 
that once one ion entered the solution, the solution 
would develop a net charge. Because of this, the 
next ion would be entering a charged solution and this 
would give rise to an ion-solution repulsion energy 
which would have to be accounted for when calculating 
the single ion solvation energy. Each successive ion 
would see a solution that has a greater and greater



charge. The only way to counteract this difficulty 
is to have an equal number of oppositely charged ions 
enter the solution. In this case* the experimentally 
accessible quantity would be the solvation energy of 
the electrolyte, not of its individual ions. So far, no 
one has devised an experiment, practical or impractical 
which would allow direct measurement of the solvation 
energy of a single ion or the medium effect of a 
single ion. Apparantly, values of single ion solvation 
energies and medium effects for single ions must be 
arrived at via extrathermodynamic models and assumptions*
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Extrathermodynamic methods for estimating medium 
effects for single ions*

Introduction*
The incentive for the evaluation of medium effects 

for single ions lies in trying to find a solution to 
the three interrelated problems of establishing a 
solvent-independent e.m.f* scale* solvent-independent 
ion-activity scales* and evaluation of aqueous-nonaqueous 
liquid-junction potentials. There have been more than 
twenty different extrathermodynamic approaches to the 
problem of evaluating medium effects for single 
ions. The results of the various approaches are not in 
good agreement. One of the major purposes of this section 
of this thesis is to review critically the existing 
methods for estimating the medium effects of single 
ions*

Basically* the methods can be divided into two 
broad categoriesi 1 ) those based on the assumption 
of negligible liquid-junction potential and 2 ) those 
based on relationships between the sizes of ions and 
their solvation energies. Among methods in the second 
group are extrapolation methods, calculations based 
on modified B o m  equations, and various empirical 
assumptions for reference solutes. In some methods, 
medium effects for single ions are estimated directly



whereas in others, solvation energies for single ions 
are estimated first and then the medium effects are 
calculated from their differences. It should be noted 
that it is not necessary to know the single ion solvation 
energies in order to calculate the corresponding medium 
effects.

There have been many reviews of methods for 
estimating medium effects for single ions (^» 8, 1 0 ,
12— 1̂ -t 17, 18, 26— 28, 36, kk— 47). The review 
by Popovych (^) is by far the most comprehensive one.
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The assumption of negligible liquid-junction potentials.

Introduction.
Methods for estimating medium effects based on 

the assumption of negligible liquid-junction potentials 
at the interface of two solvents make use of e.m.f. 
cells such as Cell I. If one assumes that the E. in 
Cell I is negligible, the cell potential, Ecen '  will 
be a direct measure of the medium effect of the proton. 
While the negligible E. approach is primarily of 
historical interest only, Parker and Alexander (26) 
have recently revived this method. In aqueous electro­
chemistry, concentrated salt bridges have been used 
extensively (5 1) in cells with liquid-junction to 
minimize the junction potential. The basic requirement 
for the salt is that the mobility of its ions should be 
as equal as possible and that it carry most of the 
current. A natural extension of the use of concentrated 
salt bridges in aqueous electrochemistry was to use 
them for minimizing the liquid-junction potential between 
aqueous and nonaqueous solutions. In 1928, Koch (52) 
made use of AgNO^ solutions to minimize the junction 
potential between an aqueous and a nonaqueous (aceto- 
nitrile) silver half-cell. Koch was not aware of the 
nature of the medium effect and he did not calculate 
medium effects for single ions from his data.
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B.jerrum and Larsson.
Bjerrum and Larsson (9) were the first to propose 

an experimental method for the purpose of estimating 
medium effects for single ions. Their method was based 
on e.m.f. measurements of cells with liquid-junction 
and the assumption that aqueous— nonaqueous liquid- 
junction potentials could be suppressed with concentrated 
salt bridges. Cell IV is a typical cell used by them 
to estimate log v„

Pt;H2 (g)/H+,Cl"/3-5N KC1 (aq.)/Hg2Cl2 (s)iHg;Pt Cell IV

Using an aqueous calomel electrode and a 3*5N aqueous 
KC1 bridge, the standard potential of the cell was 
determined with an aqueous hydrogen electrode and with 
a nonaqueous hydrogen electrode. Assuming that the 
potential of the calomel electrode remained constant, 
Bjerrum and Larsson then calculated the medium effect 
for the proton using the equation

v E°(cell,HpO) - E°(cell,ale) 
mYH ~ RT/nF

where E°(cell»H20) and E°(cell,ale) are the standard 
potentials of Cell IV with an aqueous and a nonaqueous 
hydrogen electrode, respectively. The medium effects
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for silver and benzoate ions were estimated in a
similar manner. Bjerrum and Larsson estimated medium
effects for single ions in ethanol— water mixtures
and in 100 % ethanol. Some of their results are
given in Table ?6 . In line with Bjerrum*s notation
(5*0 for the medium effect* Bjerrum and Larsson
used "P” for "log •° m'n

Although Bjerrum and Larsson made experimental 
measurements bn cells similar to Cell IV, Cell V 
would yield identical results

The potential of Cell V with unit hydrogen ion 
activity in both half cells would be given by

The measured potential would be equal to the sum of 
the medium effect for the proton and the liquid- 
junction potential *

PtjH2(g,l atm);H+(H2Q)/3.5N KC1 (HgO)/-

-H (nonaqueous) ;H2 (g,l atm)jPt

E * wE°(H,s) - wE°(H,H20) + E. (2?)

(28)
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Some criticisms of Bjerrum and Larsson*s work 
are their failure to account for incomplete dissociation 
of electrolytes in ethanol and ethanol— water solvents 
and their use of Bjerrum*s cube root formula

l o g f = - k V c  (59)

for estimating activity coefficients. Bjerrum's 
formula is no longer accepted as a valid means of 
estimating activity coefficients.

Any method for estimating medium effects for 
single ions should yield values which are consistent 
with thermodynamic data. The experimental value of 
logmY K “ i°&mYH ^ ethanol, obtained by Dill,
Itzkowitz, and Popovych (?2) is +1.0. Bjerrum and 
Larsson's values of l°gmYK an<i -*-°SmYn are and
+2.5, respectively. These do not combine to give the 
experimentally observed value for log " i°g m V  

There are other more glaring discrepancies in Bjerrum 
and Larsson*s data. For instance, the experimental 
value of l°gmYNaBr in 100 % ethanol as measured 
experimentally (31) is +2.^3 whereas the sum of 
log mYNa an8 i°SmYgr s-s evaluated by Bjerrum and 
Larsson is +5*3*



59

Oiwa.
In an improvement over the method of Bjerrum and 

Larsson, Oiwa (55)» using cells similar to Cell V, 
"corrected" the cell e.m.f. for liquid-junction potential 
using the Plank equation before calculating medium 
effects* However, the Plank equation (51) is an 
approximation which fails to account for the salt-effect 
activity coefficients of ions on both sides of the 
junction. Moreover, in the case of aqueous— nonaqueous 
junctions, Plank's equation also fails to account for 
the difference in standard free energy of solvation 
of ions on both sides of the junction. Actually,
Oiwa realized the shortcomings of the Plank equation 
but without knowledge of medium effects for single 
ions, he could not correct for them.
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Parker and Alexander*
Recently, Parker and Alexander (26) proposed 

that for cells of the following type t

Ag/AgNO^(0*01 M) /Sat'd.Et^N Pi/AgNO^O.Ol M)/Ag Cell VI
reference solvent s
solvent

where both solvents are similar in type, the cell 
potential would be equal to log mY^g* Both the 
reference solvent and solvent s have to be dipolar 
aprotic or, the reference solvent can be methanol if 
solvent s is water or formamide. The solvent used for 
the junction solution can be the reference solvent or 
solvent s*

All Ej assumptions are unsound. As will be shown 
in the next section, it is the medium effects of the 
ions in the junction solution and the solvent in the 
junction solution that determine the magnitude of E.*J
Inclusion of a saturated salt bridge between aqueous and 
nonaqueous half-cells does not minimize the junction- 
potential*
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The liquid-.junction potential at an aqueous— nonaqueous 
interface is a function of medium effects for single ions* 

Methods for estimating medium effects for single 
ions based on the assumption of negligible liquid-junction 
potential in cells such as Cells IV, V and VI are 
inherently invalid. A liquid-junction potential between 
solutions in two dissimilar solvents is due to transport 
of ions and solvent molecules across the aqueous—  
nonaqueous boundary. The contribution of ion transport 
to the junction potential is given by

E. = G. (6 0)3 l1 1

where t^ is the transference number of the ion, its
charge, and A G, = G. - G. • The A  G. term isl s l w x 1
composed of a medium effect term, a molality term, and 
a salt-effect activity coefficient term i

m. y.
*  Gi - sGi ' wGi° + RT lnfi7 + RT ln^ T  <6l>

where the subscripts w and s refer to the aqueous and
nonaqueous standard states, respectively. The term
G.°- ,.,G-° is equal to RT In v. , the medium effect s 1 w l m x
of species i. Thus, the total liquid-junction potential 
between two solutions, E., consists of terms due to

J
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1) the medium effects for the ions transported across the 
junction* RTlnmY^» 2) the inequality of the molalities 
in the two solutions, RTln( m./ m. ), 3) the differenceS 1 W i
in salt-effect activity coefficients in the two 
solutions, RTln( y./ Yi)* and 4) the transport of

b  W 1 ,

solvent molecules across the junction, E j S0iv ^53) »

The total liquid-junction potential is therefore the sum

Equations such as the Henderson and Plank 
equations have been derived for the purposes of estimating 
liquid-junction potentials* These equations only 
account for that part of the liquid-junction potential 
due to concentration gradients across the junction 
(term 2, Eq. 62)* They omit all activity coefficient 
terms including the medium effect and the term E. s0±v» 
Thus, when evaluating liquid-junction potentials between 
two different media, equations such as Equation 64 (51)

(62)

of an ionic contribution, E.'and a solvent contribution,

j solv

(63)



which is the general expression for a liquid-junction 
potential, have not proven to be useful#

Alfenaar, DeLigny, and Remijnse (53) evaluated 
the E^ so^v contribution to E,. using cells of the type i

Ag(s)/AgZ(s),MZ/MZ,AgZ(s)/Ag(s) Cell VII
H90 E. CHqOH— H«02 J 3 2

where MZ is an alkali halide* The concentration of 
MZ was kept low and equal in both half-cells thus 
eliminating the concentration and salt-effect activity 
coefficient terms from Equation 62. The liquid-junction 
potential of Cell VII is then

Ej "" F ^ GW + FZ^ GZ°+ Ej solv ^5)

The e*m.f. of Cell VII is then

E = - T A gI«Z + E jsolv <66)

In Equation 66, is the solvation energy change
for a complete electrolyte which is a thermodynamic
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quantity* Alfenaar, DeLigny and Remijnse were thus 
able to evaluate E,. go-j_v from experimental measurements 
on Cell VII. They found that E^ g0^v is a function of 
the medium and of the electrolyte used, but it depends 
mostly on the composition of the medium#

Using previously determined values of medium 
effects for single ions (8), Alfenaar et al# were able 
to evaluate the overall E. using Equation 6 5# According 
to their results, 10-25 % of the overall E. is due

J

to E.. goiyWi'th 'the remainder attributable to E,.* which 
is due to the transport of ions across the junction.
The average value of E^ in 100 CH^OH varied from 
+0.23^v (for CsCl) to 40#272v (for NaCl). E. using

J

a saturated KC1 junction was evaluated to be +0.268v <> 
Clearly, the liquid-junction potential arising between 
solutions in water and methanol and methanol— water 
mixtures cannot be eliminated by using concentrated 
salt bridges. Alfenaar, DeLigny and Remijnse also 
found that the medium effects of the ions diffusing 
across the junction is the most important contribution 
to the aqueous— nonaqueous liquid-junction potential.
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Components of solvation energy of an ion.
Due to the complexity of the structure of liquids 

and the nature of ion-solvent interactions, a rigorous 
mathematical treatment of the components of solvation 
energy has not yet heen developed. Strictly speaking, 
any good theoretical treatment of solvation energies 
must include all the possible ion-solvent interactions.

The molecules adjacent to an ion are affected 
much more by the electric field surrounding the ion 
than molecules farther away. The ion "sees" those 
solvent molecules adjacent to it as individual molecules 
whereas the ion cannot distinguish between solvent 
molecules that are far away. The ion and the solvent 
molecules tend to get distorted due to their mutual 
interactions. In many instances induced-dipole and 
induced-quadrupole forces play a significant part 
in the total solvation energy of an ion.

Generally speaking, contributions to the solvation 
energy of an ion can be grouped into two categories, the 
electrostatic and the neutral, or non-electrostatic, 
contributions. The electrostatic contributions can 
be attributed to the interaction of solvent molecules with 
the electric field of the ion and these energies are 
generally functions of r"1, where r is the ionic 
radiuso Neutral contributions to the solvation energy 
of an ion include all those energies which would be
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experienced by an uncharged particle of the same size and 
structure as the ion. In general, the formal division 
of solvation energy into an electrostatic and a 
neutral part becomes more appropriate as the ion gets 
larger. Solvent molecules adjacent to small ions line 
themselves up in the electric field of the ion. This 
is called dielectric saturation. In the absence of 
dielectric saturation, the neutral contribution to the 
solvation energy of an ion should exactly equal the 
solvation energy of an uncharged molecule of the same size 
and structure as the ion. The following is a discussion 
of various ion-solvent interactions which contribute to 
the solvation energy of an ion.

The Born charging energy, G°(Born), represents 
the difference between the electrostatic free energy 
required to impart a charge, ze, to a spherical ion 
of radius r in a vacuum and in a solvent of uniform 
dielectric constant, D (57) «

G°(Born) <67)

The Born charging energy is a function of r”*̂. The 
Born model, the predictions based on it, and a critique 
of using it to estimate standard free energies of 
solvation will be discussed in section IV-C-2.

Ion-dipole forces are those which line up solvent
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molecules in the electric field about an ion* The
energy involved with ion-dipole forces depends on the
angle between the dipole and the line joining the
centers of the dipole and the ion, 0 (56), and is
given by (-zejan cos& / r  ) (47, 5 6), where n is the
solvation number and j* is the dipole moment of the

-2solvent. Ion-dipole forces are functions of r •
They are short-range forces and for this reason, the 
dielectric constant does not appear in the expression 
because there are no solvent molecules between the 
dipole and the ion.

Dipole-dipole forces, which are also directional 
in character, have a maximum energy of (2^Ug/r^) when 
the dipoles are in line with each other. and 
are the dipole moments of the solvent and solute.
These forces, which are functions of r , would be 
greatest for large, highly polarizable ions.

_3Ion-quadrupole forces are functions of r also. 
They are particularly important in aqueous solutions 
where water molecules close to the ion can be viewed 
as an assembly of four charges (the two protons and 
the two other 2sp^ oxygen orbitals being the centers 
of the quadrupole) rather than a dipole (3 2, 58). 
Ion-quadrupole energy has been formulated as 
(ze (3 cos^0- 1)/ 2r^) where is the quadrupole 
moment of the solvent and ■0 is the angle between
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the quadrupole and the line joining the centers of 
the quadrupole and the ion (56)* Very little is known 
about the magnitudes of quadrupole moments. However, 
they are opposite in sign for anions and cations. In 
recent mass spectrometric studies of gas phase equilibria 
between alkali-metal ions with water and halide ions 
with water (68, 6 9), Kebarle et al. have found that 
ion-quadrupole interactions are minimal and therefore 
it is difficult to distinguish between a positive 
and a negative ion of the same size on the basis 
of differences between their ion-quadrupole interaction 
energies.

Ion-(induced dipole} interaction energies are 
— JI4,functions of r (32, 5°)* These are important in 

aqueous solutions where water molecules adjacent to 
ions experience a distortion of their electronic 
cloud and an extra dipole moment is established in 
the water molecule over and above its regular dipole 
moment. The ion-(induced dipole) interaction is 
especially important for small ions and must be 
considered in any theory of solvation. This ion- 
(induced dipole) interaction occurs mainly between the 
ion and solvent molecules in the primary solvation 
sheath (3 2, 59) where solvent molecules are bound to 
the ion in one kinetic entity (20). For large ions, 
there is no permanently bound layer of water molecules
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directly adjacent to the ion and so, there is no 
appreciable contribution to the solvation energy due to 
ion-(induced dipole) interactions*

Ion-(induced quadrupole) forces are functions 
of r“  ̂ (60). These forces are probably quite small*
Until now, they have always been neglected in solvation 
energy theories. Almost nothing is known about their 
magnitudes (5 6).

Dispersion forces are due to mutual polarization 
between ion and solvent. Dispersion forces are a 
function of r-^ (6l).

Another contribution to the electrostatic part of 
the solvation energy for an ion is due to charge- 
transfer forces. These occur between two species that 
exist in a state of resonance between a non-bonded, AB,

,i —,and a charge-transfer (bonded), A B , state. Charge- 
transfer forces are particularly strong when one of the 
species is electronegative and the other has a fairly 
low ionization potential. At present, only rough 
estimates of charge-transfer energies can be made.
In a recent mass spectrometric study of gas phase 
equilibria of alkali-metal ions and water molecules (6 9), 
it has been found that the species Li(H20)+ and Na(H,>0) + 
have a considerable degree of covalent character. Thus, 
for small ions, charge-transfer energies may play an 
important role in determining solvation energies.
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Thus, the Born charging energy, ion-dipole energy, 
dipole-dipole energy, ion-quadrupole energy, ion- 
(induced dipoleJ energy, ion-(induced quadrupole)
energy, and dispersion forces, which are functions of
-1 -2 -3 -3 -k -5 -6r , r  , r , r ■, r , r , and r , respectively,

as well as charge-transfer energies, are contributors
to the electrostatic free energy of solvation of ions*

Contributions to the neutral, or non-electrostatic
component of solvation energy include dispersion
interactions, energy of hole (cavity) formation, and
a contribution due to change in standard state from
gas to solution* As of now, there are no generally
accepted methods which can be used to calculate
dispersion interactions (^)* Pierotti (1 3 3) and
Alfenaar and DeLigny (8) beleive that dispersion
interactions depend mainly on the polarizabilities
per unit volume.of the solute and solvent. For ions
and atoms, the polarizability approximately equals the
volume (8 3). Thus, ions and atoms of the same size
should have the same polarizability* Alfenaar and
DeLigny feel that polarizabilities and therefore dispersion
interactions are only slightly dependent on radius*
An excellent piece of supporting information is the
fact that the free energy of transfer of the noble
gases, CClĵ , ferrocene, Sh(CH^)^, and SntCgH^)^ from

2water to methanol is a linear function of r through
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most of the range, where r is the radius of the 
uncharged molecule. Thus, it would appear that dispersion 
forces are proportional to the surface area of the 
particle and play a major role in the solvation of 
large particles.

Energy of hole or cavity formation is also a 
contributing factor to the neutral part of solvation 
energy (32). Placement of an ion in the bulk of the 
solvent involves disturbing the general- structure of the 
solvent. For a highly structured solvent such as water, 
cavity formation involves the destruction of some 
hydrogen bonds (~ 5 Kcal/mole) • For other less 
structured solvents, energy of cavity formation will 
include overcoming the solvent-solvent forces which 
must be disturbed for the ion to be included in the 
solvent. Energy of cavity formation is especially 
important for hydrogen-bonded solvents.

There is a neutral or non-electrostatic contribution 
to solvation energy due to the change in standard state 
from gas to solution. For comparisons between solvents, 
this contribution will be zero.

Several proposals have been made to formulate 
solvation energy in terms of a power series in r*"̂
(8, 58, 62). Rather than have an infinite series as 
Alfenaar and DeLigny (8) and Buckingham (58) formulated, 
it is more suitable to express solvation energy in terms
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of a finite series where each parameter accounts for 
a specific energy contribution (62). With this in 
mind, an equation relating solvation energies of an 
ion, Gj°, to a series in r-*1, and a neutral contribution, 
G.°(neut), can be written;

^i°" Gj°(neut) + | + -3 + - 3  + -3+-Tj;+ - 3 + -^ <68>

a/r represents the Born charging term and is identical 
to Equation 6 7■ The other terms on the right hand side 
of Equation 68 represent ion-dipole, dipole-dipole, 
ion-quadrupole, ion-(induced dipole), ion-(induced 
quadrupole), and dispersion forces* If specific 
chemical interactions occur between the ion and solvent, 
Equation 68 would have to be suitably revised. A term 
corresponding to charge-transfer energy does not appear 
in Equation 68 because it has not yet been given a 
mathematical formulation.

An exact solution to Equation 68 is not feasible 
at the present time because of our limited knowledge 
of the parameters in the equation* Thus, solvation 
energies for single ions cannot be predicted by 
compiling all of the interaction energies between ion 
and solvent.

Equation 68 can be written in terms of the
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difference in solvation energy of an ion between e
opair of solvents* A  G^ i

AG^°(neut) + ^ - + - ^ + ^ 5 (69)

In this equation, the terms on the right hand side 
represent differences in the various energy contributions 
from Equation 6 8.
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The Born equation*

Estimating solvation energies and medium effects 
for single ions*

In 1920, Born (57) derived his equation relating 
the electrostatic contribution to the solvation energy 
of an ion to the radius and charge of the ion, and 
the dielectric constant of the medium. As stated 
previously, the Born charging energy, G^°(Born), given 
by Equation 6?, represents the difference between the 
electrostatic free energy of charging the ion in vacuo 
(dielectric constant =1) and in the solvent. Some 
authors (6 3) are inclined to speak of the Born charging 
energy as if it represented the entire electrostatic 
contribution to the free energy of solvation. Actually, 
it does not. As was shown in section IV-C-1, it is 
only one of seven (Equation 68) contributions to the 
total electrostatic free energy of solvation.

In the Born model, the ion “sees" a continuum of 
structureless solvent with a dielectric constant of D. 
The ion is viewed as a rigid, undistortable sphere.
The Born model suggests a simple thought process that 
would represent the charging energy. The three steps in 
this experiment are 1) the ion is discharged in vacuo 
requiring energy equal to 2) the uncharged sphere 
is slipped into the solvent, a process which requires
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no electrostatic energy 3) the charge on the sphere is 
restored requiring energy equal to The Born
charging energy would then be given by

G°(Born) = (73)

Thus, the Born charging energy is a "chemical" energy 
and not a "real" energy contribution to G° because it 
does not include the energy required for a charged ion 
to cross the vacuum--solution interface. Some 
authors (32, 6 3) give the impression that G°(Born) is 
a "real" energy of solvation.

For very small ions, where the electric field 
in the immediate vicinity of the ion is large, short
range ion-solvent interactions that are functions of
—2 —  6 * r” to r“ undoubtedly play a major role in solvation.

This would especially be true in the case of highly
ordered solvents of high dielectric constant such as
water. As the ion gets larger, the Born charging
term will tend to predominate over the other electrostatic
contributions to solvation energy. For very large
ions, the Born charging energy is endorsed by this author
as an excellent estimation of the electrostatic
contribution to the solvation energy.

For one mole of ions, the Born equation becomes
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G°(Born) (l " -5 ) (71)

And the Born charging contribution to the standard 
free energy of transfer of one mole of ions, i, from 
aqueous to nonaqueous solution, AG^°(Born), is

2 2
AG-°(Bom) “ sGj°(Born) - wG.0(Bom) = - J-J (72)

where the subscripts s and w refer to the nonaqueous 
solvent and water, respectively. The Born contribution 
to the medium effect of an ion, mV^(B0^ )  is given by

lnmYiCBorn} = 2RTr. ( D ~X 5 VV

At 25°C, N = 6.02*1023, e = 4-.80•10‘10esu, Dw =78.3*
R = 8.3I joules deg-1 mole-1, and T ~ 298 deg (12). 
Substituting numerical values into Equation 73» an 
expression for logmY^(Born) with water as the reference 
solvent is obtained t

l o g ^ B o m )  = 121r‘6z f-£- - 0.0128] (74)
X s
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Predictions based on the Born equation.
The Born equation has often been used as a starting 

point in formulating theories of solvation (3 2) and in 
estimating solvation energies for single ions* Bronsted 
(1) was using the Born equation in 1928 to predict changes 
in pKa's of acids from one medium to another* In effect, 
Bronsted was calculating medium effects using the Born 
equation*

Upon inspecting Equation 67, one sees that the

G°(Born) (l - (6 7)

solvation energy of an ion due to Born charging decreases 
in absolute magnitude as the dielectric constant of 
the solvent decreases and as the radius of the ion 
increases* It also increases with the charge on the 
ion*

Table 2 is a listing of Born solvation energies for 
univalent ions covering a range of radii and solvents 
calculated using Equation 6?. One can see that the 
solvation energy is more sensitive to the size of
the ion than to the dielectric constant of the solvent.
Solvation energies at D = 24, d = 33» and D = 36 are 
included in the table because these are the dielectric 
constants of ethanol, methanol, and acetonitrile, 
respectively*
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Table 2* Solvation Energies, G^CBorn), for Univalent Ions of Various Radii and
Solvents of Various Dielectric Constants, in kcal/g-ion.

0» A 78 70 60 50
D

**0 36 33 30 24* 20 10
1 161.4- I6 3 .8 163.4- 162.9 162.1 16 1 .6 16 1 .2 160.7 1590 157.9 1^9*6
2 82.0 81.9 81.7 81.5 81.0 80.8 80.4- 8 0 .3 79.6 79.0 74-.8
3 5^*7 54.6 5^.5 5**.3 54-. 0 53*9 53.7 53.6 53.1 5 2 .6 4*9.9
4- 4-1.0 **1.0 4-0.9 4-0.7 4-0.5 4-0.4- 4-0.3 4-0.2 39.8 39.5 37.**
5 3 2 .8 3 2 .8 32.7 3 2 .6 32.4- 32.3 3 2 .2 3 2 .1 31.9 31.6 29.9
10 16.4- 16.4- 1 6 .3 1 6 .3 1 6 .2 1 6 .2 1 6 .1 1 6 .1 15.9 1 5 .8 15.0
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Table 3 is a. listing of Born contributions to 
the medium effects of univalent ions of various radii 
in solvents of varying dielectric constants. The 
medium effects were calculated using Equation 75 
where water is the reference solvent i

log m , l(B 0rn ) = ^ | A 2- ( A . ^ )  (75)

Born contributions to the medium effects are greatest 
for the smallest ions. In general, the Born part of 
the medium effect for an ion increases as the dielectric 
constant of the nonaqueous solvent decreases



Table 3* (Born) for Univalent Ions of VariouB Radii and Solvents of Various
Dielectric Constants* Water is Reference Solvent* 25°C*

D
r, X 70 60 50 40 36 33 30 24 20 10

1 0 .178 0.468 0.873 1.481 1.819 2 .1 2 6 2.494 3.508 4.521 10 .601

2 0.089 0 .2 3 4 0.437 0.741 0.909 1 .0 6 3 1.247 1.754 2.261 5.301
3 0.059 O .156 0.291 0.494 0.606 0 .709 O .832 1.169 1.507 3.534
4 0.045 0.117 0.218 0.370 0.455 0 .532 0.624 0.877 1.130 2.650

5 0 .036 0.094 0.175 0.296 0.364 0.425 0.499 0.712 0.904 2.120
10 0.018 0.047 0.087 0.148 0.182 0.213 0.249 0.351 0.452 1 .0 6 0
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Critique of the Born equation.
The Born equation gives only an approximation for 

the total solvation energy of an ion. For small ions» 
the short-range ion-solvent interaction energies must 
be taken into account when estimating solvation energies. 
For larger ions, the neutral# or non-electrostatic, 
contributions become increasingly important* The Born 
equation ignores all these as well as any specific ion- 
solvent interactions, charge transfer forces, etc.. The 
Born equation also fails to account for increase in 
ionic radius due to solvation and the dielectric 
saturation in the vicinity of the ion.

When the Born equation is used to calculate free 
energies of hydration of electrolytes, it is found that 
the calculated values are about 50 % higher than the 
observed ones (36, 6 -̂). Thus, the simple Born equation 
cannot be used effectively to estimate solvation energies 
or medium effects for single ions, at least not those 
of average sizes. However, Various attempts have been 
made to modify the original equation so that it 
would yield free energies of salts that are identical 
with experimental values.
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Methods for estimating medium effects for single ions 
based on modified Born equations.

Introduction.
It was stated earlier that the Born equation yields 

values for solvation energies that are too high (3 6).
The equation fails to account for dielectric saturation, 
short-range ion-solvent interactions and neutral contri­
butions to solvation energy of an ion. The simple Born 
equation, which in most cases allows only qualitative 
predictions, has undergone many modifications (*0 since 
it was first presented in 1920 (57)• The parameters 
that have been adjusted in the various modifications 
are the ionic radius and the dielectric constant of the 
solvent. Usually, the crystallographic radius is used 
as a starting point and then various amounts are added 
to it to bring the solvation energy down to the observed 
value. In practice, the solvation energies of pairs of 
ions must be estimated because only those quantities 
are measurable. Once a correction has been applied to 
a pair of ions so that the predicted solvation energy 
equals the observed energy for the pair, the contribution 
of each individual ion (from the B o m  equation) becomes 
accessible.

The dielectric constant can also be adjusted so 
that predicted solvation energies give results in
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agreement with experiment. In this case, the dielectric 
constant is decreased presumably to account for the 
expected decrease in dielectric constant in the vicinity 
of the ion due to orientation of the solvent dipoles in 
the electric field of the ion (dielectric saturation)•

The Born equation for an electrolyte can be written asi

where r , and r are the radii of the cation and the 
anion, respectively. Consequently, the Born equation 
for medium effects of an electrolyte is

( £ + £ )  <7 7 >

where the subscripts w and s refer to water and the 
nonaqueous solvent, respectively.
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Webb's approach*
Webb (6 5) made an attempt to improve the Born 

prediction of hydration energies by taking into account 
the decrease in dielectric constant for water in the 
vicinity of the ion and the energy of electrostriction 
(contraction of solvent resulting from attraction of 
water molecules by the ion) of the solution* Instead 
of using crystallographic radii, Webb used radii corres­
ponding to the distance of closest approach between 
water molecules and the ions* From experimental 
values of hydration energy and partial molal volume 
for an electrolyte, the effective radii of the ions of 
the electrolyte can be obtained, and hence, individual 
ionic hydration energies*

Webb's approach was never expanded to nonaqueous 
solvents and so medium effects for single ions based on 
his method are not available*
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Latimer, Pitzer, and Slansky*s approach.

L P S model*
Latimer, Pitzer, and Slansky (66) proposed a 

radius correction term to the Born equation to account 
for the expected increase in ionic radius of the 
solvated ion* Their modified Born equation took the 
form i

G±° = - ^ ( i  -  1 ) ( _ L _  + 5 - V r r )  (78)

where R+ and R_ are the empirical radius correction 
factors that are added to the crystallographic radii of 
the cation, r ,, and the anion, r , respectively, soT
as to make the calculated and the experimental value of 

equal* Latimer et al* were able to calculate 
hydration energies of alkali*— halides to within a few 
kcal/mole# They found that for the alkali— halides, 
the best results were obtained by adding 0.1 X to the 
Pauling crystallographic radii of the halides and 0*85 
to the Pauling crystallographic radii of the alkali—  
metal ions. It should be noted that in this method, 
a constant amount is added to the crystallographic 
radii of all the alkali— metal ions and the same 
for the halide ions. No distinction is made between

>o
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ions of like charge as far as the radius correction 
goes* The radius correction presumably accounts for 
those ion-solvent interactions and neutral contributions 
to solvation energies not accounted for by the simple 
Born equation.
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Work of Coetzee et al.
The modified Born equation of Latimer, Pitzer and 

Slansky (Equation 78) can he expanded to an equation 
for the free energy of transfer of a salt from water 
to a nonaqueous solvent. Since the radius correction 
term will assume different values in water and in the 
nonaqueous solvent, the modified Born equation for 
estimating for a salt becomes i

s sQi°- wGi° = - !LT ^ [ ( :l - ir) (79>

fr+ + R+(s) + r_ + R_(s)) " f1 '

(r+ + R+(w) + r_ +

The free energy change associated with the transfer 
of a cation from water to solvent s, A  G can beT
identified with i

A „o N e 2z2 f7 1-1/Ds \ / 1 - 1/Dw \1 ,„nx
* * + -----— [(r+ +' R+U)J ' |r+ + R > ) ]  <80)

and a similar equation can be written for A  G_f •
Coetzee and Campion (6 7) felt that by using energy 

relationships for cations exclusively and determining 
the radius corrections R+(w) and R+(s) for double 
comparisons between pairs of solvents, an improvement
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in the accuracy of the calculations of R.Cs) and*r
R+(w) results. They had available values of the 
differences between the free energies of transfer of 
alkali-metal ions and rubidium, defined by i

^ ° ( M - R b )  “ s*GM°" Gr V  " w^GM°" Gr V  “

= ^ GM ° " ^ GR°b

where M is an alkali-metal. A  Gĵ  and A  Gj^ were 
expressed by equations similar to 80 and the radius 
correction terms, R,(w) and R.Cs) were fitted directlyT T

into the difference between two such equations for 
two cations. It was assumed that R,(w) and R.Cs) have*r T
the same value for all alkali-metal ions. Actually, 
it is the difference between the radius correction 
values, A r " R (s)-R.(w), rather than the individual

T T T

values of R.Cs) or R,(w) that is important in fitting*r T
calculated values of A  A G(M-Rb) "to exPerimerrtal 
quantities. Once values of R+(w) and R+(s) have been
determined, Equation 80 could be used to evaluate
solvation energy changes for single ions. It is
interesting to note that the original value of 0.85 ^
for R,(w) as determined by Latimer, Pitzer, and Slansky•r
(66) has since been revised by Noyes (64) to 0.?2 A and 
again by Simon (6 3) to 0 .6 5 A. Rosseinsky (33) has a 
critical evaluation of values of R.(w) and R (w) as4- —
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determined by different authors.
Coetzee and co-workers (15» ^6, 63, 6?) estimated 

medium effects for alkali-metal ions in seven dipolar 
aprotic solvents based on their modification of the 
Born equation. Values of were obtained
from polarographic half-wave potentials of the alkali- 
metal ions in water and in the nonaqueous solvents.
The half-wave potentials were referred to the half­
wave potential of rubidium in the same solvent to 
obtain values Sbr ̂  wEj(m _ Rb} and A BE4(M. Rb)- 
From these ^ E 0,s» values for ^ ^ G(M-Rb) Were 
calculated. Half-wave potentials differ from standard 
potentials due to the effects of supporting electrolyte 
in the polarographic cell and the effects of amalgamation 
of the solvent-insoluble reduced species. Coetzee et al. 
feel that these effects cancel in their double comparisons
and that A  A  Ex closely approximates A  -AE0. Medium 

2

effects for single ions in acetonitrile as determined 
by Coetzee et al« are given in Table 82.

The underlying assumption in this method for 
estimating medium effects for single ions is that the 
interaction between alkali-metal ions and the solvents 
studied is predominantly electrostatic and can be 
represented by the modified Born equation. The radius 
correction terms are supposed to account for short range 
ion-solvent interactions not directly accounted for by
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the Born equation. By excluding anions from consideration, 
the dilemma of unequal ion-quadrupole interaction 
energies for oppositely charged ions has been avoided. 
However, any contributions to solvation energies due to 
non-electrostatic interactions have been ommitted from 
consideration in this method.
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Work of Laidler and Pegis*
Laidler and Pegis (?0) found the unmodified Born 

equation to be useful only as a first approximation 
for predicting hydration energies* Deviations of 
G° from experimental values are particularly significant*7“
for compounds containing small ions of high charge*
Laidler and Pegis feel that drastic modifications of 
the radius term in the Born equation are unjustifiable 
and that drastic modifications are more properly made 
on the dielectric constant term.

The Born equation can be put in the form

G°(Bom) =  ̂ (82)

where r and r are the radius of the ion in solution s v
and vacuum, respectively* From Equation 82, it can be 
seen that the radius term in the Born equation is a 
composite of the radii of the ion in solution and in 
a vacuum* As a first modification to the Born equation, 
Laidler and Pegis recommend increasing the crystallographic 
radius of the ion by 25 % on the basis of expansion of 
the outer orbitals of the ion when it is in close 
proximity to solvent molecules. They then recommend 
that all remaining deviations between Born solvation 
energies and experimental solvation energies be 
accounted for by modifications in the dielectric
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constant term of the Born equation* Increasing the 
crystallographic radii by more than 25 % or adding 
a constant radius increment to the radii of all 
alkali-metal or halide ions, is theoretically 
unjustified.

Laidler and Pegis have proposed an equation for the 
hydration energy of an ion

g °(h 2°> “ G(o) ' (83)

where G(c) is a complex double integral that takes 
into account variation of the dielectric constant of 
water in the electric field of the ion, b is an empirical 
quantity, and the other terms have their usual meaning* 
The equation yields results for G°(H20) that are in 
agreement with experimental values for compounds 
containing univalent ions larger than 1*3 Laidler 
and Pegis* equation has never been expanded for 
nonaqueous solvents*
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Stokes* modification.
For calculating free energies of solvation in 

water or partially aqueous solutions, Stokes (71) 
proposed a modified Born equation in which both the 
radius and the dielectric constant have been modified. 
The ions are assumed to be solvated by water molecules 
exclusively even in partially aqueous solvents. The 
effective dielectric constant in the immediate 
neighborhood of the hydrated ions (primary hydration 
layer) is given a value of 9 and the effective radius 
of the ion is set equal to the crystallographic radius 
plus a correction factor due to molecules in the 
primary hydration layer. The Stokes equation is*

«° _ N z e / 2nrw_______  , _____ 1______\ / a>,\
- 2 U ctrc + 2nrw^Deff Dlrc + 2nrJ >  { J

where 2nrw is the thickness of n layers of water molecules 
bound around the ion, rQ is the crystallographic radius,
D the bulk dielectric constant, and the effective
dielectric constant of the bound water. For univalent 
ions, Deff. = 9 and 2nrw = 0 for univalent anions.and 2.8 
for univalent cations in water. The Stokes equation 
is useful only in those situations where only water 
molecules are found in the primary hydration layer.

>o



Hepler* s modification

Hepler* s model*
In Stokes* modification of the Born equation (67)* 

the dielectric constant of the solvent (water) changes 
from its saturated value to its hulk value along the 
imaginary line separating the primary hydration layer 
from the bulk of the solvent. A more sophisticated 
approach to the change in dielectric constant due to 
alignment of solvent molecules in the electric field 
of the ion was proposed by Hepler (73)•

Hepler proposed a revision of the Born equation 
that takes into account variations in the dielectric 
constant of the solvent as a function of the distance 
from the ion »

In this model, the region of dielectric saturation

a distance of 1.5 to 4.0 A, the dielectric constant 
rises linearly to its bulk value, Dq, and is given by 
the expression (Xr -Y) where X = 0.4(Dq - Dga^), and

ion, the dielectric constant assumes its bulk value, DQ.

o _ N e 
~  2

2

(D _+ =5) exists for ions smaller than 1*5 From

Y = (1»5X - Dga^). After 4.0 A from the center of the



For ions having radii greater than 1*5 the first
integral in Equation 85 becomes zero and the lower
limit of the second integral becomes r^. For ions with

. oradii of 4 A or greater, the first two integrals become
zero and the Hepler equation assumes the same form as
the unmodified Born equation. The original limits on 
the integrals in the Hepler equation were assigned 
on the basis of aqueous solvation. They would have 
to be changed if the solvent is totally nonaqueous or 
if nonaqueous molecules participated in the primary 
hydration layer. Due to the limited amount of knowledge 
of dielectric saturation in nonaqueous solvents, it is 
difficult to apply the Hepler equation to purely 
nonaqueous systems.

Hepler has calculated standard free energies of 
transfer of some uni-univalent electrolytes from water 
to heavy water using Equation 85* Good agreement was 
found upon comparison with experimental values.

Changing the value of the dielectric constant of 
the solvent as a function of distance from the ion 
accounts for all the short-range ion-solvent interactions 
not accounted for by the simple Born equation. Hepler 
does not take into account any neutral contributions 
to the solvation energy of an ion.
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Baaioitv effect of Bates et al»
Woodhead, Paabo, Robinson* and Bates (75) used 

the Hepler modified B o m  equation to calculate the 
free energy change for the reaction

RNH+(s) + H*(w) +RN(w) = RNH+(w) +H+(s) + RN(s) (86)

where s and w refer to 50 % methanol and water, 
respectively, RN is tris(hydroxymethyl) aminomethane, 
and the entire reaction represents the difference 
between the dissociation equilibria of RNH+ in 5° % 
methanol and water* For reaction 86, ”
=-0.25^ which corresponds to a free energy change of 
-1*^5 kjoules/mole. Using the Hepler equation with values 
of 4-.0 A and 2*8 A for the radii of RNH+ and H+, 
respectively, Woodhead, Paabo, Robinson and Bates 
calculated the electrostatic contribution to the free 
energy of reaction 86 as 0*̂ -8 kjoules/mole* The 
difference between the total observed free energy for 
transfer reaction 86 and the electrostatic free energy 
calculated via the Hepler modification of the Born 
equation was called the "basicity effect",

=  A Go A . o
(Hepler) (8?)
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In this case, the "basicity effect" is quite substantial 
at 2 kjoules/mole.

In a subsequent study (7*0, Paabo, Bates, and 
Robinson calculated the "basicity effect" for reaction 
86 using ammonium ion instead of tris, The "basicity 
effect" is attributed to that part of the medium effect 
of the proton not already accounted for by the calculated 
(Hepler) electrostatic medium effect. Other calculations 
similar to these (*0 have shown that in methanol— water 
solvents, the "basicity effedt" increases up to 60 wt-^ 
methanol and then decreases. This reflects the expected 
behavior of log in alcohol— water solvents (17, 76).

Bates et al. have attributed the "basicity effect" 
entirely to the proton. This does not seem reasonable 
since the Hepler modified Born equation does not 
satisfactorily account for all ion-solvent electrostatic 
interactions or for any neutral contributions to 
solvation energy of an ion.
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Critique of Born equation modifications*
To calculate the solvation energy of an ion, 

all ion-solvent interactions— electrostatic and 
neutral-~must be taken into account. Using the 
unmodified B o m  equation to account for solvation 
energies is entirely unsatisfactory. For small ions, 
short-range interactions are important contributors 
to solvation energies. For larger ions, neutral 
contributions become important. Thus, no matter what 
the size of the ion, the Born equation is not suitable 
for calculating the entire solvation energy.

Various modifications of the Born equation help 
correct its deficiencies. However, although there is 
theoretical justification for modifying the dielectric 
constant term in the Born equation, there seems to be 
little or no justification for modifying the radius 
term to fit B o m  solvation energies to experimental 
data (32, 36, 70, 77). Except for a small correction 
to account for expansion of outer orbitals (70), the 
radius correction terms have no physical significance (8).

In the case of small ions, the Born equation should 
be expanded into other terms to include interaction 
energies which are functions of higher orders of r than 
r"’*'. Any solvation theory for small ions should also 
include a term for neutral contributions. It has been

*4-shown (69) that even for small ions such as Li and Na
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there is some covalent character (charge-transfer energy) 
involved in their interaction with water molecules.

In the case of large ions where there is no 
dielectric saturation and therefore, minimal short-range 
ion-solvent interactions, a solvation theory should 
include the Born charging energy and another term 
which is attributable to the neutral interactions.
For large ions, the total solvation energy would be a 
composite of the B o m  charging energy and the neutral 
contributions

G(large ion) ~ G(Born) + G (neutral)

There will be further discussion of Equation 88 in 
following sections.

Using modified Born equations to estimate differences 
in solvation energies for single ions between pairs of 
solvents leads to results that are accurate to 2 kcal/mole 
(33)* It is then quite useless to use these values of 
A  G° to calculate medium effects because the medium 
effects themselves are often only 1 or 2 kcal/mole.
So, even in cases where solvation energies are 
predominantly electrostatic in nature and solvation 
energies can be expressed in terms of modified Born 
equations, these equations do not allow accurate
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evaluation of medium effects for single ions due to 
the inherent inaccuracy of the Born equation for 
estimating single ion solvation energies.
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Non-electrostatic contribution to the solvation energy 
of ions.

Apportionment of medium effects into an electrostatic 
and a non-electrostatic component.

Aside from developing a method for estimating 
medium effects for single ions assuming negligible 
liquid-junction potentials for cells like Cell IV, 
Bjerrum and Larsson were also interested in defining 
the fundamental nature of the medium effect (9)* They 
postulated that the "distribution coefficients", 
as they called the medium effects, consist of three 
componentsi 1) an electrostatic component,
2) a non-electrostatic component, mV(neu^j» and
3) a solvation component, mY(sj *

logmY =  logmV(el)+ log mY (neut) + l°gmY (s) (89>

Bjerrum and Larsson considered the unmodified Born 
expression (

, 2.303 N z2e2 / 1 _1_ \
logmY ( B o m ) “ "2 M r  ( D0 ~ Dw j

sufficient for estimating the electrostatic contribution 
to the solvation energy.
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According to Bjerrum and Larsson, the neutral 
contribution to the medium effect for an ion could be 
equated to the medium effect for a structurally similar 
uncharged molecule, such as benzoic acid for the 
benzoate ion. The expression for the neutral component 
of the medium effect for a single ion is then given by

l°g mY (neut) " lo^ mY (molecular analog) (9 0)

In the Bjerrum and Larsson formulation, the solvation 
component of the medium effect, mY(s)» accounts for 
those ion-solvent interactions not accounted for by
mY(el) and mY(neut)* s -̂mPle Born equation does
not account for solvation energy terms associated with
ion-dipole, ion quadrupole, dipole-dipole, ion-(induced
dipole), ion-(induced quadrupole) and dispersion

-2 -3 -3interactions which are functions of r , r » r ,
— h, _ < —  5r , r » and r , respectively. Thus, mY(sj accounts 

for all the components of mY(ej) which are functions of 
r_n (where n =2,3,4,5,6) and any part of mY(neut) which 
is not accounted for by mY (molecular analog)*

There have been formulations of the medium effect 
in terms of electrostatic and non-electrostatic 
components proposed by others. In 1930* Larmung (78) 
stated that the transference work for an electrolyte
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can be split into two parts* an electrical part due to 
the charge on the ions and a "specific work" part which 
depends on the configuration of the ion. In 196^, Sager, 
Robinson, and Bates (79) apportioned the medium effects 
of cationic and uncharged acids in methanol— water 
solvents into an electrostatic and a non-electrostatic 
term. In this case, Sager et al« felt that the non­
electrostatic term is constant for each particular 
solvent composition and it characterizes the acidity 
of the medium. DeLigny and Alfenaar (8, 110) feel that
the non-electrostatic contribution to the medium effect

2for an ion is dependent on r of the ion. They
o 2constructed plots of A g  versus r for the noble gases 

and other neutral molecules from which they were able to 
evaluate for i°ns a given radius.
These plots were linear over a large range indicating 
that the non-electrostatic contribution to the medium 
effect plays a large role especially in the case of 
large ions. Other authors have used medium effects of 
isoelectronic noble gases or molecular analogs to 
represent the neutral component of the medium effect 
for a single ion (8, 35» 60, 62).

\



Additivity of electrostatic and non-electrostatic
components of solvation energy for large ions.

The electrostatic and neutral contributions to the 
change in standard free energy of solvation of an ion 
upon transfer from water to a nonaqueous solvent can 
be visualized with the aid of the following thought 
process i 1) the hydrated ion is discharged 2) the 
discharged ion is transferred from water to the nonaqueous 
solvent and 3) the ion is re-charged in the nonaqueous 
medium# The free energy corresponding to steps 1 and 
3 corresponds to ^ G°e;j_) while the free energy change 
corresponding to step 2 corresponds to ^ G(^eut)" The 
overall difference in the standard free energy of an 
ion between two solvents can be formulated in terms of 
^^ifneut) anc* sPecif^c electrostatic interactions
between the ion and the solvent *

saturation. The solvent structure around a small ion is 
different than the structure of the solvent around an 
uncharged molecular analog due to the short-range ion-

i(neut)

If Equation 69 were to be applied in the case of a 
small ion, there would be a discrepancy between ^ Gi°(neu-t)
and ^ G(moxecuiar analog) because of dielectric
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solvent interactions. For very large ions* this is 
not the case and the structure of the solvent around 
the ion is the same as that around an uncharged molecular 
analog. There have been various estimates about the 
range of dielectric saturation around monovalent ions. 
Alfenaar and DeLigny claim that it ceases to be

oappreciable in aqueous solution at a distance of 5 A from
the center of the ion (8). Hepler (73)» Robinson and
Stokes (20), and Conway and Desnoyers (81) set the
range at and Rosseinsky (33) gives a value of 3 A.
There are very few estimates of the ranges of dielectric
saturation in nonaqueous solvents. For large ions

owith radii of 4 - 5  A, the neutral component of solvation 
energy becomes equal to the solvation energy of an 
uncharged analog, at least in water. For large ions, 
the total medium effect would then be equal to the 
medium effect of an uncharged analog plus the medium 
effect due to the Born term i

l0®mY (large ion) “ loS mY (neut> + lo« m v (Born) (91)

It should be emphasized that the validity of this 
relationship increases as the size of the ion increases. 
For small ions, effects of dielectric saturation will 
cause logmY (neu-fc) as determined experimentally using 
molecular analogs, to be different than the neutral
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contribution to the medium effect of the ion* Detailed 
arguments in support of Equation 91 can be found in the 
literature (4, 8, 62, 80)* Grunwald, Baughman, and 
Kohnstam (80) were the first to report a successful 
test of Equation 91* They found that in dioxane—  
water mixtures, the observed values of log v for 
tetraphenylphosphonium tetraphenylborate (Ph^P BPh^) 
were equal to the sum of 21og mY of tetraphenylmethane 
(Ph^C) determined experimentally and a simple Born term. 
However, this corroboration of Equation 91 pertains 
to incremental changes in solvent composition whereas 
medium effects usually involve more dramatic variations 
in the nature of the solvent*
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"Zero-energy" versus "inert-gas" assumptions.
In much of the literature, the neutral contribution 

to the total medium effect of an ion is either ignored 
(the "zero-energy" assumption) or is accounted for 
by equating it to the medium effect of an inert gas 
of the same size or electronic structure (the "inert- 
gas" assumption).

The zero-energy assumption involves the opinion 
that for the transfer of a neutral molecule from its 
gaseous to its solution standard state, the energy 
change is solely attributable to the accompanying 
change in volume. According to this model, transferring 
a neutral molecule from one solvent to another involves 
no change in free energy. Another implication of the 
zero-energy assumption is that the structure of the 
solvent around an uncharged particle is identical 
to the structure of the bulk solvent. However, it 
is generally beleived that this is not the case 
(7» 59» 82). All proponents of modified Born equations 
have used the zero-energy assumption as have various 
investigators employing extrapolation procedures. At 
best, the zero-energy assumption is a poor convention.

The inert-gas assumption can involve using medium 
effects of isoelectronic inert gases or inert gas 
molecules of similar size as the estimate of the neutral 
contribution to the overall medium effect of an ion.
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Bjerrum and larsson (9) and Haugen and Friedman (35)
have equated the medium effects of isoelectronic inert
gases to the neutral components of the medium effects of
the alkali-metal ions. Alfenaar and DeLigny (8)
endorsed the inert-gas assumption but they preferred
size to electronic structure as a criterion for assigning
neutral analogs to alkali-metal and halide ions*

o 2From plots of A G  versus r for the transfer of 
noble gases and other nonpolar solutes from water to 
methanol, Alfenaar and DeLigny interpolated values of 
^ G(neut) ^responding to the crystallographic 
radii of the ions. Needless to say, values of mY(neu.j.} 
obtained from the two versions of the inert-gas assumption 
will not agree.

Since the solubilities and hence, the free energies 
of uncharged solutes vary with the solvent, it is 
obvious that the zero-energy assumption is nothing 
more than a convention. Although certain authors (15* 6*0 
claim that some empirical relationships for solvation 
energy do better without a correction for ) *
there is no reason to beleive that the zero-energy 
assumption is credible.
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The assumption of negligible medium effects for 
large ions.

Normal element method of Pleskov.
Pleskov (37) has shown that the change in the 

potential of an electrode from one solvent to another 
is directly related to the difference in solvation 
energy of the electrode-active ion in the respective 
solvents# Knowing this# Pleskov concluded that the 
best reference electrode would be one reversible to an 
ion which undergoes a negligible change in free energy 
of solvation from one solvent to another# The ion of 
such a "normal element" would have small solvation 
energies in as many solvents as possible# Hydrogen 
is naturally a poor choice as a reference electrode 
since the proton undergoes specific interaction with 
many solvents. Also, the solvation energy of the 
proton is expected to be smaller in more acidic solvents 
such as water and formic acid and larger in less acidic 
solvents such as ethanol and ammonia# The magnitude 
of the solvation energy of an ion is determined by its 
radius, charge, polarizability, and tendency toward 
specific interaction with the solvent# Thus, ions of 
the "normal element" should have a large radius, small 
charge, low polarizability, and a minimal tendency toward 
specific interaction with solvents#
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According to the B o m  model, the solvation energy 
of an ion is inversely proportional to its radius*
Thus, the "normal element" would require a large radius* 
A low charge and polarizability is required for the 
"normal element" so that short-range ion-solvent 
interactions are minimized. Specific interactions 
such as formation of complex ions and crystal solvates 
must also be minimal for the "normal element".

It is obvious that Pleskov had to choose an 
element whose ions are large as the "normal element".
A cation is preferable because they are less polarizable 
than anions. The element should also be univalent. 
During his time, his choice was limited to Rb or Cs.
The Rb ion has a radius of 1.^9 A and the Cs ion 
is I .6 5 A in radius (8 3). They are both univalent 
cations and their solvation energies are considerably 
lower than solvation energies of other metal ions. 
Neither ion forms complexes and their salts do not
usually form crystal solvates. With this information,

» * *1* Pleskov assumed that the solvation energies of Rb and
Cs+ would remain constant from one solvent to another

+ +and thus, the standard potentials of Rb and Cs
•f-would be superior to the standard potential of H for 

the purposes of establishing a solvent-independent 
e.m.fo series. Cesium would have been the best 
choice for the "normal element" but standard potentials
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of cesium were not reliably known during Pleskov*s 
time, even in water* Therefore, Pleskov chose rubidium 
as his "normal element". It was a good first approximation 
to solving the problem of a solvent-independent e.m.f. 
scale. Actually, the standard potentials of rubidium 
and cesium are practically the same in all solvents 
that Pleskov had studied (HgO, HCOOH, CH^CN, NH^, NgH^) 
which makes the choice of either of them equally good.
Table ^ is a table of standard potentials obtained by 
Pleskov using the rubidium assumption, i.e., E ^  =0 
in all solvents.

The standard potentials in any valid solvent- 
independent e.m.f. series should follow certain trends 
that would be expected from purely chemical considerations. 
The standard potential of hydrogen should be more 
negative in ammonia and hydrazine than it is in water 
reflecting the decrease in solvation energy of the proton 
from water to these solvents* In solvents more acidic 
than water, such as formic acid, one would expect 
the standard potential of hydrogen to be more positive 
than in water reflecting the expected increase of the 
solvation energy of the proton in acidic solvents. E°*s 
of the heavy metals such as copper, silver and mercury 
should be more negative in ammonia and hydrazine 
due to the formation of complex ions and crystal solvates 
of these heavy metals with the solvents. Standard potentials
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Table 4* Standard Potential Series Obtained by Pleskov
(37) Using the Assumption Solvents*
In Volts.

Element H20 CH-CN3 HCOOH N2H2 NH^

Li -0.09 -0 .0 6 -0 .03 -0.19 -0 .3 1

Na 0.22 0 .30 0.03 0.18 0 .0 8

K 0 .01 0 .01 0.09 -0 .0 1 -0.05
Rb 0 0 0 0 0

Cs 0.00 0 .01 0 .0 1 ---- 1 0 . 0 ro

Ca 0 .16 0.4-2 0.25 0 .10 0.29
Zn 2 .1? 2.43 2.4-0 1 .6 0 1.4-0
Cd 2.53 2 .70 2 .70 1.91 1.73
h2 2.93 3.17 3.4-5 2 .0 1 1.93
Pb 2.80 3.05 2.73 2 .3 6 2.25

Cu/Cu+ 3.45 2.79 ---- 2 .23 2.34
Cu/Cu+2 3.28 2.89 3.31 ---- 2 .3 6

Hg/Hg+ 3.73 ---- 3.63 ---- ----

Ag 3*74 3.4-0 3 .62 2 .7 8 2.76
I 3.51 ---- ---- ---- 3-38
Br 4. 01 ---- ---- 3.76
Cl 4.29 *• — 3.96
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of heavy metal ions should also be more negative in 
acetonitrile as compared to water reflecting complex 
formation in this solvent.

Looking at Table 4, one can see that Pleskov*s 
solvent-independent standard potential series is in 
agreement with the above chemical considerations. In 
this series, the standard potential of rubidium is 
of course set equal to zero in all solvents studied.
The standard potential of cesium is approximately constant 
and nearly zero (vs. rubidium) in all solvents studied.
The standard potential of hydrogen varies from a low of 
+2.01 v in the basic solvent hydrazine to a high of 
+3.45v in formic acid, thus indicating that hydrogen 
is a poor choice as a "normal element" if one assumes 
Pleskov*s rubidium assumption is at least qualitatively 
correct*

In his paper (37)» Pleskov concludes that a 
strict comparison of standard potentials in all solvents 
will not be possible until the liquid-junction potential 
at the interfaces between different solvents is known.
He beleives that it will someday be possible to carry out 
a theoretical calculation of this potential when our 
knowledge of the structure of solutions is more complete.
A list of medium effects for single ions in methanol 
based on Pleskov*s "normal element" method is given 
in Table 79.
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Although rubidium was the only element that Pleskov
found suitable as a "normal element", its standard
potential is not solvent-independent. Rubidium has

oa radius of 1.^9 A (8 3) and thus, there is considerable 
dielectric saturation of solvent around a rubidium 
ion due to short-range ion-solvent interactions. These 
interactions should vary with solvent depending on 
the dielectric constant, dipole moment, and polarizability 
of the solvent. If one calculates the Born contribution 
to the medium effect for rubidium ion in ethanol (D = 24) 
using the unmodified Born equation, it is found that

mYRb(Born) ~*1"2,35» This is just the Born contribution 

to l0SmYRb*
Even though the "normal element" method may be 

useful as a first approximation for estimating medium 
effects for single ions in some solvents, the method 
has practical limitations. Standard potentials of 
rubidium are measured using rubidium amalgam electrodes. 
The amalgams are subject to corrosion, especially in 
acidic media. Although there are methods (8 5) which 
can be used to correct for these corrosion effects, 
it is doubtful whether corrections can be made with 
sufficient accuracy for acidic media.

It seems as if the Pleskov "normal element" 
method is not very accurate. It is now considered 
to be mainly of historical interest (^).
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Strehlow*s "modification" of Pleskov*s normal 
element method.

Strehlow felt that Pleskov*s "normal element" 
method of establishing solvent-independent e.m.f. 
series was useful as a first approximation but that 
the solvation energy of the Rb+ ion was slightly 
different in different media. This difference in the 
solvation energy of Rb ion is largely due to the 
Born charging and ion-dipole interactions of Rb with 
solvent molecules. To account for the change in 
Strehlow and co-workers (36, 39, 87, 88) made use of 
the previously discussed radius-modified Born equations 
in which adjustable ionic radii were used.

Although Strehlow (3 6) refers to his work as a 
second approximation of the "normal element" assumption 
of Pleskov, in actuality, his studies involved use of 
solvation energies of alkali-halides and his solvent- 
independent e.m.f. scale was established in a manner 
analogous to Latimer, Pitzer and Slansky, and later 
of Coetzee et al.'s methods, but, completely different 
from Pleskov*s e.m.f. scale.

After calculating solvation energies for individual 
ions in water and in nonaqueous solvents via Equations 
76 and 77, Strehlow and his co-workers were able to 
calculate medium effects for single ions. Using these 
values, Strehlow was able to establish a solvent- 
independent e.m.f. series. Strehlow retained the standard
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potential of the hydrogen electrode in water as an 
arbitrary zero point for his e.m.f. series on the basis 
of historical reasons and convenience since all aqueous 
electrochemical measurements are made using Ê ° as the 
zero point. Some of Strehlow's results including 
standard potentials of rubidium and hydrogen in various 
solvents are included in Table 5* Pleskov*s values of 
Eh° (on the E 0̂ = 0 in HgO scale) are also included in 
Table 5 for the sake of comparison. Pleskov*s values 
for ER̂  were all constant and equal to -2 .9 2 v in 
any solvent (referred to ER° = 0 in HgO). Strehlow*s 
results indicate that Rb ion experiences a change in 
solvation energy upon transfer to nonaqueous solvents.

From Table 5* it is seen that the standard free 
energies of transfer of Rb+ ion are orders of magnitude 
smaller than standard free energies of solvation. Thus* 
Strehlow's e.m.f. scale is based on calculated values 
of A GP which are small differences between two large 
numbers. Even in the case of other alkali-metal and 
halide ions# standard free energies of transfer from 
water (D = 78) to methanol (D = 32) are less than 1 kcal/g-ion 
in the case of the alkali-metal ions and just a few kcal/ 
/g-ion for the halide ions. Table 6 is a listing of 
differences between standard free energies of solvation# 
AG°, of single ions from water to methanol as estimated 
by Strehlow (3 6). According to Strehlow, the precision



Table 5* Standard Free Energies of Solvation for Rb+ Ion and Standard Potentials of 
Rb+ and H+ Ions in Various Solvents According to Strehlow (3 6) and Pleskov 
(3 7)* Standard Potentials are Referred to E 0̂ = 0 in Water*

Solvent v  x R_, A "GRb
kcal/mole

- A GRb
kcal/mole

ERb
volts

¥
volts

E^ (Pleskov) 
volts

h 2o 0*85 0 .2 5 71.0 0 -2 .92 0 0

c h3oh 0.807 O .37 71.1 +0 .0 6 -2 .93 +0.01 ----

CH^CN 0 .7 2 0 .61 73.5 +2.5 -3.03 +0.14 +0.24

HCOOH 0.78 O .38 72.3 +1*3 -2.98 +0.47 +0 .52

HCONHg 0.85 0 .2 5 71.0 0 -2.92 -0.07

117
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Table 6 * Differences Between Standard Free Energies 
of Solvation of Single Ions From Water to 
Methanol at 25°C (3 6).

Ion Na+ K+ Rb+ Cs+ Cl" Br*

-0 .4-1 -0 .03 +0 .0 6 +0 .1 5 +5 .60 +4-.95 +4-.17
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of the overall analysis for estimation of single ion 
standard free energies in water or methanol is 1 to 
2 kcal/g-ion. With a precision of this magnitude, 
the values of A  G° are smaller than or approximately 
the same size as the experimental uncertainty. Strehlow 
also found that by varying the values of R+ and R_ in 
Equation 78, the values of G° for single ions change 
by about 0 ,5 - 1 kcal/g-ion. He states (3 6) that while 
G° is a sensitive function of R+ and R_, A G° is not. 
However, it should be noted that this added uncertainty 
in Ag° (due to uncertainty in R+ and R_) is greater

O 4* 4" 4"than the reported values of G of Na , K , Rb , and
Cs+ ions between water and methanol. As Strehlow
points out himself (3 6), it would be desirable to have
other independent methods for the estimation of medium
effects for single ions* A comparison of single ion
medium effects in methanol obtained using Strehlow’s
method and other methods appears in Table 79*

Strehlow’s method is empirical. There is no apparent
chemical rationale for apportionment of G^5 between
anions and cations on the basis of best-fit parameters
for R, and R for a series of alkali-halides. There + *”
is no chemical model of solvation inherent in Strehlow’s 
method. However, it would not be fair to say that the 
Strehlow method is entirely useless. For solvents of 
similar dielectric constant, the Strehlow method and the
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Pleskov "normal element" method might prove useful for 
intercomparisons of electrochemical date.
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The assumption of equal medium effects for ion- 
molecule or ion-ion structural analogs.

Constancy of the standard potential of the ferrocene—  
ferricinium redox couple* Strehlow*s Rn(H) function*

Realizing that there are valid objections to estimating 
medium effects for single ions based on modified Born 
equations, and that the rubidium ion was not large 
enough, etc*, Koepp, Wendt, and Strehlow (86) searched 
for a more suitable redox system to use in establishing 
solvent-endependent e.m.f* and ion-activity scales.
A redox system whose standard potential could be assumed 
to be independent of the solvent had to be one in which 
the reduced form had a zero charge and the oxidized 
form a unit charge, so that electrostatic free energy 
changes from solvent to solvent would be minimized.
For redox systems of similar size with a +2/+3 charge 
type, the calculated electrostatic free energy of 
solvation (Born equation) is five times greater than 
for the redox system of a O/l charge type. Other criteria 
which had to be met in choosing a redox couple whose 
potential is independent of solvent are 1) the oxidized 
and reduced species should have large radii 2) both 
species should be spherical with the charge on the 
oxidized species buried in the center of the molecule
3) equilibrium at a platinum electrode should be established
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quickly k) both oxidized and reduced forms should be 
sufficiently soluble in all solvents to be studied 
5) the reduced and oxidized forms must be as similar 
in structure as possible 6} both forms must have 
minimal tendency toward specific interaction with 
solvents and 7) the standard potential of the redox 
couple must not be too positive so that solvents are 
not oxidized by the reduced species. These are very 
stringent requirements for any redox couple. Some of 
the criteria are contradictory. For example, a large 
species is not likely to establish a stable potential 
at a platinum electrode. Also, a large neutral 
molecule is expected to have a limited solubility in 
water.

After studying eighteen different redox systems,
Koepp, Wendt, and Strehlow choose two which most 
closely fit the requirements listed above. The two 
redox systems chosen were l) the ferrocene— ferricinium 
(Foc/Fic+) couple (ferrocene is dicyclopentadienyl iron II) 
and 2) the cobaltocene— cobalticinium (Cob/Cib+) couple 
(cobaltocene is dicyclopentadienyl cobalt II). Both 
couples are of the 0/+1 charge type. All species are 
large (rpo c ==3°8 A (8)) and spherical with the central 
charged atom buried in the center of the molecule.
The reduced and oxidized forms are similar in structure, 
and all species have minimal tendency towards specific



123

interaction with solvents. The standard potential 
of the Foc/Fic+ couple in water is +0.^00+0.007v (8 6)
(DeLigny, Alfenaar, and vanDerVeen report +0.3923v)
and that of the Cob/Cib+ couple in water is -0.918+0.010 v.
Due to the limited solubility of the reduced forms, 
standard potentials of the couples have been determined 
polarographically using the assumptions that the half­
wave potentials of the Foc/Fic+ and Cob/Cib+ couples 
are equal to the standard potentials of these couples.

Using the assumption of solvent-independence of 
the standard potential of Foc/Fic+ and Cob/Cib+,
Strehlow then compared the standard potential of hydrogen 
in nonaqueous solvents to the aqueous value from the 
measured e.m.f. of cells like this i

Ft (s) ;H2(g»l atm) ,H+(a = l),Foc,Fic+(lil);Pt(s) Cell VUI-a

Pt(s);H2(g,l atm),H+(a = 1),Cob,Cib+(lil) jPt(s) Cell VUI-b

The potentials of the above cells are measured in water,
E(H20), and in the nonaqueous solvent of interest E(s).
If au =1 in both solvents, the difference in potential n
of the aqueous and nonaqueous cells is equal to the 
medium effect for the proton in the nonaqueous solvent i

E(s )-E(H20) = w E°(H,s ) - w E°(H,H20) = ^ l n mYH (92)
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On the basis of such e.m.f. measurements, Strehlow 
defined (3 6, 8 9) a redox function Rq(H) which is a 
measure of hydrogen ion activity in nonaqueous solvents 
referred to the standard state in water «

RQ{H) =-logaH* - log mvH (93)

The "0" in the redox function formulation refers to 
the charge of the reduced species, ferrocene, or 
cobaltocene. In practice, the potential of an all 
aqueous cell containing unit hydrogen ion activity 
is measured, E(l), and then the potential of the 
nonaqueous cell of unknown hydrogen ion activity is 
measured, E(X). Operationally, the redox function 
then becomes 1

R0 ( H )  -  2 . 3 5 3 S t  e ( x )  -  E ( 1 )  ( < * )

If the nonaqueous cell also has unit hydrogen ion 
activity, the redox function becomes equal to
the negative logarithm of the medium effect for the 
proton, - log Medium effects for other ions
can be obtained using cells similar to Cell VIII.

For acid-base systems, the redox function Rq (H) 
is supposed to follow the Hammett acidity function, H0*
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They have been shown to run parallel (89) in sulfuric 
acid--water mixtures. Hammett indicators are more 
susceptible to specific interaction with solvent than the 
redox couples used by Strehlow, and the species 
involved in the redox couples are larger than Hammett 
indicators which makes the basic assumption of constancy
of EPoc/Fic+ or EC°ob/Cib+ more Plausible.

Actually, the magnitudes of the standard potentials
of the Foc/Fic+ and Cob/Cib+ couples are probably
quite independent of solvent. Both the oxidized and
reduced forms of the systems are soluble in water
and in the nonaqueous solvents and so the potentials
of the couples is directly dependent on the solvation
energies of the oxidized and reduced forms. The medium
effects of the oxidized and reduced forms will affect
the change in standard potentials of the redox couples
from one solvent to another. The medium effects of 

4* 4*the Fic and Gib ions will include an electrostatic 
and a neutral contribution »

l0SmvFic = 10e mYFio(el) + lo« m YFio(neut)

lo® mYCib = l0®mYCib(el) + loS m YCib(neut) (95'b)

The uncharged species, Foe and Cob, are excellent
j_ O.neutral analogs for the ions Fic and Cib • It is
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thus possible to equate the medium effects of Foe and 
Cob to the neutral component of the medium effect of 
the charged species i

log mYPoo = log mYPic (neut) (96'a)

log,nYCob= logmYCiMneut) (96_b)

The difference in standard potentials of the 
two redox couples in water and in the nonaqueous 
solvent can be equated to the medium effects of the 
species participating in the cell reactions. Having in 
mind Equations 95 and 96> we can write the expressions 
for the difference in standard potentials of the 
Foc/Fic+ and Cob/Cib+ couples in water and nonaqueous 
solvent i

wE°{Foc/Fic+,H20) - wE°(Foc/Fic+,s) = (97-a)

= 2' f0?R~ (~ logmYFio(el) + logmYFic(neut) + 10S mYFoc)

wE°(Cob/Cib+,H20) - WE°(Cob/Cib+,s) = (97-b)

= F ̂  |“ ***0^ mYCib(el) + mYCib(neut) + mYCot^

+ +Since Foe and Cob are reduced species and Fic and Cib
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are oxidized species, the medium effects of the reduced 
species will he expected to partially cancel with the 
medium effects of the oxidized species and the total 
change in standard potential of the two redox couples 
from aqueous to nonaqueous solvent will he equal to 
the electrostatic component of the medium effect for 
the charged species t

wE°(Foc/Pic+,H2Oj - wE°(Foc/Fic+,s) * (98-a)

_ 2.303 RT . __ „
F logmYFic(el)

E°(Coh/Cih+,HoO) - E°(Cob/cib+,s) = (98-h)w  w
= 2*30JLM log y # %F g mYCib(el)

It is a blessing in disguise that the medium 
effects of Foe and Cob are included in the expressions 
for the standard potential differences of Cell VIII.
In actuality, this A  E° is closely approximated by
*og mYOx(el) w^ich itself is subject to estimation
using the Born model. We can see that the E0,s of
the redox couples are not solvent-independent as originally
assumed by Strehlow. The validity of the RQ(H) function
is dependent on the constancy of the E° of the couples.
Thus, the original redox function can be dismissed as
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only a qualitative approximation.
If the redox function, R (H), is modified too

include the l°SmYox (ei) term, it would be an acceptable 
method for establishing universal e.m.f* and ion- 
activity scales. A modified function designated 
RQ(H)mo^ would take the following form i

Ro(H)mod = - l0e aH - loS m vH + los m^Ox (el) (99)

This modified function would then yield pa^ values on 
the aqueous scale, regardless of the solvent.

Medium effects for the proton derived from 
Strehlow's work, and Pleskov*s rubidium assumption are 
presented in Table 7* As can be seen by inspecting 
Table 7, the values of log determined by various 
methods can differ considerably. Apparantly, there 
is still a need for new methods of estimating medium 
effects for single ions that yield more consistent 
and satisfying results.

The ferrocene assumption of Strehlow is inherently 
better than the rubidium assumption ("normal element" 
assumption) of Pleskov. The idea that the difference 
in solvation energy of any ion in water and a nonaqueous 
solvent could be negligible appears inplausible as 
a generality. However, the ferrocene assumption with 
a correction term for l°SmYox (el) inclU(ied should
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Table 7* Medium Effects for the Proton* Base^
on the Assumptions of Pleskov and Strehlow* 
25°C* Molal Scale.

Assumptions
Strehlow 

Modified Foc/Fic+Solvent Pleskov
ErV 0

CH^OH

CH-jCN

HCOOH

B o m  (3 6) (36)

0.3

4.2

9.0

0.07

2.3

8.1

-0.3

2.4

Cob/Cib+ 
(36)

-0 .3

2.6

HCONH, 1.2 -2.5 -2.4
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prove to be quite a satisfactory method for estimating 
medium effects for single ions.

There are some weak points in the modified ferrocene
assumption. First, ferrocene has a radius of 3 .8  A (8 ).
Thus, it is probably not quite large enough to completely
escape the effects of dielectric saturation even in
water. The solvent structure in the vicinity of the
ferrocent molecule might be different than the solvent
structure around the ferricinium ion. In other words,
the medium effect of the ferrocene molecule may not be
equal to the neutral component of the medium effect of
ferricinium. Another weak point of the Foc/Fic+ or
Cob/Cib+ assumptions is that the standard potentials
of these couples are always determined polarographically.
This is necessary because of the limited solubility of
ferrocene in water and the reluctance of the couple
to reach a stable potential at a platinum electrode (3 6).
Cobaltocene is rather unstable in solution so measurement
of the of Cob/Cib+ is the most convenient method of
estimating standard potentials for this couple. Because
of the presence of supporting electrolyte and the
possible inequality of the diffusion constants of the
oxidized and reduced forms, the half-wave potentials are
not necessarily equal to the standard potentials.
Coetzee, McGuire and Hedrick (8^) observed that E^/sa
are dependent on the supporting electrolyte used.
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Most measurements of Ei are determined using a saturated 
calomel electrode (SCE) as reference* In many studies, 
the assumption is made that the liquid-junction potential 
between the solution and the SCE is reproducible and 
constant regardless of supporting electrolyte used. 
Kolthoff (4ft) recommends that in future polarographic 
studies, a reference electrode composed of silver- 
silver perchlorate be used. To keep the liquid- 
junction potential small and reproducible, the perchlorate 
ion concentrations in both half-cells would be kept 
small and as close as possible. A perchlorate salt 
bridge in the same solvent would be used.

The difference between the standard potentials of 
Foc/Pic+ and Cob/Cib+ couples in aqueous solution is 
1.33v and, within experimental error, independent 
of solvent (36 ). We would expect this condition if 
all species in both redox couples were the same size and, 
If the effects of dielectric saturation were negligible 
or equal for both redox systems. However, the difference 
between the standard potentials of ferrocene and rubidium 
are also nearly independent of solvent which implies that 
either the constancy of E°(Foc/Fic+) and E°(Cob/Cib+) 
or E°(Rb) is in doubt. I believe that E°(Rb) is not 
solvent-independent but E°(Foc/Fic+) and E°(Cob/Cib+ ) 
corrected for mY0xfe^j might be.

There has been a great deal of attention given to
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the ferrocene and cobaltocene assumptions. Aside 
from Strehlow's work, Coetzee and his co-workers (8*0 
and Kolthoff and Thomas (97) have studied the Poc/Pic+ 
couple in water and acetonitrile, Kuwana, Bublitz, and 
Hoh (91) have done chronopotentiometric studies of 
ferrocene and some other dicyclopentadienyl compounds, 
and the Foc/Fic+ assumption has been used to estimate 
solvation energies in DMSO (92) and sulfolane (93)*
In this research, medium effects for Foe were evaluated 
in ethanol— water solvents, and values for log^Y^,-, 
were calculated using Equation 95-a. A list of these 
values is given in Table 5°*
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Substituted ferroin assumptions.
In the Foc/Fic+ and Cob/Cib+ assumptions* the 

medium effects of the oxidized form (a cation) and 
a corresponding reduced form (an uncharged molecule) 
are equal. Similar assumptions have been proposed for 
estimating medium effects or liquid-junction potentials 
in which two structurally similar cations which 
comprise a redox couple are assumed to have equal 
medium effects.

Iwamoto and co-workers (9^— 96) have investigated 
the usefulness of various large-ion redox couples for 
evaluating changes in liquid-junction potentials in 
voltammetric studies. They were seeking a redox couple 
whose standard potential would be independent of the 
solvent. They chose the tris(iJ',?-dimethyl-l,10- 
phenanthroline) iron (II )/tris ( 7-dimethyl-l, 10- 
phenanthroline)iron(III) (ferrnin) couple as having 
a standard potential that varies least with solvent 
composition. This is a +2/+3 couple and there are 
strong objections to using a couple of this charge 
type as a reference whose E° is solvent-independent.
The Born equation predicts a five-fold increase in the 
medium effect for the ions in this couple as compared 
with the ions in a 0 /+1 couple such as Foc/Fic+. 
Specific solvation effects are generally greater with 
ions of +2 or +3 charge than with uncharged molecules
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or +1 ions. Coetzee and Campion (6 7) claim that the 
open structure of the iron (II) and iron (III) complexes 
makes them quite susceptible to specific interactions 
with solvents.

Kolthoff and Thomas (97) found use for the tris 
(o-phenanthroline)iron(II)/tris(o-phenanthroline) 
iron(III) redox couple as a couple whose standard 
potential is independent of solvent. On the basis of 
the assumed constancy of this redox couple, they 
determined the standard potentials of various electrodes 
in acetonitrile on the water scale. The same objections 
that were raised to the work of Iwamoto et al. apply 
here. The constancy of the standard potentials of 
couples composed of ion-ion structural analogs does not 
seem reasonable.
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Three assumptions of Parker et al.
Parker and co-workers have proposed three assumptions 

for estimating medium effects for single ions based 
on the assumed equality of the medium effects of ion- 
molecule structural analogs (26, 30)« The tetraphenyl- 
borate— tetraphenylmethane (Ph^B-— Phĵ C) assumption 
proposed by Parker and Alexander (26) states that the 
medium effect of the BPh^” ion is equal to the medium
effect of the neutral molecule Ph^C. Parker and
Alexander applied this assumption to solvents of similar 
dielectric constant. It is by no means a generally 
applicable method for estimating medium effects for single 
ions. The medium effect of BPh^ ion should differ 
from the medium effect of Ph^C by an electrostatic 
contribution for which Parker and Alexander fail to 
correct.

In the iodine— triiodide (Ig— 1^ ) assumption, the 
medium effect of iodine is assumed to be equal to the
medium effecit of the triiodide ion. The potential of
the Ig/l^ couple is then assumed to be solvent 
independent. There are definite differences in 
specific solvation and size between Ig and I~ and 
this assumption does not appear to be valid even for 
solvents with similar dielectric constants. Alexander,
Ko, Parker, and Broxton (30) applied the Ig— X~ 
assumption in water and some dipolar aprotic solvents.
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The drastic changes in dielectric constants and solvent 
type involved in these studies render them dubious.

In the SN-transition state assumption, Parker 
and Alexander (2 6) assume that the change in solvation 
energy of the transition state complex for aromatic 
nucleophilic substitution reactions of nitrophenyl 
or 2 ,^-dinitrophenyl halides is equal to the change 
in solvation energy of the aromatic halides themselves* 
For reactions of the type t

Ag+Y" + ArX = ArY + Ag+X~ (100)

where X = halide and Y SCN”, or Cl", the ratio of
the rate constants in a dipolar aprotic solvent, k , ands
methanol, k , would be equal to the medium effect of Y m
if the SN-transition state assumption is correct » 

k
log ̂ 2 =  log mVArX - 1°S raYArJO* + log mYy = log Yy (101)m

In Equation 101, ArXY^ is the transition state complex 
which is similar in structure to ArX. The SN-transition 
state assumption sets equal to l°SmYArX*
This is also an ion-molecule assumption in that the 
medium effect of an ion is set equal to the medium 
effect of its uncharged analog. The same objections 
that apply to Parker*s BPh^ — an(i



assumptions will apply here.
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Extrapolation procedures.

Izmaylov*s methods.
Izmaylov, along with his co-workers was the most 

prolific worker in the field of medium effects for 
single ions (38, ^7, ^9» 98— 1 0 5). His methods for 
estimating medium effects with the aid of an extrapolation 
procedure will be discussed in this section.

Izmaylov felt that methods for apportioning the 
free energy of solvation between the two ions of an 
electrolyte should not be based on any hypothesis
about the structure of the solvent. He proposed a
method (100,1 0 1) for estimating free energies of solvation 
of single ions by graphical extrapolation of sums and 
differences of G°*s of a given ion in combination with 
other ions of varying radius* r, vs. i/r, to l / r = 0 .
When determining the free energy of solvation for a 
given ion, three plots would be constructed 1 1 ) a plot
of (“Gj° + Gx°) (where i - ion of interest and X=halide . 
ion) versus 1/VX 2) a plot of (Gĵ  - G ? )  (where M=alkali- 
metal ion) vs. l/rM and 3 ) a plot of (-G? + ~ G^)/2)

vs. l/r (where r is the average radius of X and M). All
three plots are extrapolated to a common intercept,
Ĝ °, the solvation energy of a single ion.

Izmaylov assumed that all the components of 
solvation energy of an ion were functions of l/rn where 
n could assume values of 1, 2, 3* an^ 6* Thus, the
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solvation energy of an infinitely large ion would be
zero. Implicit in Izmaylov*s approach is the cancellation
of that part of the free energy of solvation of Ĝ ° and
G^ which in reality does not decrease as l/r approaches
zero. Thus, although Izmaylov ignored the neutral
contribution to solvation energy (he considered it

onegligible for ions below 10 A in size) this contribution 
can be assumed to be equal for infinitely large ions 
of opposite charge, and in theory, Izmaylov's intercepts 
might very well represent single ion energies of solvation. 
In application, however, Izmaylov's method yields 
results which are not entirely satisfactory. The 
thermodynamic solvation energies employed in the 
extrapolation are determined via Born-Haber cycles using 
electron affinities, ionization potentials, sublimation 
energies, dissociation energies, and heats of reaction 
as well as e.m.f. and solubility data. Izmaylov claims 
an accuracy of +0 .5 kcal/mole for his thermodynamic 
solvation energies. This value seems to be a bit 
optomistic considering all the steps necessary in 
determining the solvation energies. Noyes (106) who 
uses an extrapolation procedure similar to Izmaylov's 
to estimate free energies of hydration for single ions, 
hopes for an accuracy of no more than +2 kcal/mole.
Thus, the magnitudes of many medium effects for single 
ions will usually be no larger than the uncertainty 
of the method. There is also a lack of internal
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consistency in Izmaylov*s values of medium effects 
for single ions* The sum of estimated ionic medium 
effects should be equal to the experimentally observed 
values for any electroneutral combination of ions.
For example, the observed value (72) of (l°gmYK - 
'*'ogmYH^ ^ ethanol is 1 .0 but Izmaylov*s
values of and log mYH are -<4.0 and +3*9

respectively.
In cases of extreme solvation energy changes 

(large medium effects), Izmaylov*s extrapolation method 
does yield results that are in agreement with chemical 
considerations. For example, l°g mYH in formic acid 
is +1 0.0 , a value that indicates that protons are 
solvated far less strongly in formic acid than in water. 
Izmaylov's value for log in ammonia is -15*8 
which indicates that protons are more strongly solvated 
in this solvent as compared to water. This author 
endorses Izmaylov's method only when semi-quantitative 
results are desired and only in those instances where 
the medium effects for single ions are greater in 
magnitude than the inaccuracies of the method.

In a modification of his original method (102, 103), 
Izmaylov plotted sums and differences of ionic solvation 
energies as a function of l/n where n is the principle 
quantum number of the lowest vacant orbital of the ion.
In this connection, Izmaylov states that the major
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portion of solvation energy can be attributed to the 
energy of formation of complexes between ions and 
solvent molecules. This energy of complex formation 
depends on the energic properties of the vacant orbitals 
of the ions. The ionic radius was only an indirect 
measure of this energy. Izmaylov assumed that for 
isoelectronic pairs of alkali-metal (M) and halide (X) 
ions, the solvation energy differences would approach 
zero as l/n approached zero. He therefore plotted 
the function' (“G^ + (G^ - Ĝ °}/2) versus l/n^ for 
n=3, 4, 5, and 6 (corresponding to NaF, KC1, RbBr, 
and Csl) and extrapolated to l/n = 0 to obtain the 
energy of solvation for a single ion, G_j°. The 
solvation energies obtained from this extrapolation 
were, on the average, 1 .0 - 1 .5 kcal/mole lower in 
absolute values for cations and higher by the same 
amount for anions compared to values from Izmaylov's 
original l/r extrapolation procedure. Izmaylov considered 
solvation energies for single ions estimated by this 
new method more reliable than those obtained from 
the l/r method because solvation energies of both 
cations and anions could be expressed as a single

nfunction of l/n . All of Izmaylov's medium effects 
reported in this thesis will be those obtained using 
■his l/n method.

Having estimated solvation energies for single ions



in ten solvents, Izmaylov was able to calculate medium 
effects for single ions using Equation 7* Table 8 
lists these medium effects for single ions in ethanol, 
methanol, and acetonitrile and the hydration energies 
of single ions in water.

Izmaylov's results indicate that, in general, 
both positive and negative ions are preferentially 
solvated in water as opposed to ethanol, methanol and 
acetonitrile with the exception of cases where there 
is specific ion-solvent interaction such as the Ag 
ion in acetonitrile.

Izmaylov's medium effects for single ions in 
ethanol, methanol, and acetonitrile are compared with 
those of other investigators in Tables ?6, 79 and 82.
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Table 8. Medium Effects, logmY» and Hydration Energies, 
WG°, of Single Ions According to Izmaylov (102J* 
25°C, Molal Scale.

Solvent
Ion c h3oh CH^CN c2h5oh -WG° kcal/g-i

H+ 3-1 5-5 3-9 256.5
Cl" 1 .0 8 .0 1 .2 74.5
Br" 1 .0 5.0 1 .2 6 9.O
I" 0 .0 2.3 0 .8 6 0 .5

Li+ 1 .6 1 .8 2.9 117.0
Na+ 1 .8 2.5 2 94.0
K+ 2 .0 1.4 4.0 77-0
Rb+ 2 .8 1 .6 4.6 72.5
Cs+ 2.7 1 .1 3 .8 6 3 .0

Ag+ 3-5 -3-0 3-7 1 1 0 .0

Ca+2 «•» 7 .8 --------- 37 1 .0

Zn+2 5*4 7-7 7.7 4 9 2 .5

Cd+2 5.0 6.2 7-6 428.0
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Linear extrapolation of Feakins et al.
Feakins and Watson (107) devised a method for 

estimating medium effects for single ions based on 
Izmaylov's original l/r extrapolation in which free 
energies of solvation of electroneutral combinations of 
one ion and alkali metal or halide ions were plotted 
as a function of l/r of the varying ion. However, 
instead of estimating free energies of solvation for 
single ions in individual solvents, Feakins and Watson 
estimated their differences for single ions, 4  G°, 
directly. The differences in standard free energies 
of solvation of the hydrogen halides (Ag^5* ^ gx*) 
were fitted to a linear equation as a function of l/r 
of the halide ion i

( 4 G H° +  4 Gx°) = 4  Gh° + a(rx )-1 (102)

where the intercept is 4 Ĝ 0 and rx is the crystallographic 
radius of the halide ion. In a similar manner, the 
standard free energies of transfer of LiCl, NaCl, and
KC1, (4 Gj^ + ^Gj^) were espressed as a linear function
of l/r of the alkali-metal ion

(A C &  + A g °) = d o c° * (103)

where the intercept is ^  G ^  and r^ is the radius of



the alkali-metal ion. The slopes, a and b in Equations
102 and 103 are opposite in sign and an order of
magnitude greater than the slopes predicted from the
Born equation.

Of course, once any one medium effect for a single
ion is determined, all other medium effects for single
ions become accessible. Feakins and Watson were able
to calculate the medium effects for a variety of ions
from the values of v„ and „yn-, obtained directly fromm n  m ujl

their extrapolation. However, values of mv for the
same ion derived from y„ and were found to differ

m n  m l-j.

by as much as 1.5 kcal/g - ion. For this reason, an 
average value of mYcl was used in calculating medium 
effects for other single ions.

Feakins and co-workers (108) estimated medium 
effects for single ions in some dioxane— water and 
acetic acid— water mixtures (108) and in the entire range 
of methanol--water solvents (109). According to the 
results in methanol, cations are preferentially 
solvated in this solvent as compared to water and 
anions are preferentially solvated by water*

Although the above linear extrapolation is similar 
to Izmaylov's l/r method, it gives values of medium 
effects for single ions that are often of different 
magnitude and opposite in sign to those determined by 
Izmaylov. There is some doubt about the linear
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dependence of on r**1 (4). Izmaylov's extrapolations
are curved. For small ions, short-range ion-solvent 
interactions that are functions of r” -~r” are 
important contributions to G°. If solvation energies 
of RbCl and CsCl were included in Equation 103, the 
linear relationship would not be evident at all. As 
in Izmaylov's method, the extrapolations are long and, 
as Feakins points out (1 0 8), graphs of 4 g +° versus 
l/r are usually concave or convex to the r”^ axis rather 
then linear. Feakins states that the neutral component 
of the medium effect for a small ion cannot be 
approximated by the corresponding free energy change 
of an isoelectronic noble gas due to effects of 
dielectric saturation. However, this does not seem to 
be a reasonable explanation of why the neutral contribution 
is ignored entirely in his method.

Medium effects for single ions in methanol as 
determined by Feakins et al. are compared with those- 
from other methods in Table 79*
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Method of DeLigny et al.
DeLigny and Alfenaar (1 1 0) proposed an improvement 

of the existing extrapolation methods for estimating 
medium effects for single ions based on the subtraction 
of a neutral component from A G° before such an extrapo­
lation is performed. As in the method of Feakins, 
the solvation-energy changes rather than the solvation 
energies for single ions, are estimated directly. 
Thermodynamic values of Ag° for the halogen acids and 
for the proton minus alkali-metal ion were corrected 
by subtracting a term corresponding to the
free energy of transfer of an uncharged molecule of the 
same dimensions as the halide or the alkali-metal ions. 
This corrected A g °  was plotted as a function of r*"̂  
of the varying ion for both series of A g ° * s  and the 
resulting curve extrapolated to infinite radius of 
the varying ion to give Ag^0* Extrapolations were 
performed for methanol— water solvents and pure methanol.

DeLigny and Alfenaar apportion the standard free 
energy of transfer of an ion between an electrostatic 
and a neutral component i

A a i = A a liel) * A a Uneu%) (104)

For a large ion, the neutral component would be 
equivalent to the change in standard free energy of an
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uncharged molecule having the same dimensions as the 
ion. If the ion is large enough* the major contribution 
to the electrostatic component would be estimated 
from the Born equation (Equation 6 7). The latter 
approaches zero as the radius of the ion approaches 
infinity.

For large particles, the A  G(^eut) "term Is 
proportional to the surface area of the particle (r ), 
so that it increases with increasing radius. It is 
for this reason* that before extrapolating A  G° to 
l/r=0, must be subtracted from the total
A  G°. To determine ^ G(neut) ^or a^it:ali"ine'tal 
and halide ions, DeLigny and Alfenaar employ a plot of

- Q
A G  versus r for the noble gases* methane, and other 
nonpolar solutes and interpolate values of 
corresponding to the ionic radii of the ions. These 
AG^eut) va^ues are then combined with the thermodynamic 
sums ({A  GH° + AG^°)where X=C1~* Br“, I ) and 
differences ( ( A  G 0̂ - A  ) where M - L i +, Na+, K+, Rb+,
Cs+ ) of standard free energies of transfer to obtain 
the free energy terms useful for extrapolation. These 
terms are really (A  gh° + A Gx° ^) and (A  GH° - A G ^  j)»

4 gH + 4 G X°(el) = A gH° + A G X°- A G X°(neut) (1°5-a)

A  GH0_ ^°M(el) = A  GH° ■ A g m + A G M(neut) (105-b)
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For the actual extrapolation, (A 5̂ ° + ^^x°(el)^ and 
( A g^ -  are plotted versus l/r of the
varying ion* Both curves are extrapolated to a common 
intercept at l/r=0. In the region between l/r - 0 
and l/r = 0.1 (r=10 A), the effects of dielectric 
saturation and short-range ion-solvent interactions in 
the methanol— water solvents studied were considered 
negligible and the plots were linear having a slope 
predicted by the Born equation. Values of A  G° at 
l/r =0 were taken as the standard free energy of transfer 
for the proton.

The extrapolations to l/r = 0 are long and somewhat 
arbitrary. Mean values of A  Ĝ ° from water to various 
methanol--water solvents have 90 % probability intervals 
of from +2.? % to +15 % based on extrapolations performed 
independently by nine different people (110). Using 
this extrapolation procedure, DeLigny and Alfenaar 
arrive at a value of -0.88 for in 1°° %
methanol at 25°C. All indications are (4) that liquid 
methanol is less basic than water and thus, i°gmYH 
should be positive in 100 % methanol. It is highly 
likely that for the small ions involved in this study, 
the neutral component of the medium effect cannot be 
accurately approximated by the medium effect of an 
uncharged analog.

In another method for estimation of medium effects
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for single ions, DeLigny and Alfenaar (8) again considered 
A g ° to be composed of an electrostatic part and a 
neutral part. The neutral part, A G(neut)* was se-t 
equal to the A  G° of an uncharged solute of the same 
dimensions as the ion and the electrostatic part, AG^°e^ ,  
was set equal to a power series in l/r i

where a is given by the Born equation, r is the crystallo- 
graphic radius of the ion, and b, c, etc., are empirical 
coefficients. In the case of small ions, the short- 
range ion-solvent interactions and the difference 
between A G ^ g ^ j  for the smaill ion and A  G° of an 
uncharged molecule of the same size are supposed to be 
accounted for by the terms proportional to the higher 
order terms in r

To estimate the medium effect for the proton in 
methanol and methanol— water solvents, the following 
two series were used i

A gh° + A gx° - A G x°(neut) = A gh°+ —  + “ g" + “T  + *** (10?-a )
* rX rX

A gh°- A G m°+ AG M°(neut) = A gh° + ^ - + -1 + e + f M  (107-b)
M  r* r' ^M M
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The quantities on the left hand side of Equations 
107-a and 107-b and the radii of the varying ions are 
the necessary data. Values for AGjj0 and b, c, d, e, ... 
are evaluated by the method of least squares# Both 
of the functions have a common intercept, To
increase the available number of data points, the 
ferrocene— ferricinium couple was employed and the 
following equation used »

A o h° - A  GF°i0 + A gf°O0 = A gh° + (108)

rFoc r 2 r 3 roc Foe Foe

In this case, A Gp°oc equals A G p°ic n̂eut j. Since the 
entire quantity on the left hand side of the above 
equation is determined polarographically, it was not 
necessary to evaluate A  GF°0C separately.

As noted earlier, the values of ^ G(^eut) for 
the alkali-metal and halide ions were estimated via the 
"inert-gas" assumption in which A Is equated
to the observed A  G° of an uncharged molecule of the 
same size as the ion. Values of A G° of the inert 
gases, CH^, CCl^, Foe, Sn(CH^)^, and ShCCgH^)^ were 
plotted versus r2 and values of ^or halide
and alkali-metal ions were interpolated using the 
crystallographic radii of the ions. DeLigny and Alfenaar
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found that values of A g ° for the inert solutes
studied were linear functions of the mole fraction
of methanol and could be interpolated for any solvent

o 2composition. The graph of A G  versus r for the inert
2 2solutes in methanol is linear from r =k to r = 2 5*

Some values of A g ° ' s ,  medium effects, and crystallographic 
radii of the inert solutes in methanol are given in 
Table 9* From the values of the medium effects of 
neutral molecules in methanol, (see Table 9), it can 
be seen than the neutral contributions to the total 
medium effect do hot play an insignificant role as 
proponents of the "zero-energy" assumption would have 
us believe.

This extrapolation method of DeLigny and Alfenaar
is an improvement over their first method in which
values of l°£mY(e2j were estimated using the simple
B o m  equation. The power series in r~^ accounts for
ion-dipole, dipole-dipole, ion-Cinduced dipole),
ion-quadrupole, ion-Cinduced quadrupole) and dispersion
forces which, collectively, are probably appreciable
for small ions. Still, the above extrapolation method
does have some drawbacks. The extrapolations are quite
long. The curve representing (Ag^1 + A Gx° - A &x(neu-t))
is fitted to three points only. The values of
( A g ° - A g °. + AG-,0 ) which fall closest to the H Fic Foe
Y-axis are determined polarographically and are thus
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Table 9. AG°, Medium Effects# and Crystallographic 
Radii of Neutral Molecules in Methanol# 
25°C, Molal Scale (8).

Molecule A  G° 
cal/mole log mY r

He 930 +20 0.682 1.29+0.05
Ne 1019 + 20 0.7^7 1 .6 0 + 0 .0 3

Ar 131^ + 20 0.963 I.9 2 + 0 .0 3

Kr 1M-73 + 70 1.080 I .98 + O .03

Rn 2075 +70 1.521 2 .3 + 0 .1

CH^ 1667 + 50 1.222 2.1 +0.1
CCl^ 3912 + jk 2.868 3 .6 + 0 .1

Foe ^360 +150 3.196 3 .8 + 0 .2

Sn(CH^)^ 5380 + 80 3.9^ if.2 +0.1
Sn(C2Ĥ )ĵ 6803 + 1 6 6 if.987 if. 7 +; 0.2



15^

subject to errors due to the nonequivalency of Ei
S

with E°. Values of are especially sensitive to
the values of (AGH° - A G F°ic + A G p°oc)* DeLigny and 
Alfenaar claim that the overall precision of the A  G^° 

values ranges from a high of 0.? % (for 10wt-?S 
methanol) to a low of 17.7 f<> (for 100wt-?S methanol).
This seems reasonable since the maximum error involved 
in determining was reported to be /v10

A major criticism of DeLigny and Alfenaar*s method 
is that the ion employed in the extrapolation are small 
and values for A ̂ (^eut) ot,tained from plots of

_ n
A  G versus r for inert gases and other nonpolar 
solutes will not correspond exactly to f°r
the ions due to effects of dielectric saturation. Thus, 
although DeLigny and Alfenaar were certainly right in 
subtracting values of A G ^ eu .̂j from A G° before 
performing the extrapolations, their method is still at 
fault because of the small sizes of the ions employed.
The "inert-gas" assumption works best for large particles 
where the structure of the solvent surrounding the 
particles is the same as the structure of the solvent 
around an ion of similar size.

Values of medium effects for single ions and 
their corresponding neutral components in 100 % methanol 
as determined by DeLigny and Alfenaar by their second
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extrapolation method are given in Table 9-a. DeLigny 
and Alfenaar*s results are also compared with those 
from other investigators in Table 79*

Medium effects for single ions determined by this 
method differ from those determined by DeLigny and 
Alfenaar's first extrapolation method where 
was estimated using the Born equation* For log^Ypjf 
the new value in 100 % methanol is -1*^5, even 
less satisfying than the first value obtained by 
DeLigny and Alfenaar of -0*88.
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Table 9-a. Medium Effects for Single Ions* loS )J1Vi* and 
for Their Neutral Components, log mYi(neut)» 
in Methanol According to DeLigny and 
Alfenaar (8 )* 25°C» Molal Scale,

Ion l0SmYi lo® mYi(i

Cl" +5*69 -0.84-
Br" +5*31 -1 .0 0

1“ •+^*,56 -1 .3 0

H+ -l.if-5 ----

Na+ -1 .3^ -0 ,6 5

K+ -0 .9 0 -0 .6 8

Rb+ -0.89 -0 .72

Cs+ -0.9^ -0.77
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Salomon1s extrapolation procedure.
Salomon (60, 111) proposed an extrapolation

method for estimating free energies of solvation of
single ions that is almost identical with Izmaylov's
l/r method. Salomon first plots experimentally
observable energy combinations (Gĵ  - Gĵ ) versus
l/r (M = alkali-metal ion) and + Gj^) versus l/r
(X = halide ion). By interpolation, he gets values of
these combinations at identical values of l/r. He
proposes that for oppositely charged ions of equal radii,
all terms contributing to the standard free energy of
solvation of an ion will cancel except for ion-quadrupole
interactions. He assumes that the ion-quadrupole
energies are small. Salomon plots the difference
between interpolated values of (G^ - Gĵ ) and (Gx° + G^)
which he calls d/\G,° „ „ „4.- il conventional

6.A G.° .. G ° - G ° - 2 Gt? (109)i conventional M X H ' 71

versus r“^ and extrapolates to r-1 = 0 to obtain values 
for Gh°.

This is essentially the same method as Izmaylov's 
average plot. The extrapolations are still quite long 
although due to the inclusion of interpolated values of 
(Gĵ  " Gj^) and (Gx° + G ^ ) f Salomon's figures contain 
more points than Izmaylov's. Salomon obtained solvation
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energies for single ions in methanol (ill), 20 % 
dioxane in water (ill), and propylene carbonate (6 0). 
Table 10 gives medium effects for single ions in 
methanol based on Salomon*s work along with Izmaylov's 
medium effects based on his l/n method. The results 
of both methods differ quite drastically. According 
to Salomon's value of -2.1 for i°g mVH in 100 fo 
methanol, methanol is a stronger base than water. 
Izmaylov's results are chemically more acceptable than 
Salomon's.

Salomon made use of e.m.f. data, free energies of 
formation, ionization potentials, electron affinities, 
and solubility data to evaluate d^ Gi°conventional* 
Many of the energy values reported in his papers are 
precise to 1 - 2 kcal/mole which is of the same order 
of magnitude as the medium effects for single ions. A 
major criticism of his method is that values of Ĝ ° 
are dependent on the values of crystallographic radii 
used. Using values of radii from Pauling (8 3) or 
Gourary and Adrian (112), Salomon reports GH° can 
differ by as much as 2 kcal/g - ion.
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Medium Effects for Single Ions, l o g , ^
in Methanol, According to Salomon (111)
Izmaylov (1 0 3).

Ion 10®m yi
(Salomon) (Izmaylov)

H+ -2 .1 +3 .1

Li+ -2 .8 +1 . 6

Na+ —2 .1 +1 . 8

K+ -1.4 +2 .0

Rb+ -3 .0 +2 . 8

Cs+ -2 .0 +2.7
Cl" +6 .2 +1 .0

Br" +6 .0 +1 .0

I" +4.5 0 .0
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A critique of the extrapolation methods*
In all of the extrapolation methods except those of 

DeLigny and Alfenaar, the "zero-energy" assumption was 
made for the non-electrostatic component of the medium 
effect. Nov/ we know that it is only the electrostatic 
component of the medium effect that approaches zero as 
the radius of an ion approaches infinity. The neutral 
components of solvation energy play an increasingly 
more important role as the radius of the ion increases.
In the methods of Izmaylov, Feakins, and Salomon, the 
extrapolated function is (G^0 + (Gx° - G^)/2) and in 
this case, the neutral components of X and M may tend 
to cancel at r'^sO. It is interesting to note that in

nIzmaylov*s l/r and l/n extrapolations, the two functions 
(G^ - Gj^) vs. r~^, and (G^5 + Gx°) vs. r"1, have the same 
intercept as the average function. This does not seem 
reasonable since in the separate functions, the neutral 
component of the medium effect of the varying ion 
should approach infinity as r"1 approaches zero.

There are theoretical objections to extrapolations 
described above. In the small-ion region, where r is 
less than 4- the components of solvation energy that 
are functions of higher powers of r“^ make important 
contributions to the total solvation energy. Thus, 
for small ions, plotting G° as a function of is an 
oversimplification, and particularly when a straight
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line if forced upon the data points, as in Peakin's 
extrapolation (8). Conway and Salomon (113) object to 
plotting solvation energies as a function of crystallographic 
radius, because they believe that some of the ion-solvent 
interaction energies are functions of the radius 
of the solvated ion.

All of the extrapolations discussed are long and 
based on insufficient number of points covering a 
narrow range of ionic radii. Often only three or four 
points are available. Prom the available data, which 
are always those for small ions, the extrapolation is 
extended into the region of very large ions which are 
likely to be governed by completely different types 
of relationships with the solvents. Thus, the input data 
in the extrapolation methods are not precise enough to 
abstract small quantities from them. Izmaylov's most 
optomistic estimate of the accuracy of the thermodynamic 
solvation energies necessary for the extrapolations is 
0.5 kcal/mole (101). Most other estimates place the 
uncertainty in A at 2 kcal/mole (4, 33» 1 0 6).
Medium effects, which are usually of the order of 
1 or 2 kcal/mole themselves are not reliable when 
derived from data whose uncertainty is of the same order 
of magnitude as the medium effects.

In Izmaylov's l/n extrapolation, there is not 
enough evidence to justify the assumption that the major
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portion of the solvation energy of an ion is proportional
to the number of the lowest unoccupied energy level.
In reality* this number is a label, a bookkeeping
number. As an example, in the case of NaF, it is
highly unlikely that the ion-solvent interactions of 

+ —Na and F ions are identical or even that the structure 
of the solvent around both ions is similar. This method 
may be suitable for very large ions provided more 
attention is paid to the quantitative aspects of the 
quantum numbers describing the lowest available energy 
levels.

In Salomon’s extrapolation method, the assumption 
of cancellation of short-range ion-solvent interactions 
for positive and negative ions of the same size is not 
alltogether a valid assumption. For the solvents 
studied, the solvent structure around oppositely 
charged small ions will differ considerably (5 0, 59, 82).

DeLigny and Alfenaar’s extrapolation procedures 
appear to be the most theoretically sound. By making use 
of the inert-gas assumption and a power series in l/r, 
they should be avoiding or compensating for all the 
effects of the neutral component of solvation energy 
and short-range ion-solvent interactions. However, 
DeLigny and Alfenaar are still abstracting medium effects 
from information that has an uncertainty of the same 
order of magnitude as the medium effects. Also, their
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uncertainties are compounded due to uncertainties in 
estimating from the inert-gas assumption*
A major criticism of DeLigny and Alfenaar's results 
is that they are not chemically satisfying* Their 
medium effects for methanol are positive for anions and 
negative for cations* Most other methods give positive 
values for medium effects of anions and cations in 
methanol*

In conclusion, it seems that extrapolation procedures 
are capable of yielding reliable values of medium 
effects for single ions only in cases where there are 
drastic differences in solvation energies of those 
ions* None of the extrapolation methods discussed appear 
to be universally applicable* Too many of the results 
(such as those of Salomon and Izmaylov's l/n extrapolations) 
are contradictory. Other, more reliable methods for 
estimating medium effects for single ions must be 
sought*



16̂

Use of proton exchange constants in evaluating 
medium effects for single ions.

N. A. Izmaylov, one of the major contributors to the 
field of estimating medium effects for single ions, based 
his first approach to the problem (3 8, ^9) on the fact 
that strong acids exhibit the same change in standard 
free energy of solvation on transfer from water to 
a given solvent. On this basis, Izmaylov made the 
assumption that the log of the medium effect for the 
strong acid, log mYjjx» could be apportioned equally 
between the proton and the anion t

* l0« m YHX" l0S m YH = l0®mYX (ll0)

In effect, Izmaylov said that the solvation energies 
and medium effects of the proton and strong-acid anions 
are equal. Izmaylov's first approach to the problem Is 
totally empirical and mainly of historical interest. 
Izmaylov proposed no model as a basis for his 
apportioning the medium effects of strong acids. There 
is experimental evidence to indicate that the major 
portion of the medium effect of strong acids can be 
attributed to the proton. For hydrogen and halide ions, 
specific solute-solvent interactions are certainly 
present in many solvents (1^, 27, 36, ^6, 5 0)*
Another sound criticism of Izmaylov's first approach
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is the probable unequal solvation energies of hydrogen 
and strong acid anions due to differences in their 
radii. If* for the sake of discussion, this method were 
adopted, it could not be applied to aprotic solvents 
because of homoconjugation. Aprotic solvents such as 
acetonitrile are weak hydrogen bond donors. Interactions 
between undissociated acid molecules and their anions 
are stronger in these solvents than solvent-anion 
interactions.

Results from more reasonable methods (4) indicate 
that the medium effects for the proton and halide ions 
usually differ. Using Izmaylov's method, they would be 
equal.

In an attempt to improve on his first approach for 
estimating medium effects for single ions, Izmaylov 
(98, 99» 104) considered the medium effect of an acid,
HA, as composed of an electrostatic term, 2 l°SmY(ei)» 
which could be apportioned equally between the proton 
and the anion, and a basicity term, 2 log mY(bas^c 
which was attributable to the proton t

l0®mYHA = 2l0SmY(eX) + 2 l0e,nY(basic) (HI)

In terms of .this formulation, the medium effect for the 
proton, is given by i
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l08 » % =  2 1 °SmY(ba.sic) + loSnO'(el) (11Z)

Izmaylov obtained values for the log mV(-basic) 
term using proton exchange constants, K^, which are 
equilibrium constants for the proton exchange reaction 
between water and solvent SH i

SHZ+ + HgO = SH + H,0+ (113)

logmY (basic) is -then given by ,

los mr(1)asio) = *iog Kr + J 2  Uli0

where ag Q and are the activities of water and 
solvent SH referred to infinitely dilute solution of 
water in SH and pure SH, respectively. Izmaylov 
obtained the l°SmY(ei) term from the relationship «

3'0gmY (el) = ^ logmYHA ~ ^ogmY (basic) ^

Thus, Izmaylov was able to estimate the medium effect 
for the proton from thermodynamic values of log mVjjA 
and values for proton exchange constants, Kr*

The constant, Kr# is determined from e.m.f.,



167

conductance, indicator, and catalytic measurements made 
in solvent SH before and after addition of small 
amounts of water (12, 24, 4$J. Ideally, should be
the constant for reaction 113 in vacuo#

There have been several objections to Izmaylov’s
approach (4, 114). There is no apparent reason why the
electrostatic term should be equal for the proton and
the anion# According to Izmaylov's formulation, the
medium effect of the anion is composed of an electrostatic
contribution only. No account is made for the
'’neutral component" of the medium effect for the anion
(zero-energy assumption)# Izmaylov's use of Kr
determined in a mixed solvent also leaves something to
be desired. Since water is present as a dilute solution
and solvent SH as an almost pure liquid, it is difficult
to agree that Kr would represent the relative proton
affinities of the two solvents (4, 114).# Popovych (4)
cites mass-spectrometric studies according to which
the relative proton affinities of water and methanol
molecules disagree with those based on the values of
K derived from measurements in mixed solvents# r

According to Franks and Ives (114), proton exchange 
constants are not comparable between solvents# If it 
is desired to use values of Kr determined in more than 
one solvent, a suitable unvarying standard state must be 
choosen for all solvent compositions. In terms of
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standard free energies of solvation for reactants and 
products in Equation 113, Kr is defined as i

G°
lnKr = - W  <ll6)

where G is the standard free energy for reaction 119
in solvent S. This standard free energy, G°, is ins
turn dependent on the standard state chosen and on the 
medium effects for the reactants and products in 
reaction 119* If the aqueous standard state is 
chosen,

SG° = WG° + RT in >V + RT in mYSH - (11?)

- RT ln mYSH2 ' RT ln t,YH20

Thus, for each solvent, G° will vary in a manner 
dependent on the medium effects of the reactants and 
products in the proton exchange reaction. Thus, proton 
exchange constants are not constant over any solvent 
composition range and are a poor measure of the 
relative "basicities of water and nonaqueous solvents (11^).
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Grunwald's activity postulate.
Grunwald and co-workers (115— 117) proposed an 

original method for estimating medium effects for single 
ions in ethanol— water solvents based on a relationship 
between A pK's of organic acids, the medium effect for 
the proton, and two empirical constants. The A  pK of 
uncharged acid HA can be defined in terms of the medium 
effects for the acid, HA, the conjugate base, A", and 
the proton t

Y*
A  pK(HA) = log Yu+log2”  (118)m n m HA

J_In a dimilar manner, A  pK for a cationic acid, BH , can 
be written as

A  pK(BH+ ) = log Yu t log (119)m n m'BH

Grunwald*s approach is based on the assumption that the 
terms log and log(mYB/mYBH) in the above
two equations can be related to a parameter, m, which 
is a function of the structure of the acid, and another 
parameter, Y, which is dependent on the solvent andl charge 
type of the acid. "Activity postulates" can then be 
written for the uncharged and cationic acidso For the 
uncharged acid, HA, the activity postulate takes the fornri
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(120)

and for the cationic acid, BH+, the activity postulate is

(121)

The subscripts and "o" refer to the charge type of 
the conjugate base.

By arbitrarily assigning values to YQ and Y_ of 
-1.00 and +1.00, respectively, Grunwald was able to 
evaluate and mBB+ from experimental values of 
A pK(HA) and ApK(BH+). Then, using the relationships

he was able to calculate medium effects for the proton.
Grunwald believes that the empirical division 

of the medium effect ratios of the conjugate acid-base 
pairs into a solvent-dependent term, Y, and an acid- 
dependent term, in, is significant because he derives 
the same values for log mYH from Equations 122 and 123* 
Actually, all this means is that his method for estimating

ApK(HA) = log + mH A Y~ (122)

A  pK(BH ) — log t mgjj+ (123)
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medium effects for single ions yields internally
consistent values. In fact, the ratio l0s(mYA/mV^)
should be roughly equal to l°gmYA^elj since l°gmYHA
is approximately equal to log mYA(neu-j. j • Similarly,
the ratio of log( y-d/Cy-d-u ) should be roughly equal toin d  m  Dii
-logmYBH(e^j • Thus, the activity postulates 
actually mean t

"HA1- "  lo8 m YA(el) (12i°

n,BH+Yo =  - l0S mYBH(el) (125)

The terms m^A Y__ and mBH+ YQ can be envisioned 
formally as the product of a solvent-dependent— acid- 
independent parameter (a dielectric constant term) and 
a solvent-independent— acid-dependent parameter 
(a radius term). But, if this were the case, the solvent- 
dependent parameter would have to be the same for all 
acids regardless of charge type. On the other hand, 
Grunwald differentiates between the solvent-dependent 
parameters Y_ and YQ on the basis of charge type of 
conjugate base.

Some values of the medium effect for the proton in 
ethanol--water solvents as obtained by Grunwald are 
compared with values from other methods in Table 7^.
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The Hammett acidity functions*
Hammett and Deyrup (118, 119) used an indicator 

approach to establish a solvent-independent acidity 
scale* An acidity function, HQ» was defined in terms 
of the acidity constants K^ln* 0;f? uncharged indicator 
bases, In. From the dissociation of the acid form i

HIn+ = H+ + In" (126)

an equation relating PKHjn+ to hydrogen ion activity 
is derived via the mass action expression i

„ . H In _ H In YIn
Hint ~ “ a -----  v---nin HIn HIn YHIn

and

aTr mT vT
PKHIn+ - - log X i p  (128)

rtin HIn 'HIn

where m ^  and are the molalities, Yjn and YHjn
are the activity coefficients of the indicator and 
protonated indicator, respectively, and the pK's and 
a*s are referred to aqueous standard states. The 
Hammett function, H0» is then defined in terms of 
a„ and the ratio of the activity coefficients ofit
indicator and protonated indicator i



173

(129)

and

(130)

The activity coefficients Yjn and Yĵ jn are the products 
of the salt effect and medium effect activity coefficients 
because of aqueous standard state

assumed to be unity which makes HQ equal to -loga^. 
To determine the value of HQ, one has to know pK̂ -j-n+ 
of the protonated indicator and the concentration 
ratio (in/HIn)* In aqueous solution, the following 
relationship can be written assuming sYIn - gVHIn «

YIn “ sYIn mYIn (131)

YHIn sYHIn mYHIn (132)

In practice, the ratio (YTr1/YMTin) is generallyIn HIn

mT
Ho s pKHIn+ + log m j ^  = paH (133)

The Hammett function is a direct measure of pa^
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only for dilute solutions in water. In more concentrated
aqueous solutions* the activity coefficients of the In
and Hlri1" species have values less than unity. Unless
YIn^YHIn is H0 does not equal paH * In nonaqueous
solutions, the activity coefficients of the species 

+In and HIn Include the medium effect and the Hammett 
function assumes the form i

H = - log a - log -2^12. - log2^2- (134 )
rt s HIn mYHIn

where the subscripts s and m refer to salt effect and 
medium effect, respectively. Thus, unless the two 
activity coefficient ratios cancel or are equal to 
unity, Hq as it is measured operationally via Equation 
133, is not equal to pa^. For large indicator species, 
the ratio (mYHIn/mYIn) would be approximately equal to
mYHIn(el) ~Wh^ch can es'^ma"t:ed v -̂a 't;he Born equation 
or some modification of it.

The application of the Hammett function in nonaqueous 
media requires knowledge of medium effects for In and 
HIn+ or, at the least, knowledge of the electrostatic

J .component of the medium effect of HIn . Hammett functions 
seem most useful in aqueous or partially aqueous media.
In nonaqueous media, the problem of the inequality 
of mYjn and mYjjjn becomes important.



175

The reference-electrolyte method*

Introduction.
Of the methods for estimating medium effects for 

single ions discussed so far, only the extrapolation 
procedures of DeLigny and Alfenaar (8, 110J appear to 
he theoretically sound. However, even in these methods, 
the results are questionable due to the small sizes 
of the ions employed in the extrapolation. Fortunately, 
another method is available for estimating medium 
effects for single ions that is more credible than any 
method proposed to date. This is the reference- 
electrolyte method.

A reference electrolyte is a lil electrolyte 
composed of large ions as identical as possible in size, 
geometry, and other physico-chemical properties 
which determine interactions with solvents. In the 
reference-electrolyte method, the assumption is that 
the medium effect for the electrolyte can be apportioned 
equally between the anion and cation

^°®mYcation ~ mYanion - reference (135)
electrolyte

Once the medium effects of the reference cation and 
anion are known in a given solvent, medium effects for 
all other single ions become accessible. In this
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research, medium effects for single ions were determined 
in ethanol, ethanol— water mixtures, methanol, and 
acetonitrile using two reference electrolytes i 
tetraphenylphosphonium tetraphenylborate (Ph^P BPh^), 
and tetraphenylarsonium tetraphenylborate (Ph^As BPh^).
The results were compared with those obtained earlier 
by Popovych and Dill (l?) who used triisoamyl-n- 
butylammonium tetraphenylborate (TAB BPh^)*

The idea of apportioning measurable properties 
of an electrolyte between its ions is not new. In 
1933 Bernal and Fowler (̂4-8) first stated the assumption 
that ions of equal radii have equal energies of solvation. 
In 19^9* Kraus (120) proposed using tetrabutylammonium 
triphenylfluoroborate (Bu^N Ph^FB) as a reference 
electrolyte in conductance studies. Kraus proposed 
that since the ions of Bu^B Ph^FB have approximately 
equal size, low charge density, and since they have 
the same geometry and do not undergo specific solvation, 
the limiting equivalent conductance of the electrolyte 
could be equally apportioned between the two ions i

X 0BujijN = X QPh3FB = ^ A oBu^N Ph^FB (136)

In 1958, Fuoss, Berkowitz and Hirsch (121) proposed 
using tetrabutylammonium tetraphenylborate as a 
reference electrolyte for conductance studies. This
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was thought to be a great improvement over Kraus' 
choice of Bu^N Ph^FB since the tetraphenylborate ion 
is symmetrical (122). In the conductance field,
Coetzee and Cunningham proposed tetraisoamylammonium 
tetraisoamylborate as a reference electrolyte in 
1965 (122). There has been a great deal of interest 
in the use of reference electrolytes to determine 
limiting ionic equivalent conductances especially 
in those solvents where accurate transference data are 
not available.

The first use of a reference electrolyte to 
estimate free-energy changes for ions was in i9 6 0. In 
that year, Grunwald, Baughman and Kohnstam (80) 
reported on the use of the reference electrolyte 
Ph^P BPh/̂  to estimate free energy changes experienced 
by single ions upon incremental changes in dioxane—  
water composition centering around 5° % dioxane with 
the 50 io dioxane— water as a reference solvent.
However, Grunwald, Baughman, and Kohnstam's measurements 
were performed in solvents of very similar composition. 
Popovych (18) was the first to propose the use of a 
reference electrolyte for estimating medium effects 
for single ions, i.e. for free-energy changes involved 
on the "transfer" of ions from water to nonaqueous 
solvents. Popovych first used the reference electrolyte 
triisoamyl-n-butylammonium tetraphenylborate (TAB BPh^)
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to determine medium effects in methanol and in the 
"ASTM medium", which consists of 5°*° % toluene,
49*5 f° isopropanol, and 0,5 % water, by volume. Later, 
Popovych and Dill (17) used TAB BPh^ to estimate medium 
effects for single ions in anhydrous ethanol and ethanol—  
water mixtures. Other investigators (2 6, 31, 44) have 
made use of Ph^As BPh^ as a reference electrolyte for 
estimating medium effects in dipolar aprotic solvents 
using methanol as a reference medium.

There is a sound theoretical basis for the reference-
electrolyte method for estimating medium effects for

osingle ions. The reference ions are large (r.> 4 A), 
have small surface charge densities, low polarizabilities, 
do not interact specifically with solvent molecules, 
and are as similar in size and structure as possible.
Their large size helps to minimize the effects of 
dielectric saturation and other short-range ion-solvent 
interactions. Xon-quadrupole energies, which are 
functions of r--̂ and are of opposite sign for cations 
and anions, are at an absolute minimum due to the large 
size of the reference ions. The major contribution to 
the medium effects of these large reference ions is 
from the neutral component (4). Being that both the 
anion and the cation are structurally similar, the neutral 
contributions to their solvation energies are expected
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to be identical. The electrostatic contribution to the 
solvation energies of the large reference ions are also 
expected to be equal. The major portion of the 
electrostatic contribution to the solvation energy is 
the B o m  charging energy which is proportional to 
r”^ of the ion. Ions of equal size have equal Born 
charging energies. However,, the equality of solvation 
energies is not of utmost importance for the reference 
ions. The major consideration is that the difference 
in solvation energy between water and a nonaqueous 
solvent be identical for both ions. This is exactly 
what is theoretically predicted for our large reference 
ions.

Medium effects for Ph^P BPh^, Ph^As BPh^, and 
TAB BPh^ have to be determined in order to apply the 
reference-electrolyte assumption from which we evaluate 
the medium effects for single ions. The reference ions 
are not electrode-active and because of this, it is 
necessary to determine medium effects of the reference 
electrolytes by the solubility method. The reference 
electrolytes are insoluble in water 10”^ M) and 
somewhat unstable at such low concentrations in solvents 
containing water. Fortunately, medium effects are 
differences between standard free energies of solvation 
and hydration which allows the medium effect of a 
compound to be determined from medium effects of other
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compounds containing the ions of interest. For example, 
in the case of Ph^P BPh^, the medium effects, log^y* 
of Phĵ P Pi, KBPh^, and KPi can he combined to give 
the medium effect for the reference electrolyte t

log mYPh^P BPh^ = log mYPh^P Pi + log mYKBPh^ " log mYKPi ^13? ̂

This is actually the method used in this research for
determining p BPh * Similarly, the medium

If .  If .
effect of Ph^As BPh^ is determined using the relationship

log mYPhjjAs BPh^ " log mYPh^As Pi + log mYKBPh^ " Cl38J

- los mymTKPi

and for TAB BPh^ i

log mYTAB BPhĵ  “ log mYTAB Pi + log mYKBPh^ “ 0-39)

~  l°g m'KPi

Once the medium effects have been determined for 
the reference electrolytes, medium effects can be 
estimated for the reference ions by applying the 
reference-electrolyte assumptions i



Medium effects for other single ions can be calculated 
using the medium effects for the reference ions in 
combination with those of complete electrolytes. For 
example, the medium effect for potassium ion can be 
calculated from the medium effects of the BPh^- ion 
and that of KBPh^ i

Once the medium effect for potassium has been evaluated, 
the medium effect for the chloride ion can be calculated, 
e.g. i

l0SJ;mrKBFh^ “ logmYBPh^ (1^3)

log mYCl " logmYKCl- logmYK ( l W

The medium effect for the proton can be calculated
using logmYcland IogmY„01i



Equations are representative of the many paths
that can he used to estimate medium effects for single 
ions once the medium effects for the ions of the 
reference electrolyte become available.

In this research, medium effects for single ions 
were estimated in anhydrous ethanol, ethanol— water 
solvents, acetonitrile, and methanol. Medium effects 
for reference electrolytes and single ions were evaluated 
at intervals of 10 wt.-$ in the ethanol— water solvent 
system. Medium effects for a varied array of ions in 
ethanol--water solvents, methanol and acetonitrile have 
been calculated using available literature data for 
thermodynamic medium effects for complete electrolytes 
or other electroneutral combinations of ions.

In this research, thermodynamic solubility products 
of Ph^P Pi and Ph^As Pi have been determined in water, 
ethanol, ethanol— water mixtures, methanol, and 
acetonitrile. Solubilities and solubility products of 
TAB Pi, KBPh^, and KPi have been recalculated and in 
some cases, reevaluated from the data of Dill and 
Popovych (139). The thermodynamic solubility products 
of RbBPh^ and CsBPh^ have been determined in water, 
ethanol, and methanol, and the solubilities of
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ferrocene and T1G1 have been determined in water, 
ethanol, and all the ethanol— water solvents. Tetra- 
phenylmethane (Fh^C), tetraphenylsilane (Ph^Si), 
and tetraphenylgermane (Ph^Ge) have been purified and 
their absorptivities and solubilities determined in 
methanol, acetonitrile, and ethanol— water mixtures 
from 60 to 100 wt.-?5. Differential thermal analysis 
was performed on all the solute-solvent mixtures studied 
in this work in order to check for the formation of 
crystal solvates.

In order to determine the thermodynamic solubility 
products of the compounds studied, solubilities, activity 
coefficients, and degrees of dissociation were measured 
or calculated for each compound in each solvent. 
Solubilities were carefully determined by exposing a 
slurry of the compound in the solvent to ultrasonic 
waves for a short ( ' ' - ' 3 0  minutes) period and then 
equilibrating the slurry by shaking it at constant 
temperature until two successive analyses produced 
identical results (usually between 3 and 6 days).
Activity coefficients were evaluated by the method of 
Bronsted and LaMer (123) in which the solubility of the 
compound is studied at varying ionic strengths. Degrees 
of dissociation were evaluated from studies of 
electrolytic conductance as a function of concentration.
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Reference electrolytes studied in this research effort*

Tetraphenylphosphonium tetraphenylborate, Ph^P BPh^.
Historically, the first reference electrolyte to

be used for the purpose of estimating medium effects for
single ions was tetraphenylphosphonium tetraphenylborate,
Ph^P BPh^. Grunwald, Baughman, and Kohnstam (80)
shose Phĵ P BFh^ because of the equality of the Ph^P
and BPh^- radii (4.2 & based on molecular models),
the general similarity in structure of the two ions,
the small surface charge density of the two ions

+0 .1 8 unit of charge per phenyl group for the
Ph^P* ion and less for the BPh^- ion) and the fact that
the dissimilar atoms of the two ions are buried within
the phenyl ring structure. Grunwald and co-workers
estimated medium effects for single ions in dioxane--
water mixtures centering around 50 wt.-?5 dioxane. They
used 50 wt• dioxane as a reference solvent. Thus,
the variations in the medium involved in their study
was confined to a narrow range.

Two other estimates of the radius of BPh^~ ion are
available. In an article by Friedman (124), a figure
is presented in which the ionic radius of various ions
is plotted as a function of A H 0 from water to propylene
carbonate. Using this figure, the radius of BPh^“ is

ofound to be 5*5 A. Coetzee and Cunningham (122) give
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. oa value of 4.8 A for the radius of the BPh^ ion.
+If one takes the view that the radii of Phĵ P and

BPh^“ should differ by an amount equal to the difference
M +in radii of the central atoms, than BPh^ and Ph^P 

would differ by 0.22 R. Phosphorus has a covalent 
radius of 1.10 A (83) and boron has a covalent radius of 
0.88 $ (83). The BPh^“ ion can be thought of as being 
slightly larger than molecular models predict due to 
its negative charge. Similarly, the Ph^P ion might 
be slightly smaller than the size predicted by molecular 
models due to its positive charge. The effects of the 
charges on the ions tends to counteract the differences 
in the sizes of the central atoms and Ph^P+ ,and BPh^- 
are probably very nearly equal in size.

The structural similarities of Fh^P and BPh^ 
ions are of utmost importance. Both ions consist of 
a central atom buried underneath four phenyl groups.
Any surface charges or deformities should be very 
similar for both ions. Both ions are large enough so 
that short-range ion-solvent interaction energies are 
not significant contributors to their solvation 
energies. Neither ion is expected to form complexes in 
solutions of water, alcohols, or dipolar aprotic 
solvents* Tetraphenylphosphonium tetraphenylborate 
appears to be an excellent reference electrolyte.
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Tetranhenylaysonium tetraphenylborate, Ph^As BPh^ .
In 196?» Alexander and Parker (28) recommended 

using Ph^As BPh^ as a reference electrolyte. Their 
choice of Ph^As BPh^ was based on reasoning similar to 
Grunwald, Baughman and Kohnstam's for Phĵ P BPh^.
The Ph^As* ion is approximately the same size as the 
BPh^“ ion (12^). Both Ph^As+ and BPh^- are large, have 
low surface charge densities, have their central atom 
buried under four phenyl groups, and both ions are 
structurally similar.

Alexander and Parker used the Fh^As BPh^ assumption
to estimate medium effects for single ions in methanol,
water, and some dipolar aprotic solvents. They chose
methanol as a reference solvent because some of their
supporting data such as the solubility of AgBPh^ were
not available or were inaccurate for solutions in water.
All of the medium effects based on the Ph^As BPh^
assumption reported by Parker and his co-workers (27,
28, 3 0) were calculated from concentration solubility
products with no corrections for incomplete dissociation
or activity coefficients. Also, some of their calculations
are based on values for the solubility of AgBPh^, a
rather unstable salt in many solvents for which reliable
K values in water and methanol have not been determined sp
until recently (31)* As has been pointed out (3 6), 
when comparing solubility products irb dissimilar solvents
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for the purpose of determining medium effects, activity 
coefficients cannot be neglected. Values of medium 
effects for single ions in acetonitrile and in methanol 
based on the work of Parker and his associates are 
given in Tables 79 and 82.

In 1966, Arnett and McKelvey (125) had used the
o +assumption that enthalpies of transfer, A H , of Ph^As 

and BPh^~ ions are equal for transfer from water to 
dimethylsulfoxide (DMSO). The same assumption was 
also used by Arnett and McKelvey and Friedman (12^).
Krishnan and Friedman (126) also used the Ph^As BPh^ 
assumption to estimate enthalpies of transfer for single 
ions from water to propylene carbonate and DMSO.

Kolthoff and Chantooni (31) have used the Ph^As BPh^ 
assumption to estimate medium effects for single ions 
in water, acetonitrile, dimethylsulfoxide, and dimethyl- 
formamide using methanol as a reference solvent. These 
authors endorse the reference-electrolyte methods in 
general on the basis of the agreement of medium effects 
for single ions as derived from these methods with 
chemical reasoning. Kolthoff and Chantooni do correct 
for incomplete dissociation and the (salt effect) activity 
coefficients although their method for estimating activity 
coefficients is somewhat ambiguous. Some of their 
results are reported in Tables 79 and 82.

Springer, Coetzee and Kay (127) determined transference
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numbers of (CH^)^N+ and CIO^- ions in acetonitrile 
and thus were able to calculate limiting equivalent 
ionic conductances of various ions that seemed suitable 
for use as reference ions in this solvent. The limiting 
equivalent ionic conductances of Ph^As+ and BPh^” ions 
were found to be 55*8 and 58*3, respectively* in 
acetonitrile. These values differ by .̂4- %• While 
the limiting equivalent ionic conductances of Ph^As 
and BPh^“ ions in acetonitrile are not identical, the 
use of Ph^As BPh^ as a reference electrolyte in acetonitrile 
seems plausible especially when the large, similar 
sizes of the ions are considered. Similarity of limiting 
equivalent ionic conductance is not the best criterion 
for choosing reference ions and can be used only as 
an indication that the ions of a reference electrolyte 
will experience equal changes in solvation energies 
between solvents under consideration.
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Triisoamyl-n-butvlammonium tetraphenvlborate, TAB BPh  ̂.
Popovych (18) was the first to use TAB BPh^ as a 

reference electrolyte. His choice of TAB BPh^ was based 
on the equality of the Stokes radii of TAB+ and BPh^” 
ions in water (128) and methanol (129)* Later, it was 
shown that these ions have equal Stokes radii in aceto­
nitrile as well (1 2 2). Popovych estimated medium effects 
for single ions in methanol and ASTM (50*0 fo toluene,
^9*5 % isopropanol and 0*5 % water). Popovych and Dill 
(1?) estimated medium effects for single ions in ethanol 
and ethanol— water solvents based on the TAB BPh^ 
assumption.

TAB BPh^ does not appear to be as good a reference 
electrolyte as Ph^P BPh^ or Ph^As BPh^. The BPh^“ ion
is closer in structure and chemical type to the

H* *f" H"tetraphenyl cations Ph^P and Ph^As than it is to TAB •
In this research, medium effects for single ions in 
ethanol and ethanol— water solvents were re-evaluated 
from the data of Popovych and Dill (17, 139) and 
compared to medium effects for single ions based on 
the Phĵ P BPh^ and Ph^As BPh^ assumptions.
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A critique of the reference-electrolyte method.
The ions of a reference electrolyte should be 

large, have a low polarizability, small surface charge 
density, and minimal tendency towards specific interaction 
with solvent. Compounds containing the reference ions 
that are used in determining medium effects by the 
solubility method should form no crystal solvates with 
the solvents being studied.

There has been some criticism of the reference- 
electrolyte method, about the specific ions involved and 
not about the theoretical soundness of the method.

Grunwald, Baughman and Kohnstam (80) have criticized 
the Ph^P BPh^ assumption on the basis of possible 
inequality of surface charge densities for the two 
ions based on resonance structures that can be written 
for the Ph^P"1" ion in which the positive charge is on 
the ortho- and para- positions of the phenyl rings. 
Although small, this difference appears to be valid.
More information about the sizes, polarizabilities, 
and surface charges of the reference ions is required.

Parker and Alexander (2 6) have criticized the 
reference electrolytes by suggesting that tetraphenyl- 
borates may form crystal solvates. One of the goals 
of this research was to check whether the compounds whose 
medium effects were determined via the solubility method 
in this study do not form crystal solvates. When
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alternate paths are available for calculating the 
medium effect for any single ion, they should be taken.
If results differ by more than the experimental error, 
there is a possibility that one or more of the compounds 
used forms crystal solvates.

Salomon (6 0) points out that the reference ions 
may be subject to micelle formation in organic solvents. 
However, Grunwald, Baughman and Kohnstam (80) cite 
evidence that for large-ion salts such as (n-Bu)^N BFh^ 
and PhjijP BPh^, where several groups are attached to the 
center of ionic charge, the critical micelle concentration 
is usually quite high. Fuoss, Berkowitz, Hirsch, and 
Petrucci (121) found (n-Bu)^N BPh^ to be a normal 
electrolyte in a variety of organic solvents.

Coetzee and Sharpe (130) have argued that water,
methanol, ethanol, acetonitrile, DMSO, and sulfolane

■4* 4* —differentiate between Ph^As , Ph^P , and BPh^ ions
in terms of specific solvation. Their conclusions
are based on NMR data. They reported molar chemical
shifts of NaBPh^, Ph^P Cl and Ph^As Cl studied as a
function of concentration from 0 .1 to 0.4M in ethanol,
methanol, and water. The molar chemical shifts of these
compounds decrease in absolute value as concentration

- *? -3decreases. No data is available for 10 J— 10  ̂molar 
solutions but upon extrapolation of Coetzee and Sharp's 
reported values, the difference in molar chemical
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shifts "between the tetraphenyl ions at low conentration 
would be negligible. Medium effects are properties 
of infinite dilution and all studies carried out in 
the present research made use of solutions no more 
concentrated than 10 J M. It should be borne in mind, 
however, that it is difficult to translate NMR shifts 
in terms of energetics and that appreciable shifts 
may be associated with negligible free-energy changes. 
Moreover, NMR measurements are made on relatively 
concentrated solutions, where the large tetraphenyl 
ions constitute an appreciable volume fraction of the 
solution, leading to a pertubation of the solvent 
structure which may not occur at the extreme dilutions 
at which medium effects are typically determined. From 
a practical view point, the question is not the existence 
of such differentiating interactions per se, but rather 
their magnitudes relative to the experimental error in 
the A pK values or similar data from which the medium 
effects are calculated. Results of this study show that 
any differentiation between the solvent-solute interactions

+ J_for the PhjjAs and the Phĵ P ions is at the most of the 
order of magnitude of experimental errors in the ApK's, 
but it can only be inferred that the same is true for 
the BPh^” ion.

Although there are some valid criticisms of the 
reference electrolytes used in this research, the
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reference-electrolyte method for estimating medium 
effects for single ions is undoubtedly the only method 
proposed to date that is widely applicable in a wide 
variety of solvents. The reference electrolytes 
were chosen to fit the criteria for reference electrolytes 
as closely as possible.
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Studies of the medium effects of Ph^C, Ph^Si, Ph^Ge.
Another major goal of this research is to find 

out if the observed medium effects of the reference 
ions will equal the sum of a calculated electrostatic 
component, and an experimental neutral
component, log mY^neu^ j • In section IV-C-^-b, it was 
shown that, theoretically, for large ions which do not 
undergo specific interactions with the solvent, mY(ejj 
can be estimated via the B o m  equation and inY(neu^) 
will be equal to the medium effect of a structurally 
similar uncharged molecule i

mYref erence ~ mY (Born) + mY ( neutral (813)
ion analog)

It is proposed that the medium effects of the 
molecules tetraphenylmethane (Ph^C), tetraphenylsilane 
(Ph^Si), and tetraphenylgermane (Ph^Ge) will make excellent 
neutral components for the medium effects of the reference 
ions Ph^P+, Ph^As*, BPh^-, and possibly, TAB+ . Ph^C,
PhjjSi, Ph^Ge and all the reference ions are tetrahedral, 
they are all approximately equal in size, and all but 
TAB+ are tetraphenyl species*

The compound Ph^C has been used successfully by 
Grunwald, Baughman, and Kohnstam (80) as a neutral analog 
for the Ph^P+ and BPh^- ions. These authors verified
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the validity of Equation 88 in dioxane— water mixtures 
but only for incremental changes in solvent composition 
centering on 5° wt.-5& dioxane. From molecular model 
considerations, Grunwald, Baughman, and Kohnstam found
the radii of Ph^P+, BPh^”, and Ph^C to be ^.2 A,

o o
kmZ A, and k»05 A, respectively. In an independent
method, using the molar volume of Ph^C (287 ml. at

A 020 C), they found the radius of Ph^C to be **.02 A.
Thus, Ph^C is a fairly good neutral analog for Ph^P+ 
and BPh^“. Here, it is proposed that Ph^Si and Ph^Ge 
as well as Ph^C will, collectively, make suitable neutral 
analogs for all the reference ions. The larger radii 
of Si (1.17 £) and Ge (1.22 A) as compared to C (0*77 $) 
will make Ph^Si and Ph^Ge larger compared to Ph^C and 
this will compensate for the smaller radius of Ph^C 
compared to Phi(P+ or BPh^“* The three elements, C 
(r = 0.77 A), Si (r = 1.17 A) and Ge (r=1.22 A) have

o
crystallographic radii corresponding to B (r = 0.88 Aj,

o oP (r - 1.10 A), and As (r = 1.18 A). Although all species
have a different central atom, these atoms are buried
in the interior. The perimeter of the species exposed
to the solvent will be the same for all the tetraphenyl
molecules and ions, except for a small surface charge
which will distinguish the ions from the uncharged
molecules. Our objective is to determine whether
adding a calculated (Bom) electrostatic medium effect
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to the experimental medium effects for Ph^C, Fh^Si, 
and Ph^Ge, will result in the observed medium effects 
of Phi(P+, Pĥ As"*", BPhĵ ”, and TAB+.

Properties of single ions have often been arrived 
at by measuring the desired properties of structurally 
similar molecules and then adjusting these measurements 
to account for the charge on the ion. Ferrocene has 
been used as the neutral analog for ferricinium ion 
(3 6, 9 0, 1 1 0), OsO^ has been used as the neutral analog 
for ReO^” (3 5) > and many investigators have used inert 
gases as neutral analogs for isoelectronic and equal-size 
ions ("inert-gas” assumption). Parker (26, 27) has 
gone so far as to say that loginyph c = log mYBPh (the

if, if,

PhjjC— BPhĵ “ assumption), i.e., he neglected even the 
Born charging contribution to the medium effects of 
reference ions.

In this work, the validity of Equation 88 will be 
checked in ethanol— water solvents, methanol, and 
acetonitrile.
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Experimental.

Preparation of solvents.

Ethanol— water solvents.
Purified U.S.P. 95 % ethanol was used to prepare

ethanol— water mixtures containing less than 95 wt*-?5
ethanol. The starting material was purified by slow
distillation using a 30“cm vigreux column. The
distillation flask was charged with about five liters
of the U.S.P. alcohol having a specific conductivity

— Rof 60 to 200xl0~ mho/cm. The rate of distillation
was about 0.2 liter/hour. The first 1.5 liters was
rejected and the middle fraction (about 2*5 liters) was
collected for use. In this manner, ethanol having a

— Rspecific conductivity of 5 to 25x10" mho/cm was 
collected. The conductivity of the ethanol was not 
decreased by additional distillation. The percentage 
composition of the distillate and all other ethanol—  
water solvents used in this study was determined by 
interpolation using density-versus-wt•-% ethanol data 
available in the literature (131)* The composition of 
the freshly distilled U.S.P. 95 % ethanol varied from 
92 to 9^ wt•-% in ethanol.

Ethanol— water mixtures were prepared volumetrically 
with approximate amounts of distilled ethanol and 
distilled or de-ionized water. The density of the
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mixtures was determined gravimetrically using calibrated
100-ml volumetric flasks. Pentuplicate density
determinations were performed on all ethanol— water
mixtures used in this study. Appendix A-l contains a
listing of densities of ethanol— water mixtures from
the paper of Osborne, McKelvey, and Bearce (131)*

U.S.P. 200 proof ethyl alcohol (Publicker Industries
Co.) was used as starting material in the preparation
of 100 wt.-?5 ethanol. Five liters of the 200-proof
alcohol were refluxed over magnesium ethoxide for 2^ hours
while passing a slow stream of nitrogen through the charge.
The alcohol was then distilled through a 30-cm vigreux
column. The first 1.5 liters were rejected, and the
middle 2.5 liters collected. The middle fraction had

—  8a specific conductance of 0.6 to 13x10 mho/cm and 
a density of about 0.7851g/ml at 25°C which compares 
favorably with the available literature values of 
0.?850g/ml (132) and 0.?851g/ml (131)*

Before use, all solvents were de-aerated with a 
stream of helium passed through a fritted glass bubbler 
containing the given solvent.
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Methanol*
Matheson Coleman and Bell spectroquality grade 

methanol was used without further purification*

Acetonitrile.
Matheson Coleman and Bell spectroquality acetonitrile 

was refluxed for 24- hours over CaHg and then distilled 
slowly through a 30-cm vigreux column. Out of a 
charge of 5 liters, the first liter was rejected and 
the middle three liters were collected for use.
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Preparation and purification of materials.- 

KPi.
Potassium picrate was prepared in hot 111 aqueous 

methanol by neutralization of picric acid with potassium 
hydroxide (both Baker analyzed). On cooling, large 
needles of KPi separated. These were filtered, 
washed with water, and recrystallized four times 
from distilled water. The crystals were dried in vacuo 
at 80°C for 2k hours.

RbBPh^, CsBPh^.
RbBPh^ and CsBPh^ were prepared by metathesis of 

NaBPh^ (Fisher Certified) and the corresponding alkali- 
metal chloride (Alfa Inorganics). NaBPh^ dissolved in 
hot distilled water was slowly added to an equimolar 
amount of RbCl or CsCl dissolved in hot distilled 
water. A milky white precipitate of RbBPh^ or CsBPh^ 
was formed which was filtered, washed with a large 
quantity of distilled water, and recrystallized three 
times from a Jtl acetone— water mixture. The resulting 
crystals were dried _in vacuo at 80°C for 2k hours.
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Phj£ Pi, Ph^As Pi.
Ph^P Pi and Ph^As Pi were prepared by combining 

hot equimolar ethanolic solutions of picric acid 
(Baker analyzed reagent) and Ph^As Cl or Ph^P Cl (or 
Ph^P Br) (Alfa Inorganics), respectively. Water was 
added to incipient cloudiness, followed by dissolution 
with a minimum of hot ethanol. The crystals which 
separated upon cooling were washed with water, purified 
by double recrystallization from ethanol— water mixtures, 
and dried in vacuo at 80°C for Zk- hours. The electrolytes 
were recrystallized once more prior to the determination 
of their conductances.

LiCl, T1C1•
Mallinckrodt LiCl (reagent grade) and Alfa 

Inorganics T1C1 (ultrapure) were used without further 
purification.

IPhv
Ph^P BPh^ was prepared by mixing hot equimolar 

aqueous solutions of Ph^P Cl and NaBPh^. The resulting 
white precipitate was filtered, washed with hot water, 
and recrystallized once from pure acetone. The crystals 
were dried in vacuo at room temperature for 2 weeks.
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Phĵ C» Ph^Si, Ph^Ge*
Ph^C, Ph^Si, and Ph^Ge from Alfa Inorganics were 

purified "by triple sublimation. The purity of the 
snow-white sublimates was monitored by uv spectrophotometry 
as their complex spectra and especially the peak-height 
ratios are very sensitive to the presence of impurities 
and to decomposition. A sample was considered sufficiently 
pure when successive sublimations produced no spectral 
change•

Ferrocene.
Ferrocene from Alfa Inorganics was purified by 

double recrystallization from U.S.P. 200-proof ethanol.
The ferrocene was dissolved in hot ethanol, the solution 
was filtered while hot, and then water was added to 
incipient cloudiness, followed by dissolution with 
hot ethanol. Upon cooling, crystals of ferrocene 
separated. The procedure was repeated once more and 
the ferrocene was dried in vacuo at room temperature 
for two weeks.
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Solubility studies of electrolytes*

Introduction.
Medium effects of Ph^P Pi, Ph^As Pi, KPi, RbBPh^, 

CsBPh^, and T1C1 were determined by the solubility 
method. These compounds have intermediate solubilities 
in the range of 10*"̂  to 10_^M. This allows evaluation 
of their ion-activity products without complications of 
the sort that would arise if their solubilities were 
much larger. It was impractical to determine the 
medium effects of the reference electrolytes directly 
due to their low solubilities (^ 10“  ̂M) in water- 
rich solvents.

The solubilities of Ph^P Pi and Ph^As Pi were 
determined in water, ethanol, methanol, acetonitrile, 
and in ethanol— water solvents at intervals of about 
10 wt.-?S ethanol. The solubility of potassium picrate 
was determined at 10 and 90 wt.-?£ ethanol. RbBPh^ and 
CsBPh^ solubilities were determined in water, ethanol and 
acetonitrile. The solubility of T1C1 was determined 
in water, ethanol, and ethanol— water solvents at 
intervals of about 10 wt.-# ethanol.

Solubilities of electrolytes were determined by the 
usual procedure of shaking salt with solvent in a 
thermostatted flask until the concentration.no longer 
changed. A significant improvement was made in the
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method of preparing the salt-solvent mixtures for 
shaking* This consisted of subjecting the suspensions 
to the dispersing action of an ultrasonic generator 
(the Maxomatic from the L & R Manufacturing Co.) for 
a period of about two hours prior to their equilibration 
on the shakers at 25*00°C* The use of the ultrasonic 
generator reduced the time needed for equilibration 
from 2 - k weeks (1 6 ) to an average of 3 days*

After exposure in the ultrasonic generator, the 
salt-solvent mixtures were placed in water-jacketed 
shaker flasks* Water from a 25*00°C constant temperature 
bath was circulated through the shaker flasks. The 
bath water temperature was kept constant at 25*00 + 0.02°C 
with the aid of a Yellow Springs Instrument Company 
model ?2 proportional temperature controller. The 
water temperature was checked periodically with an 
NBS + 0.01°C certified thermometer* Solutions were 
considered saturated when successive analyses several 
days apart differed by no more than 0.6 % which is the 
precision of the spectrophotometric analysis employed 
for picrates and tetraphenylborates.

Solutions of picrates and tetraphenylborates 
were analyzed spectrophotometrically on a Cary model 
Ik recording spectrophotometer. An aliquot of the 
solution was removed from the shaker flask, diluted to 
the proper concentration, and a spectrum recorded.
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All dilutions were made using solvent equilibrated
to 25°C in a constant temperature bath. Spectra were
taken immediately after preparation of the solutions
to minimize temperature changes. Molar absorptivities
of picrates and tetraphenylborates throughout the
ethanol— water solvent system were available from the
data of Dill and Popovych (l6). These are given in
Table 11. The absorptivities were found to be independent
of cation (11, 19). Molar absorptivity of Pi” ion
in water was re-determined with Phĵ P Pi and found to
have the same value as Dill and Popovych report.
Molar absorptivities of the picrate maximum at 369nm in
acetonitrile was determined on solutions of KPi, Phĵ As Pi,

✓ Uand Fhj.jp Pi with resulting values of 1.69^x10 ,
. Ll . L1.69^x10 , and 1.68^x10 , respectively. An average

value of 1 .693x10^ was used for molar absorptivity
of Pi” in acetonitrile. Similarly, using solutions of
RbBPh^ and CsBPh^ in acetonitrile, molar absorptivities
of 3203 and 2082 were obtained for the BPh^” peaks at
266nm and 2?^nm, respectively, reproducible to about
2 - 3  ppt. Beer's law was obeyed throughout.

It was found that when a large excess of solid 
was present, equilibration was complete in a shorter 
period of time. All solutions were deaerated with 
helium gas that was first bubbled through a gas- 
saturating tower filled with the given pure solvent.
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Table 11• Molar Absorptivity of Picrate and
Tetraphenylborate Ions in Ethanol—  
Water Solvents (l6)> Methanol (19)* and 
Acetonitrile at 25°C.

wt.-?S
ethanol

Picrate
✓ -4 6x10 *

at 355nm

Tetraphenylborate
6 xlO"3 

2 66nm 274nm

0.0 1.43 3 .2 3 1.99
10.0 1.43 3.21 2.02
20.0 1.45 3-19 2 .0 5

3 0 .0 1.48 3.18 2 .0 6

40.0 1.51 3.16 2.08
5 0 .0 1.54 3.15 2.08
6 0 .0 1.55 3.13 2.09
70.0 1.56 3.11 2.09
80.0 *1.57 3.08 2.09
9 0 .0 1.58 3.03 2.10

100.0 1.60 2.97 2.10
ch3oh 1.56 3.00 2.12
CH3CN 1.69 3.20 2.08
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Samples of solution were carefully withdrawn from the 
shaker.flasks in such a manner as to exclude all solid 
particles from the sample. If it was impossible to 
withdraw a clear sample free from even minute particles, 
the solutions were filtered through a well-washed 
( ™  50ml of solvent) 25mm Millipore filter with a 
pore size of 2 microns* It was found that at least 
five millileters of solvent had to be passed through 
the 2.5cm filters to clear them of all loose material.
In the case of acetonitrile solutions, special filters 
were available that are inert in this solvent.

Aqueous thallium chloride solutions were analyzed
using the method of Merritt, Hershenson, and Rogers (13^)•
A known volume of T1C1 colution was placed in a 100-ml.
volumetric flask containing 5°-ml of concentrated
hydrochloric acid. The solution was diulted to 100ml

-  *5with water. A spectrum of the TlCl^ J complex 
( }k max “ 24>5nm) was then recorded on a Cary 1^ recording 
spectrophotometer. The reference solution consisted 
of 50^1 of concentrated HC1 diluted to 100ml with 
water. The absorbance of the complex at 2^5nm was 
used to calculate the concentration of T1 in the 
original solution. Molar absorptivities were determined 
using prepared T1C1 solutions of known concentration.
This method is suitable for determining T1 concentrations 
on the order of 10 ^M«
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Nonaqueous T1C1 solutions were analyzed by the 
same method as the aqueous solutions. The volume of 
nonaqueous solvent in each solution was adjusted so 
that both the standard (known) and unknown solutions 
contained the same solvent composition. Reference 
solutions for the nonaqueous analysis contained that 
specific solvent composition used in the particular 
analysis.
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Solubility studies of the neutral compounds*

Ph^£, Ph,jSi, PhjjGe*
Solutions of PhjjC* Ph^Si, and Ph^Ge were particularly 

sensitive to decomposition* In order to determine 
their solubilities, special precautions had to be 
taken* All the neutral compounds had low solubilities 
('v 10”% )  in solvents containing more than 30 wt.-^S 
water which madi it quite difficult to determine their 
molar absorptivities*

Solubilities of Ph^C, Ph^Si, and Ph^Ge were 
determined the same way as solubilities of electrolytes 
except for two additional precautions. First, light was 
excluded from all solutions by wrapping the shaker flasks 
with aluminum foil* Second, the compound-solvent 
mixtures were not exposed to ultrasonic dispersion 
due to the tendency of the solutions to decompose. 
Saturation was generally acheived in 6-10 days* Every 
3 - ̂  days, portions of the solutions were withdrawn, 
filtered through well-washed 0.2 micron Millipore 
filters if necessary, and their uv spectra recorded*
The suspensions were repeatedly deaerated following 
each withdrawal. A solution was considered saturated 
when two successive analyses at 3 - ^  day intervals 
indicated no change in concentration. If changes in 
the peak-height ratios were detected in the uv spectra,
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indicating possible decomposition, the sample was 
discarded. Eight replicate solubility determinations 
were performed for each solute-solvent combination.

Ultraviolet spectra of Ph^C, Ph^Si, and Ph^Ge are 
benzene-like exhibiting peaks (e.g. in 100 % ethanol) 
at 2?2nm, 262n, and 255^m (Ph^C), 272nm, 265nm, 26lnm, 
25^nm (Ph^Si), 269nm, 265nm, 263nm, 259nm, 253nm, and 
2^7nm (Ph^Ge). Molar absorptivities for each compound 
were determined at each wavelength. Separate absorptivity 
determinations were performed at least three times for 
each compound-solvent combination and usually, they 
were performed five times. On the average, these 
absorptivities were reproducible to about+1.5 
Absorptivities were determined in ethanol, ethanol—  
water mixtures, methanol, and acetonitrile. In ethanol-- 
water solvents containing less than 80 wt.-$ ethanol, 
such minute quantities of solid had to be used ('"VIO- 
15 mg/2 liters) that the absorptivities were considered 
questionable. As a result, the average values of 
absorptivity in 100 % and 93 % ethanol were employed 
in the calculations for the entire ethanol— water system. 
Molar absorptivities of Ph^C, Phj^Si, and Ph^Ge in 
ethanol, ethanol--water solvents, methanol, and 
acetonitrile appear in Tables 12-1^.
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Table 12* Molar Absorptivities of Tetraphenylmethane, 
Ph^C, in Ethanol— Water Solvents, Methanol,
and Acetonitrile at 25°C.

wt.-$
ethanol

absorptivity x 10“3
in water 272nm 262nm 255nm

100,0 1.01 1.64 1.80
93*0 0.999 1 .6 2 1.80
80.if 0.936 1.50 1.67

CH-j0H 0.897 1.35 1.36
CH-jCN 0.894 1.46 ----



212

Table 13* Molar Absorptivities of Tetraphenylsilane,
Ph^Si, in Ethanol— Water Solvents, Methanol, 
and Acetonitrile at 25°C.

wt •-$ 
ethanol 
in water 272ntn

absorptivity
265nm

x 10"3 
26lnm 254nm

100.0 1.05 1.34 1.37 1.01
92.6 1 .0 6 1*35 1.37 1.02
80.4 1.02 1.29 1.34 0.988

CHjOH 0.986 1 .2 6 1.29 0.944
CH^CN 1 .0 6 1.37 1.39 1.03
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Table 14. Molar Absorptivities of Tetraphenylgermane» 
Ph/jGe* in Ethanol— Water Solvents, Methanol» 
and Acetonitrile at 25°C.

wt.-?S 
ethanol 
in water 269nm

absorptivity x 10‘ 
265nm 263nm 259nm

■3
253nm 24?nm

10 0 .0 0.624 1 .0 0 0.891 1.23 0.927 0.593
93*0 0 .616 1 .0 1 0.890 1.24 0.927 O .576

80.4 0.594 0 .968 0.865 1.20 0.907 0.374
CH^OH 0 .610 0.993 0.888 1.23 0.925 0.592
CH^CN 0.670 1.04 0.970 1.29 0.991
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Ferrocene.
The solubility of ferrocene was also determined 

in the same manner as that of the electrolytes. The 
small value of € (/v 100) coupled with the low solubility
in water-rich solvents ( 10~^M) made it necessary
to use a special slidewire on the Cary 14 spectro­
photometer that had a full-scale deflection of 0.1 
absorbance units. Molar absorptivities were determined 
from 40 to 100 wt•-% ethanol. In ethanol, ferrocene 
has two broad absorbance bands centering on 400nm 
and 325nm, respectively. As the water content of 
the solvent increases, the absorbance band at 325nm flattens 
out and eventually (at *v 20 % ethanol) becomes 
indistinguishable from the surrounding flat part of the 
spectrum. Molar absorptivities of ferrocene in ethanol 
and ethanol— water solvents are reported in Table 15*
The absorptivities in solvents containing less than 
40 wt.-?S ethanol were extrapolated graphically from 
a large-scale plot of absorptivity versus wt.-?S ethanol.
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Table 15* Molar Absorptivities of Ferrocene in 
Ethanol— Water Solvents at 25°C.

wt.-?6 
ethanol 
in water

absorptivity 
440nm 325nm

100.0 90.9 50 .3

9 2 .6 91.0 50.9
80.4 91.7 50.5
70.5 91*7 50.4
60.7 91.9 5 0 .5

51 .2 9 2 .2 5 0 .8

38.9 93.0 51.9
3 0.0* 93.7 -------

20.0* 94.4
10.0* 95.2 H V

0.0* 9 6 .0 — _ — —

* Determined by extrapolation on a large-scale 
plot of 6 ^ 0nm versus wt.-# ethanol.
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Electrolytic conductance studies*
Conductance measurements were performed using a 

Wayne-Kerr model B-221 Universal Bridge and a conductance 
cell with bright platinum electrodes having a cell 
constant of 0.00993323 cm”1. The Wayne-Kerr bridge 
measures conductance directly and is accurate to 
0.1 %,

All solutions were prepared gravimetrically, 
correcting to weights vacuo. The molarity of each 
solution was calculated from the weight of stock 
solution used and the weight of the final solution. 
Volumes of solutions were determined using the density 
of the pure solvent.

The conductance cell used was of the pipet type.
It was sealed at the bottom by a water-tight ground 
glass cap. A short piece of rubber tubing was connected 
to the top of the cell to facilitate closing (with a 
pinchcock clamp) and filling (with a rubber bulb).
During measurements, the cell was immersed in a 25*00 
+ 0•01°C water bath* The absolute temperature of 
the bath was determined to + 0.01°C with a National 
Bureau of Standards certified thermometer and controlled 
by a Yellow Springs Instrument Company model 72 
proportional temperature controller. The same 
thermometer was used to check temperatures during 
solubility and activity coefficient determinations.
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The stirrer in the constant temperature "bath was of the 
variable speed type. The stirring speed had no effect 
on the measured conductance of the solutions.

Before a conductance run, the cell was rinsed a 
minimum of twenty times with pure solvent and allowed 
to stand overnight filled with the pure solvent.
All conductance runs were preformed in a continuous 
time period (usually 12 hours) to minimize effects 
of decomposition of Phĵ P Pi or Ph^As Pi (none was 
observed) and effects of change in conductance due to 
absorption of atmospheric 00^. All precautions were 
taken to expose the solutions as little as possible 
to air. The conductance of the least concentrated 
solutions was determined first to minimize effects of 
desorption of salt from the electrodes. The electrodes 
were equilibrated with two or three fresh portions of 
solution. The final value for conductance was adopted 
when successive readings taken at fifteen minute 
intervals agreed to about 0 .0 5 ^*

Tables 16 - 18 list conductances and concentrations 
of Ph^P Pij Ph^As Pit and T1C1 in those ethanol—  
water solvents in which association is appreciable at 
25°C. The A A  column lists differences between measured 
equivalent conductances and equivalent conductances 
calculated from the Shedlovsky equation (Equation 155)• 

To determine the cell constant# conductances of
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accurately known solutions of KPi in spectroquality
methanol were compared with the data of Coplan and
Fuoss (129)« A cell constant of 0.0099332 cm"’*' was
determined based on the 0.01 demal KC1 standard of
Jones and Bradshaw (138).

To determine the precision of the conductance
experiments* the W Q of Ph^P Pi in 93*^ wt.-?£ ethanol
was determined two times using ten solutions each
time. Values of TV Phi.P Pi from these two determinationso H-
were within one ppt of each other.
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Table 16. Conductances of Ph^P Pi in Ethanol— Water 
Solvents at 25°C.

io^c A A  A 410*C A AA
100 wt. -%> ethanol 82*5 wt. -% ethanol
kQ = 8.4 x 10~8 mho/cm kQ =44.6 x 10~8 mho/cm
5.4028 41.95 -0.02 4.6938 31.16 +0 .0 1
7.2791 41.07 -0.01 6.2320 30.769 -0 .0 0 6
9.9467 40.04 +0*03 8.6242 30.26 -0 .01

12.651 39.14 +0 .03 11.037 29.830 -0 .007
15.566 38.25 -0 .0 1 13*258 29-484 +0 .009
18.777 37.43 -0.02 15.940 29.085 +0.004

93*4 wt ethanol 72.3 wt. -% ethanol
— flkQ =^.0x 10“ mho/cm kQ = 2 7 .5 x 10-8 mho/cm

13.927 34.032 -0.008 4.2852 27.457 -0 .003

15.751 33.652 -0.003 5.9259 27.180 +0.007
18.376 33.153 +0 .006 7.5240 26.90 -0 .03
21.022 32.691 +0.008 9.1755 26.75 +0 .0 5
24.307 32.161 0.000 11.024 26.44 -0.02
27.500 31.693 -0.008
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Table 17 * Conductances of 
Solvents at 25°

PhjjAs Pi in 
C.

Ethanol--Water

410^C A AA 410^C A A  A
100 wt*-'% ethanol 80.9 wt •-# ethanol
kQ = 1 0.9 x 10” mho/cm kQ * 8*9 x 10"® mho/cm
1*7095 41*95 -0 .0 2 9.9795 29.22 -0 .01
3.5510 40*731 -0 .005 12 .026 28.91 +0 .0 2
4.8798 40.031 +0 .001 14.948 28.468 -0 .005

6*595^ 39*247 -0 .0 05 18.080 28.073 +0.007
8*44-56 38 .56 +0.04 20.317 27.795 -0 .0 06

10*337
12.014
13*613

37.89
37063
36.901

+0 .0 1
+0.004
-0.007

6 8 .8 wt •-# ethanol-RkQ = 6.4x10” mho/cm
15*486 36.427 +0 .007 7.5055 26.35 +0*04
17.554 35.91 -0 .0 3 9.4022 26 .106 -0 .005

93*0 wt*-# ethanol 
k° = 21*9 x 10“S mho/cm

10.995
13.079
14.802

25.94
25.74
25.62

-0 .02
-0 .0 3
-0 .02

3 •8406 36 .600 +0 .0 02 16.904 25.47 -0 .0 1

5*4203 36 .02 +0 .0 3 19*058 25.37 +0.05
6*8059 35*48 -0 .0 5
8 .3362 35.075 +0.002
9.9778 34.65 +0.02
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Table* 18. Conductances of T1C1 in Ethanol— Water 
Solvents at 25°C.

105C A  4  A
100 wt ethanol

•HIIOMi 01 x 10"7 mho/cm
0 .685 52.33 -0.08
1.007 52.17 +0 .0 5
1.269 52.0 +0 .1
1.820 51.4 -0 .1
2.274 51.05 -0.09
2.575 51.0 +0 .1

2.853 50.71 CMo.01
92*0 wt.-?S ethanol 
k0 =s 1.24 x 10“7 mho/cm
2 .631 52.33 +0 .0 6
3.644 51.87 +0 .06

4.593 51.3 -0 .1

5.343 51 .0 -0 .1
6 .122 50.84 +0 .0 8
7.144 50.36 -0 .0 1

7.959 50.16 +0 .0 9
8.891 49.72 -0 .0 3

10 .06 49.350 +0 .001
410^C 80.6 wt.-% ethanol

kQ = 8.34x 10”7 mho/cm
0 .2203 48.0 -0 .2
0 .5812 47.7 +0 .1
0.8460 47.25 +0 .07

1.195 46.79 +0.07
1.567 46.29 +0.01
I .832 4 5 .9 6 -0.01

io^c A  A  A
80.5 wt.' ethanol (cont:
2.144 45.70 +0 .0 6

2.448 45.31 -0.01
2.733 45.04? -0.000
3 .0 08 44.73 -0 .0 6

3.475 44.35 -0.02

70.2 wt. ethanol
kQ =1.28 x 10-^ mho/cm
O .6567 49.072 +0.001
1 .630 48.32 +0.04
2.307 47.81 -0 .01
2.805 47.499 -0.000
3.691 46.96 -0.02
4.233 46.66 -0.02
4.974 46.26 -0.04
5-801 46.0 +0.1
6.646 45.4 -0.1
7.342 45.1 -0 .1

8.193 44.9 +0.1

61.2 wt. ethanol
kQ = 1.87 x 10“7 mho/cm
1.527 51.033 -0.004
2.397 50.53 -0.07
3.684 50 .02 -0.01
5.15^ 49.48 +0.02
6.444 49.97 -0.02
7 .665 48.6 +0 .0 6
8.783 48.28 +0 .0 5
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Table 18*

6 1 .2  wt
10.29 
11.69 
12.99 
lkm 51

51»2 wt.-# ethanol
k = 6 .02 x 10“^ mho/cm o
1.448 54.6 -0 . 1
2.004 54.50 -0.04
3.641 54.07 +0 .0 3
4.922 53-71 (V0.0+
6 .512 53-5 +0.2
8.143 52.95 +0 .0 1

9.529 52.72 +0.08
1 1 .6 1 52.27 +0.03
13.39 51.89 -0 .0 1
14.88 51.5 -0 . 1

16.79 51.30 CMO*O1

39.2 wt.-95 ethanol
kQ *= 8.64 x 10”  ̂mho/cm
6.690 60.44 +0 .0 6
8.4?4 60 .05 -0 .0 3

1 0 .5 0 59.75 +0 .0 1

12.51 59.40 -0.04
14.30 59.12 -0.05
17.10 58 .82 +0.03
1 8 .6 7 58.584 +0 .0 0 3
21.64 58.23 +0 .0 2

5*914 69.38 -0.03

8.851 68.79 -0.04
11.72 68.35 +0 .02
14.64 6 8 .0 +0 .1

17.69 67.35 -0.04
20.83 66.93 -0 .01

23.19 66 .67 +0 .0 5
2 7 .0 1 66.131 +0.004
29.94 65.72 -0 .05

20.7 wt •-% ethanol

0.tlO x 10“  ̂mho/cm
2.498 85.37 -0 .03
6.946 84.43 +0.04

11.59 83.48 -0.07
13-81 83.13 -0 .0 6

16.17 82.96 +0 .1

19.37 82.52 +0.2
21.27 81.95 -0.2
23.64 81.76 -0.0 3

9.9 wt .-95 ethanol
k - 1 .6 2 x 10“ mho/cm o
2 .7 93 115-1 -0.2
5 .560 114.2 -0.2
8 .727 113.58 +0.08

1 2 .3 3 112.7 +0.1
16.78 111.66 +0 .03

(Continued)

A  A  A  io^c A  A A
>-# ethanol (continued) 3 0 .2 wt.-# ethanol 
47.84 +0.05 kQ - 3*65 x 10~^ mho/cm
47.42 +0.02
47.10 +0.05
46.5 -0.1



223

Table 18* (Continued)
lO^C A  A  A  

9*9 wt.-# ethanol (continued)
2 1 .2 2 1 1 1 .1 +0.3
29*82 109*17 +0 .0 1
35*10 1 0 8 .2 8 +0 .0 1

37*51 1 07 *8 -0 .1
4-2*58 107*04- -0.08

0 . 0 wt ethanol
k = 1 . o 34- x 10"^ mho/cm
8*559 153*6 -0 .1

12.91 1 5 2 .0 -0 .1
1 6 .7 8 1 5 0 .8 0 -0 .0 5
21 .62 14-9.6 +o. 3
26.28 14-8.1 +0.1
3 0 .^ 5 14-6.85 -0 .0 3

35*23 14-5*7 +0.1
38*94- 14-4-0 6 -0.1
4-4-.06 14-3*4- -0.1
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Determination of activity coefficients in ethanol—  
water solvents*

Activity coefficients were determined experimentally 
for PhjjP Pi and Ph^As Pi throughout the entire ethanol—  
water solvent system at intervals of approximately 
10 wt•—% ethanol by studying the variation in solubility 
of these salts with varying ionic strength* Ionic 
strengths' were varied with LiCl. Stock solutions 
of LiCl were prepared gravimetrically and then diluted 
to proper concentration volumetrically. All solutions 
were equilibrated at 25°C before final dilution. A 
large excess of solid salt was mixed with the LiCl 
solutions and the solubilities determined. Ten solutions 
of varying ionic strengths were prepared for each 
electrolyte-solvent mixture.

The apparatus used for determining activity 
coefficients is the same as the one used for determining 
solubilities.
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Differential thermal analysis*
The purified solids KBPh^, RbBPh^, CsBPh^,

TAB BPh^, Ph^P Pi, Ph^As Pi, KPi, Ph^C, Ph^Si, Ph^Ge, 
and T1C1 were individually equilibrated with water, 
methanol, acetonitrile, and 5° wt.-# ethanol (with the 
exception of Ph^C, Ph^Si, and Ph^Ge in water) under 
identical conditions as used for their solubility 
determinations. The suspensions were filtered and 
the solids, dried by suction in air. The wetted 
samples were analyzed in air in a Du Pont 900 Differential 
Thermal Analyzer. Glass beads were used as a reference 
material. The thermocouple reference junctions were 
placed in an ice— water bath. Thermograms were obtained 
over the range of 20 - 2^0°C at the most sensitive 
Z^T setting of 0.2°C/inch. Temperature was varied at 
the rate of 20°C/minute.
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Experimental results and discussion*

Solubility of electrolytes.

Ethanol--water solvents.
The solubilities of Phĵ P Pi, Ph^As Pi, and T1C1 

in ethanol— water solvents are reported here for the 
first time. Experimental values of solubilities of 
these compounds are given in Tables 19-21.

The solubilities of Phĵ P Pi and Ph^As Pi vary in 
an almost identical manner throughout the range of 
ethanol— water solvents (Figure 2). Both compounds 
have low solubilities in water and reach a maximum 
solubility in 80 wt.-^ ethanol. The solubility of 
T1C1 decreases steadily from water to 100 %  ethanol.

The solubility of KPi in 10.2 wt*-^ ethanol was 
determined to be 1<>78x10~^ M. Solubilities of RbBPh^ 
and CsBPh^ in water were determined to be 5*i|'2xl0 J  M 
(+ 2 % )  and 4.01x10”-̂ M ( + 4 % ) ,  respectively. Pflaum 
and Howick (1^3) have previously determined the 
solubility of RbBPh^ and CsBPh^ in water to be 
2.33x10"^, and 2.79x10**^ M, respectively• Solubilities 
of KBPh^, TAB Pi, and KPi which were required for the 
calculation of medium effects for the reference electrolytes 
were available in the literature (139).
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Table 19 • Solubilities of Ph^P Pi in Ethanol--Water
Solvents* 25°C( Molar Scale

wt •-$ 
ethanol

0.0
10.0
19*0
31*2
39.3
50.7
61.0 
70.6
80.8 
93*2

100.0

Solubility
M x l O 5

4.51
7.62
16.0
54.5

118.
242.
399.
511.
572.
470.
344.
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Table 20* Solubilities of Ph^As Pi in Ethanol--Water 
Solvents. 25°C# Molar Scale.

wt.-?S
ethanol

Solubility 
MX 105

0.0
10.2
20.4
30.3
39-7
50.9
60.9
70.7
80.7 
93*3

100.0

3*49
5.90
13.8
39.8 
98.5

208.
321.
423.
484.
410.
315.
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Table 21. Solubilities of T1C1 in Ethanol— Water
Solvents. 25°C» Molar Scale.

wt.-?£ Solubility
ethanol „ x105

0 .0 1602.
1 0 .1 1 1 2 3.
20.7 769*
30.3 5^6.
39-2 388.
51.2 231.
71.0 73*1
8 0 .5 36 .0

9 0 .6 1 1 .6

1 0 0 .0 3*^5
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Figure 2. Solubilities of Fh^P Pi and Ph^As Pi in
Ethanol— Water Solvents* 25°C* Molar Scale*

600 #  Phi,P Pi

O  Phi.As Pi

300

200

100

20 100
Wt*-?S Ethanol
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Methanol»
Solubilities of Ph^P Pi and Ph^As Pi in methanol

_ p  _2have been determined to be 1,^-l^xlO M and 1,3^x10 M, 
respectively, and are reported here for the first time. 
Solubilities of KBPh^ and TAB Pi in methanol, which were 
used in calculating medium effects for the reference 
electrolytes were available from the data of Popovych 
and Friedman (19) • Pavloupoulos and Strehlow (1^4) have 
given a complete listing of the solubility of alkali 
halides in methanol and Kolthoff and Chantooni (31) 
have compiled lists of solubility products of many 
compounds in methanol, water, acetonitrile, N,N- 
dimethylformamide and dimethylsulfoxide•
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Acetonitrile.
The solubilities of Ph^P Pi, Ph^As Pi, KPi, KBPh^, 

RbBPh^ and CsBPh^ were determined in acetonitrile 
and are reported in Table 22. Solubilities of various 
other compounds in acetonitrile were available from 
the data of Pavloupoulos and Strehlow (1M4-) and from 
a compilation by Kolthoff and Chantooni C 31)• The 
solubility of TAB BPh^ in acetonitrile was determined 
to be 0.5707 molal at 25°C. Unfortunately, its application 
as a reference electrolyte in that solvent is impractical 
because calculated activity coefficients would be 
unreliable at that concentration.



Table 22. Solubilities of Electrolytes in Acetonitrile
25°C, Molar Scale*

Electrolyte

Ph^As Pi 
Ph^P Pi 

KPi 
KBPh^ 
RbBPh^ 
CsBPhj^

Solubility 
Mx 102

7 -.99 
8.38
1.05 
5*33 
1.70 
1.68
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Solubility of neutral compounds*
Solubilities of Ph^C, Ph^Si, and Ph^Ge were 

determined in ethanol— water mixtures at intervals of 
10 wt*-% ethanol from 60 fo to 100 %, in methanol, 

and in acetonitrile. These solubilities are reported for 
the first time in Tables 23 - 25* Each reported solubility 
is the average of eight determinations. The molar 
solubility, M, molal solubility, m, and percent 
average deviation are reported in Tables 23 - 25*
The solubilities of all three compounds in ethanol-- 
water solvents decrease as the percent ethanol decreases. 
All three are slightly less soluble in pure methanol 
than in pure ethanol. The solubilities are greater 
in acetonitrile than in any of the other solvents 
studied.

Solubilities of ferrocene have been determined 
throughout the entire range of ethanol— water solvents 
at intervals of ** 10 wt.-?5 ethanol. Molar solubilities 
of ferrocene and the percent average deviation of these 
solubilities are reported in Table 26. The reported 
solubilities are the average of four replicate 
determinations. The solubility of ferrocene decreases 
continually from pure ethanol to pure water. The 
reported solubility of ferrocent in water is 5*38xl0"^M. 
Other investigators have reported 1.7xl0“^M (97),
2x10" ( 6 7), and 4.58xl0"5M (9 0).
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Table 23* Solubilities of Ph^C in Ethanol— Water
Solvents* Methanol* and Acetonitrile# 25°G.

wt«-#
ethanol ifM x  10 4.m x 10

% average 
deviation

100*0 2.46 3*14 1 1.if
93.3 1 . 6 1 2 .00 6 .2

80*5 0*580 0 .692 5.2
7 0 .0 0 .2 8 3 0 .328 6 .0

6o.if 0 .1 1 2 0 .126 7.3
CH^OH 1.73 2 .2 0 9.0
c h 3cn 6.17 7-94 4*5
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Table 24. Solubilities of Phj^Si in Ethanol— Water
Solvents* Methanol* and Acetonitrile* 25°C.

wt.**$
ethanol LlM x 10 m x 10^

fa average 
deviation

100*0 6.2? 7.99 1.8
92.6 3.83 4.75 3.5
80.4 1.40 1.67 4.6
70*5 0.748 0.868 7.2
62 .0 0.399 0.452 6 .3

CĤ 'OH 5*51 7.01 3.9
ch3cn 12.6 1 6 .2 1.30
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Table 25* Solubilities of Ph^Ge in Ethanol— Water
Solvents* Methanol, and Acetonitrile* 25°C.

wt.-?S
ethanol Mx 104 m x 10^

% average 
deviation

100*0 5*^7 6.95 3.0
92*8 3*08 3*83 if.3
80.if 1*31 1.55 3 .2

70 .0 0.793 0.919 9.1
60.if 0 .263 0.297 7.7
CH^OH if. 36 5.5^ 7.0
c h3cn 10.4 13.^ 0.99
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Table 26• Solubilities of Ferrocene in Ethanol— Water
Solvents. 25°C» Molar Scale.

wt
ethanol 4M x 10

fo average 
deviation

100.0 1024. 0.45
92.6 507. 0.31
80. 4 377. 0.41
70.5 218. 0.88
60.7 118. 0.07
51.2 57.0 0.00
38.9 17-6 3.7
30. 4 5-51 0 .44
20.4 1.75 1.2
10.1 0.904 0.96
0.0 0.538 8.0



Electrolytic conductance studies.
The evaluation of ion-activity products of 

incompletely dissociated electrolytes requires knowledge 
of their degree of dissociation, 0( . Degrees of 
dissociation vary with concentration of salt, thus 
necessitating the evaluation of the association constants, 
Ka, in each solvent where association is appreciable.
In this study, conductance measurements were made for 
the purpose of evaluating these association constants. 
Values of limiting equivalent conductance, -A-0> and 
association constants were determined at 25°C for 
Ph^P Pi, Ph^As Pi, and T1C1 over the range of ethanol—  
water solvents where dissociation was incomplete.

Conductance data was analysed using the Shedlovsky 
modification of the Ostwald dilution law (135» 136).
An IBM 360 computer and FORTRAN programs were used for 
calculations. Although some experts (137) use the symbol 
Y for the degree of dissociation, the symbol o( will 
be used here.

Traditionally, the degree of dissociation, , 
for a given concentration of pure electrolyte is defined 
as the ratio of the equivalent conductance of the 
solution,-A-, divided by the limiting equivalent 
conductance, -A.Q (137) •
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This definition implies that the contribution to the

regardless of the total concentration and that any 
change in ot is due to a change in the degree of 
dissociation* Equation 146 does not take into account 
non-ideal behavior of ions*

The mobility of an ion in an electric field is 
affected by the presence of other ions, and so, the 
equivalent conductance of a solution does not necessarily 
reflect the concentration of ions* Since the original 
formulation of o< by Arrhenius, there have been many 
models proposed which seek to modify experimental 
values of the equivalent conductance so that the 
ratio ) more correctly represents the degree of
dissociation of the electrolyte (13?)* In this work, 
the Shedlovsky function (136), S(z) is used to correct 
values of-A* for non-ideal behavior of electrolytes* 
According to Shedlovsky, c* assumes the form

conductance of the solution from an ion is constant

0
(14?)

where

and z is defined by



241

z = S A o"3/,2 (cA)^ (149)

where S is the Onsager coefficient equal to (a-AQ +b) 
where a and b are functions of dielectric constant, D, 
temperature, T, and viscosity, , and defined by i

_ _ 0.820itxl06 82.501
a “ “ fDTjya tl50>

For this research, it was necessary to evaluate 
the association constant, K^, for Ph^P Pi, Ph^As Pi, 
and T1C1 in various ethanol— water solvents so that 
values of ©< at various concentrations could be 
computed. For a solution of an electrolyte, AB,

4* —dissociating into A and B ions, the equilibrium
concentrations of all species in the solution are given
by i

[a +] = [b“] = C f +<* (151)

[ab] = C f2 (1 - o O  (1 5 2)

where f . is the mean ionic molar activity coefficient
T

of the electrolyte. The mass action constant, KQ, for 
the dissociation of AB can be written as a function of 
c<, C and f . *T



Using the Shedlovsky function S(z)# and substituting 
( A s { z ) / A q ) for in the above equation# we get i

K = ( [A s (s ) ]2/ A 02) c f +  ( ls4 .
D 1- (-As(z)/A0)

Substituting l/KA for KQ and rearranging# we obtain the 
most useful form of Equation 15^ for evaluating K.A and 
A from conductance data i

-1 KAA S(z)Of^ ,

A s i z T  - ~ x j   a ;  tl55)o

This equation is called the Shedlovsky equation (137)* 
The Shedlovsky equation is linear# A plot of 

l/AS(z) versus (f As(z)) will be linear with a slope*T“
of K./A and an intercept of l/A . In this work, aA U U
FORTRAN computer program (see appendix B-l) and an 
IBM 360 computer were used to carry out the calculations 
involved in determining values of and A  0 for each 
electrolyte. A typical calculation is performed in 
this manner 1
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1) A graph of (l/A.) versus c A  is made by hand 
using experimental values of concentration and 
equivalent conductance*

2) The intercept of this graph, (l/AQ), is 
obtained and A  o is calculated*

3) FORTRAN data cards are punched which include i
a) experimental values of concentration and 

conductance
b) the number of solutions
c) values of temperature, dielectric constant 

(see appendix A-2), viscosity (appendix A-3), 
graphical estimates of A  0, the number of 
iterations to be performed in the calculation 
of A  0, and the tolerance which is the 
acceptable agreement between two successive 
determinations of A  (0*0001).

*4-) The computer calculates activity coefficients 
for the electrolyte using the Debye-Huckel 
limiting law (20) t

l o g f  - . yY~ (1S6)
± (DT)3

Initial values of concentration are used to 
evaluate the ionic strength.

5) The Shedlovsky function, S(z), is solved using 
the graphical estimate of A  and experimental 
values of concentrations.

6) The Shedlovsky equation is solved, A  and KA 
are evaluated by a least-square computation 
and values of ex’ are calculated for each 
solution.

7) Using values o f ^  C for ionic strength,
new values of logf are calculated and these 
new values are used- to solve for A 0 and 
K. until successive determinations of A Q 
agree to within 0.0001.

8) Final values of A 0l standard deviation of 
A 0, Ka, standard deviation of K^, Kp, and the 
Walden product are printed out along with 
individual values of concentration, , 
(l/As(z)), Cf.2 S(z), f 2, and oC . ValuesT T
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of A A ,  the difference between the experimental 
equivalent conductance and the calculated 
equivalent conductance are also printed out#

Values of association constants, KA , limiting 
equivalent conductances, -A Q, standard deviations of 
these, and densities of ethanol— water solvents 
studied are reported in Tables 2? - 29 for Ph^P Pi,
Ph^As Pi, and T1C1, respectively. The Shedlovsky 
equation (Eq# 155) was used for calculating KA 's 
and A o’s. Values of KA in solvents of varying 
ethanol composition were interpolated from large-scale 
plots of log Ka versus l/D where D is the dielectric 
constant of the solvent# For Ph^P Pi and Ph^As Pi, these 
plots are almost coincidental illustrating the 
similarity in behavior of these compounds# Below 
70 wt•-% ethanol, Ph^P Pi and Ph^As Pi have no appreciable 
association and a plot of A  versus C2 will be linear 
indicating complete dissociation (l45)•

Once the association constant and activity coefficient 
were known for a particular electrolyte in a given 
solvent, it was possible to determine the degree of 
dissociation of solutions of that electrolyte via the 
equation

-1 + (1 + C f 2 )*
o <   ---------- — — — —  (1 5 7)

2Ka C f+2
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Table 27.

wt.-?S
ethanol

100.0
93*4
82.5
72.3

Conductance Results for Ph^PPi. 25°C.

K, A
114.5 + 1*0 
76.4 + 0 .2

44.9 + 0.7
27.6 + 1.7

46.95 + 0.03
40.03 + 0*01  

33 .32 + O.OI 
28 .93 + 0 .0 3

0.7851
0.8044
0.8324
0.8578



Table 28. Conductance Results for Ph^AsPi. 25°C

wt.-#
ethanol KA A  0 d0

1 0 0 .0 100.4+1.2 44.38 + 0 .0 2 0 .7851

93*0 70.7 +1*9 39*46 + 0,03 0.8047
80.9 41.7 + 0 .5 32 .3 3 + 0 .0 1 0.8367

6 8 .8 11.6+1.4 2 7.9 3 + 0 .0 3 0 .8 6 5 8
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Table 29* Conductance Results for T1C1. 25°C.

wt.-?5
ethanol ka A  0 do

100,0 1320 +14? 53.27 + 0 .1 0 0.7851
9 2 .0 819 + 38 5 3 .9 6 + 0 .0 8 0.8082
80.5 235+70 48.84 + 0.09 0.8377
7 0 .2 116+4 50 .00 + 0.08 0.8627
61.2 67.2+2.6 52.28 + 0.06 0.8855
51 .2 32+7 55*64 + 0.09 0.9069
39.2 18.6+0.8 62.34 + 0.04 0.9328
3 0 .2 18.6+0.7 71*33 + 0 .0 6 0 .9 5 0 2

20.7 13+1 86.56 +0.11 0 .9 6 5 2

9.9 15 + 2 116.9 +0.2 0.9806
0.0 18.0+0.6 158.7 +0.2 0.9971
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Limiting ionic equivalent conductances, A 0» of
j .  J .Ph^P and Ph^As are of great interest since these 

values can be used to calculate Stokes' radii for these 
ions. Values of A „ for TAB+ and Pi" ions in ethanol 
and ethanol— water solvents are available from the 
data of Dill and Popovych (16). These values were 
calculated using the Copland and Fuoss assumption (146) 
that X qTAB = A  0BPhv  Once values of A  0TAB were 
known in the solvent, A QPi can be calculated i

A JPi = A  TAB Pi - A  TAB (158)o o o

Values o f-AQTAB Pi, A  QTAB and A  QPi were reported 
in Reference 16 at even wt.-?S ethanol and are given 
in Table 30 along with interpolated values of 
7\.0Pb^Ppi and A  QPh^As Pi in the same solvents from 
this study. A QPh^P and A QPh^As which are also given 
in Table 30 were calculated using these relationships 1

A  0Ph4P - A  oPh^P Pi - A QPi (159-a)

A  Ph^As = A  0Ph^As Pi - A  Pi (159-b)

The values of A QPh^P and A QPh^As are based on the 
Coplan-Fuoss assumption. The values for limiting ionic
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Table 30. Equivalent Conductances of Electrolytes and Single Ions. 25°C.

wt •-% 
ethanol V\TAB Pi 

0 (1 6)
X nTAB+ 

(1 6) XoP!-(16)
AoPh^AsPi A  0p v  pi X QPh4As+ V v

100.0 45 .70 19*79 25.91 44.38 46.95 18.47 21.0k

90.0 37*3 16.0 21.3 37.5 37.7 1 6 .2 1 6 .4

80.0 3 1 .8 13.7 18.1 31.9 3 2 .1 13.8 14.0
70.0 28.1 11.6 16.5 28.2 28.2 11.7 1 1 .7



equivalent conductance can be used to calculate Stokes' 
radii for the ions*

According to Stokes'law (14-?), a spherical ion 
of radius r moving through a homogeneous medium of 
viscosity r\ under the influence of force F, will 
maintain a velocity v given by

v  ~ W r \ r  (160)

If the definition of limiting equivalent ionic conductanc 
X Q» is introduced, the following equation is obtained, 
where z is the ionic charge 1

A 0n = a^lo:!lsl, (161)

Ionic conductances should therefore be inversely 
proportional to the ionic radius* This however, is 
true only for large bulky ions because, Stokes'law 
was derived for ions or particles large in size compared 
with the solvent molecules. Rearranging Equation l6l, 
we get an expression for calculating the Stokes radius 
of an ion from its limiting equivalent ionic conductance 
and the viscosity of the medium 1

 8.20xl0"9 |zlr =  r-------- (162)
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Stokes* radii for TAB+ = BPh^“, Ph^P+, and Ph^As4* 
ions in ethanol and ethanol--water solvents calculated 
via Equation 162 are given in Table 31* The fact that 
all these reference ions have identical or nearly 
identical Stokes radii is gratifying evidence for the 
equality of their crystal radii, and negligible specific 
interaction with the solvents--which are requirements 
for the counterions of a reference electrolyte.

Conductance measurements were performed on solutions 
of Ph^P Cl in 100 % ethanol. A plot of A  versus C2 
was linear indicating complete dissociation (1^5)•
On this basis, Phĵ P Cl and Ph^As Cl were assumed to be 
completely dissociated in all ethanol— water solvents.

All electrolytes studied were assumed to be 
completely dissociated in acetonitrile on the basis 
of reported complete dissociation of alkali metal 
tetraphenylborates and perchlorates (1̂ -8) and several 
tetraalkylammonium tetraphenylborates and perchlorates 
(122) in that solvent.

In methanol, a value of 0.9^ was adopted for the 
degree of dissociation of Ph^P Pi and Fh^As Pi assuming 
the same association constant ('v 10) as for tetraalkyl­
ammonium picrates (129* 1^9» 150) and using a value for 
activity coefficient calculated from the Debye-Huckel 
equation with ion-size parameters.
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Table 31# Stokes Radii of the Reference Ions in
o 0Ethanol— Water Solvents* 25 C in A.

wt
ethanol

TAB* = 
BPh^" Ph^As+ P V

100.0 3*8 4 .0 3 3-5
9 0 .0 3.6 3.6 3.5
80.0 3.4 3.4 3.4
70.0 3*5 3.5 3.5
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Activity coefficient studies*
Once the solubility and association constant are 

known for a solute in a given solvent, the activity . 
coefficient of the solute must be determined so that 
ion-activity products can be calculated. In this 
research, activity coefficients were determined by the 
method of Bronsted and LaMer (123) which is based on 
the variation of solubility of an electrolyte with 
ionic strength.

Activity coefficients were determined for Ph^P Pi 
and PhjijAs Pi throughout the entire ethanol— water 
solvent system at intervals of approximately 10 wt*-% 
ethanol. Solubilities, C, and association constants,
K^, which are required in the calculation of activity 
coefficients were not always available in the exact 
percentage composition of ethanol that activity coefficient 
determinations were made in. In such cases, values of 
C and Ka for the exact solvent required were interpolated 
from large scale plots of C versus wtt-% ethanol or 
log versus l/Dsolvent. Activity coefficients for 
KPi, KBPh^» and TAB Pi throughout the range of ethanol—  
water solvents were recalculated from the data of 
Dill and Popovych (139) with the inclusion of some new 
data for KPi in water and 10.2 wt»-% ethanol and KBPh^ 
in 90.6 wt.-?6 ethanol from this study. The activity 
coefficients of RbBPh^ and CsBPh^ in 100 % ethanol were
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also determined.
The mean ionic activity, a+, of a saturated solution 

of an electrolyte is defined by

where ©* is the degree of dissociation, C is the molar 
solubility, and f , is the mean ionic activity coefficient.T
The value of the activity coefficient is directly 
dependent on the ionic strength, I, of the solution 
as is shown by the Debye-Huckel limiting law i

In Equation 164, A is a parameter dependent on temperature 
and dielectric constant of the solvent, and I is the 
ionic strength of the solution. As the ionic strength 
increases, the numerical value of the activity coefficient 
decreases.

The activity of two saturated solutions of an
electrolyte, one in pure solvent and the other in a
solution of inert solvent salt is identical provided
the solid phases in contact with both solutions are
chemically the same. In pure solvent, the activity,
a,,„, can be written as i + o

(163)

1
log f = - A I2

T
(16*1-)
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(165)

where the subscript "o" refers to pure solvent. In 
the same solvent containing added inert solvent salt, the 
activity, a+, can be written as *

where the subscript "I" refers to the added inert solvent
salt. Although f ,T will be numerically smaller thanwl~ JL
f+,0» Cj will be larger than CQ to preserve the equality
of a,,„ and a,,T. Equations 165 and 166 can be equated 

*
and rearranged to give

Substituting for logf+,j from Equation 16^, an equation 
is arrived at that is operationally useful for determining 
activity coefficients experimentally 1

a+’I “ ĉ I CI fI A+,I (166)

loe<i7-C~ = loS f+'o “ loS f+»I0 0  — —
(167)

= log f+»0 + A 1^ (168)

This is a linear equation. The parameters °^0,
CQ, Cj, and I are experimentally accessible. A can be
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calculated from available data. A plot of log (o<j Ĉ ./
«  CQ) versus I2 should be a straight line with a 
slope equal to the Debye-Huckel A and an intercept 
equal to logf+,Q.

In practice, it is observed that a plot of Equation 
168 is often not linear especially in regions of high 
ionic strength. This non-linearity represents deviations 
from the Debye-Huckel limiting law. Because of these 
deviations, it is more suitable to use an extended form 
of the Debye-Huckel equation when substituting for 
logf+,-j. in Eauation 167. In the extended Debye-Huckel 
equations, the activity coefficient can be expressed

The first term on the right hand side of Equation 169 
represents the Debye-Huckel limiting law. By combining 
Equations 167 and 169, we arrive at

1
as a power series in I2 1

+ »• •» (169)

= logf+,Q + AXI2 + AgI + A3I3^2 + ... (170)

Equation 170 is used in this research for evaluation 
of activity coefficients. It has previously been used 
for the formulation of activity coefficients in the
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analysis of eom.f. (72, 1^0) and solubility (139) data.
By applying Equation 170, log (ĉ . Gi/^0C'ô  and

ionic strengths, I, must be evaluated from experimental
values of K^, CQ, and the concentration of added solvent
salt. Lithium chloride was used as the inert solvent«
salt. A computer program (appendix B-2) was used to
calculate numberical values of log («fT CT/<aĉ  C! ) and° I I o o
I. the program will account for association between 
the ions of the electrolyte and the solvent salt when 
evaluating ionic strengths. For example, in the 
determination of the activity coefficients of Ph^P Pi, 
the following four equilibria must be taken into account i

FhjjP+ + Pi" = Ph^P+Pi" (171-a)

Ph^P+ + Cl" = Ph^P+Cl" (171-b)

Li+ + Pi" = Li+Pi" (171-c)

Li+ + Cl“ = Li+Cl" (171-d)

Association constants of LiCl are known throughout 
the range of ethanol--water solvents (16). Lithium 
picrate is completely dissociated in ethanol— water 
solvents (139) and in the present study, it was shown 
that Ph^P Cl and Ph^As Cl are also completely dissociated
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in ethanol— water solvents. Where necessary, values of 
for KBPh^, KC1 and KPi were also available (1 6) in 

ethanol--water solvents.
Once values for log j Ĉ ./ô Q CQ) and I are known, 

the A-coefficients in Equation 170 can be evaluated 
with a standard polynomial curve fitting program 
(appendix B-3)« Values for logf , and the precisionT 0
of f+>0 are also obtained from the program. A-coefficients
are evaluated for first order through fourth order
polynomials. The polynomial that best represents
Equation 1?0 is choosen on the basis of agreement
between the coefficient A^ computed from experimental
data and the theoretical Debye-Huckel limiting law
slope, In the absence of experimental error,
A^ would be identical to A ^. The range of precision in
the above computation of f+»0» was °°3 - ̂  a typical
relative error being agout 1 %• For precise results,
the concentration of LiCl has to be varied from a> 2
to 200 times C • Smaller variations in the concentration o
of LiCl result in small differences between CA and CTo l
which drastically decreases the precision of the method.
In cases where CQ is large, this method cannot be applied 
because the concentration of LiCl cannot be varied over 
a large enough range.

In cases where the solubility of the electrolyte 
in pure solvent is not available, an alternate method
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for analysis can be used which gives the activity of 
the electrolyte in the pure solvent. Equation 170 
can be rearranged to the form i

log (otj Cj) — log (<*0 C0 f+,0) +A1I^ + A2I + A3l3/2 + ... (i?2)

To apply Equation 172, values of and I are
experimentally determined, the A-coefficients for the 
best fit polynomial are evaluated, and the intercept, 
log <CX0 C0f+,0) is computed.

The activity coefficients of Ph^P Pi, Ph^As Pi,
KBPh^, TAB Pi, KPi, RbBPh^, and CsBPh^ are presented in 
this section. Activity coefficients of the above 
compounds were determined experimentally by the method 
of Bronsted and LaMer (123)» In which solubilities 
are studied at varying ionic strengths. The data is 
fit to a polynomial equation •mathematically identical 
to an extended form of the Debye-Huckel equation and the 
best least-square-fit parameters are selected.

Tables 32 - 37 show the results of activity 
coefficient calculations. The degree of the polynomial 
employed in a given curve fitting, which is identical 
with the number of A-coefficients listed, was chosen on 
the basis of agreement between the coefficient A^ computed 
from experimental data and the theoretical Debye-Huckel 
slope, The solubilities, CQ» solubility products,
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and activity coefficients, f+>0> reported are on the 
molarity scale. Tables 3^-36 represent data of Dill 
and Fopovych (1 3 9) that have been recalculated with 
the inclusion of some extra data from this study.
In instances where activity coefficients have not been 
reported, Equation 172 was used to evaluate activity 
directly.

In almost every instance, solubilities and association
constants were not available in the exact solvent
composition in which activity coefficient data was
obtained. In these cases, values of C and K* wereo A

interpolated for the proper solvent composition.
Activity coefficients of thallium chloride in 

ethanol— water solvents were calculated using an extended 
form of the Debye-Huckel equation with ion-size 
parameters (1 2) i

9 (3.6^91x10°)z. (C<*)s
- log ™ -----------   -r-------t—  (173)

+ (d t )j/ 1 +50.29OMDT) 2 a (C °c)2

where i. is the ion-size parameter, D, T, z^, C, and
o* are dielectric constant, temperature, charge,
molarity, and degree of dissociation, respectively.

o
Kielland's value (151) of 5 .5  A for the ion-size parameter 
of T1C1 was used. The degree of dissociation,^, was 
at first assigned a value of unity. After calculation



Table 32* Activity Coefficients, Degree of Dissociation, and Solubility Products
of PhjjP Pi in Ethanol--Water Solvents at 25°C.

wt.-# 
ethanol CQ °^o 1+ 4b 0

Aa dh

100 ,0 3.44 x 10"3 0.861 0.715 2 .9 6

93-2 4.70x 10” 3 0.875 0 .7 2 2 2 .5 6

80 .8 5*72x 10~3 0.899 O .762 1 .9 3

7 0 .6 5.11x10_3 0.931 0.832 1 .5 3

6l.O 3.99x 10“3 0.965 0.858 1 .2 6

50.7 2.42x 10"3 1.000 0 .922 1.04
39-3 1.18x10“3 1.000 0.945 0.859
31*2 5*45x 10“^ 1.000 0.963 0.756
19.9 1.60 X 10”^ 1.000 0 .978 0.646
10.0 7 .6 2 x 10”3 1.000 0 .986 0.571
0.0 4 .5 1x 10~3 1.000 0.992* 0.509

LSP Coefficients K„_sp
A1 A2 A3 a4 O O Q, V o
2.96 -4.90 0.540 5.54 4.4? x io‘ 6
2 .52 -5.09 5.02 -1.73 8 .7 9 x 1 0 - 6

1.91 -3.70 3.45 -1.22 1.53 x 10“5
1.32 -1.98 1.18 ------------ I .56 x 10“ 5

1 .1 6 -1.97 1.34 1.09 x 1 0 ' 5

1.02 -1.91 1.48 «p._- 4.96x 1 0 -6

0.764 -1.21 O .863 ------------ 1.25 x 1 0 - 6

0.748 -1.57 1 .9 6 -0.977 2 .7 6 X 10"7
0.553 -0.705 ------------ ------------ X•

CM 10"8
0 .566 -1.14 0.937 ------------ 5*65 X 10-9

2.00 x 10~9

* Calculated using the Debye-Huckel limiting law.



Table 33# Activity Coefficients% Degree of Dissociation» and Solubility Products
of PhjjAs Pi in Ethanol— Water Solvents at 25°C.

wt.-#
ethanol 0 * 0 f+'o a dh

LSF Coefficients 
A1 A2 A3 A4

Ksp
(C f .' 0 0 +fo

100 .0 3.15 X l 0“ 3 0.880 0 .7 1 6 2 .9 6 3 .1 0 -6 .3O 5-25 ---- 3.94 xlO - 6

93*3 4.10x 10"3 0.887 0 .7 3 8 2.57 2 .5 0 -4.80 3.65 7.20x 10”6
80.7 4.84x 10-3 0.908 0 .7 7 4 1.92 1.90 -3*80 3-17 ---- 1 .1 6 x 10"5
70.7 4.23 xlO"3 0.959 0.818 1.53 1.55 -3.31 3*07 1.10x 10“5
60.9 3.21x 10“3 0.994 0.849 1 .2 6 1.49 -2.43 — — ---- 7.33 xl0“6
50.9 2.08x10"3 1.000 0.899 1 .0 5 1.09 -2.67 2.92 --- 3.49x 10"6
39-7 9.85x 10"^ 1 .000 0.949 0.864 0.782 -1.54 1.40 --- • 8.74x 10"7
3 0 .3 3*98x 10"^ 1.000 0.964 0.746 0.759 -1.03 -4.88 17.2 1.47x 10-7
20.it 1.38x10"^ 1.000 0.981 0 .650 0.615 -1.35 1.58 --- 1.82x 10“8
10.2 5.90x 10”5 1.000 0.989 0.584 0.570 -1.26 1.22 --- 3-41x 10“9
0.0 3.49 xlO-5 1 .000 0.993* 0.509 —-— --- __-- 1.20 x 10“9

* Calculated using the Debye-Huckel limiting law.



Table 34. Activity Coefficients* Degree of Dissociation, and Solubility Products
of TAB Pi in Ethanol--Water Solvents at 25°C.

wt •-#
ethanol CL 0 o<

0 f+'o AaDH
LSP Coefficients 
A1 A2 A3

Ksp
<Co ^ o V o

1 0 0 .0 6.2 7 x 10-2 0.810 0.329 2 .9 6 2.79 -3 .1 6 1.29 2 .?8 x 10"^
86.4 0.848 2 .2 0 2.15 -2 .5 3 1 .0 6 2.6 2 x 10"^
67-3 1 .6 0 x 10” 2 0.854 0.743 1.43 1.24 -1.34 O .523 1 .0 3 x 10“^
53.6 7.10 xlO -3 0.923 0 .8 7 6 1 .1 0 0 .702 -0.478 ----- 3-29x 10"5

38.4 2 .0 2 x 10“ 3 0.976 0.945 0.848 0.539 -0.351 ----- 3.47 x 10“ 6



Table 35 • Activity Coefficients* Degree of Dissociation* and Solubility Products
of KBPhj^ in Ethanol— Water Solvents at 25°C.

LSF Coefficients K _sp
ethanol <*o V o a dh A1 A2 A3 (Coc<o V o )
100 .0 5.04x10"^ 0.949 0.849 2 .9 6 3*90 -7-54 ---- 1 .6 5X 10’7
90.6 ---------- 1.000 2.43 2.40 -4 .9 6 4.28 7.52 xlO"7
78.1 2.35 xlO’3 0.986 0.819 1.81 2 .25 -3.47 ---- 3.60x 10"6
60.6 — — — -— - 0.998 1 .2 5 1 .3 0 -3.11 2.52 7.71x10’6
38.4 ------------ 1.000 0.846 0.749 -8.20 ---- 1.57 XlO’6



Table 36. Activity Coefficients, Degree of Dissociation, and Solubility Products
of KPi in Ethanol— Water Solvents at 25°C,

wt.-?S 
ethanol C0 o£o a dh

LSF Coefficients 
A1 A2 A3 , KSP « V * o V o

100.0 1.04x 10* 3 0.857 0.806 2 .9 6 3.O6 0.872 5.18xl0"7
92.3 2 .5 1 X 10"3 0.888 0 .7 6 6 2.51 2.54 -2.50 2.91X10"6
84.8 0.970 2.11 1 .1 1 -I .67 1.24x10*5
68.3 1 .5 2 x 10“2 0.985 0 .7 7 6 1.46 1.06 -0.811 1.35x 10*^
58.8 1.95 XlO"2 1.000 0 .7 2 3 1.21 1.25 -1.69 1.99x 10’^
51«0 2.20 xlO-2 1.000 0 .807 1.05 0.681 -0.410 3 *i5 x io-if
37-3 1.98x10"2 1.000 0.813 0.832 0.753 -0.871 0.404 2.59x 10“^
20.6 1.59 xlO*2 1.000 0 .887 0 .652 0.437 -0.167 1.99x10*^
10.2 l.?8x10“2 1.000 0.866 0.572 G.550 -0.509 2.37 x 10*^
0.0 2.33x 10“2 1.000 0.844 0.510 0 .6 5 4 -1 .2 6 0.930 3.87 x 10_i|



Table 37* Activity Coefficients, Degree of Dissociation, and Solubility Products
of RbBPh^ and CsBPh^ in 100 % Ethanol at 25°C.

LSF Coefficients
Electrolyte * 0 a dh A1 A2 A3 Ksp

RbBPhj^ 1.000 1 .2 5 x 10"^ 2 .9 6 3 .12 - 8 M 1 2 .3 1 .5 6 x 10"8
CsBPhK 1.000 1.17x 10”^ 2 .9 6 3 .00 -5.32 3.56 1.37 x10-8

266
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2Of f , ft^was calculated using Equation 157* When aT 2value for ©< was calculated, a new value of f+ was 
determined using Equation 173, this was in turn used 
to calculate a new value for o< • The whole process 
was repeated (usually 3 times) until successive values 
of f and c< agreed to within 0*1 %• The calculationsT
were performed on a programmable electronic calculator 
(Wang Laboratories, Inc.)*

In acetonitrile, activity coefficients were 
determined via the Debye-Huckel equation with ion-size 
parameters. For individual ions, the equation takes 
the form (7 6)

. log f = — ---1 (174)
1 + 0.485 a C 3

where the ion-size parameters, a, were approximated
oby Stokes radii. Values of a = 5 A were adopted for

othe tetraphenyl ions, a = 3 A, for the alkali-metal and
picrate ions, and a =2*5 A, for the halide ions (46, 122)*
Fortunately, logf is not a very sensitive function

oof a, changing by only a few hundredths per 1 A for 
the solutions studied here* As noted before, complete 
dissociation was assumed for all electrolytes in 
acetonitrile.

In metjhanol, activity coefficients were calculated 
using the Debye-Huckel equation i



-logf 2 = — 3-8Q3„(cf<?,t r
® ± 1 + 0.5099a (o«<)5 (175)

where a value of a = 6-5 was used (19) for PH^P+, Ph^As+# 
and Pi” ions- A value of = 0.9^ was adopted for 
PhjijP Pi» and Ph^As Pi (7 6 ) f as discussed in section 
VllrC* For both compounds in methanol* f+ - 0 .^80  

Listings of activity coefficients not reported in this 
section can be found in section VII-F-
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Differential thermal analysis*
Various authors (26, 60) have raised objections 

to the solubility method for determining medium effects 
based on the possible formation of crystal solvates*
As has been pointed out in section II-B-3, if crystal 
solvates are formed, the free energy of the saturated 
aqueous and nonaqueous solutions will not be equal*
In such a case, various corrections could be employed 
(Equations 38, 39)* However, it is most desirable to 
avoid the complications of crystal solvate formation 
by choosing to work with compounds that do not form 
solvates*

In this research, thermograms were taken of all 
compounds studied here whose medium effects were determined 
by the solubility method. A thermogram is a plot of 
A. T versus T where A T  is the difference in temperature 
between the compound being studied and an inert reference 
compound with a constant heat capacity over the range 
of temperatures studied. The sample and reference 
compound are heated at a predetermined constant rate. 
Thermocouples measure the difference in temperature 
between the two compounds as they are heated. Variations 
in temperature can indicate phase changes, water or solvent 
elimination, chemical reactions, polymerization, and a 
host of other things (1^1 , 1*1-2 ).

The differential thermograms were recorded over
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the temperature range 20 - 2^0°C for samples of KBPh^, 
RbBPh^, CsBPh^, TAB BPh^, Ph^P Pi, Ph^As Pi, KPi,
T1C1, Ph^C, Ph^Si, and Ph^Ge wetted with water (except 
for Ph^C, Ph^Si, Ph^Ge), acetonitrile, methanol, 
ethanol, and 50 wt#-?S ethanol in water# In all 
cases, the thermograms were horizontal straight lines 
indicating an absence of solvates in all these solvent- 
solute combinations#

On the basis of DTA data, Duval (1^2) has reported 
that KBPh^, RbBPh^, CsBPh^, and KPi are stable to 
2 65, 2^0, 210, and 220°C, respectively, and that these 
compounds do not form hydrates# Recently, Kolthoff 
and Chantooni (31) reported no solvate formation for 
KBPh^, T1C1, Ph^As Pi, TAB Pi, RbBPh^, and CsBPh^ in 
water, methanol, acetonitrile, dimethylformamide, 
and dimethylsulfoxide#
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Thermodynamic medium effects of electrolytes and 
neutral compounds»

From this study*

Calculations*
Once solubilities, activity coefficients, and 

degrees of dissociation are known for an electrolyte in 
water and in various nonaqueous solvents, medium effects 
for that compound can be calculated using Equation 176 1

where (ai)ga^ and âi*^Sat are ^hermodynam^c i°n" 
activity products in water and the nonaqueous solvent, 
respectively* Rearranging Equation 176 and substituting 
ion-activity products (K ) for activities, we get 1

l°gmVi= PKsp(i.s> - PKsp(i»H20) (177)

If solvents other than water are used as the reference 
solvent, Equation 177 becomes 1

■LogmYi 15 PKSp (i’s) " PKSpt^»re:E,erence solvent) (178)
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For non-electrolytes of low solubility, the medium effect 
is very well approximated by the ratio of the aqueous 
and nonaqueous solubilities (2 5) «

logmYnon-elec ~ log (179)
'sat

Medium effects of electrolytes and neutral molecules 
are usually reported in their logarithmic form (4), 
a convention which will be adhered to in this paper* 

When the standard potential of an electrode 
reversible to a univalent positive ion, E°(M), is 
known in water and in the nonaqueous solvent, Equation 
49 can be used to calculate (log mYM - log mVH ) •

gE°(M,s) -wE°(M,H20) = 2 . 3 0 3 ^ logmyM - (49)

Similarly, standard potentials for electrodes reversible 
to divalent positive ions, E°(Z), and univalent negative 
ions E°(X) can be used to calculate other combinations 
of medium effects for single ions via Equations 51 and 55 *

,E°(Z,s) - w E°(Z,H20) = 2.303 log mYz - (51)

- 2-303f  log myH
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w E°(X,H20) - gE°(X,s) = 2.303 ̂jr log ̂ Yx + (55)

+ 2 .3 0 3^  log myH

Solubility data is often given on the molar scale 
but medium effects are usually reported on the molal 
scale. For dilute solutions# it is a relatively 
simple matter to convert molarities# M# to malalities# m t

where dQ is the density of the pure solvent. Molar
solubility products# Kgpinolar# can be converted to
molal solubility products# K molal, via Equation 181 1sp

pic molal = pK „molar - 2 log drt (181)sp sp o

Consequently# the medium effects can be converted from 
the molar to the molal scale with the aid of Equation 182 1

log mY imolal = l og m Y im °lar +  2 l°g S o l v e n t  * (162)

- 2 log "referenoe solvent

It is possible to calculate medium effects for
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electrolytes using combinations of experimentally 
available medium effects* For example* Ph/jP BPh/̂ , has 
a very low solubility in water and thus, it is difficult 
to determine its medium effect in other solvents*
However, the medium effects of Ph^P Pi, KBPh^ and 
KPi are available and they can be used to calculate 
the medium effect of Ph^P BPh^ »

losroYPh/tP BPh^ = losmYPhJ)P Pi + l0®mYKBPhit" 1̂83^

' l0S mYKPi

Solubilities of slightly soluble compounds in water, 
wpK, can be calculated from their medium effects in a 
given solvent and their solubility product in that 
solvent, aPKgp i

wpK„_ *= pK - log y. (184)wr sp s sp m 1

Equation 184 can also be used to calculate pK (i,s)sp
if log v, and pK__(i,H90) are known, 

in x ®P ^



275

Medium effects in ethanol— water solvents.
Tables 38 - 43 give results of solubility* conductance, 

and activity coefficient studies of Ph^P Pi, Ph^As Pi,
TAB Pi, KBPh^, KPi, and T1C1 in ethanol— water solvents.
In these tables, values of Kgp and pKgp are given on 
the molar and molal scale. In places where there are 
no reported values for solubility, CQ, activity 
coefficient, f ., , or degree of dissociation of the

T O

saturated solutions, values of mean ionic activity,
a+,0 (Cq ^ o V o 5, were interpolated directly from 
large-scale plots of a,, versus wt.-$ ethanol. InT O
other cases, where a value is given for ©<" but no 
values are reported for CQ or ^+»0* mean ionic activity 
was evaluated directly via Equation 172.

Medium effects of electrolytes in ethanol— water 
solvents calculated via Equation 178 are given in Tables 

- if-7 . Tables 44 and 45 give values of iogmVj_ on 'the 
molal and molar scale, respectively, based on water as 
the reference solvent. Tables 46 and 47 give values of 
lograY£ on "the molal and molar scales, respectively, 
based on ethanol as the reference solvent. Medium 
effects of HC1 and KC1 in ethanol— water solvents 
were taken from the data of Kill, Itzkowitz, and 
Popovych (72). Due to the low solubility of Phĵ P BPh^, 
PhjjAs BPh^, and TAB BFh^ in water, medium effects for 
these compounds were obtained by the usual indirect



Table 38. Solubility Products of Ph^P Pi in Ethanol— Water Solvents at 25°C.

ethanol CQ f+*o ^  0 a , _ x 103 +, 0 molar molar molal molal

0.0 4.51x 10“5 0.992 1.000 4 .4 7 2.00x 10-9 8.699 2.01x 10”9 8.693
10.0 7 .6 2 x 10"5 0.986 1 .000 7 .5 2 5.6 5 X 10"9 8.248 5.88x10"9 8.231
19-9 1.60x 10“^ 0.978 1.000 1 5 .6 2.45x10-8 7.611 2.6 2 x 10"8 7.582
20.0 ---- ---- 1 6 .0 2 .5 6 x 10"8 7.592 2.74x10-8 7.562
30.0 — — -- 48.0 2 .3 0 x 10"7 6.638 2 .5 5 X 10"7 6.594
31.2 5.45 xlO"^ 0.963 1.000 52.5 2.7 6 x 1 0 ' 7 6.560 3 .0 6 x 10"7 6.514
39.3 1.18x10~3 0.945 1 .000 112. 1 .2 5 x 10“6 5.904 1.44x10-6 5-843
40.0 ---- ----- 120. 1.44x 10“6 5.842 1.66 x 10”^ 5.780
50.0 ---- 218. 4.75 x10~8 5.323 5«74x 10"^ 5.241
50.7 2.42x 10~3 0.922 1.000 223. 4.96 x10“6 5.305 6.01x10"6 5.221
60 .0 ---- ..4 mm p. 325. 1.06x10~5 4.976 I.3 4 x 10" ̂ 4.872
61.0 3-99 xlO"3 0.858 0.965 330. 1.09x 10-5 4.962 1.39x 10"5 4.856
70.0 ----- --— — 394. 1.55xlO"5 4.809 2.08x 10“5 4.681

to-aOn



Table 38. (Continued)*

wt.-?S
ethanol Co f+’o <*0 a± ,0 x105

Ksp
molar

pKsp
molar

K ^ sp
molal PKspmolal

7 0 .6 5.11x 10"3 O .832 0 .931 396. 1 .5 6 x 10"5 4.806 2.10x 10“5 4.677
80,0 ---------- 394. 1.55xl0“5 4.809 2.21x 10"5 4-. 657

80.8 5.72x10~3 0.762 0.899 392. 1.53x10"5 4.814 2.19x 10~5 4.660
90 .0 — — - ---------- 339- 1 .1 5 x 10"5 4.940 1.74x10"5 4 .7 6 0

93-2 4.70 x10“3 0.722 0.875 296. 8.79 xlO-6 5.056 1 .3 6 x 10“5 4.867
100.0 3.44 x 10"3 0.714 0 .861 211. 4.47 x 10“6 5050 7 .2 5 X 10"6 5.1^0



Table 39* Solubility Products of Ph^As Pi in Ethanol— Water Solvents at 25°C

wt.-?5
ithanol C V o ° < 0 a+»ox l ° 5

Kspmolar pKspmolar
Ksp

molal
p K _sp
molal

0*0

u

3.^9 xlO" 5

T U

0.993

V

1 .0 00

t y

3^7 1 .2 0 x 10~9 8.919 1 .2 1 x 10~9 8.917
1 0 .0 5.80 3.3 6 x 10"9 8.473 3.50 xlO " 9 8.456

10.2 5 .9 0 x 10"5 0.989 1.000 5*84 3.41x10"9 8.467 3.55 xlO"9 8.450
20.0 --------- 13.0 1.69x 10“8 7.772 1.81x10"8 7*742
20.4 1.38x 10“^ 0.981 1 .000 13.5 1.82x10-8 7.739 1.96x 10“8 7.709
30 .0 37.5 1.4lx 10"7 6.852 I .56 xlO"7 6.808
30.3 3.98x 10"^ 0.964 1.000 38.4 1.47 x 10~7 6 .832 I.6 3 x 10"7 6.787
39.7 9.85x 10“^ 0.949 1 .000 93.5 8.?4x10"7 6.059 1.01x 10"6 5.997
40.0 --------- 100. 1.00x10“6 6.000 1.15x 10"6 5.938
50.0 — — --------- 1 74. 3 .0 3 x 10- 6 5.519 3.66x 10"6 5.437
50.9 2.08x 10"3 0.899 1 .0 00 .00H 3.49x10”6 5.457 4.24x 10"6 5.373
60.0 265. 7.02x 10“6 5.154 8 .9 3 x 10“6 5.049
60.9 3.21x10“3 0.849 0 .99^ 271. 7.33x 10"6 5.135 9«35x 1 0 "6 5.029



Table 39. (Continued).

wt.-?S <r V PKsP sp PKsp
ethanol Co V o * 0 a+* 0 x 10 molar molar molal molal

70.0 » w ■» 329. 1.08x10“5 4 .96 6 1.45x10"5 4.838
70.7 4.23 x 10"-3 0.818 0.959 331. 1.10 xlO"5 4.959 1.48x10'5 4.830
80.0 ---— — — ■ M 341. 1.16 xlO"5 4.935 I.6 5 x 10"5 4.782
80.? 4.84x10"5 0.774 0.908 340. l.l6x 10"5 4.937 I.6 5 x 10"5 4.782
90 .0 ----- ----- 300. 9.00x10"6 5.046 I.3 6 x 10"5 4.867
93-3 4.10x10“3 0.738 0.887 268. 7.20 x10"6 5.142 1.11x 10"5 4.954
100.0 3.15x10“3 0.716 0.880 199. 3.94x 10~6 5.404 6.39x 10"6 5.194



Table 40. Solubility Products of TAB Pi in Ethanol— Water Solvents at 25°C

ethanol c0 0 ^  0 V 0x io4
Kspmolar

pKsp
molar

Ksp
molal

pKsp
molal

OoO 2 .2 6 x 10"^

1 V

0.983 1 .000 2.22 4.94x10"8 7.307 4.96x 10”8 7.304
10.0 2.82 x 10**̂ 0.978 0.997 2 .7 5 7.56 xlO"8 7.121 7.87 x10~8 7.104
20.0 4.06 x 10”^ 0.970 0.996 3 .9 2 1.54x10'7 60813 1.65 x 10”7 6.783
30.0 9 .0 3 x 10“^ 0.950 0.989 8.48 7.20x10“7 6.143 7.96x 10"7 6.099
38.4 2.02x 10“5 0.945 0.976 18.6 3.47 XlO-6 5.459 3.98 x 10"6 5.400
40.0 — --- ----- 21.3 4.54 x10”6 5.343 5 .23 x10-6 5.282
50.0 ------ ------ 46.7 2.l8x 10"5 4 .661 2.63x10-5 4.579
53-6 7.10 xlO"3 O .876 0.923 57.4 3.29x10-5 4.483 4.04x 10"5 4.394
60.0 ----- ----- 78.0 6.08X10"5 4.216 7.73 xlO"5 4.112
67.3 1 .6 0 x 10“2 0.743 O .854 102. 1 .0 3 x 10“^ 3.987 I.3 6 x 10"^ 3.866

7 0 .0 — --- 111. -41 .2 3 x 10 3.912 1.64x 10"^ 3.784
80.0 •*» —*• —■ — — 142. 2.02x 10"^ 3.695 2.86 x10-^ 3.543

280



Table *KU (Continued)o

wt • “%
ethanol C f ,»o +

K pK K pKu sp ^ sp sp * sp
a , * x 10 molar molar molal molalT 0

162. 2.62 xl0_£f 3*582 3*87 x 10”^ 3*^12
166. 2 .7 6 x 10"^ 3 .56 0 ^.1 6 x 10"^ 3 .38I
167. 2.78x10"^ 3*556 5 2 x 10"^ 3*3^5 281



Table 4l. Solubility Products of KBPh^ in Ethanol— Water Solvents at 25°C.

wt.-$ 4 sp ^ s p sp p sp
ethanol Co 1

+ *
O °*o V o x l ° molar molar molal molal

0.0 1.74- X  10"^ 0.985 1 . 0 0 0 1 .7 1 2.94-x 10”8 7.532 2.95x10“8 7.530
10.0 2.20 x 10"^ 0.981 1 . 0 0 0 2.16 4-.66 x 10“8 7.332 4.85x10“8 7.315
20.0 3.4-Ox 10“^ 0.972 1.000 3.30 1 .0 9 x 10“7 6.962 1.17x 10-7 6.932
30.0 6 .7 0 x 10“^ 0.958 1.000 6.4-2 4-.12X 10“7 6.385 4.56 x 10~7 6.341
38.4 1 . 0 0 0 12.5 1.57 x10“6 5.803 1.80 x 10~6 5.745
4-0.0 13.7 1.88x10~6 5.727 2.16 x 10"6 5 .665

50 .0 ----- 20.9 4-.37 x 10-6 5.360 5*28x lO-6 5.278
60.0 ----- 27.5 7.56x 10-6 5.121 9 .6 1 x 10"6 5.017
60 .6 0 .998 2 7 .8 7.71 xlO"6 5.113 9.82x 10“6 5.008
70.0 25.0 6.2 5 x 10“ 6 5.204- 8.3 8 x 10"6 5.077
78.1 2.35x10"3 0.819 0.986 19.0 3 .6 0 x 10"6 5.4-4-4 5.0 5 x 10“6 5.297
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Tatle 4-1 • (Continued) .

wt *-fo
ethanol CQ f± ,Q c*0

80*0     ----
90*0  _____

9 0 .6  -----------------   l.o o o

100.0 5*0i+xl0-^ 0.81*8 0.91*9

1*
;’0 Xl0

Ksp
molar

P K c-nsp
molar KBPmolal

pKsp
molal

17.1* 3*0 3 x 10 "6 5*519 l* .30 x 10'6 5.367
9*00 8.10x10“7 6.092 1.22x10*6 5.912
8.6? 7.52x10-7 6.121* 1.11* x 10-6 5.943
i*.06 1 .6 5x 10"7 6.783 2.67 x I0~7 6.573



Table 42. Solubility Products of KPi in Ethanol— Water Solvents at 25°C.

wt.-?S h Ksp pK__sp Ksp pKsp
ethanol Co V o ^ 0 V o x l ° molar molar molal molal

0.0 2.33x10"2 0.844 . 1.000 1 97. 3.87x 10“^ 3*413 3.89x 10“^ 3*410
10.0 ^ ^ tm — 155. 2.39 x 10-if 3*622 2.48x 10“^ 3.605
10.2 1.78x10"2 0.866 1.000 154. 2.37x 10”^ 3*625 2.47 x10-4 3.607
20.0 ----- ----- 141. 1.97x 10"^ 3.705 2.11x10-^ 3.675

20o6 1.59x10“2 0.887 1.000 141. 1.99 xlO-^ 3.701 2.14x 10“^ 3.671
30 .0 --- — ----- 153. 2.33 x 10"^ 3.634 2.57xlO"^ 3*590
37*3 1.98x 10"2 0.813 1.000 161. 2.59 x lO-1*' 3.586 2.95x lO-^ 3.530
4o.o — — 164. 2.70x 10"^ 3.569 -43.11x 10 * 3.507
50 .0 ------ ----- 176. 3.11x 10"^ 3.508 3.75x10"4 3.426

51*0 2.20x10~2 0.807 1.000 177* 3*15 x 10”*̂ 3.502 3.83x10“^ 3.417
58.8 1.95 xl0“2 0.723 1.000 141. 1.99 x lO-*1' 3.701 -42.5 2 x 10 3.599
60 .0 — — — — — ----- 136. 1.84 x 10“^ 3.734 2 .3 4 x 10-4 3.630



Table 42* (Continued)*

wt*-?5
ethanol C f cx„o + o  o

68*3 I*5 2x l 0“ 2 0*7?6 0*985
70*0     ----
80,0     ----
84.8 ----------   0*970

90.0     ----
92*3 2*51 xlO"3 0*766 0*888
100.0 1.04xl0"3 0*806 0.857

h.
:'ox l °

KsPmolar PKSPmolar Kspmolal
sp

molal

116. 1*35 x lO-1* 3.869 1*75x10"^ 3.758
113. 1.27 x 10"** 3.896 1 *7 0 x 10“^ 3.769
62*5 3.91 xlO-5 4*408 5.55 xlO-5 4.256
35.2 1.24-x 10"5 4 .9 0 6 1.82x 10"5 4*741
21*9 4.80 x 10“6 5.319 7*25 xlO“6 5.140
17.1 2*91x10"6 5.537 4.46 x 10“6 5051
7*20 5*18x 10"7 6*286 8.4lx 10“ 7 6 .076



Table 43* Solubility Products of T1C1 in Ethanol— Water Solvents at 25°C.

wt.-?S Ksp pKsp KSP *Ksp
*thanol CQ f+'o °<0 a+’o x 1 molar molar molal molal

0.0 1.60x 10"2 0.978 0.898 l40^ . 1.98x10"^ 3.704 1.99 x 10”2* 3.701
10.0 ---- 100g. 1.02x 10“^ 3.993 1.06 x lO-2*' 3.976
10.1 1.12x 10~2 0.979 0.911 100.^ 1.00 x lO-2*1 3.999 1.04 x lo"2*' 3.981
20.0 ----- 710. 5*04x 10~3 4.298 5.40 x 10”3 4.268
20.7 7 .6 9 xlO"3 0.980 0.921 692. 4.79x10~3 4.319 5.14x 10“3 4.289
30.0 ----- ---- 500. 2 .5 0 xl0“5 4.602 2.77x 10”3 4.558
30 .3 5.46 x 10”3 0.980 0.927 4 9 6. 2.46 xlO-3 4.609 2.73x10-3 4.564
39-2 3.88x10-3 0.980 0.928 353. 1 .2 5 x10”3 4.904 1.43x 10”3 4.844
40.0 ----- ---- 344. 1.18x 10”3 4.927 I.3 6 x 1 0 * 3 4.865
50 .0 ----- ---- 227. 5.15 xlO'6 5*288 6.22x 10-6 5 .206

51 .2 2 .3 1 x 10” 3 0.981 0.932 211. 4.46x10-6 5.351 5.42x 10"6 5 .266

60.0 ---- ----- 132. 1.74x10“6 5.759 2.21x10"6 5 .655

7 0 .0 tm mm m m ----- 70.5 4.97x10"7 6.304 8.17x 10"7 6.088



Table 43* (Continued)

wt.-$
ethanol CQ f± ,Q o<0

71.0 7*31x 10“^ 0.984 0.931
80.0
80.5 3 .60 x 10-if 0.986 0.929
90 .0

90 .6

100.0 3*45xl0-5 0.993 0.959
9 0 .6 1 .1 6 x 10“^ 0.989 0.936

,n x iO5 0
sp

molar
pKspmolar

Ksp
molal

pKsp
molal

67.0 4.48x10"7 6.348 6.05x 10"7 6.218
34.2 1.17x10"7 6.932 1.66x 10“7 6.780
33-0 1 .0 9 x 10"7 6*964 1.55x10"7 6.810
11.6 1.35 xlO"8 7.871 2 .0 3 x 10-8 7.692

10.7 1.15 xlO"8 7-938 1.75x10"8 7.757
3.28 1.08x10"9 8.967 1.75x10-9 8.757
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Table 44. Medium Effects, logmY, of Electrolytes in Ethanol— Water Solvents *
Water is the Reference Solvent* 25°C, Molal Scale •

wt.-#
ethanol Ph^P Pi Phĵ As Pi TAB Pi KBPh^ KPi KC1 HC1

Ph^P-
-BPh^

Phi.As-
A

TAB-
BPh^

0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0

1 0 .0 -0.466
+0.006

-0.461
+0 .006

-0 .200
+0.005

-0.215
+0.009

0.19+0 .02
0.27 0.13+0 .01

-0 .88  
+0 a 02

-0 .8?
+0 .0 2

-0 .61
+0 .02

20 .0 -1.134
+0.008

-1.174 
+0.008

-0.521
+0.005

-0.598
+0.009

0 .26
+0.03

0 .60 0.25 -2 .00
+0.03

-2.04
+0 .03

-1 .3 8
+0 .0 3

30 .0 -2.103
+0.006

-2 .1 1
+0 .0 1

-1.205
+0.005

-1.188
+0.009

0.18
+0.02

0.98 0.37 -3*^7+0 .02
-3.48
+0 .02

-2.57+0 .02

40.0 -2.916
+0.007

-2.978
+0.007

-2 .022
+0 .006

-1 .8 6
+0.02

0 .10
+0 .02

1.39 0.47 -4.88
+0.03 -4.95+0.03

-3-98
+0 .0 3

50 .0 -3.46
+0 .02

-3*48
+0 .01

-2.725
+0.009

-2.25+0 .02
0 .02
+o;o2 1.85 0 .62 -5.72

+0.03
-5.75+0.03

-^.99+0 .03

60.0 -3*82
+0 .01

-3.87+0 .01
-3.19+0 .0 1

-2.51+0 .01
0 .22

+0 .03
2.37 0.79+0 .0 1

-6 .56
+0.°3

-6.60
+0.03

-5.92
+0 .0 3

70 .0 -4.015
+0.009

-4.08
+0 .01

-3.52
+0 .03

-2.45
+0 .02

0 .36
+0 .02

2.95 1 .1 2 -6 .83
+0.03

-6.89+0 .03
-6.33+0.04
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Table 44* (Continued)*

wt.-?£
ethanol Ph^P Pi Ph^As Pi TAB Pi KBPh^

80.0 -4.04-0 -4.13 -3 .76 - 2 .16
+0.009 +0 .0 1 +0.04 +0 .02

90.0 -3.936 -4 .05 - 3 .92 - 1 .6 2
+0.006 +0 .01 +0 . 04 +0.07

100 .0 -3 .56 -3.723 - 3 .96 -0 .96
+0,02 +0.009 +0 .03 +0 .02

Fh^P- Ph^As- TAB-
KPi KC1 HC1 -BPh^ -BPh^ -BPh^

0.85 3 .6 2 1.57 -7 .05 -7.14- -6.77
+0 .02 +0.03 +0 .03 +0.05

1.73 4.72 2 .21 -7 .28 -7.40 -7.27
+0 .02 +0.07 +0.07 +0.08

2 .66 6 .12 5.13 -7*18 -7 .34 -7 .58
+0 .02 +0.03 +0.03 +0.04
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Tattle 45* Medium Effects* log^y. of Electrolytes in Ethanol— Water Solvents.
Water is the Reference Solvent. 25°C, Molar Scale.

wt.-$
ethanol Ph^P Pi Phj^As Pi TAB Pi KBPh^ KPi KC1

PhjijP- Ph^As- 
HC1 -BPh^ -BPhj^

TAB-
-BPh^

0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 ' 0.0 0.0
10.0 -0.451 -0.446 -0.185 -0.200 0.210 0.285 0.144 -0.861 -O .856 -0.595
20.0 -1.107 -1.147 -0.494 -0.570 0.292 0.627 0.277 -1.969 -2.010 -1.356
30.0 -2 .061 -2.068 -1.164 -1.147 0.221 1.021 0.413 -3.429 -3.435 -2.532
40.0 -2.857 -2.919 -1.964 -1.805 0.156 1.449 O .529 -4.819 -4.881 -3.925
50.0 -3.376 -3.401 -2.645 -2.172 0.095 1.930 O0696 -5.643 -5.668 -4.913
60.0 -3.723 -3.766 -3.091 -2.411 0.322 2.472 0.902 -6.455 -6.498 -5.823
70.0 -3*890 -3.954 -3.395 -2.328 0.484 3.075 1.241 -6.701 -6 .765 -6.207
80.0 -3 .890 -3-985 -3 .611 -2.013 0.996 3.770 1.728 -6.899 -6.994 -6.620
9 0 .0 -3.759 -3.874 -3.7^7 -1.441 1.907 4.897 2.386 -7.106 -7.221 -7.094
100.0 -3.349 -3.515 -3.751 -0.749 2.873 6 .328 5.342 -6.971 -7.137 -7.373
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Tahle 46. Medium Effects* log^y* of Electrolytes in Ethanol— Water Solvents
Ethanol is the Reference Solvent* 25°C, Molal Scale*

wt.-$
ethanol Ph^p Pi PhjjAs Pi TAB Pi KBPh^

0 .0 3.557 3.723 3.959 0.957
1 0 .0 3.091 3 .2 62 3.759 0. 7*4-2
20 .0 2.*4-23 2.548 3.*4-38 0.359
3 0 .0 1. *4-5*4- 1.61*4- 2.75*4- -0 .232

*4-0.0 0.6*4-! 0.7*44 1.936 -0 .9 08

50.0 0 .102 0 . 2*4-3 1.23*4- -1.295
60.0 -0 .267 -0.1*4-5 0 .766 -1.556
7 0 .0 -0.*4-58 -0.356 0.*4-39 -1.496
80 .0 -0.*4-83 -0.*4-12 0 .1 98 -1 .2 0 6

9 0 .0 -0.379 -0 .328 0 .0 35 -0 .660

1 0 0 .0 0 .0 0 .0 0 .0 0 .0

PhjjAs- TAB-
KPi KC1 HC1 -BPh^ -BPh^ -BPh^

-2.665 -6.12 -5.134 7.179 7.345 7.581
-2.471 -5.90 -5.004 6.304 6.474 6.971
-2.401 -5.57 -4.884 5-182 5.308 6 .198

-2.486 -5 .18 -4.762 3.709 3 .868 5*008
-2.568 -4.73 -4.664 2 .301 2.405 3.597
-2 .650 -4.27 -4.518 1.456 1.597 2 .5 88

-2.446 -3*75 -4.334 0.623 0.745 I .656

-2.307 -3.20 -4.018 0.353 0.454 1.249
-1.820 -2 .52 -3.556 0.130 0.201 0.811
-0.936 -1 .2 6 -2.925 -0.104 -0.053 0.310
0.0 0.0 0.0 0.0 0.0 0.0



Table 47« Medium Effects, log^y, of Electrolytes in Ethanol— Water Solvents
Ethanol is the Reference Solvent* 25°C, Molar Scale*

wt.-SS
ethanol Ph^p Pi Ph^As Pi TAB Pi KBPh^

0*0 3*3^9 3-515 3.751 0.749
10.0 2.898 3 .069 3.566 0o549
20.0 2.242 2 .368 3.257 0.179
30 .0 1.288 1.448 2.587 -0.398
40.0 0.492 0.596 1 .7 8 8 -1 .0 5 6

50 .0 -0.027 0.115 1 .1 0 6 -1.423
60.0 -0.374 -0.251 0.660 -1 .6 62

7 0 .0 -0.541 -0.439 0 .356 -1.579
80.0 -0.541 -0.470 0.140 -1.264
9 0 .0 -0.410 -0.359 0.004 -0.692

100 .0 0 .0 0 .0

0.0
0 .0

Ph^p- Ph^As- TAB-
KPi KC1 HC1 -BPh^ -BPh^ BPh^

-2.873 -6.328
CM
-3-
P"\■
XT',1 6.971 7.137 7.373

-2.664 -6.093 -5.197 6.111 6.281 6.778
-2.58I -5.751 -5.065 5 .002 5.128 6.017

-2.652 -5.3^6 -4.928 3-542 3.702 4.842
-2.717 -4.879 -4.813 2.153 2.256 3.448
-2.778 -4.398 -4.646 1.328 1.469 2.460
-2.552 -3 .856 -4.440 0 .51 6 0.639 1.550
-2.390 -3*283 0

 
0
 

H•J
-1 0CM•O 0.372 I.I67

-1.878 -2.578 -3.614 0.073 0.144 0.753
-0.967 -1.291 -2.956 -0.135 -0.084 0.279

0*0 0.0 0.0 0.0 0.0 0.0
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calculations *

logmYPhJlj<P BPh^ ** logmYPhil>P Pi + logmYKBPhif “ 1̂37^

- log mYKPi

logmYPh^As BPh^= log mYPhifAs Pi + log mYKBPh^ " t138^

“ log mYKPi

log mYTAB BPh^ = logmYTAB Pi + log n^KBPh^ “ *139^

- log mYKPi

Molal medium effects* log v* referred to waternr 1
as the reference solvent, given in Table 44, include 
standard deviations. A detailed discussion of error 
analysis of medium effects is given in section VII-F-l-e.

Medium effects of T1C1 in ethanol--water solvents 
referred to water as the reference solvent, are given 
in Table 4-8.

Numerical values of medium effects of Ph^F Pi and 
PhjjAs Pi are negative in ethanol— water solvents 
indicating that solvation of these compounds is favored 
in the nonaqueous solvent. Medium effects of these 
compounds decrease rapidly from 20 to 70 wt.-?S ethanol,
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Table 48. Medium Effects, ^■°SlnY* of T1C1 in Ethanol—  
Water Solvents* Water is the Reference 
Solvent* 25°C, Molal Scale*

wt •-% 
ethanol

0.0
10.0
20.0
3 0 .0

40.0
5 0 .0  

6 0 .0  

70.0 
80.0 
9 0 .0  

100.0

log mvTlCl

0.0
0.275
0.567
0.857
1.164
1.505
1.954-
2.387
3.079
3.991
5.056
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level off at around 80 wt.-?£ ethanol, and then increase
slightly from 80 to 100 wt*-?£ ethanol* The numerical
values of log mYphjtp pi and log mYphj+As Pi are quite
close, their differences varying from 0*004- log units
in 10 wt*-?5 ethanol to 0 .1 6 log units in 100 wt.-?6
ethanol. Numerical values of log decrease
rapidly from 10 to 70 wt*-?£ ethanol and then continue
to decrease slowly from 80 to 100 wt*-^ ethanolo

Numerical values of medium effects for KC1 increase
steadily from 10 to 100 wt*-?S ethanol indicating that
hydration of KC1 rather than solvation is favored in
ethanol— water solvents*

Numerical values of lo g mYjjĉ  i-ncrease gradually
from 10 to 90 wt*-?S ethanol where it assumes a value
of 2*210 (molal scale). From 90 to 100 wt.-?6
ethanol, l°gmYHCj increases quite rapidly by 2*924-
log units indicating a drastic change in solvating
power of the solvents in that region*

Numerical values of ^S^Y^p^ increase from 10
to 20 wt*-^ ethanol, decrease from 20 to 50 wt.-$
ethanol, and then increase from 50 to 100 wt*-?6 ethanol*
This complex behavior is probably due to the potassium
ion since the medium effects of the other picrates
studied do not vary in this manner*

Numerical values of mY^p^ decrease from4-
water to 60 wt*-?S ethanol and increase from 60 to 100
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wt.-^ ethanol where equals -0,957.
4*

Numerical values of medium effects of the three 
reference electrolytes, Ph^P BPh^, Ph^As BPh^, and 
TAB BPh^ decrease from 10 to 100 wt.-# ethanol. In 
the ease of log mYphi>p Bph^ and l o g ^ p ^ a  BPh^’ 
there is a slight increase of 0.11 and 0 .0 5 log units, 
respectively, from 90 to 100 wt.-# ethanol. Medium 
effects for the reference electrolytes are negative 
throughout the ethanol— water solvent system indicating 
that they are preferentially solvated (they are in a 
lower energy state) in the nonaqueous solvents.

Medium effects, log^y, of RbBPh^ and CsBPh^ in 
100 % ethanol were determined to be -0.94- and -1.15* 
respectively. It should be noted that medium effects for 
RbPi, CsPi, HPi, RbCl, CsCl, and other compounds and 
electroneutral combinations of ions are accessible from 
the available medium effect data in ethanol— water 
solvents. For example, to calculate 1°S mYjH)pj_ an<i 
( log mYj£ - log jjjYpk) we could use the relationships i

106 mYRbPi = 106 mYRbBPhit + log mYKPi " log mYKBPhJ). *l85)

log mYK " log mYRb ~ logmYKPi ' log mYRbPi <186)

In a similar manner, many other combinations of medium
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effects can be calculated using the data in Tables 
44 - 48.

Medium effects, logmY* for the neutral compounds 
Ph^C, PhjjSi, and Ph^Ge in ethanol— water solvents are 
given in Table 49* These compounds are very insoluble 
(m Ph^C = lxlO"^m in 60 wt.-?£ ethanol) in water-rich 
solvents, a fact that necessitates the choice of 100 % 
ethanol as the reference solvent when reporting their 
medium effects. Medium effects of all three of these 
compounds decrease steadily from pure ethanol to 60.0 
wt.-?S ethanol. The average value of the medium effects 
of all three tetraphenyl compounds is also given in Table 49* 
The precision in the solubility determinations of these 
compounds, and the closeness of their medium effects 
allows us to use their average as the representative 
value when discussing medium effects for tetraphenyl 
molecules in a given solvent.

Table 50 contains a listing of medium effects of 
ferrocene, l°SraYp0C» in ethanol— water solvents.
These are given on both the molar and molal scale.
Numerical values of log mYFoc decrease steadily from 
10 to 100 wt.-$ ethanol indicating that ferrocene is 
solvated better in the ethanolic solvents. Assuming 
that l°gmVFoc is equal to the neutral component of 
l°g mYpic» and assuming that the electrostatic component 
can be accurately estimated via the Born equation, we
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Medium Effects, logmY» of Ph^C, 
and Ph^Ge in Ethanol— Water Solvents 
Ethanol is the Reference Solvent# 
25°C, Molal Scale*

Table 49-

wt.-#
ethanol

100.0
93-3
92.8
9 2 .6

9 0.0*
80.5
80.4 
80.0*
70.5
70 .0

62.0 
60.4 
60.0*

Ph^C

0.0 
0.20 
M MM M

0.34 
0.66 
w » m  mm m

0.67

0.98

1.40
1.42

Ph^Si

0.0

0 .2 3

0.33

0.68
0 .6 9

0.96
0.98*
1.25

1.27

Ph^Ge

0.0 
M M M M

0 .26

0 .3 6

O .65

0.66 

0.88

1.37
1.41

Ph^Si,

Average

0.0

P*M

0.34

0.67

0.95

1.37

* Interpolated graphically.
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Table 5°. Medium Effects# logmY> of Ferrocene and

Ferricinium Ion in Ethanol— Water Solvents
at 25°C#

Wt.“#
ethanol l°g mYp0C 

molar
^SjnYpoo
molal

log mYBora 
r = 3 .8 £

l0S mYFic 
(calc.)

0 .0 0 .0 0 .0 0 .0 0 .0

o•oH -0 .22* -0.23 0 .03 t 0 . ro 0

1 0 .1 -0.225 -0 .232 ---
20 .0 -0.50* -0.51 0.07 -0.44
20.4 -0.511 -0.525 ---
30 .0 -1 .00* -1 .0 2 0 .12 -0.90
30.4 -1 .010 -1 .0 31 ^ w#
38.9 -1.515 -1.544 ---
40.0 -1.57* -1 .6 0 0.17 -1.43
50.0 -1 .98* -2 .0 2 0.25 -1.77
51 .2 -2.024 -2.065 ----

60.0 -2.32* -2.37 0.33 —2.04
60.7 -2.340 -2.392 ----

70 .0 -2.59* -2 .6 5 0.43 -2 .22

70.5 -2.607 -2.670 ----

80.0 -2.84* -2.91 0.57 -2.34
80.4 -2.845 -2.921

9 0 .0 -2.925* -3.013 0.731 -2.282
92.6 -2.974 -3.066 ---

100 .0 -3.279 -3-383 0.909 -2.474

* Interpolated Graphically*
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can calculate 3-°gmYF^c using the relationship i

log mYFic - 10« mYPoe + logmY (Born) (l8?J

Table 50 contains a listing of log mYF^c calculated
using Equation 187* The B o m  charging term was calculated

ousing a value of 3.8 A (8) for the radius of ferricinium* 
It is interesting to note that numerical values of 
■^°^mY(Born) become more positive from 10 to 100 wt.-# 
ethanol with a value of +0*909 log units in 100 % 
ethanol (see Table 50) • Numerical values 
are negative throughout the ethanol— water solvent 
system# This is excellent experimental verification 
for the existence of a large neutral contribution 
to the medium effect of large ions# The neutral 
component of the medium effect of ferricinium ion 
is not only larger in magnitude than the electrostatic 
component but it is opposite in sign as well#
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Medium effects in methanol*
Table 51 contains a listing of ion-activity products 

and medium effects of electrolytes and electroneutral 
combinations of ions in methanol* Where solubility 
products for the particular electrolyte or combination 
of ions are not given* medium effects were calculated 
from standard potentials using Equations by, 51, or 55* 
Table 56 contains a listing of standard potentials 
for various electrodes in water and methanol.

Medium effects for the reference electrolytes 
Phĵ P BPh^, Ph As BPh^, and TAB BPh^ are negative in 
methanol as they are in ethanol, having values of 
-8*19, -8 .3 6, and -9*01, respectively* Medium effects 
for these compounds were calculated in the usual 
manner using Equations 137 - 139* Two values of
log mYTAB BPh^ are rePor‘ted Table 51. The value of 
-8*60 is preferred since it is more recent*

The large positive values of logmY for alkali- 
metal halides and hydrochloric acid in methanol reflect 
the relative hydrogen bonding powers of methanol and 
water. Due to hydrogen bonding, halides and the proton 
are more strongly solvated in water than in methanol. 
Large ions such as picrate and tetraphenylborate are 
more strongly solvated in the organic solvent (5°)*

Many intercomparisons can be made amongst data in 
Table 51* Sums and differences of medium effects
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Table 51* Solubility Products and Medium Effects of
Electrolytes in Methanol* 25°C# Molal Scale*

Electrolyte pK(CH^OH) pK(HgO) l°gmy

Ph^As Pi 3.91 8.92 -5.01
Ph^P Pi 3*86 8.70 -4.84
TAB Pi 1*70 7*31 —5 * 61

Ph^P BPh^ ---- ---- -8.19 (calc)
Phj^As BPh^ ---- -8 .3 6 (calc)
TAB BPh^ (19) 4*92 13*93 (calc) -9.01
TAB BPh^ (I?) ---- ---- -8 .6 0 (calc)
BujjN Pi (19) 1 .2 2 5*87 -4.65
KPi (19) 4.25 3 .3 6 +0.89
KBPh^ (19) 5*02 7.53 -2 .5 1

KC1 (19) 3.15 -0.904 +4.05
KBr (31) 2*75 1.14 +1 .6 1

KCIO^ 4.9 (15*0 1.94 (153) +2 .9 6

HC1 (18) ---- ---- +3*93
RbBPh^ 6.07 (18) 8.54 -2.47
RbBr 2.9 (31) -1 .1 3 (2 6) +4.03
RbPi (31) 5.0 3.7 +1.3
RbClO^ 5*6 (15*0 2.54 (153) +3 .0 6

CsBPh^ 6.4 (29) 8.80 -2.40
CsCl 3 .0 (144) -0 .8 (3 1) +3 .8

GsPi (31) 5.4 4.24 +1 .1 6

CsClOj^ 5-2 (154) 2.4 (153) +2 . 8
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Table 51* (Continued).

Electrolyte pK(CH^OH) pK(H20) logmY

T1C1 6.7 (31) 3 .7 6 (144) +2.94
TIBr .00 (31) 5*47 (144) +2.93
TINO^ 4.4 (31) 1 .3 2 (144) +3.08
TICIOĵ 3.1 (31) 1 .1 2 (144) +1 .9 8

TIPi (31) 4.3 4.1 +0 .2

AgBPh^ 14.6 (31) 1 7 .2 (1 5 3) -2.6
AgCl (155) 13*4 9 .7 4 +3.66
AgBr (155) 15.7 12.2 +3.5
Agl (155) 18.6 1 6 .0 +2.6
AgBz (31) 6 .5 3.7 +2.8
AgAc (31) 6.8 2.7 +4.1
Na-H (155» 1 5 6) — --- -0.24
Li-H (156, 1 5 7 ) -- -0.85
Cu-H (155* 156} — -0 .5 2

Zn- 2H (155, 1 5 6 )-- +0.78
Cd - 2H (155* 1 5 6 )-- — -0.91
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for electroneutral combinations of ions calculated 
using data from Table 51 should be internally consistent. 
For example, (log mYK - log mY^g) calculated via the 
following three paths should be constant if all the 
data used is accurate i

logmYK - log mvAg = log myKBPhl( - log „rAgBPhit- 0.1 (188)

l0smvK - logmYAg = logn>YKCl ’ logmYAgCl = °*”  <189>

log mYK - log myAg * log myKBr - log mYAgBr = -1.9 (190)

The above calculations are not the only ones that can
be used to illustrate the lack of internal consistency 
in the data. Values for (log mYBr - log mYBPh wil*ch 
should be constant, can be calculated in these three 
ways from the dats in Table 51 •

log mYBr " log mYBPh^ = log mYKBr “ logmYKBPhif> = ̂ *12 *191j

log mYBr “ 'Log mYBPh^ = log mYRbBr " logmVCsBPhi(> = 6'5° *192 ̂

log mYBr * log mYBPh^ " lGg mYAgBr “ log mYAgBPh^ = 6b1 (193}
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In general* many of the medium effects from the 
literature cannot be trusted* There is a lack of 
general agreement among many combinations of medium 
effects available as illustrated by the two previous 
sets of calculations* Statistical analyses have rarely 
been given for medium effects* There is a need for 
more precise ion-activity product data in general.

Discrepancies arising in the calculation of 
medium effects for the reference electrolytes do not 
invalidate a given reference-electrolyte assumption* 
just as perfect agreement among the results calculated 
by different paths would not prove its validity.

Medium effects for the neutral tetraphenyl compounds 
in methanol at 25°C (molal scale) referred to ethanol 
as the reference solvent* are as follows i

log in'Ph^C =  0,15

log^Ph4Si “ °'°6

logr«yPh^Ge = 0,10

log Y -0.10B m'average

An average value is given since differences among the 
medium effects of the three compounds do not amount to
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more than experimental error* Medium effects for these 
neutral tetraphenyl compounds in methanol are quite 
small indicating that large neutral molecules have 
about the same solvation energies in ethanol and methanol* 

The solubility of ferrocene in methanol can be 
calculated using Parker's value (2?) of +3*6 for log mYp0C 
(molar scale, 25°C) referred to methanol as a reference 
solvent, and, the aqueous solubility of ferrocene 
determined in this study of 5»38xlO“^M i

pK(Foc,CH30H) = pK(Foc,H20) - log mYPoc (19*0

This is a practical application of Equation 18^*
Because ferrocene is a neutral molecule, pK(Foc) is 
equal to -logC(Foc). The molar solubility of 
ferrocene in methanol at 25°C is 0*21^M*
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Medium effects in acetonitrile.
Table 52 is a listing of molal ion-activity 

products in water and acetonitrile and medium effects 
of electrolytes and other electroneutral combinations 
of ions in that solvent. Where available, molar 
solubilities and activity coefficients are included 
in the table. In places where values of log mY are 
given without values of pK, medium effects were calculated 
from standard potentials using Equaitons 4-9* 5i» 
or 55 (see Table 5^). Medium effects for TAB BPh^ 
are not reported due to the high solubility of this 
compound in acetonitrile (0 .5707m, 25°C), thus 
making calculated activity coefficients unreliable.

Medium effects for Ph^P BPh^ and Phĵ As BPh^ 
were calculated using Equations 137 and 138* respectively. 
Medium effects logmY # for both compounds are large 
negative numbers having values of -11.4-5 + 0.08 and
-11.63 +0.08 for l°gmYphlfP BPhit and l0Sm YPhitAs BPh^' 
respectively.

The large positive values of log my for alkali- 
metal halides reflect the poor ability of dipolar 
aprotic acetonitrile to solvate small anions (5 0) whose 
solvation energy depends on strong H-bonding which is 
available in water but not in acetonitrile. In general, 
numerical values of log v for metallic halides 
decrease from the chloride to the iodide indicating
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Table 52• Solubility Products and Medium Effects of
Electrolytes in Acetonitrile. 25°G, Molal Scale

Electrolyte C . M x l O 2 f 2 +
pK(CH3CN)
molal

pK(H20)
molal

PhjjAs Pi 7«99 0. 2*1-9 2.58 8.92 -6 .3 4
+0.04

Ph^P Pi 8.38 0.244 2.55 8.70 -6 .1 5+0.04
KPi 1.05 0.510 4.03 3.41 (139) -0 .6 2

+0.04
KBPh^ 5*33 0.298 2.85 7.53 (139) -4.68

+0.04
KC1 0.025 (144) 0.889 7.04 -0 .9 0 (18) +7.94
KBr b v. ---- 5*9 (31) -1.14 (31) +7.04
KCIO^ ---- ---- 4.4 (160) 1.94 (153) +2.46
RbBPh^ 1.70 0.455 3 .6 6 8.54 -4.88

+0.04
RbCl 0 .0 2 3 (144) 0.893 7.11 -1.31 (26) +8.42
Rbl 6.2 (144) 0.242 2.83 -1.21 (2 6) +4.04
RbBr 0.22 (144) 0.717 5.24 -1.13 (2 6) +6.37
RbPi (31) ---- 4.8 3.7 +1.1
RbClO^ ---- ---- 4.8 (31) 2.54 (153) +2.26
CsBPh^ 1.68 0.456 3.67 8.80 -5.13+0 .0 5

CsCl — — — ---- 5.4 (31) -0.8 (3D +6.2
CsPi (31) — — —— *m m* tat • 4.94 4.24 +0 .70

CsClO^ ----- ---- 4 .2 6 (3 1) 2.4 (153) +1.86
T1C1 (26) O.OO319* 1.00 12.99 3.76 +9.23

* Molalities.
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Table 52. (Continued).

Electrolyte C, Mx 102 ff+
pKCCH^CN) 

molal
pK(H20)
molal

l°gmY

TIBr (26) 0.00425* 1.00 12.74 5.47 +7.27
Til (26) 0.00807* 1 .0 0 12.19 7.19 +5.00
T1SCN (26 ) 0.904* 0 .94 8.11 3.77 +4*34
t i n o3 (26) 5.03 0.86 6*66 1 .32 +504
TICIO^ (26) 331. 0.42 3.33 1.12 +2. 21
TIPi (31) ----------- ----------- 5*7 4.1 +1.6
AgBPh^ ----------- 7.8 (31) 17-2(153) -9.4
AgCl ----------- ----------- 13*4 (26) 9.74 (155) +3*66
AgBr —— ----------- 13.4 (26) 12.2 (15 5) +1.2
Agl ----------- ----------- 14.7 (2 6) 16.0(155) -1.3
AgBz (31) ----------- * ** M 7.2 3.7 +3.5
AgAc (31) ----------- 8.9 2.7 +6.2
Ph^P BPh^ — — - m* h 5.68 -17.13(calc) -11.45 

+ 0.08 
(calc)

Phĵ As BPh^ -11.63 
+ 0.08 
(calc)

™  P. H »

Li-H (161, 
156)

----------- -3.13

Na-H (161, 
156)

—  P- ---- -2.64

Cu-H (161, 
156)

----------- ----------- -15.23

Ca - 2H (161, ----------- — « +4.06
156)

* Molalities.
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Table 52* (Continued)•
Electrolyte C . M x l O 2 f 2 PK(CH3CN) pK(H20) log mY

- molal molal

Zn - 2H (161,         +0,?8
156)

Cd - 2H (161,         -2.27
156)

Pb- 2H (161,         +0.20
156)

Cu - 2H (161, ---  — —      -20.86
156)
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that additional forces such as mutual polarizability 
of ion and solvent molecule become appreciable for 
large ions<> Picrates and perchlorates seem to be 
strongly solvated in acetonitrile (^6) and the same 
can be said for tetraphenylborates. Values of log my 
for the series AgBFh^* Agl* AgBr, and AgCl continually 
increase* The same is true for the corresponding 
rubidium, potassium and thallium (I) series. This 
indicates the preference of acetonitrile for large 
anions as opposed to small ones.

The well-known affinity of Ag+ ions for acetonitrile 
(158, 1 5 9) manifests itself in the numerically small 
values of logmY for silver halides and the large 
negative value of -9*^ for log •

Two outstanding values on Table 52 are -15*23 
and -20.86 for ( logmY0u -losmVH ) and ( l°gmYCu - 2 XogmYH ), 
respectively. These very large negative medium effects 
reflect the preference of Cu+ and Cu+^ ions for 
acetonitrile (159)* as compared to water.

Many intereomparisons can be made among the data in 
Table 52 to check internal consistency of medium effects 
for the electrolytes. Calculating (log mvK - log mYAg) 
three ways

l0s mvK - logmYAg = log i/KBPh,,. " l5g mYAgBPh„ ” +'1" 7 (195)
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log mYK - log mYAg = log mYK01 - log mYAg01 = +*-3 (196)

logmYK -l°SmYAg = logmYKBr - l ° S mYAgBr = +5.8 (197)

we obtain three different values ranging from -t4. 3 to 
+5«8. This indicates a lack of internal consistency 
in the data. Values of (IoS^Vq^ “ ^°®mYPi^ calculated 
in a similar manner range from +5 *5 "to +7 .6 3 and values 
of ( l°gmYc^ " loS raYBr^ range from 0.90 to +2 .^6.
There is a definite need for more precise determinations 
of ion-activity products in water, acetonitrile and 
methanol. Very rarely are error analyses performed 
as was done in this study. All data in Table 52 
determined in this study have been completely analyzed 
as to their precision (see section VII-F-2). The 
standard deviation in most values of logmY given in 
Table 52 is +0.0*1 log units.

Medium effects for the neutral compounds Fh^C, 
PhjjSi, and Ph^Ge were also determined in acetonitrile 
relative to 100 # ethanol 1

l0® mYp^c " -0'11-0

logmYPh1),Si = -°»31 

log mYPh^Ge = -°‘Z8
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log mYcl„„v,r, „ = -0. 33 °m average

The average value of logmY for the three uncharged 
compounds is given because all three medium effects 
are essentially equal# within experimental error*
Thus# ethanol— water solvents# methanol, and acetonitrile 
do not differentiate between the three compounds even 
though all three have different central atoms* This 
is an extremely interesting and important point 
suggesting strongly that in the tetraphenyl compounds 
and ions# the central atom plays a small role in 
determining the value of the medium effect. Based 
on the above evidence# it is reasonable to assume that 
ions like Ph^P+, Ph^As*, and BPh^~ will not have different 
medium effects because of their differing central atoms.

Although the solubility of ferrocene in acetonitrile 
was not evaluated in this study# it ,can be calculated 
with the aid of Parker's value of -0*3 for l°gmYFoc (27) 
referred to methanol as a reference solvent t

-0.3= i o g ^ 3 ^
M(CH^CN)

Using M(CH^OH) =+0.21^ molar (calculated using Parker's 
data (2?) and the value MCh^O) = 5*38x10 ■’molar)# M(CH^CN) 
is calculated to be +0.^2? molar.
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Error analysis.
A complete error analysis was performed on all 

the medium effects reported in this thesis. To do 
this* errors in solubility*.C* activity coefficient, f, 
and degree of dissociation, , had to be determined.

The relative error in the solubility determination 
of picrates and tetraphenylborates, ( d c / c j ,  was assigned 
a value of 0 .0 06 and 0.01, respectively, based on 
analysis of known solutions of KPi and KBPh^. The 
relative error in activity coefficients, (df+,Q/f+»Q), 
was reported in the computer print out sheets of the 
least square analysis program used to fit experimental 
data to Equation 1?0.

df+,Q is the standard deviation of the activity- 
coefficient. The relative error of the degree of 
dissociation, (d°*'/°0 was calculated by the method of 
propogation of errors i

Once the relative errors in C, f , and c*' areT O

known, relative errors in ion-activity products
p(dK /(C *=< f ,, ) ) are calculated using the equation* sp T u
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cLKSR. dK
(C-<f+*oy

Ksp M  *  * w (199)

The relative error of the medium effect for a particular 
compound, ^ mY/mY)» was determined by taking the square- 
root of the sum of the squares of the relative errors 
of the two solubility products involved i

m'
dKsn<H2
V H2°

*
(200)

The absolute error in logmY# dlogray, was evaluated 
using the equation

d vd logmY = O.ltJ -!L (201)
m 1

In the case of HC1 where medium effects were 
evaluated from standard potentials of the Ag/AgCl 
electrode, errors in l°gmYjjci were determined from 
the equation

dl°SmYHCl =
dE°(AgCl
E (AgCljHg

J
.H50) I \

2 /dE°(AgCl,s)
E°(AgCl,s)

(202)
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where dE° represents the standard deviation of the 
standard potential of the electrode. A similar equation 
was used to evaluate dlogmYKC1«

Table 53 lists the results of the error analysis 
for KBPh^, KPi, TAB Pi, Ph^P Pi, Ph^As Pi, RbBPh^, 
and CsBPhj^ in ethanol--water solvents. Table 5^ 
lists the results of the error analysis of KBPh^,
RbBPh^, CsBPh^* Ph^P Pi, Phj^As Pi, and KPi in acetonitrile. 
Table 55 lists results of the error analysis of HC1 
and KOI in ethanol— water solvents.

The absolute error in logmY for the reference 
electrolytes was was calculated by the method of 
propogation of errors. For example i

(203)
d l °SmV p V  BPh4 = [ (d log mYph^p pl>2 + (d log mYKgph^)2 +

+ (d log mYj^pi)2 ] i

It must be pointed out that rarely, if ever, are 
error analyses reported in the literature for the 
experimental data from which medium effects are 
calculated. This is probably the first time that a 
rigorous error analysis has been performed both on the 
solubility products and on a series of medium effects.
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Table 53* Error Analysis for Electrolytes in Ethanol
Water Solvents* 25°C, Molal Scale*

wt *-?5 dC

_ — - 4 -

df+-o dK. ,SP d vm dl og ]ethanol C o *

1+ w 0

Kot,sp mYm

100.0 0.01 0.002 0.0038 0.055 0.057 0.025
90.6 0.01 0.17 0.17 0.073
78.1 0.01 0.0033 0.048 0.050 0.022
60.6 0.01 -  — — ------------— 0.026 0.030 0.013
38.4 0.01 0.043 0.045 0.019
30.0 0.01 0.014 0.020 0.009
20.0 0.01 0.014 0.020 0.009
10.0 0.01 0.014 0.020 0.009
0.0 0.01 0.014

KPi
100.0 0.006 0.004 0.013 0.021 0.044 0.019
92.3 0.006 0.006 0.016 0.026 0.04? 0.020
84.8 0.006 -- —— ----- 0.038 0.054 0.023
68.3 0.006 ----- 0.033 o.o4y 0.061 0.023
58.8 0.006 ---- 0.196 0.277 0.280 0.120
51.0 0.006 ---- 0.006 0.012 0.040 0.017
37*3 0.006 ---- 0.013 0.020 0.043 0.019
20.6 0.006 ---- 0.039 0.056 0.068 0.029
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Table

wt
ethanol

10.2
0.0

100.0
86.4
67.3
53.6
38.4 
3 0 .0  

20.0 
10.0
0.0

100.0
93.2 
80.8
70.6 
6 1 .0  

50.7 
39-3
31.2

}• (Continued).

dC d^< df+*o dKsp
C ®< * 7 -----  K

V o  sp
KPi (continued)

0 .0 0 6   0.018 0.02?
0 .0 0 6 ----- 0.027 0.039

0.00 6. 
0.006  

0.006  

0.006  

0.006  

0.006  

0.006  

0 .006  

0 .006

0.006 
0.00 6 
0 .0 0 6  

0 .0 0 6  

0 .0 0 6  

0 .0 0 6  

0.006 
0 .006

0.028

0 .006

0 .006

TAB Pi 
0.035

0.020
0.010
0 .0 0 5

0.064
0 .0 9 1

0 .0 3 0

0.019
0.011
0.009
0 .0 0 9

0 .0 0 9

0 .0 0 9

0.045
0.012
0.018
0.020
0.021
0.055
0 .0 1 5

0.010

d Y m
„Ym

0.047

0.065

0.091
0.031
0.021
0.014
0.012
0.012
0.012
0.012

0.046
0.015
0.020
0.022
0.023

0.056

0.017
0.013

d l o g mY

0.020

0.028
0.039
0.013
0.009
0.006
0 .0 0 5

0 .0 0 5

0.005
0.005

0.020
0.006
0.009
0.009
0.010
0.024
0.007
0 .0 0 6

Ph/fZli 
0.008 0 .030

0 .0 0 5 0.004
0.002 0.011
0.009 0.009
  0.014
  0.039
  0.009
  0.003
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Table 53* (Continued).

wt • 
ethanol

dC dof
c* dV o dK_ SP 

sp
V

C
V o mY

PhijPPi (continued)
19.9 0.006 0.010 0 .0 1 6 0.018
10.0 0.006 0 .0 0 5 0 .011 0.014
0.0 0.006

Ph^As Pi

0.009

100.0 0.006 0.005 0.012 0.020 0.022
9 3 .3 0.006 0.008 0.013 0.023 0.024
80.7 0.006 0.004 0.014 0.022 0.024
70.7 0 .006 0 .005 0.017 0 .0 2 6 0.028
60.9 0.006 0.020 0.029 0.030
50.9 O0OO6 0.019 0.028 0.029
39«7 0 .006 0.009 0.015 0.017
30.3 0.006 ---- 0.015 0.022 0.024
20.4 0.006 0.010 0 .0 1 6 0.018
10 0 2 0.006 0.004 0.010 0.013

0 . 0 0.006 0 .0 09

RbI3Ph/;
1 00 .0 0.01 0 .0 9 2 0.097

0.0 0.01 0.028
CsBPhjj

100.0 0.01 0.119 0.131
OoO 0.01 0.057

d log my

0.008
0 .0 0 6

0 .009

0.011
0.010
0.012
0.013
0 .013

0 .007

0 .010

0.008
0 .006

0.042

0.057



320

Table 54-• Error Analysis for Electrolytes in
Acetonitrile. 25°C, Molal Scale.

Electrolyte dC
G

d* V o
V o

dK . spK__sp
d y d log m

KBPh^ 0 .0 1 0.069 0.099 0 .100 0.043
RbBPh^ 0 .0 1 0.069 . 0.099 0.103 0.044
CsBPh^ 0 .01 0.069 0.099 0.114 0.049
Ph^P Pi 0 .006 0.069 0 .0 9 8 0.099 0.042
Ph^As Pi 0 .0 06 0.069 0.098 0.099 0.042
KPi 0 .00 6 0.069 0 .0 9 8 0 .1 0 6 0.045
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Table 55 • Error Analysis of HC1 and KC1 in Ethanol—
Water Solvents. 25°C* Molal Scale.

Wt.-?6 j ra° / i
ethanol E (i,s) ~Eb(i/s) d logmY

HC1
10 0 .0 -0 .0 8 1 3 8(1 6 2) 

+0 .00005
0 .0006 0 .0006

98 .0 0.0215 (163) +0 .0005
0.0233 0.0233

9 0 .0 0 .0 9 1 6 6(7 2 ) 
+0 .00005

0 .0 0 0 6 0 .0006

80.0 0.129 (1 6 6) 
+0 .0 02

0.0155 0 .0155

7 0 .0 0.1563 (72) +0 .0005
0 .0032 0 .0032

60 .0 0.175 (1 6 6) +0 .002
0.0114 0.0114

50 .0 0 .18588 (1 6 5) 
+0.00005

0 .0003 0 .0003

40.0 0.19454 (165) +0.00005
0 .0003 0 .0003

3 0 .0 0.20033 (165) +0.00005
0.0003 0.0003

20 .0 0.20757 (164)+0 o00005
0.0002 0.0003

1 0 .0 0.21467 (164) +0.00005
0 .0002 0.0003

0 .0 0.22234 (1 6 7) +0 .00005
0 .0002
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Table 55. (Continued).

wt.-?£
ethanol E°(i,s) dE°(i,s) 

E°(i,s) a log m

KC1 (72)
1 0 0 ,0 1.818?

+0.0005
0 .00003 0 .0000

92.3 1.8721
+0 .0005

0 .00003 0 .0000

80.3 1.9696
+0 .0005

0 .00003 0.0000

6 0 .2 2.0464
+0.0005

0 .00002 0 .0000

40.0 2.1075+0 .0005
0 .00 002 0 .0000

2 0 .3 2 .1558
+0 .0005

0 .00002 0 .0000

1 5 *o 2.1714
+0 .0005

0 .00002 0 .0 0 0 0

0 . 0 2.1931+0 .0005
0 .00002 0 .0000
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From the literature*
Standard potentials of various electrodes in

ethanol, methanol, and acetonitrile taken from the
literature are given in Table 56* Values of
_E°(Ag/AgCl,s) and E°(K,s) in ethanol— water solvents s s
are given in Table 57* These standard potentials 
were used in conjunction with Equations ^9» and 55 
to calculate medium effects for electroneutral 
combinations of ions.



Table 5&. Standard Potentials, E°(i,s), in Water, Ethanol, Methanol, 
and Acetonitrile (in Volts). 25°C, Molal Scale.

Electrode wE°(i,H2o)(i56) sE°(i,C2H50H) E°(i,CH-0H)s j E°(i,CH«CN)(l6l)S J

Na/Na+ -2.714 -2.657 (169) -2.728 (155) -2.87
Li/Li+ -3.045 -3.042 (169) -3.095 (157) -3.23
Ca/Ca+2 +2.87 +2.75
Zn/Zn+2 -O .763 -0.74 (155) -0.74
Cd/Cd+2 -0.403 -0.43 (155) -0.47
Pb/Pb+2 -0.126 -0.12
Cu/Cu+2 +0.337 +0.28
Cu/Cu+ +0 .521 +0.490 (155) -O .38

Ag/AgBr -0.095 -0.182 (1 6 8) ----
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Table 57 • Standard Potentials, _E°(i,s), in Ethanol—s
Water Solvents (in Volts). 25°C, Molal Scale, 

ettanol gE0(K»s) (72) sE°(Ag,Ag01,S )

100 .0 -2.865 -0.08138 (162)
98.0 ----  0.0215 (163)
94*3 ----  0.066 (166)
92.3 -2.757 -----
8 8 .5---------- ----  0.1053 (163)
80 .3 -2.799 -----
80.0   0.129 (1 66)
71.9 ....  0.1554 (163)
60.2 -2.830 -----
60 .0---------- ----  0.175 (166)
50 .0---------- ----  0.18588 (165)
46.0 ----  0 .1928 (1 63}
40.0 -2.868? 0.19454 (165)
30.0 ----  0.20033 (165)
20.3 - 2.9021 ------------

20.0 ----  0.20757 (164)
15.0 -2.9136 -----
10.0 ----  0.21467 (164)

0 .0 -2.9230 0 .22234 (16?)
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Estimation of medium effects for single ions by
the reference-electrolyte method.

Ethanol— water solvents.

Calculations by the tetraiohenyl-ion assumption.
Thermodynamic medium effects for the three 

reference electrolytes# Phĵ P BPh^» Ph^As BPh^# and 
TAB BPh^ are now available in ethanol— water solvents# 
methanol, and acetonitrile. Medium effects for various 
other electrolytes are also available in these solvents. 
Thus# we are ready now to apply the reference- 
electrolyte assumption to yield medium effects first 
for the reference ions# which can then be used to 
obtain medium effects for other single ions.

The reference-electrolyte assumption states that 
for an electrolyte composed of large symmetrical ions 
as similar as available in size# structure# surface 
charge density, polarizability, and undergoing no 
specific interactions with solvent# the medium 
effect can be apportioned equally between the anion and 
cation. Applying the reference-electrolyte assumption 
to the three reference electrolytes studied# we obtain 
values of medium effects for single ions as follows i
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logmYPh/fP BsloemYBPhi(>“'*losmYPhij(P BPh^

log mYPhJ( As = log mYBPhJ( = * log mYPh,, As BPh.( *141J

log mYTAB c log mYBPh/f a ^ log mYTAB BPh^ (14*2)

Numerical values of logmY for the reference ions in
ethanol— water solvents on the molar and molal scales
with either water or ethanol as reference solvent
are listed in Tables 58 - 6l*

Medium effects for potassium ion have been
calculated from the known values of and

4*
l0emYBPh^'

log mvK = logmYKBPh4 " logmYBPh4 (20',')

Similarly, medium effects for picrate, chloride, and 
hydrogen ions have been calculated via the relationships i

log mYPi " log mYKPi " log mYK (205)

logmYCl “ logmYKCl " logmYK (206)

logmYH " log mYHCl ‘ logmY01 (207)
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Table 58. Medium Effects, logmv» for Reference Ions
in Ethanol--Water Solvents. Water is the
Reference Solvent* 25°C, Molal Scale.

wt.-?£
ethanol

P h ^  = 
= BPh^

Ph,,As+ = TAB+ =

0.0 0.0 0.0 0.0
10.0 -0.4-38

+0.01 -0 .4 35+0.01
-0 .3 0 5  +0.01

ro o • o -0.998
+0.02

-1.018
+0.02

-0 .692
+0.02

3 o.o -1.735+0.01
-1.738
+0.01

-1.287+0.01
4-0.0 -2.4-39+0.01

-2.470
+0 .0 1

-1.992
+0.01

5 0 .0 -2 .862
+0.02

-2 .8 7 4
+0.02

-2.496
+0.01

6o.o -3.2?8 
+0 .02

-3.300
+0.02

-2 .9 62
+0.02

?0.0 -3.413
+0.01

-3.445
+0.02

-3 .1 66  
+0.02

80.0 -3 .5 2 4
+0 .0 1

-3.572
+0.02

-3.385+0.02
90.0 -3.64-2 

+0 a 04 -3.699+0.04 -3.635+0.04
100.0 -3 .590  

+0 .02
-3 .672
+0.01

-3.791+0.02
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Table 59* Medium Effects, logm^» for Reference Ions
in Ethanol--Water Solvents. Water is the
Reference Solvent. 25°C, Molar Scale.

wt • "95 
ethanol

P V + “
= BPh,;

Phi,As+ -
= bV

TAB+ = 
= BPh^

o•o 0 . 0 0 .0 0 .0

1 0 .0 -0.430 -0.428 -0 .298

ro o • o -0.985 -1 .0 0 5 -0 .678

3 0 .0 -1.715 -1.718 -1 .2 6 6

40.0 -2.409 -2.441 -1.963
5 0 .0 -2.822 -2.834 -2.457
6 0 .0 -3.228 -3*249 -2 .912

7 0 .0 -3.351 -3-383 -3.103
80.0 -3.449 -3.497 -3.310
9 0 .0 -3*553 -3 .6 1 0 -3.547

1 0 0 .0 -3.486 -3.569 -3 .68?
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Table 60. Medium Effects» log^y* for Reference Ions
in Ethanol— Water Solvents. Ethanol is the
Reference Solvent. 25°C, Molal Scale*

wt.-u Pv +_= p v s.+ = TAB+:
ethanol “ BPh^ = BPh^ - BPh^

0.0 3*590 3*672 3*791
1 0 .0 3*152 3*237 3*486
2 0 .0 2.591 2.654 3*099
3 0 .0 1.854 1*934 2.504
40.0 1.151 1 .2 0 2 1 . 7 9 8

5 0 .0 0 .7 28 0.799 1.294
6 0 .0 0.311 0.373 0 .8 2 8

7 0 .0 0 .1 7 6 0 .22? 0 .6 2 5

80.0 O.O65 0 .1 0 1 0.406
9 0 .0 -0.052 -0 .0 2 6 0.155

100.0 0.0 0.0 0.0
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Table 6l. Medium Effects, logmY» for Reference Ions
in Ethanol— Water Solvents, Ethanol is the
Reference Solvent, 25°C, Molar Scale.

wt.-?S Ph^P+ - PhjjAs+ = TAB* =
ethanol = BPhJ «BPh^ -BPhJ

0 .0 3.486 3.569 3.687
1 0 .0 3.055 3.141 3*389
2 0 .0 2 .501 2.564 3-009
3 0 .0 1.771 1.851 2.421
4-0.0 1 .07 6 1.128 1.724
5 0 .0 0 ■ 664 0.735 1 .230

6 0 .0 0.258 0.320 0.775
7 0 .0 0.135 0.186 0.583
80.0 0 .036 0.072 0.377
9 0 .0 -0.068 -0.042 0.140

1 0 0 .0 0 .0 0 .0 0 .0



332

A listing of medium effects, l°SmV* *’or ^+»
Cl , and H+ ions in ethanol— water solvents, on the 
molar and molal scales, using both water and ethanol 
as reference solvents, is given in Tables 6 2 - 6 5.
In these tables, medium effects for single ions are 
listed according to the reference electrolyte used to 
obtain the value of •

The differences between values of 
obtained using Ph^P BPh^ and Ph^As BPh^ are usually 
quite small and within experimental error (see Table 66) • 
Because of this, medium effects for the reference ions 
obtained from both tetraphenyl electrolytes can be 
averaged to obtain the "tetraphenyl" (Ph^ ) medium 
effects. Table 6? lists average values of loS mYgph 
based on the Ph^P BFh^ and Ph^As BPh^ reference 
electrolytes. This average value, termed logj^Yp^ » can 
be formulated with the equation

logmYPhj, = * logmYPh,,P BPh., * * logmYPh,tAs BPhi, (208J

Medium effects for K+, Pi”, Cl , and H+ based on 
logmYph are reported in Table 68 along with their 
standard deviations.

Medium effects for single ions in ethanol— water 
solvents obtained via the Ph^+ or the TAB+ assumptions
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Table

wfc • 
ethanol

0.0
10.0
20.0
3 0 .0
40.0
50 .0
60.0
7 0 .0
80.0 
90.0

100.0

wt •-% 
ethanol

0.0
10.0
20.0
3 0 .0
40.0
5 0 .0
60.0
70.0 
80.0 
9 0 .0

100.0

• Medium Effects, logmy, for Single Ions in
Ethanol— Water Solvents. Water is the
Reference Solvent. 25°

K+ + Ph^p+
K+

Ph^As K++TAB
0 .0 0 .0 0 .0
0.223 0.221 0.090
0.401 0.421 0.094
0.54? 0.550 0.098
0.574 0 .6 06 0.128
0 .6 1 0 0 .622 0.244
0 .7 6 6 0 .788 0.450
0 .9 6 0 0.992 0.713
1 .3 6 1 1.409 1.222
2.024 2.082 2.018
2.633 2 .7 1 6 2.834

01 + P V + Cl ,Ph/jAs
Cl . 
TAB

0 .0 0 .0 0 .0
0.04? 0 .050 0.180
0.199 0.179 0.506

0.433 0.430 0.882
0 .8 1 6 0.785 1.263
1.240 1.228 1.606
1 .6o4 1*583 1.920
1.990 1.958 2 .23?
2.259 2 .211 2.398
2 .6 9 6 2.639 2.702
3.487 3.404 3.286

!, Molal Scale.

Pi"+Ph^P+ Pi" + PhjjAs Pi +TAB
0 .0 0 .0 0 .0

“0.028 -0 .026 0.105
-0 .136 -0 .1 5 6 0.171
-0 .368 -0.371 0.081
-0 .477 -0.509 -0*031
-0 .5 94 -0 .6 0 6 -0.229
-0.546 -O .568 -0 .2 3 0
-0 .602 -0.634 -0.354
-0 .516 -0.563 -0.376
-0 .295 -0.352 -0.288
+0.033 -0 .0 5 0 -0 .1 6 8

H+ .
P V + H+ + Ph^As ‘•H++TAB
0 .0 0 .0 0 .0
0 .083 0.080 -0 .0 5 1
0 .051 0.071 -0 .2 5 6

-0 .061 -0 .0 5 8 -0 .5 1 0
-0.346 -0.315 -0.793
-0.624 -0 .612 -0.989
-0.804 -0 .782 -1 .1 2 0
-0.874 -0.842 -1 .1 2 1
-0.681 -0.633 -0.820
-0.487 -0.430 -0.493
+1.64? +1.730 +1 .848



Table

wt • -% 
ethanol

0.0
10.0
20.0
3 0 .0
40.0
5 0 .0
60.0 
7 0 .0  
80.0 
9 0 .0

100.0

wt.-$
ethanol
0.0

10.0
20.0
3 0 .0
40.0 
5 0. o
60.0
7 0 .0
80.0 
9 0 .0

100.0
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• Medium Effects, logmy, for Single Ions in
Ethanol--Water Solvents. Water is the
Reference Solvent. 25°G, Molar Scale.

K+ + Ph4P K+ + Ph^As K++TAB Pi“+Ph^P+ pi" + Ph^As Pi +TAB
0.0 0 .0 0 .0 0 .0 0 .0 0 .0
0 .230 0.228 0.097 -0 .021 -0.018 0.112
0.414 0.435 0.108 -0 .12 2 -0.143 0.184
0.568 0.571 0.119 -0.347 -0.350 0 .102
0.604 0 .635 0.157 —0.448 -0.479 -0.001

0.649 0.662 0.284 -0.554 -o . 566 -0.189
0.817 0 .8 3 8 0.501 -0.495 -0.517 -0.179
1.023 1.055 0.775 -0.539 -0.571 -0.292
1.436 1.484 1.297 -0.441 -0.488 -0.301
2.113 2.170 2.107 -0 .2 0 6 -0 .263 -0 .2 00

2.737 2.820 2.938 +0 .137 +0.054 -O.O65

01 + Ph4P+ 01 + Ph/jAs 01 +TAB
0 .0 0 .0 0 .0

-0.086 -0.084 0.047
0 .213 0.193 0.519
0 .453 0.450 0 .902
0.845 0.814 1.292
1.281 1 .26 8 1.646
1.655 1.634 1.971
2.052 2 .020 2 .300
2.334 2.286 2.473
2.784 2.727 2.791
3-591 3.509 3.390

H+ + p v H+ +Phĵ As H + +TAB
0 . 0 0 .0 0 .0
0 .2 30 0.228 0.097
0.064 0.084 -0.242

-0.040 -0.037 -0.489
-0 .3 1 6 -0.285 -0.763
-0 .5 8 5 -0.572 -0.950
-0.754 -0.732 -1 .0 6 9
-0.811 -0.779 -1 .0 5 8
-0•606 -0.559 -0.745
-0.399 -0.342 -0.405
+1.750 +1.833 +1.951
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Table

wt • —% 
ethanol

0.0
10.0
20.0
30 .0
40.0
50 .0  
60 .0  
?0.0 
80.0 
90.0
100.0

wt.-?£
ethanol
0.0

10.0
20.0
30 .0
40.0
50.0  
60 .0  
70.0 
80.0 
90.0
100.0

. Medium Effects, log^Y* for Single Ions in
Ethanol--Water Solvents. Ethanol is the
Reference Solvent. 25°

K+ + Ph^P+ K+ +Ph^As
+

K + TABt
-2.633 -2.716 -2 .8 3 4
-2.410 -2.495 -2 .7 4 4
-2.232 -2.295 -2 .7 40
-2.086 -2 .1 66 -2 .7 3 6
-2.058 -2.110 -2 .7 0 6
-2.023 -2.094 -2.589
-1.867 -1.928 -2*384
-1.673 -1.724 -2.121
-1.272 -1.307 -1.612
-0.608 -0.634 -0.816
0.0 0.0 0o0

d -
V C1“ + PhjjAs

Cl"
TAB

-3.487 -3.404 -3.286
-3.490 -3.405 -3.156
-3.338 -3.275 -2.830
-3.094 -3.014 -2.444
-2.672 -2.620 -2.024
-2.247 -2.176 -1.681
—1.883 -1.822 -I .366
-1.528 -1.477 -1.079
-1.249 -1.213 -0.908
-0.652 -0 .6 2 6 -0.444
0.0 0.0 0.0

!, Molal Scale.

Pi"
PhItP+ Pi" + 

P V S
Pi +TAB

-0.033 0.050 0 .1 6 8
-0.061 0 .025 0.273
-0.169 -0.106 0.339
-0.400 -0 .320 0 .2 5 0
-0.510 -0 .458 0.138
-0.627 -0.556 -0 .0 6 0

-0.579 -0.517 -0 .0 6 2
-O .634 -0.583 -0.186
-0.548 -0.513 -0.208
-0.327 -0.301 -0.120
0.0 0.0 0.0

H+ + p ^ p H+ + Ph^As+ H + +TAB
-1.64? -1.730 -1.848
-1.514 -1.599 -1.848
-1.546 -1.609 -2.054
-1.668 -1.748 -2.317
-1.992 -2.044 -2.640
-2.271 -2.341 -2.837
-2.451 -2.512 -2 .967
-2.490 -2.541 -2.939
-2.308 -2.343 -2.648
-2.273 -2.299 -2.481

0 0 0 0.0 0.0
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Table

Wt m-fo
ethanol

0.0
10.0
20.0
3 0 .0
40.0
5 0 .0  
6 0 .0  
70.0 
80.0 
90.0

100.0

wt •-% 
ethanol

0.0
10.0
20.0
3 0 .0
40.0
5 0 .0
6 0 .0  
70.0 
80.0 
90.0

100.0

• Medium Effects, log„Yt for Single Ions mIn
Ethanol— Water Solvents. Ethanol is the 
Reference Solvent. 25°C, Molar Scale.

K+ + Ph^p+
K+

Ph^As
-2.737 -2.820
-2.507 -2.592
-2 .3 2 2 -2.385
-2 .1 6 9 -2.249
-2.133 -2.185
-2.087 -2 .158
-1.920 -1.981
-1.714 -1.765
-1.301 -1.336
-0.624 -O .650

0 .0 0 .0

Cl , Gl
? v + Ph^As
-3.591 -3.509
-3*587 -3*501
-3*429 -3.366
-3*177 -3*097
-2.746 -2.695
-2 .311 -2.240
-1.936 -1.875
-1.569 -1.518
-1 .2 7 8 -1.242
-0 .66? -0.641

0 .0 0 .0

K+ + TAB pi“+Ph4P+
-2.938 -0.137
-2.840 -0.157
-2 .830 -0.259
-2.819 -0.483
-2.781 -0.584
-2.654 -0 .6 9 1

-2.437 -O .632
-2 .16 2 -0 .6 7 6
-1.641 -0.577
-0.831 -0 .34 3

0 .0 0 .0

Cl"
TAB K+ +

-3-390 -1.750
-3.253 -1 .6 1 1
-2.921 -1 .6 3 6

-2.527 -1.751
-2.099 -2 .0 6 6

-1.745 -2.335
-1.419 -2.504
-1 .121 -2.531
-0.937 -2.336
-o.46o -2.289

0 .0 0 . 0

Pi"
Ph^As pi + TAB

-0.054 O.O65
-0.072 0.177
-0.196 0.249
-0.403 0.167
-0.533 0.064
-0.620 -0.124
-0.570 -0.115
-0.625 -0.227
-0.542 -0.237
-0.317 -0.135

0 .0 0 . 0

PhjtjAs+ TAB+
-1.833 -1.951
-1 .696 -1.945
-1.699 -2.144
-1.831 -2.401
-2.118 -2.714
-2.406 -2 .9 0 1
-2.565 -3 .0 2 1
-2.582 -2 .9 80
-2.372 -2.677
-2.315 -2.496

0 .0 0 .0
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Table 66. Difference Between the Estimates of l°gmYBph4
From the Phĵ P BPh^ and Ph^As BPh^ Reference 
Electrolytes in Ethanol— Water Solvents. Water 
is the Reference Solvent. 25°Cf Molal Scale.

ettanol ( 1oS i/Ph^P " 1 mYPh^As).
o . o 0 .0

1 0 .0 -0 .0 0 2

20 .0 +0 .0 2 0

30 .0 +0 .0 0 3

40.0 +0.031
5 0 .0 +0 .0 1 2

6 0 .0 +0 .0 2 2

7 0 .0 +0 .0 3 2

80.0 +0.048
9 0 .0 +0.057

100 .0 +0.083
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Table 6 7. Average Value of i^mYpph Based on the
4

PhjyP BPh^ and Fh^As BPh^ Ref erence Electrolytes $
log^Vph » in Ethanol— Water Solvents. Water

^ ois the Reference Solvent. 25 C* Molal Scale.

wt*"^ loe vethanol g mYPh

0.0 0.0
1 0 .0 -0 .437

20.0 -1.008
3 0 .0 -1.737
40.0 -2 .45 5

5 0 .0 -2.868
6 0 .0 -3*289
70.0 -3.429
80.0 -3.548
90.0 -3*671

1 0 0 .0 -3*631



Table 68. Medium Effects, log^Y* for Single Ions in Ethanol— Water Solvents
Based on the TAB BPh^ and the Ph^+ Assumptions* Water is the Reference
Solvent* 25°C, Molal Scale*

wt*-#
ethanol p\+

K
TAB+ Ph +

Pi
TAB+ Ph^

Cl
TAB+ Ph4+ TAB+

0 .0 0 .0 0 .0 ' 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
1 0 .0 0 .22

+0 .02
0.08

+0 .0 1
-0 .0 2
+0 .02

0 .10
+0 .01

0 .0 5
+0 .0 2

0.19
+0 .01

0.08
+0 .02

-0 .0 6
+0 .0 2

20.0 o.ii-i
+0 .03

0.09+0 .02
-0.1*4
+0.03

0.17
+0 .0 2

0.19+0 .03
0 .51+0.02

0.06
+0.03

-0.26
+0.02

30 .0 0 .55+0.02
0.10

+0.01
-O .36
+0.02 0.09+0.01 O.i+3+0.02

0.88
+0.01

-0 .0 6
+0.02 -0.51+0.01

*1-0.0 o.6o
+0.0*1-

0 .13
+0.02

—0.4-9 
+0.02

-0 .03
+0.02 0.79+0.0*4

1 .2 6
+0.02

-0 .3 2
+0.0*4 -0.79+0.02

5 0 .0 0 .61
+0.0*4

0 .25
+0.02

-0 .61
+0.03

-0.22
+0.02

1.2*4 
+0. 0*4

1 .6 0
+0.02

-0 .62
+0.0*4

-0.98
+0.02

60 .0 0.?8
+0 .03

0.*{-5
+0.02 -0.55+0 .03

-0.23
+0.02 1 .5 9+0 .03

1.92
+0.02

-0.80
+0 .03

-1.13+0.02
7 0 .0 0.97

+0.0*4
0 .72

+0 .03
-O.63
+0.02 -0.35+0.0*4

1 .9 8
+0.0*4 2.23

+Q.03
-0.86
+0.0*4

-1.11
+0.03

80.0 1.38
+0.0*4

1.22
+0 .03

-0.5*4
+0.02

-0 .3 8
+0 .05

2.2*4
+0.0*4

2.*40 
+0.03

-O .67
+0.0*4

-0.83
+0 .03

90.0 2.05
±0.11

2.01
+0.08

-0 .32
+0 .0 5

-0 .2 9+0 .06
2.67

+0 .1 1
2.71

+0.08
-0.*46
+0.11

-0 ,5 0  
+0 .08

100.0 2.67
+0.0*4

2.83
+0.03

-0.01
+0.03

-0 .17
+0.0*1- 3.^5+0.0*4 3.29

+0.03
+1.68
+0.0*4

+1.8*4
+0 .03
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can differ by as much as 0*^6 log units. Table 69 

lists differences between medium effects for single 
ions in ethanol— water solvents obtained from the two 
assumptions.

Medium effects for thallium (I) ion in ethanol—  
water solvents were calculated using the equation

l0®mYTl “ log mYTlCl - lo®mYCl (209)

Values for l°graY»pi based on the Ph^P BPh^» Ph^As BPh^,
TAB BPh^» and the Ph^+ assumptions are listed in Table 70.

Table 71 lists values of l°gmY for Na+, Li+,
Rb+, Cs+» and Br” ions calculated from e.m.f. (for 
Na+, Li+, Br~) and solubility (for Rb+, Cs+) data 
using the TAB BPh^ and Ph^+ assumptions. E.m.f. data

_j, ^
give values of ( l°gmYM - logmYH^ (where 'M-Ll * Na )
of (log yv + log^Yir) (where X=Br). Prom these m a m n
combinations, values of l°gmYji or l0S mYx can 
calculated 1

l0e,V|| = < lc«mYM - 1°emYH ) + logmYH (210) 

l 0S mYX = ( l 0«mYX + lQS m V  ‘  lo g mYH (211)

Values for l°gmYRl3 and l°gmYCs in 100 % ethanol
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Table 69 • Difference Between Estimates of logjjiYgp^
+ . ^ From the Fhĵ  and TAB BPh^ Assumptions.in

Ethanol— Water Solvents* Water is the
Reference Solvent* 25°C» Molal Scale*

wt * -jsS 
ethanol ( loS m^TAB

0.0 0.0
10.0 0.13
20.0 0 .32

3 0 .0 0.45
40.0 0.46
5 0 .0 0.37
60*0 0.33
7 0 .0 0.26
80.0 0 .16

90.0 0.03

100.0 -0.17



Table 70*

wt.-#
ethanol

0.0
10.0
20.0
3 0 .0

40.0
50 .0

60.0
70 .0

80.0 
9 0 .0

100.0
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Medium Effects of Thallium (I), log^Tl*
in Ethanol— Water Solvents. Water is the
Reference Solvent. 25°C* Molal Scale.

P l>/ Ph^Aa+ TAB+

0.0 0.0 0.0 0.0
0.228 0.225 0.095 0 .2 2 6

0.368 0 .388 0.061 0 .3 7 8

0.424 0.427 -0 .025 0 .4 2 6

0.348 0.379 -0.099 0 .3 6 4

0.265 0.277 -0 .101 0 .2 7 1

0.350 O.37I 0.034 0 .3 6 1

0.397 0.429 0 .150 0 .4 1 3

0.820 0.868 0.681 0.844
1.295 1.352 1.289 I .323

1.569 I .652 1.770 1.611
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Table 71* Medium Effects, loe mY> for Single Ions in 
100 fo Ethanol. Water is the Reference 
Solvent* 25°C, Molal Scale.

Ion loginY l°gmY
TAB+ Ph*

Li+ +1.89 +1.73
Na+ +2.80 +2.64
Rh+ +2.85 + 0*04 +2.69 + 0.04
Cs+ +2.64 + 0 .0 6 +2.48 + 0 .0 6

Br" -0.37 -0.21



344

were calculated using values of -0«94 and -1. 
log mYRbBPh^ and logmYCsBPh4' respectively.

logmYRb = logmvRbBPh^ “ logmYBPh/f 

log mYCs ** logmYCsBPhl(> " logmYBPh^

for

(212)

(213)
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Error analysis.
Standard deviations of l°gmY fpr the reference 

electrolytes were evaluated from previously determined 
values of dlogmv (see Tables 53» 55) for the appropriate 
electrolytes t

(214)
d l o g mYPhijtP BPh^ “ logmYPhifP Pij2 + d̂ log mYKBPh^2 +

+ (d log mYKPi)2 ] ̂

(215)
d logmYPh^As BPh^ 55 [ (d loe TnYPhi}>As P i ^  + log mYKBPh^ ^  +

+ (dlogmYKpi)2]*

(216)
d l o g mYTAB BPh^ " ^ d logmYTAB Pi^ + *d log mYKBPhj^2 +

+ (dlog^xpi)2 ]*

Values of d log mY for the reference electrolytes along
with values of d log v for the reference ions determined° m
using the following equations are listed in Table 72. 

d log mYPhZfP ” d log mYBPh2f “ * d log mYPhî PBPhlf> *217 *

d log mYPh^As = d log mYBPfy = * d log mYPh/fAs BPh^ ^218 J



dlogmYTAB ~ dlogmYBPh^ = ^ d log mYTAB BPh^

Standard deviations in the medium effect for 
potassium ionsf dlogmYK t in ethanol— water solvents 
were calculated using the equation i

(220)
d ^ogmYK ~ ^ d *ogmYKBPh^ + ̂ d ̂ ogmYreference ion^ ]

Values for dlogmYK using the three reference electrolytes 
and the Ph^+ assumption appear in Table 73 along with
values of d l °gmYp^* d l o g mYCl* and d *ogmYH calcula‘fced 
using the following equations i

dlogmYPi ■ [<d l o g mYKPi)2 + «d l » « . V 8]* (Z21)

dlogmYCl = [̂ d l o g mYK0I^Z + d̂ l o g mYK^ ] * (222)

dlogmYH = [(dlogBYHCl)2 + (dlogmYCl)2l i (223)

Standard deviations of logmY for single ions in 
ethanol--water solvents are about 0.02 - 0.0** log units 
in most cases. This corresponds to a precision of a few 
percent in the determination of medium effects. This is



Table 72. Standard Deviations of Medium Effects, dlogmv» of Reference Electrolytes
and Reference Ions in Ethanol— Water Solvents* Water is the Reference
Solvent* 25°C, Molal Scale*

Yrt»-fo
ethanol

0.0
10.0
20.0
3 0 .0

40.0
50 .0  

60.0 
70.0 
80.0 
90.0
100.0

d log mYPh4P- 
-BPh^

0.0
0.023

0.032

0.023

0.029

0 .035

0.033

0.030

0 .030

0.073

0 .0 35

dlogmYPh^Pe 
d log mYBPh^

0.0
0.011 
0.016 
0.011 
0.015
0.017
0.017
0.015
0.015
0.037
0.017

d log mYPhi,As-
A

0 .0

0 .023

0.032

0.024
0.029
0.030

0.033
0.030

0.030

0.074
0.030

d log mYPhjjAs “

d log royBPh^

0.0
0.011 
0.016 
0.012 
0.015
0.015
0.017
0.015
0 .015

0.037

0.015

d l0g mYTAB- 
-BPh^

0.0
0.023
0.032

0.023
0.029
0 .030

0.033
0.041
0.049
O.O83

0.041

d log mYTAB= 
d log mYBPh^

0.0
0.011
0 .0 16

0.011
0.015
0 .015

0.017
0.021
0.025
0.042
0.021



Table 73« Standard Deviations of Medium Effectsf dlogmY» for Single Ions in
Ethanol— Water Solvents* Water is the Reference Solvent* 25°C* Molal Scale*

wt.-%
ethanol K+ 

Ph^P BPh^
K+

Fh^As BPh^
K+ 

TAB BPh^
K+ .
p\+

Pi“
Ph^P BPh^

Pi“ 
Ph^As BPhĵ

Pi"
TAB BPh^ Pi+

0 .0

o.o 0 .0 0 .0 0 .0 0 .0 0 .0

0.0

0 . 0

10*0 0 .015 0.015 0.014 0 .021 0 .013 0.013 0 .012 0.018
20 .0 0.019 0.019 0.018 0 .026 0.018 0.018 0.017 0 .026

30 .0 0 .015 0 .015 0.014 0 .021 0.013 0 .01 6 0.012 0 .020

40.0 0.025 0.025 0.025 0.035 0.016 0 .016 0 .016 0.023
50.0 0 .026 0.025 0.025 O.O36 0 .026 0 .0 1 8 0.017 0.032

60.0 0.019 0.019 0.019 0.027 0.019 0.019 0.019 0 .027

70 .0 0.025 0 .025 0.029 0.035 0.017 0.018 O.O36 0.025
80.0 0 .025 0.025 0.032 0.035 0.017 0.018 0.047 0.025
90 .0 0.079 0.079 0.081 0.112 0.037 O.O38 0 .058 0.053
100.0 0 .026 0.025 0.029 O.O36 0 .0 2 6 0.017 0 .036 0 .032



Table 73» (Continued).

Cl" Cl" Cl" Cl"
ethanol Ph^P BPh^ Ph^As BPh^ TAB BPh^ Ph^

0 .0 0 .0 0 .0 0 .0 0 .0

1 0 .0 0.015 0.015 0.014 0.021

20.0 0.019 0.019 0 .018 0.026

30.0 0.015 0.015 0.014 0.021

*1-0 .0 0.025 0.025 0.025 0.035
50.0 0.026 0.025 0.025 0.036

6o.o 0.019 0.019 0.019 0.027
70 .0 0 .025 0.025 0.029 0.035
80.0 0.025 0.025 0.032 0.035
90.0 0.079 0.079 0.081 0.112

100 .0 0 .026 0.025 0.029 0.036

H+ jj
Ph^PBPh^ Ph^As BPh^ TABBPh4 Ph^

0 .0

0.0

0.018 0 .018

0.019 0.019
0.015 0.015

0.025 0.025
0 .026 0.025
0.022 0.022

0 .025 0.025
0.025 0.025
0.079 0.079
0 .026 0.025

0 .0 0 .0

0.018 0.025
0.018 0 .026

0.014 0 .021

0.025 0.035
0.025 0 .036

0.022 0.031

0.029 0.035
0.032 0.035
0.081 0 .112

0.029 O.O36
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certainly excellent precision considering the many 
steps required to arrive at some medium effects for 
single ions# No other method yet proposed for 
estimating medium effects for single ions has yielded 
such precise results#



351

Interoretation of results*

Structure of solvent.
Medium effects are defined as differences between 

standard free energies of solvation and hydration and 
for this reason it is important to know as much as 
possible about the arrangement of solvent molecules in 
the bulk solvent so that medium effects can be interpreted 
properly. Water is undoubtedly the most widely studied 
solvent as far as solvent structure is concerned (^8,
59, 82, ll̂ f, 32, 77, 170). The presently accepted 
model of the structure of water put forth by Bernal and 
Fowler (^8 ) in 1933> pictures water as a highly- 
structured three-dimensional hydrogen-bonded liquid in 
which a large portion of the water molecules are 
tetrahedrally bonded to each other to form the water 
network. Some water molecules are not bound to this rigid 
structure and these are found in intermediate or interstitial 
positions. There is an interchange between the molecules 
in the more rigid structure and the interstitial or 
unbonded water molecules. The whole solvent structure 
is constantly changing due to this dynamic equilibrium.
This view of liquid water has not changed much (32, 7?) 
over the past twenty years.

Frank and Wen's (82) famous "iceberg” model of 
liquid water was proposed in 1957* In this model,
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water is pictured as a collection of non-bonded bulk
water molecules in which highly structured water "icebergs”
are floating. These icebergs* which are held together
by hydrogen bonds* do not necessarily have the same
structural characteristics of solid ice. The "icebergs1*
are more open-spaced than bulk water. They have finite

—  1_ Tlifetimes on the order of 10 seconds (82) and they 
are in dynamic equilibrium with bulk water. In Frank 
and Wen's model* bulk water is thought to be more dense 
and much less structured than the "icebergs". The 
extent of "iceberg" formation in this model and the 
extent of the three-dimensional, tetrahedral, hydrogen- 
bonded structure in the model of Bernal and Fowler 
is not fully understood. The one thing that is perfectly 
clear is that water is a highly structured liquid.

Alcohols and organic solvents in general do not 
exhibit the structural characteristics of water.
This is perhaps due to the inability of the alcohols 
to form three-dimensional network structures (l?l).
The alcohols are undoubtedly structured in some way 
(83, 11*0 but there is no evidence for large aggregate 
formation in them (11^)•

Most investigators are of the opinion that 
alcohols form small straight-chained polymeric groupings 
that are in dynamic equilibrium with unassociated bulk 
molecules (83, 114-, 172). Evidence for the associated
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structure of liquid alcohols is given hy Pauling (83)*
Prom X-ray crystallographic data* we know that 
crystalline alcohols contain long polymeric chains of 
the type

R R R R R
0 0 0 0 0

■ H H H H H H H H H  
0 0 0 0 0
R R R R R

If a lot of these hydrogen bonds are not broken as 
the crystal melts, the heat of fusion, A H f , of the 
crystal will be small* This is exactly what is observed*
A  Ĥ . values for alcohols are small indicating that 
liquid alcohols retain some degree of hydrogen-bonding 
that was present in the crystal* The heats of 
vaporization, A  H r_„, and the boiling points of alcoholsv Sip
do show the effects of hydrogen*bond breaking. The 
boiling points of alcohols are high and their A  Hyap 
values are large. Thus, the liquid state of alcohols 
is stable over a wide range of temperatures, for example, 
-117°C to +78°C for ethanol.

Thomas (171) feels that straight-chain alcohols 
form dimers in the pure liquid state. In doing this, 
the molecules can remain lengthwise with respect to 
each other and thus retain maximum van der Waals 
interactions. Thomas feels that any cyclical polymerization



35*̂

of the straight-chain alcohols would require too much 
entropy# The non-linear alcohols such"as 0(CH^)^0H» 
do exhibit high degrees of association* These do not 
loose favorable van der Waals interaction positions 
by associating in non-linear groupings.

Franks and Ives (11*0 have written a comprehensive 
review about the structural properties of liquid 
alcohols and alcohol— water mixtures* They feel that 
each alcohol oxygen participates in only two hydrogen 
bonds due to the cooperative nature of the hydrogen 
bond which limits the alcohol to acting as one proton 
donor and one proton acceptor, and due to steric 
hindrance caused by the big organic groups which prohibits 
complex three-dimensional arrangements* In Franks and 
Ives* model of liquid alcohol, the polymeric chains do 
not usually exceed a length of 5 " 7  molecules. The 
alcohol chains are in equilibrium with unassociated 
molecules in the bulk liquid.

There is no doubt that alcohols are "polymerized" 
to some extent via hydrogen-bonding. The dielectric 
constants of ethanol and methanol of 2h«3 (173) and 
3 2 .6 (17*1-), respectively, are higher than would be 
anticipated from the moderate value of the OH- group 
dipole moment (1.53D) (11*0. This is consistent with 
a mode of association of these alcohols which leads to 
cooperative reinforcement of dipole fields.



Although much detail is lacking in our knowledge 
of the structure of alcohol and water, it is clear that 
both liquids do exhibit a high degree of internal 
orderliness that is due to hydrogen bonding* The nature 
of the water and alcohol structures are quite different 
and the complex structure-breaking and bond-formation 
that occurs when alcohol and water are mixed is little 
understood. One thing that is clear about alcohol—  
water mixtures is that they too exhibit some degree 
of structuring.

Let us discuss the change in solvent structure 
which occurs when alcohol is added to water. A small 
amount of alcohol added to water, will not disturb the 
three-dimensional polymeric structure of water very 
much. The water can accomodate some alcohol (especially 
ethanol and methanol) molecules in its interstitial cites. 
The water structure has a certain resistance to disruption 
as is evidenced by the similarity in heat capacity (C ) 
versus temperature for water and alcohol— water mixtures 
up to ^  30 wt.-?S (11^). The heat that is liberated 
when alcohol is added to water can be attributed to 
formation of strong hydrogen bonds between alcohol 
and water molecules. These bonds are probably more 
extensive than in pure alcohol and stronger than 
water— water hydrogen bonds due to the greater capacity 
for alcohol to act as a hydrogen-bond acceptor because
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of the inductive effects of the alkyl groups* Another 
contribution to the heat given off upon mixing alcohol 
with water comes from the increase in entropy of the 
water as its extensive network is destroyed*

After more than 20 wt.-?S alcohol is added to 
water, the three-dimensional water structure starts to 
decay due to alcohol*s inability to participate in 
extensive hydrogen-bonded clusters. More and more 
water molecules become associated with the alcohol.
There is a point at around 10 wt.-?5 alcohol (ethanol) 
at which the water structure is most extensive and, 
after which the water structure is subject to destruction* 
The equilibrium between associated "iceberg" water and 
interstitial water molecules is shifted in solvents of 
alcohol composition above rv 20 wt.-^ doe to the lack 
of unbonded interstitial water caused by alcohol 
molecules associating with this "free" water. As 
more alcohol is added, the entire nature of the "iceberg" 
changes. New types of structural entities are formed 
which incorporate alcohol molecules. At a- certain 
point, probably about 70 wt.-$ for ethanol, the formation 
of these new types of "icebergs" is most favorable.
In this region of the alcohol— water solvent system, 
alcohol— water icebergs are probably in equilibrium 
with "interstitial" unassociated alcohol and water 
molecules.
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Increases in the alcohol composition above a 
certain point (M  70 wt.-?5 for ethanol— water solvents) 
have the effect of tying up any remaining unassociated 
water molecules* As the solvent approaches pure alcohol, 
the last remaining free water molecules become bound to 
the alcohol and the solvent takes on characteristics 
of pure alcohol. Between 98 and 100 wt.-?£ alcohol, the 
last few free water molecules are being bonded and 
as will be seen later, there occurs a drastic change in 
the basicity of the solvent.
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Solvation of solutes*
The addition of particles to a liquid can have 

various effects depending on the size* charge, and 
chemistry of the particle. Generally, there are three 
regions around a particle in a structured liquid (32, 59* 
77t 82, 114). In the region of solvent adjacent to 
the particle, the solvent molecules are disturbed to 
some extent and have a different spacial arrangement 
compared to bulk solvent. If the dissolved particle 
is charged, the solvent dipoles can be lined up in the 
field of the ion. For small ions, this orientation 
effect is strong, and, in the case of solvents of 
high dielectric constant, the solvent molecules will 
remain bound to the ion. The solvent molecules in this 
first solvation sphere around a small ion are 
overwhelmingly influenced by the charge on the ion. In 
this first region, solvent dipoles are not participating 
in the structural network of the solvent. For larger 
ions, with smaller surface charge densities, solvent 
molecules in this first region will be oriented to a 
lesser extent and beyond a certain radius, not at all. 
Solvent molecules adjacent to uncharged solute particles 
will be affected due to the discontinuity in the medium. 
For highly structuredsolvents, such as water, uncharged 
particles actually serve to increase the structure of 
the solvent. The uncharged particle cannot disrupt
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"icebergs” that form in its vicinity* Also, the 
uncharged particle protects the "icebergs” from interaction 
with unbound water molecules* Thus, "icebergs” are 
longer-lived in the vicinity of uncharged particles.
One good piece of evidence for the structure-enhancing 
effect of uncharged particles in water is the enormous 
partial molal heat capacity of the rare gases in water*
As the temperature of the solution increases, the "icebergs" 
melt and this accounts for the large heat capacities of 
the solutions* Very large ions with minimal surface 
charge densities might also be structure-enhancers*

In the region between the first solvation sphere 
and the bulk of the solvent, the solvent molecules 
have two forces operating on them. First, there is 
the orienting force of the electric field of the particle, 
if the particle is charged, or, if the particle is 
uncharged, the solvent molecules are still affected 
by the solvent molecules in the first solvation sphere* 
Secondly, solvent molecules in this intermediate region 
are affected by the ordering forces of the solvent 
network in the bulk of the solvent* Because of these 
two forces operating in this intermediate region, 
solvent molecules in this region display a greater 
degree of randomness than do solvent molecules in the 
bulk of the solution*

Around small charged particles, there is possibly
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a third solvation sphere beyond the second in which 
solvent molecules have more orientational order than 
bulk solvent due to the effects of the ionic field 
penetrating into this region* This region# which is 
important for small ions only# is not well defined. It 
is probably nonexistent around uncharged particles.

The factor of size plays an important role in 
the solvation of solutes (32# 59# 77* 82). Protons# 
having negligible volume, fit into solvent structures 
without disturbing the positions of solvent molecules.
Any change in solvent structure around a proton will 
be due solely to electrostatic interactions between the 
proton and the solvent molecules. In aqueous solutions# 
other ions such as K+ fit nicely.into the interstitial 
regions (77)« Hunt beleives that the hydrated potassium 
ion is tetrahedral and thus# it fits naturally into 
the water structure. Of course# the exact geometry of 
an ion and its first solvation layer is dependent on 
the sizes of ion and solvent molecules# the dipole 
moment and the dielectric constant of the solvent# 
and the charge on the ion.

The medium effect can be visualized in terms of the 
difference in energy required to produce the three solvation 
regions around similar particles in the two solvents 
under consideration. Medium effects for single ions 
in ethanol— water solvents obtained in this study will
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now be discussed in terms of the structure of ethanol—  
water solvents*
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Discussion.
Medium effects for single ions in ethanol— water 

solvents based on the three reference-electrolyte 
assumptions

1o®mYPh^P =loemYBPh^ " il°SmYPhltP BPh^ (1'l'0)

lo®nVphltAs = 1 °emVBPhlt = i  log mYPh^As BPh„.

logmYTAB = log mYBPhit = ^ lQg mYTAB BPh^ (1^2)

are reported in Tables 58 - 71 in section VIII-A-1 of 
this thesis. All medium effects are reported on the 
molal and the molar scales referred both to water and 
to ethanol as reference solvents.

+ *•Medium effects for the reference ions TAB = BPh^ 
and Ph^*= BPh^- are presented in Figure 3* Numerical 
values of log my derived from the Phĵ P+ ** BPh^- and 
Ph^As+ = BPĥ j” assumptions are so close that their 
average value* logmYpjj has been plotted. Using the
average value of logmYPh is termed the "tetraphenyl

+ ^(Ph^ ) assumption”.
Logarithms of the medium effects for the reference 

ions continually decrease from water to ethanol 
indicating preferential solvation of these ions in the
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Figure 3* Medium Effects* l°gmY* Reference Ions
in Ethanol— Water Solvents* Water is the
Reference Solvent* 25°C, Molal Scale*

0  based on the TAB BPhĵ  assumption 

O  based on the Ph^ assumption

- 1.0

- 2*0

o
iH

-3*0

20 80 100
Ethanol
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alcohol-rich solvents* All of the reference ions are
o

large (r = ^  ^f-5 A) and have small surface charge 
densities* Because of this, they affect the solvent 
structure in much the same way as uncharged particles 
of similar size. These reference ions are preferentially 
solvated in ethanol-rich solvents as compared to water 
because the large ions fit better in these less-structured 
solvents* They cannot occupy interstitial positions 
in aqueous solution and so, they must interfere with 
the overall water structure in order to dissolve*
In alcohol-rich solvents where the solvent structure is 
not as rigid, these large reference ions can enter into 
solution with less effort. In 100 fo ethanol, l°gmY 
values for the reference ions are about -^*

From Figure 3 and Table 67, we see that there is 
a slight increase in l°gmY from 90 to 100 wt.-^ 
ethanol for the Phĵ + reference ions. This slight increase 
might reflect a change in the rigidity of the ethanol—  
water mixtures in this region due to the exclusion of 
the last bit of water. Values for l°gmYTAB continually 
decrease in this solvent region. The most drastic 
change in l°gmY for the Ph^ ions occurs between 0 and 
50 wt.-?S ethanol where logmY decreases from o to -3*
This reflects the sharp decrease in the rigidity of the 
solvent in this region. The rate of change of log mv 
for the Phĵ + ions decreases after 'v 5 0 - 6 0  wt.-?S
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ethanol indicating a slowing down in the change of 
the rigidity of the solvent.

The variation of log mYreference ion in ethanol- 
water solvents also reflects the intrinsic solvating 
powers of water and ethanol for large ions. In the 
low wt.-?5 ethanol regions, where a few ethanol molecules 
become available, values of lograYreferenoe ion 
immediately decrease indicating that ethanol participates 
favorably in solvation of the reference ions. As the 
proportion of ethanol is increased, the reference 
ions become bound more tightly. The change in slope 
in Figure 3 around 50 “ 60 wt.-# ethanol is an indication 
that additional ethanol is not participating in primary 
solvation (in the first solvation sphere around the ions), 
but is influencing the solvation energy of the ions from 
the second and third solvation layers.

Values of medium effects for the reference ions 
are approximately the same for all three reference 
electrolytes studied. This is an indication that the 
central atom in these large ions is not of primary 
importance in determining the value of logmY« In 
the case of the three tetraphenyl ions studied, Ph^P+, 
PhjjAs+, and BPh^“, this is very good evidence for the 
validity of the assumption of the equality of their 
medium effects. Indeed, it is a thermodynamic fact that 
logmYPh P = logmYPh As within experimental error.Zj. Zj,
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The fact that log v for the reference ionsm
continually decreases as the percentage ethanol increases 
is an indication of the tremendous significance of 
the neutral component of the medium effect for large 
ions* If solvation energies for large ions were 
predominantly electrostatic in nature, values for

l0SmYreferenoe ion would increase from
water to ethanol* However, just the opposite is the case*
Medium effects for the reference ions in ethanol— water
solvents vary in a manner similar to those of the
uncharged molecules, Ph^C, Phĵ Si, Ph^Ge in the same
solvents, indicating that medium effects for large ions
are determined mainly "by their neutral (non-electrostatic)
components. Further discussion of the relationship
between medium effects of the reference ions and of
structurally analogous uncharged molecules will be
found in section VIII-D, "additivity of electrostatic
and neutral contributions to the medium effect for
large ions".

Medium effects,. logmy, for the potassium ion 
in ethanol— water solvents are listed in Table 68 
and presented in Figure Numerical values of logmY^ 
are positive throughout the ethanol— water solvent 
system indicating that potassium exists in a lower 
energy state in water than in the ethanol— water 
solvents* In other words, potassium ions are preferentially
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solvated by water rather than ethanol. Values of 
logmVK are quite small up to about 60 wt.-?5 ethanol. 
According to Hunt,(77)# the solvated potassium ion is 
tetrahedral and it fits nicely into the water structure* 
Thus# we would expect K ions to have approximately 
the same solvation energy in water-rich solvents where

j .K ions are primarily solvated by water molecules. Above 
60 vrb*-% ethanol, the first solvation sphere is no 
longer occupied exclusively by water. Ethanol molecules 
start positioning themselves close to the K ion and 
this is reflected in an increase in numerical values 
of l°gmYK in solvents containing more than /v' 60 wt.-$ 
ethanol.

Additional evidence, that K ions are exclusively 
solvated by water up to about 60 wt.-?S ethanol can be 
found in a paper by Dill# Itzkowitz# and Popovych (72).
In the above study# values of log mvK in ethanol— water 
solvents calculated via the Stokes modified (71) B o m  
equation were compared with experimental values derived 
using the TAB BPh^ assumption (17)* Values of log 
obtained from both methods were essentially identical 
up to a/ 60 wt.-^S ethanol. Above this# the values 
diverged. The Stokes equation for estimating solvation 
energies of single ions assumes that only water molecules 
occupy the first solvation sphere. Apparantly# this 
requirement is met for potassium ions up to about



368

Figure ty* Medium Effects» ^°SmY» for K+ Ion in
Ethanol— Water Solvents. Water is the
Reference Solvent* 25°G, Molal Scale*

0  based on the TAB BPln assumption

o based on the Pin assumption

+2*0

8020 100
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60 wt.-# ethanol* In ethanol— water mixtures containing 
more than 60 wt*-?5 ethanol, the Stokes equation does 
not yield -yalues of l°£mYjf which are in agreement with 
those obtained using reference-electrolyte assumptions* 
Between 60 and 100 wt.-# ethanol, i°gmYK increases 
by 'v 2 log units* Upon studying Figure 4, one might 
conclude that potassium ions are solvated better by 
water molecules than by ethanol molecules* This is not 
necessarily true. Individual ethanol molecules may 
be better electron pair donors than individual water

j,molecules (114) thus solvating K ions better* However, 
the solvation energy of an ion is determined by its 
interaction with liquid solvent, thus being the total 
effect of all the ion-solvent interactions both 
electrostatic and neutral. Sincethe medium effects for 
K+ ions are positive in ethanol, we can conclude that 
potassium ions are solvated more favorably by liquid 
water than by liquid ethanol.

Figure 5 illustrates the variation of logmY for 
the picrate ion in ethanol--water solvents* Medium 
effects for picrate are not very large in the absolute 
sense* Numerical values of f°gniYp^ are listed in 
Table 6 8* The largest absolute value is -O .63 for 
logmYpi in 70 wt*-?5 ethanol based on the Ph^+ assumption. 
In 100 % ethanol, l°gmYp^ is -0*01 and -0.17 based on 
the Ph^* and TAB BPh^ assumptions, respectively.
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Figure 5* Medium Effects, logmY# for Pi Ion in
Ethanol— Water Solvents, Water is the
Reference Solvent, 25°C, Molal Scale,

based on the TAB BPh^ assumption 
based on the Ph., assumption+1,0

- 1.0

60 80200 100
Wt,-# Ethanol
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This indicates that Pi ions are solvated only a hit 
more strongly in ethanol than in water*

Picrate ions seem to he most favorably solvated 
in ethanol— water solvents around 60 wt.-?S ethanol.
In this region of solvent composition, there are probably 
a maximum number of unbound water and alcohol molecules 
which are available for solvating ions. The water 
and alcohol dipoles tend to stabilize the Pi” ions and 
the alcohol molecules further stabilize them through 
mutual polarization.

Medium effects for the chloride ion, 
are listed in Table 68 and are graphically presented in 
Figure 6. Numerical values for continually
increase from water to 100 %  ethanolo The variation is 
approximately linear with no sharp changes in the slope 
of the plot in Figure 6. Small negative ions such as 
chloride are solvated more strongly by water than by 
alcohols. This is due to the greater availability 
of protons in water for hydrogen-bond stabilization of 
the negative ions. As the percentage of water Is 
decreased, the solvation energy is increased and the 
medium effect increases. The expected sharp change in 
logmYCi at about 60 wt.-?S ethanol appears in the 
curves as a slight change in slope in the region between 
60 and 80 wt.-?S ethanol. It is more pronounced in 
the curve based on the TAB BPh^ assumption.
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Figure 6# Medium Effectsf logmY# for Cl" Ion in
Ethanol— Water Solvents# Water is the
Reference Solvent# 25°C, Molal Scale#

£  based on the TAB BPh^ assumption 
O  based on the Ph^ assumption

+3.0

O

+2.0

+1.0

20 100
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Values of log in ethanol— water solvents are
listed in Table ?0* Figure 7 illustrates the variation
of i°SmYQij in ethanol— water solvents* This variation
is visually similar to the variation of logmvK in
ethanol— water solvents (see Figure ^). Two major
differences between the variations in log „Ym, andm Tl
logmYK are the definite dip in the i°gmYTi curve 
around 50 wt.-J? ethanol and the generally larger values 
of l°gmYK - Apparantly, thallous ion is more strongly 
solvated by water than by ethanol. The greatest change 
in logmY o c c u r s  in the region between 70 and 100 wt.-# 
ethanol indicating that as unbound water becomes scarce, 
the solvation energy of Tl+ increases. The small dip in 
the curve of logmYT^ versus wt.-# ethanol at 50 wt.-# 
ethanol might represent a region of maximum unbound water. 
Predictions of log mYK and log mYT1 in ethanol— water 
solvents based on the unmodified B o m  equations 
qualitatively agree with the experimental slopes in 
Figures and 7 except for the hint of a dip appearing 
in the experimental curves. This is perhaps due to 
the variation in basicity of ethanol— water mixtures.

J. _To summarize* small ions, such as Tl * and Cl » seem 
to be solvated more strongly by water than ethanol 
so that the medium effects, logmY for small ions in 
100 <?o ethanol are positive. The solvating power of 
ethanol— water solvents does not vary linearly with
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Figure 7. Medium Effects, logmv, for Tl+ Ion in
Ethanol— Water Solvents. Water is the
Reference Solvent. 25°C, Molal Scale.

0  based on the TAB BPh^ assumption 

O  based on the Ph^ assumption
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percentage composition of solvent. In all cases studied, 
there appears to be a reversal or change in solvating 
powers at around 60 wt.-?S ethanol.

Perhaps the best indication of the relative acidity 
or basicity of ethanol— water solvents is given by the 
variation of in the solvents. The proton is
negligibly small so that changes in solvent rigidity 
will not affect the degree to which protons can enter 
the solvent structure. In other words, the medium 
effect for the proton will not include a neutral component. 
The entire medium effect for the proton can be attributed 
to the change in proton solvating power or the basicity 
of the solvents* Medium effects for the proton, 
in ethanol— water solvents are listed in Table 68 and 
are presented in Figure 8. The curve illustrates the 
classical dip (^, 11^) in the log^Yjj versus percent 
alcohol curve.

Up to 'v 60 wt.-# ethanol, values of log mYH 
continually decrease. A minimum is reached between 
60 and 70 wt.-?£ ethanol after which values for 
increase up to 90 wt.-s£ ethanol at about the same rate 
as from 10 to 60 wt.-?6. Finally, between 90 and 
100 wt.-?5 ethanol, there is a tremendous increase in the 
value of logmYH * As a matter of fact, the value even 
changes sign jumping from -0.5 to 'v/ +2 log units.
This drastic change in log mYpj from 90 to 100 %
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Figure 8. Medium Effects* logmY* for H+ Ion in
Ethanol— Water Solvents# Water is the
Reference Solvent# 25°C# Molal Scale#

+2.0

0  based on the TAB BPh^ assumption 
O  based on the Ph^ assumption
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ethanol indicates a very great change in the basicity 
of ethanol— water solvents in this region* Apparantly, 
as long as there are some unbound water molecules around, 
the protons remain solvated quite strongly and numerical 
values of log mvH are negative* In the region between 
90 and 100 wt*-# ethanol, any remaining unbound 
water molecules are removed and log mYH increases to 
its energetically disfavored value in pure ethanol.

Why are values for negative in solvents
containing 10 to 90 wt*-# ethanol? This can best be 
answered by looking at the availability of basic 
sites in the solvent* In the case of water molecules, 
protons bond to the electronegative oxygen* In alcohol, 
the same is true* On first thought, it would seem that 
alcohol can solvate protons better than water due to 
the inductive effect of the alkyl groups (152)*
However, there are bther considerations* Smaller water 
molecules can pack themselves around the proton more 
easily than alcohol molecules can* Thus, in water, the 
proton can be adjacent to a few water molecules 
simultaneously (77) • In alcohol, the bulkiness of the 
molecules prevent them from accumulating around the 
same proton* The steric effects are just as important 
for solvent molecules in the second and third solvation 
spheres of the proton* More of the smaller water 
molecules can pack into the second and third solvation
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spheres* Thus* in solvents where many free water
molecules are available for solvation, l°gmYj{ is
negative* In solvents containing from 10 to 90 wt»-%
ethanol, there are fewer water "icebergs" forming, alcohol
molecules are disrupting the three-dimensional water
network, and there are more unbound water molecules
available for proton solvation#

Why the minimum in the l°gmYH versus wt.-?S ethanol
curve? The minimum occurs because at this point, the
solvent possesses a maximum number of mobile basic sites
for bonding with protons* Before the minimum in the
curve is reached, i#e# in the range between water and
60 wt#-$ ethanol, water molecules are tied up in "iceberg"
formation# Beyond the minimum, the abundance of water
molecules has decreased to the extent that they are
no longer available for proton solvation# The minimum
in the l°gmYH versus wt.-# ethanol curve is certainly
not unique* Paabo, Bates, and Robinson (7*0 report a
similar minimum for A  pK of ammonium ion versusa
wt*-$ methanol# In this case, A  pK_ of ammonium can be9.

equated to ( logmYH + loe mYNH (ei)^ and ^  should 
follow the same general trend as iog^Ypj* Bates 
reports (10) that this minimum, which is characteristic 
of the medium effect for the proton and A  pKa of 
ammonium ions in alcohol— water mixtures, does not 
appear for A p K a of p-nitroanilinium ion in methanol--
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propylene glycol solvents* Braude and Stern (152) 
also report that this minimum in solvent basicity 
does not appear for mixtures of organic solvents*
Thus* the minimum can be attributed to a certain structure 
or solvent basicity which is to be found only in 
aqueous solvent mixtures* The water component is 
responsible for the dip in Figure 8. Water seems to 
have an unusually strong influence on acid-base 
processes taking place in solvent mixtures where 
water is one of the components.

Braude and Stem (152) determined values for the 
Hammett acidity function, HQ» in ethanol— water solvents 
using hydrochloric acid solutions and m- and p-nitro- 
aniline as indicators* The general relationship 
between the medium effect for the proton* 
and the H0 function for a nonaqueous solution of HC1 of 
molality nij^ a degree of dissociation is i

logmYH = _ H o~ logmHCl " logo<' ’ log sYH +
. ,.. byBH+ .  mYBH++ log— -—  + log— -—

syB m'B

(224)

where BH+ and B represent the cationic indicator acids 
and their conjugate bases, respectively, and the subscripts 
s and m refer to the salt effect and medium effect 
activity coefficients, respectively* Assuming that



380

the last four terms on the right hand side of Equation 
224 are negligible, the medium effect for the proton, 
logmYH' wil1 be Siven by ( - HQ - logmHC1 )• This is 
not a bad assumption since log gy^ is close to zero 
for dilute solutions, and the last two terms are also 
expected to be close to zero for partially aqueous 
solutions. The last term would actually be equal to
^og mYBH+( el) ^  ^he s-*-ze cationic acid is
large. Values of ( - HQ - logm^^,^) in ethanol— water 
solvents calculated from the data of Braude and Stem 
are listed in Table 75 along with values of logmYH 
obtained from the tetraphenyl assumption. The Hammett 
function ( - HQ - logm^^,^) closely follows the values 
of obtained from the Ph^ assumption up to
'v 60 wt.-$ ethanol and qualitatively follows the general 
trend in log ̂ y^ throughout the ethanol— water solvent 
system. The Hammett function exhibits the expected 
minimum corresponding to a maximum solvent basicity 
at around 80 wt.-?5 ethanol. It also yields a positive 
value of +0.39 log units for the medium effect of the 
proton in ethanol, corroborating results obtained from 
reference-electrolyte methods.that water is a stronger 
base than ethanol. The deviation of the Hammett function 
from log Vu in solvents having more than 60 wt.-%III Xl
ethanol can be attributed to decrease in the validity 
of the assumption that the last four terms on the



381

Table 75* Medium Effects for the Proton in Ethanol-- 
Water Solvents Based on the Ph^ Assumption 
and the Hammett Acidity Function* HQ.
25°C, Molal Scale.

. „  log »yh
ethanol PV

assumption

0.0 0.0 - 0.01
1 0 .0 0.08 + 0 .0 2 ---
2 0 .0 0 .0 6 + 0 .0 3 -0.18
3 0 .0 —0 .0 6 + 0 .0 2

4-0 .0 -0 .3 2 + 0 .0 2 -0 .5 2

50 .0 -0 .6 2 + 0 .0 4 ---
6 0 .0 -0 .8 0 + 0 .03 -1 .0 3

7 0 .0 -0 .8 6 + 0.04 -1.17
80.0 -0 .6 7 +0.04 -1 .2 5

9 0 .0 -0.46 + 0 .1 1 -1 .2 3

10 0 .0 +1 .6 8 + 0.04 +0.39
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right hand side of Equation 224 are neglibible. In 
solutions containing a large percentage of ethanol* 
the degree of dissociation, «*< , is expected to be 
less than unity (55) and the term log ( ^ 13̂ 4/ ^ 13) 
is expected to be quite appreciable, having a value of 
+1,2 in ethanol for a cationic acid 3 £ in size as 
calculated from the B o m  equation. Indeed, ( - Hq - 
- logm^G^) is expected to be smaller than 
by an amount corresponding to the last four terms in 
Equation 224.

The variation of the Hammett function (-HQ - log mHG )̂
in ethanol— water solvents and the general agreement
between it and values of log„Yu obtained from the0 m H
Ph^+ assumption is extremely convincing evidence for 
the validity of the reference-electrolyte assumptions.

The variation of the basicity of alcohol— water 
mixtures has been used (114) to interpret variations 
in medium effects of anions and cations. According to 
Pranks and Ives (114), cation solvation becomes more 
stable and anion solvation becomes less stable in 
alcohol--water mixtures of enhanced basicity. Cation 
solvation is defined by Franks and Ives as lone-pair 
donation from oxygen atoms of solvent molecules and 
anion solvation as proton donation from hydroxyl 
groups of solvent molecules. Although this is a 
simplistic view of solvation, variations in l°SmYK
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log Ym-i and log y„ in ethanol— water solvents can ° m ' T1 ° m ' H
be interpreted in terms of solvent basicities# Variations 
of log^p^ i*i ethanol— water solvents (Figure 5) a**e 
opposite to what is expected on the basis of solvent 
basicity# Instead of a maximum in Figure 5» a minimum 
appears* Chloride ion medium effects do not exhibit 
any changes that could be associated with solvent 
basicities# Franks and Ives view of solvation of 
cations seems to be consistent with the results obtained 
in this study. However# anion solvation does not 
appear to be greatly dependent on the basicity of the 
solvent.

It is interesting how one can obtain misleading
information about the relative basicities of ethanol
and water from studying only parts of the ethanol—
water solvent system. Looking at the variation of
log Yu from water to $0 wt.-?£ ethanol# (Figure 8), m n
it is logical to conclude that ethanol is more basic 
than water because addition of ethanol to water 
increases the basicity of the mixture. Looking at 
the variation of lo g vu from 100 to 60 wt.-?S ethanol,

Tn n
one will arrive at the opposite conclusion— that water 
is the more basac solvent. Which solvent is more 
basic? To answer this# we have to know the medium 
effect for the proton in either solvent using the 
other as a reference. From this study, we conclude
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that log v„ in 100 % ethanol is +1*68 or +1.84 basedIB II
on the Ph^*1" and TAB BPh^ assumptions, respectively.
Thus* liquid water is more basic than liquid ethanol.
The most surprising piece of information resulting 
from research based on reference-electrolyte assumptions 
is that 65 wt.~?S ethanol is the most basic ethanol—  
water solvent* being more basic than pure liquid water 
or pure liquid ethanol.
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Comparison with literature values.
Medium effects for single ions obtained using 

various methods are often quite different in magnitude 
and sometimes even in sign. Fortunately, there exists 
an independent method for estimating the order of 
magnitude of medium effects for the proton. This 
independent method which was first proposed by Popovych 
(8, 17) is based on a study of A  pK *s of large cationiccl
acids between water and the solvents of interest where 
A  pK_ is defined by i

cl

A p K a = pKa(s) - pKa (H20) (225)

A  pKa can also be defined in terms of the medium effecftscl
of the acid, l°gmYBH+» the conjugate base, i°graYB* 
and the proton, log^jj t

ApKa = logmY„ (226)

In the case of large cationic acids, the neutral component 
of 3.°gmYBH+ is expected to cancel approximately with 
log mvB so that i

A  pK a logmvH - l°gmYBH+(el) (22?)
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where log is the electrostatic component of
the medium effect of the acid BH+.

The ^  P^a*3 °^ "thirteen ammonium and anilinium 
acids in ethanol as compiled by Bell (175) range from 
0.6 to 1.5 with a mean of 1.0. The electrostatic 
component of i°gmYBH+ in ethanol acmounts to about
0.8 to 1*7 log units for ions 4 - 2  % in size when 
calculated using the Born equation. Taking an intermediate 
value of 1.0 for i0S mYBĵ +(e2 )» we calculate that l°gmYj{ 
should have a magnitude of approximately 2 log units in 
100 % ethanol. In other words, log mYjj should be 
greater than pK_ by about one log unit. Thus,cl
estimates of log^Yjj in 100 %, ethanol of ^  2 log
units are definitely "in the ballpark". This method of
estimating "order of magnitude" values of logmYH
based on the A  pK„ of cationic acids is one that isa
generally useful.

Medium effects for the proton, iogmYH * in 
ethanol— water solvents obtained by various methods 
are listed in Table 74. Values of +1.68 and +1.84 
obtained from the Ph^+ and TAB BPh^ assumptions, 
respectively, are in good agreement with the expected 
value of ~  2 predicted from A p K  's of cationic acids.cL
Values of +4.603 obtained from the empirical method of 
Grunwald and co-workers appear to be outside a reasonable 
range. The value of 4.05 obtained from Izmaylov*s



Table 74. Medium Effects for the Proton, log ̂ y^, in Ethanol— Water Solvents* 25°C, Molal Scale.

wt •-% 
ethanol

0 .0

This study 
ph4+ 

assumption

0 .0

This study 
TAB BPh^ 

assumption

0 .0

Popovych 
and Dill 

(17)TAB BPh^
assumption

0 .0

Gutzbezahl
and

Grunwald
(1 1 6)

0 .0

Aleksandrov
and

Izmaylov
(104)

Kr method
0 .0

1 0 .0 0.08 + 0 .02 -0 .0 6 + 0 .02 -0 .0 6 M  M m  ̂ 0 .090
2 0 .0 0 .0 6 + 0 .03 -0 .2 6 + 0 .02 -0 .2 6 -0 .006 0.175
30 .0 -0 .0 6 + 0 .02 -0 .51 + 0 .0 2 —0 .50 ---
35.0 ----------- — — ----------- 0.017
40.0 -0.32+0.04 -0 .7 9 + 0 .0 2 -0.82 -----------

50.0 -0 .6 2 + 0.04 -0 .9 8 + 0 .02 -1.03 0.211
60.0 —0 .80 + O .03 -1.1 3 +0.02 -1.14- M  M  M  M

65.0 ----------- ----------- 0.485
7 0 .0 -0.86 + 0.04 -1.11+0.03 -1.00 ----------- --------------

72 .0 ----------- ----------- 0.873
80.0 -0.67 +0.04- -O.8 3 +O.O3 -0 .7 4 1.077
88 .5 ----------- ----------- ---- M M  M 1.50
90 .0 -0.4-6 + 0.11 -0.50+0.08 -0 .51 M  M M  M W*

93 .5 ----------- ----------- ----------- ----------- 1.86
9 5 .8 ----------- ----------- ----------- ----------- 2.14
98.0 ----------- ----------- *0,2 ----------- 2.45
100.0 +1.68 + 0.04 +1.84-+ 0 .03 +1. 85 4.603 4.05
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method based on the use of proton-transfer constants 
is also out of the ballpark.

Upon examination of Grunwald and Izmaylov's values 
for logmYH in ethanol— water solvents, (see Table 7b), 
we see that they fail to reflect the expected variation 
in basicities of these solvents where a maximum solvent 
basicity (a minimum in i°gmYjj) /v 6° wt.-# ethanol 
is expected. Values of logmYj{ obtained by Grunwald and 
Izmaylov are positive throughout the ethanol— water 
solvent system. On the other hand, the medium effects 
for the proton in ethanol— water solvents obtained by 
reference-electrolyte assumptions do reflect expected 
variations in the basicity of these solvents. In 
Table 7b, there are two columns of values of l°gmYK 
based on the TAB BPh^ assumption. One column lists 
results obtained by Popovych and Dill (17) and the 
other, results obtained in this study using the data 
of Popovych and Dill along with the inclusion of some 
new data from the present study.

Thus, there are five independent methods that give 
the same results for l°ginYjI in ethanol— water solvents. 
These are the Ph^P BFh^, Ph^As BPh^, and TAB BPh^ 
reference-electrolyte assumptions, results obtained from 
studying A p K  *s of cationic acids, and the Hammetta
acidity function ( - HQ - logm^^). The reference- 
electrolyte methods are further verified by the agreement
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"between values of i o g ^ K  obtained from reference- 
electrolyte assumptions and similar values obtained from 
the Stokes - modified Born equation up to 60 wt.-$ 
ethanol•

Medium effects for single ions in 100 % ethanol
obtained by different methods are listed in Table ?6*
Results obtained from Bjerrum and Larsson's E. =0Jp
assumption (9) and Izmaylov's l/n extrapolation 
method do not agree well with those obtained from the 
Ph^+ and TAB+ reference-electrolyte assumptions* Medium

.I, J.effects for cations obtained from the Ph^ and TAB 
assumptions are smaller in magnitude than those 
obtained from the other two methods listed* Values of 
logmVBr obtained from the reference-electrolyte 
methods are small negative numbers whereas i0g mYgr 
obtained from Bjerrum and Larsson's and Izmaylov's 
methods are +1*8 and +1*2, respectively.

Medium effects for electroneutral combinations 
of single ions should add up to the observed experimental 
values* For example, when the experimental value for

logmYKCl is 'fche sum of logmYK and logmYCl
should be equal to 6*12* This is exactly the case for
medium effects obtained using the Ph^+ and TAB BPh^
assumptions* However, using Bjerrum and Larsson's medium
effects, log Yvn equals 6*6 and the value obtained m  iyLtX

p
for l°gmYKQi from Izmaylov's l/n extrapolation is



Table ?6. Medium Effects for Single Ions in Ethanol. 25°C» Molal Scale.

Ion

Ht
Li+
Na
K+
Rb+
Cs+
Ag+
Cl"
Br”
I"
TAB+ = BPh* 
Phi,+

Bjerrum
and

Larsson
(9)E. -0 3

2.5 
2.8

3-5
4.1
3*9
4.0
2.1
2.5 
1.8 
1.4

Izmaylov
(103)
l/n2

extrapolation

3*9
2.9
4.2 
4.0
4.6 
3-8
3.7
1.2 
1.2 
0.8

Reference— Electrolyte 
methods

1 .6 8 + 0.04
1.73
2.64
2 .6? +0.04
2.69 + 0.04 
2.48 + 0 .0 6

TAB BPhĵ

1.84 + 0 .03  

1.89
2.80
2 .8 3 + 0.03

2 .8 5 + 0.04
2.64 + 0 .06

3.45 + 0.04 3.29 + 0.03
■0 .21 -0.37

V-0VOo

-3 .7 9 + 0 .02

-3.6 3 + 0 .03
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5*2. There are similar inconsistencies and much worse 
for other electroneutral combinations of ions when 
literature values of logmY are used# The experimental 
value for ^°SinY ^ 3r is +2#48 and medium effects for 
Rb+ and Br" from the reference-electrolyte assumptions 
add up to this value# However, a value of +5#8 is 
obtained for i°SmY ^ B r from Bjerrum and Larsson's 
data#

The internal consistency and agreement with experimental 
values of medium effects for single ions obtained from 
reference-electrolyte assumptions lend further credibility 
to the reference-electrolyte methods# Any worthwhile 
method for evaluating medium effects for single ions should 
yield results that are in agreement with experimental 
values# It must be stressed, however, that the presence 
or absence of internal consistency does not necessarily 
by itself prove or disprove the validity of an 
extrathermodynamic method for estimating medium 
effects for single ions# The presence of internal 
consistency can assure that the measured thermodynamic 
quantities are accurate# However, in the case of

A

extrapolation procedures, such as Izmaylov's l/n 
procedure, the lack of agreement of estimated medium 
effects for single ions with accurate thermodynamic 
values does prove that the method is not valid#
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Methanol.

Calculations by the tetraphenyl-ion assumption.
Medium effects for a large variety of electrolytes 

and electroneutral combinations of ions are listed in 
Table $1 in section VII-F-l-c. Medium effects for 
reference electrolytes in methanol are obtained from 
the usual calculations i

logmYPh^P BPh^ = log fl/Ph^ Pi +logmYKBPhi(> " *137}

- log mYKPi

logmYPhifAs BPh^ " log mYPh^As Pi + log mYKBPh1|> “ tl38J

" log mYKPi

logmYTAB BPh^ " logmYTAB Pi + log ir^KBPh^ “ 1̂3^

* log raYKPi

Once the medium effects are known for the reference 
electrolytes» the reference-electrolyte assumptions 
are applied to obtain medium effects for the individual 
ions i

log mYPhJfP ” log mYBPh^ = * log mYPh^P BPh^ = -'u-°



Values of log v forthe reference ions are tabulated 
in Table 77 along with numerical values of logmY for 
other ions calculated by various paths from thermodynamic 
data* The list of available medium effects in methanol 
(Table 51) is quite extensive and because of thet, a 
given ion usually appears in more than one electrolyte*
For instance, values of logmY are listed in Table 51 for 
KClOj^, KBPh^, KPi, KOI, and KBr• Thus, the medium 
effect for potassium can be calculated in a number of 
different ways not all of which yield identical results*
All medium effects for single ions listed in Table 77 
are ultimately based on the tetraphenyl (Ph^+) assumption,
i.e#» the average value of log^p^ from the reference 
electrolytes Phj^P BPh^ and Ph^As BPh^* In methanol, 
logmYph has a numerical value of -^.14-*

The medium effect for the proton in methanol 
can be calculated using three combinations of thermodynamic 
medium effects along with log mYph • These three 
calculations are i
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Table 77 • Medium Effects for Single Ions, logmY, in
Methanol Based on the Average Value of log mYBphi 
from the Ph^P BPh^ and the Phj^As BPh^
Assumptions (the Fh/^Assumption)
25°C, Molal Scale.

Ion log mY Electrolytes Used in Calculation

Phi,P+ =4r ~ -4.10 Phi,P BPhi,
* BPhJ
Ph^As = PhUsBPh^
«BPh£

TAB+a= -4.30 TAB BPhĵ= bpV

Ph^+ -4.14 Ph^P BPh^t PhjjAs BPh^

H+ +1.81 AgBPh^, AgCl, HC1
H+ +1.77 CsBPh^, CsCl, HC1
H+ +1.47 KBFh^, KC1, HC1

Li+ +O .96 AgBPh^, AgCl, HC1, Li-H
Li+ +0.92 CsBPhj^# CsCl, HC1, Li - H
Li+ +0.62 KBPh^, KC1, HC1, Li - H

Na+ +1.57 AgBPh^, AgCl, HC1, Na - H
Na+ +1.53 CsBPh^, CsCl, HC1, Na - H
Na+ +1.23 KBPhĵ , KC1, HC1, N a-H
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Table 77 • (Continued)*

Ion log my Electrolytes Used in Calculation

Rb+
Rb+
Rb+
Rb+
Rb+
Rb+

K+ +1.80 CsBPh^, CsClO^, KCIO^
K+ +1.63 KBPh^
K+ +1.57 RbBPh^, RbClO^, KCIO^
K+ +1*37 CsBPh^, CsPi, KPi
K+ +1.26 RbBPhj^* RbPi, KPi
K+ -0*35 AgBPhj^* AgBr, KBr

+^•05 KBPh^, KBr, RbBr
+2*07 AgBPh^, AgBr, RbBr
+2*0^ KBPhj^, KPi, RbPi
+1*90 CsBPh^, CsClO^, RbClO^
+1*78 CsBPh^, CsPi, RbPi
+1*73 KBPh^, KCIO^, RbClOj^

Rb+ +1.67 RbBPhj^

Cs+ +1.90 KBPh^, KPi, CsPi
Cs+ +1*68 AgBPh^, AgCl, CsCl
Cs+ +1*6^ CsBPh^
Cs+ +1*53 RbBPh^, RbPi, CsPi,
Cs+ +1*^7 KBPhj^, KCIOjî, CsClO^
Cs+ +1.^1 RbBPhj^, RbClO^, CsClO^
Cs+ +1*38 KBPh^, KC1, CsCl
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Table 77. (Continued)•

Ion logmY Electrolytes Used in Calculation

Tl+ +2.95 KBPh^, KBr, TIBr
Tl+ +1.35 TAB BPh^, TAB Pi, TIPi
Tl+ +1 .0? PhjjAsPi, TIPi
Tl+ +0.97 AgBPhj^, AgBr, TIBr
Tl+ +0.9^ KBPh^, KPi, TIPi
Tl+ +0.90 Ph^P Pi, TIPi
Tl+ +0.82 CsBPh^, CsClOj^, TICIO^
Tl+ +0 . 82 AgBPh^, AgCl, T1C1
Tl+ +0 .7 8 CsBPh^, CsCl, T1C1
Tl+ +0 . 68 CsBPh^, CsPi, TIPi
Tl+ +0 .6 5 KBPh^, KCIO^, TICIO^
Tl+ +0.59 RbBPh^, RbClO^, TICIO^
Tl+ +0.57 RbBPh^, RbPi, TIPi
Tl+ +0 .5 2 KBPh^» KC1, T1C1

Ag+ +3.52 KBPhj^, KBr, AgBr
Ag+ +1.51* AgBPh^
Ag+ +1 .5 0 CsBPh^, CsCl, AgCl
Ag+ +1.24- KBPhj^, KC1, AgCl

Bu^N+ -5.80 TAB BPh^, TABPi, Bu^NPi
BuifN+ -5.52 Ph^AsPi, Bu^NPi
Bu^N* -5.39 KBPh/p, KPi, Bu^NPi
Bu^N+ -5.35 Ph^PPi, Bu^NPi
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Table 77• (Continued)•

Ion l°gmY Electrolytes used in Calc

BultN+ -5.13 CsBPh^, CsPi, BujjNPi
-5«02 RbBPh^, RbPi, Bu^NPi

TAB+ -5.2^ RbBPhj^, RbPi, TABPi
TAB+ -5*13 CsBPh^, CsPi, TABPi
TAB+ Ph^PPi, TABPi
TAB* -^.87 KBPhĵ , KPi, TABPi
TAB*1" -4.74 Ph^AsPi, TABPi
TAB+ -4.^6 TAB BPh^ (-8.60)

Cu+ +1*29 AgBPh^, AgCl, HC1, Cu - H
Cu+ +1.55 CsBPhj^, CsCl, HC1, Cu - H
Cu+ +0.95 KBPh^, KC1, HC1, Cu-H

Zn+2 AgBPh^, AgCl, HC1, Zn-2H
Zn+2 +^•32 CsBPh^, CsCl, HC1, Zn - 2H
Zn*1"2 +3.72 KBPh^, KC1, HC1, Zn-2H

Cd+2 +2,71 AgBPh^, AgCl, HC1, Cd - 2H
Cd+2 +2 • 63 CsBPhj^, CsCl, HC1, Cd - 2H
Cd+2 +2*03 KBPh^, KC1, HC1, Cd - 2H
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Table 77* (Continued).

Ion log mY Electrolytes Used in Calculation

Cl" + Z M  Ph^AsPi, KPi, KC1
Cl" +2 .^ 2 KBPhj^, KC1
Cl" +2.35 RbBPh^, RbClO^, TICIO^, T1C1
Cl" +2.29 KPi, KC1
Cl" +2.29 KBPhj^t KClOj^, TICIO^, T1C1
Cl" +2.16 CsBPh^, CsCl
Cl" +2.12 AgBPh^. AgCl
Cl" +2.0^ Ph^PPi, TIPi, T1C1
Cl" +2.00 KBPh^, KPi, TIPi, T1C1
Cl" +1.87 Ph^AsPi, TIPi, T1C1
Cl" +1.59 TAB BPh^, TABPi, TIPi, T1C1

Br" +2.^1 KBPh^, KC1, T1C1, TIBr
Br" +2.36 RbBPh^, RbPi, TIPi, TIBr
Br" +2 .3 6 RbBPh^. RbBr
Br" +2.34 RbBPh^, RbClO^, TICIO^, TIBr
Br" +2.30 KBPh^, KCIO^, RbClO^, RbBr
Br" +2.28 KBPh^, KCIO^, TICIO^, TIBr
Br +2.26 KBPh^, KC1, AgCl, AgBr
Br" +2.25 CsBPh^, CsPi, TIPi, TIBr
Br" +2.25 CsBPh^, CsPi, RbPi, RbBr
Br" +2.15 CsBPh^, CsCl, T1C1, TIBr
Br +2.13 CsBPh/^, CsClO^, RbC10^_, RbBr
Br" +2.11 AgBPh^, AgCl, T1C1, TIBr
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Table 77* (Continued)•

Ion l°gmY Electrolytes Used in Calculation

Br" +2 .11 CsBPh^, CsClO^, TICIO^, TIBr
Br" +2 .03 Ph^PPi, TIPi, TIBr
Br" +2 .00 CsBPh^, CsCl, AgCl, AgBr
Br" +1.99 KBPh^, KPi, TIPi, TIBr
Br" +1.99 KBPh^, KPi, RbPi, RbBr
Br" +1.96 AgBPh^, AgBr
Br" +1 .8 6 Ph^AsPi, TIPi, TIBr
Br" +1.58 TAB BPh^, TABPi, TIPi, TIBr
Br" +0.35 RbBPh^, RbPi, KPi, KBr
Br“ +0.24 CsBPhj^, CsPi, KPi, KBr
Br" +0.04 RbBPh^, RbClO^, KCIO^, KBr
Br" -0 .02 KBPh^, KBr
Br" -0 .1 9 CsBPh^, CsClO^, KCIO^, KBr

I" +I .36 KBPh^, KC1, AgCl, Agl
I" +1 .1 0 CsBPhj^, CsCl, AgCl, Agl
I" +1 .0 6 AgBPhv  Agl
I" -0 .92 KBPhj^, KBr, AgBr, Agl

NO " +2 .5 6 KBPhĵ , KC1, T1C1, T1N03

1 pi
oa +2 .5 1 RbBPh^, RbPi, TIPi, TINO^

NO" +2 .4 9 RbBPh^, RbClO^, TICIO^, TINO^
NO" +2.46 AgBPh^, AgCl, T1C1, T1N03

+2.43 KBPh^, KCIO^, TlClOj^, T1N03
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Table 77* (Continued)*

Ion logmY Electrolytes Used in Calculation

NO^" +2.40 CsBPhj^ CsPi, TIPi, TINO^
NOj +2*30 CsBPh^, CsCl, T1C1, TINO^
NO" +2.26 CsBPh^, CsClO^, TICIO^, TINO^
NO" +2.18 Ph^PPi, TIPi, TINO^
N0~ +2.14 KBPh^, KPi, TIPi, T1N03
N03" +2.11 AgBPh^, AgBr, TIBr, T1N03
N03" +2.01 Ph^AsPi, TIPi, T1N03
N03" +1*73 TAB BPh^, TABPi, TIPi, T1N03
N03" +0.13 KBPhĵ , KBr, TIBr, T1N03

CIÔ " +1.33 KBPhĵ , KCIO^
ClOj^ +1.39 RbBPh^, RbClO^
CIO^ +1 .1 6 CsBPhj^, CsClO^

Pi" -0.37 RbBPh^, RbPi
Pi" -0.48 CsBPh^, CsPi
Pi" -0,?0 Ph^PPi
Pi" -0.74 KBPh^, KPi
Pi" -0.87 PhjjAsPi
Pi' ■1.15 TAB BPh^, TABPi
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Table ??• (Continued)•

Ion l°gmY Electrolytes Used in Calculation

Ac” +2« 86 KBPhj^» KC1, AgCl, AgAc
Ac" +2*60 CsBPh^, CsCl, AgCl, AgAc
Ac” +2 * 5 6 AgBPhj^, AgAc
Ac” +0«?8 KBPh^, KBr, AgBr, AgAc

Bz” +1 • 5^ KBPhj^, KC1, AgCl, AgBz
Bz” +1.30 CsBFh^, CsCl, AgCl, AgBz
Bz” +1 .2 6 AgBPhj^, AgBz
Bz" -0 .7 2 KBPhj,» KBr, AgBr, AgBz



logmYH = " l0S mYPh^ +log mYAgBPh^ ■ logmYAgCl + *228)

+ log mYHCl = +1*81

log mYH = -log mYPh^ + log mYCsBPh4 ‘ log mYC s d  + <229 >

+ logmYHCl = +1,77

logmYH =_logmYPhJji + logmvKBPhlt ' logmYKCl + ^23°^

+ logmYHCl = +1*'1’7

The six calculations used for arriving at a value for 

logmVK arel

logmYK =_logmYPh^ + logmYCsBPhit ' lognYCsC10^ + (231^

+ log mYKC10^ = +1'80

log mYK = “log rnYPh^ + log mYRbBPhif ‘ log mYRb0101|. + (232)

+  log ̂ K C I O ^  = +1,57

logmYK -^^^Phj,, + logmYKBPh^ " +1,63 (233)



logmYK = -l0® mYPhit + logmVCsBPhit - log mY08Pi + (234)

+ logmYKPi = +1>37

logmvK = 'logmYPh4 +l0SmYRbBPh1> - logmYR W i  + (235)

+ logmvKPi = +1-36

logmYK = “l o g mYPh^ + l°g mYAgBph)+ “ 1°S mYAgBr + (236)

+10®mYKBr ”

Electrolytes whose thermodynamic medium effects were 
used in the calculation of medium effects for other 
single ions in methanol are listed in the appropriate 
places in Table 77 • It must be remembered that all 
medium effects for single ions listed in Table 77 are 
based on the Ph^+ assumption#

Discrepancies among the individual values of log my 
for any one ion are not a reflection on the reference- 
electrolyte assumption* but are due to inaccuracies in 
the thermodynamic (experimentally measured) medium 
effects used in the calculations# Some of the more 
obvious discrepancies and their possible causes will 
now be discussed#

The value for l°gmYKBr is probably incorrect by
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about 2 log units since log^Y^ calculated using log mYKBr 
is 2 log units larger than the next value# Other 
evidence for the inaccuracy of log mYKBr can be seen in 
values for log InYK, logmYi r  l°gmVAg. l°gmYBr.
log mYI’ 1o§ mYNO ' log mYA0* and l0®m vBZ (Bz is benzoate)>

Jwhich are all about 2 log units higher or lower than 
the average of other values# When medium effects of 
alkali-metal perchlorates# tetraphenylborates, picrates, 
and chlorides are used to calculate medium effects for 
single ions, the resulting medium effects cluster 
within 0.2 log units provided Icg^Y^p was not used 
in the calculation. When medium effects for the silver 
and thallous salts are used to calculate medium effects 
for single ions, the results are in excellent agreement 
(within +0#25 log units) of the results calculated 
using alkali-metal salts#

Although most calculations used in Table 77 yield 
satisfying results, there is still room for improvement# 

Better* more accurate ion-activity products and standard 
potential measurements are needed to narrow down the 
range of medium effects for any one single ion#
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Interpretation of results.

Structure of solvent.
Much the same can be said for methanol as was 

said about ethanol in section VTII-A-3-a. Pure methanol 
is a structured solvent made up of small linear chains 
of methanol molecules hydrogen bonded in a manner 
similar to ethanol. One would expect medium effects for 
single ions to be similar in the two solvents.

Bates and Robinson (11) found that methanol—  
water mixtures are similar in basicity characteristics 
to ethanol— water mixtures. They found that A  pK_cL
for o-chloroanilinium and m-nitroanilinium ions went 
through a minimum when plotted as a function of wt.-?£ 
methanol and reached a maximum in 100 %  methanol. The 
A p K  *s for these cationic acids should be equal toa
the medium effect for the proton, ioS mYj{t when 
corrected for the term log (inYBfI+/mYB ) which should be 
equal to i°S mYBjj+(ei)* From the results of Bates 
and Robinson, we conclude that methanol— water mixtures 
are more basic than water ( l°gmYjj is negative) and 
pure methanol is less basic than water. In other words, 
the proton exists in a higher energy state in pure 
methanol than in pure water. The values of A  pK_ 
for cationic acids reach a minimum close to 80 wt.-$ 
methanol and then rise steeply to positive values in
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pure methanol. This behavior is similar to that of 
logmYH in the ethanol— water solvent system.

Using an argument similar to the one used for 
describing effects of adding ethanol to water, one can 
say that addition of methanol to water breaks up the 
highly structured aqueous solvent and makes available 
a larger number of basic sites on the water. The basicity 
of the solvent mixtures increases until it reaches a 
maximum after which, the effects of addition of methanol 
are greater than the effects of structure breaking and 
the basicity decreases. The large decrease in basicity 
in the region between 80 and 100 wt.-?5 methanol may be 
due to the structuring of the organic solvent with the 
resulting inclusion of any available water molecules 
in the organic matrix thus rendering basic sites on the 
water unavailable for bonding.
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Solvation of solutes*
Similar statements can be made about solvation of 

solutes in methanol as about the solvation in ethanol in 
section VIII-A-3-b* There are two or three regions 
of solvation around each particle* The extent to which 
solvent molecules are structured in each region depends 
on the size and charge of the particle* Small ions 
will be structure promoters* They will orient solvent 
molecules in the first solvation sphere to a greater 
degree than large ions and uncharged solutes* The 
structure of the solvent around large uncharged solutes 
and ions of small charge and similar dimensions will 
be similar*

One important piece of information about the 
relative basicity of methanol and water comes from the 
work of Kebarle, Haynes, and Collins (1?6) who determined 
that protons in solution are preferentially solvated 
by water molecules as opposed to methanol molecules*
They based this conclusion on mass spectrometric results 
of gas-phase protons in equilibrium with varying 
methanol— water vapors* Other mass spectrometric 
evidence (I8 3) indicates that in the gas phase, 
methanol molecules have a greater basicity than water 
molecules* The preference for methanol on the part of 
the proton decreases with increasing number of solvent 
molecules in a cluster, and in microclusters, including 
liquid solutions, water is more basic than methanol*
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Discussion*
Representative values of medium effects for single 

ions in methanol had to be chosen somewhat arbitrarily 
from the data in Table 77 • These representative values 
of log mY for single ions in methanol are listed in 
Table 78*

Values of log v for the reference ions were m
obtained by applying the reference-electrolyte assumption*
As was stated earlier, the value of -4.14 for »
which is the average value of log mYreference ion from
the Ph^P BPh^ and Ph^As BPh^ assumptions, was used to
calculate all medium effects for single ions in methanol
appearing in Tables 77 and 78. It is interesting to
note that log mYph^, and l o g ^ Y p ^  differ by only
0.08 log units, which indicates that the medium effects
for these two ions are predominantly determined by
size, structure, and surface charge rather than the
nature of the central atom* Medium effects for all
the reference ions are negative indicating that they
are preferentially solvated by the organic solvent*

The medium effect for the proton in methanol,
log Yu, is listed as +1.68. This is the average of ° m n
all three values reported in Table 77* There is no 
valid reason to reject any of the three values or to 
favor any one of them? over the others* The positive 
value of log mYjj indicates that liquid methanol is
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Table 78. Representative Values of Medium Effects*
log my, for Single Ions in Methanol Based
on the Ph^Assumption* 25°C* Molal Scale*

Ion log mY
P+ = BPh^ -4.10
As* = BPh^" -4.18
B+=BPh,; -4*30

Ph^ -4.14
H+ +1.68
Li+ +0.83
Na+ +1.44
K+ +1 .6 3
Rb+ +1.6?
Cs+ +1.64
Tl+ +0.82
Ag+ +1.54

Bu^N" -5.44
TAB+ -4.70
Cu+ +1 . 2 6
Zn+2 +4.11
Cd+2 +2.46
Cl" +2.42
Br" +2 .3 6
1“ +1.17

n o 3” +2*35
c i o^- +1.29
Pi“ -0.79
Ac" +2.67
Bz" +1.37
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less basic than liquid water, or that the proton 
exists in a higher energy state in methanol than in 
water. It is interesting to note that in ethanol, 
l°g jjjYpj is also +1.68. This apparent coincidence 
testifies to the similarity of the two alcohols.

The tabulated value (Table 78) of +0.83 for l°SmYL  ̂
in methanol is the average of all three values reported 
in Table 77• The corresponding value in ethanol is +1*73 
log units.

The value of +1.44 for l°gmYNa is also the average 
of the three calculated values from Table 77• The 
corresponding value in ethanol is +2.64. It appears 
that small cations would be preferentially solvated 
by methanol as opposed to ethanol which would be 
expected as predicted from the B o m  equation.

The value of +1 .6 3 for l o g ^ ^  is the recommended 
one because it is based on a calculation involving 
KBPhj^ directly. Other values of logmYK listed in 
Table 77 required at least two additional medium 
effects in the calculation. Values of l°gmYK based 
on the medium effects of alkali-metal perchlorates 
and tetraphenylborates are +1.80, +1 .63, and +1*57 
with an average of +1 .6 7. This happens to be within 
experimental error of the tabulated value of +1 .6 3 for

log n>vK.
The value for log Yĵ  ̂ +1.67 listed in Table 78
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was chosen because it was calculated in the most 
direct way, using RbBPh^. A value of +1.73 for log mYjit) 
derived from medium effects for KBPh^, KCIO^, and RbClO^ 
is quite close, lending credibility to the tabulated value. 
The corresponding value in ethanol is +2 .6 9 log units 
which is consistent with the previous observation that 
small cations favor methanol over ethanol.

The medium effect logmY for Cs+ listed in Table 78 
is +1.64. This is the value calculated using CsBPh^.
It is close to the value of +1.6? for log mYRb just 
as medium effects for these two ions are similar in 
ethanol. The medium effect for Cs+ in ethanol is 
+2.48 log units.

The medium effect, logmY for Tl+ was chosen by 
averaging all the values listed in Table 77 except 
those involving In methanol, log^j^ = +°«82
and in ethanol, it is +1 .61.

A value of +1.54 is listed in Table 78 for l°gmY^g« 
This is the value obtained using log raYAgBph^« The 
value of +1 .5 0 for l og^Y^ calculated using medium 
effects of CsBPh^, CsCl, and AgCl is satisfyingly close 
to 1.54.

A value of -5.44 is listed in Table ?8 for logmYBu N «4
This is the average of two values of log mYBu N calculated4
using medium effects for Ph^P Pi and Ph^As Pi which
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were determined experimentally in this study. The 
BujjN* ion is large and organic in nature and as such, it 
is preferentially solvated in organic solvents as 
opposed to water.

The listed value for i°gmYrpAB of -4.70 is the 
average of three values obtained using medium effects of 
PhjjP Pi, Phj^As Pi, and TAB BPh^. In ethanol, i°gmY,pAB =
= -3.79 which is about 1 log unit more positive than 
the value in methanol and in keeping with the observation 
that cations exist in a higher energy state in ethanol as 
compared to methanol*

+ +2 +2 The medium effects for Cu , Zn , and Cd of
+1 .26, +4.11 and +2.46), respectively, are the average of
the values listed in Table 77 for these ions. It is
interesting to note that the medium effects for these
transition-metal ions are all positive indicating that
they do not form specific solvates in methanol.

The value of log mYcl - +2.42 was calculated using
medium effects df KBPh^ and KC1. The same calculation
path was used by Popovych (18) to calculate logmYQj_ = +2.08
in methanol using the TAB BPh^ assumption. In Table 77»
the value of logmvcl *=+2 .12 closely agrees with
Popovych*s value. It was obtained using medium effects
for AgBPh^ and AgCl.

Medium effects for Br" ion listed in Table 77 range
from +2.41 to -0.19 with a median value of +2.11.
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The values calculated using log mYKBr are rejected.
The representative value of +2*36 listed in Table 78 
is based on the most direct calculation involving 
medium effects of RbBPh^ and RbBr. An identical 
value of +2 .3 6 is obtained using medium effects for 
RbBPh^, RbPi, TIPi, and TlBr. The medium effect for 
Br" in ethanol is -0.21 log units* a rather uncertain 
value since i°gmYC2. and ^ ^ m ^ I  are koth positive. 
Medium effects for small negative ions are also positive 
in methanol indicating preferential solvation by water.

The medium effect for I” is listed as +1.17 log 
units in Table 78. This is the average of the first 
three values of log^Yj in Table 77* The value of 
-0 .92 was not included in the average because 
was used to obtain it. The most direct value of +1.06 
obtained using medium effects of AgBPh^ and Agl was not 
used alone because the value for log mY^ggpjj is 
questionable (8 ).

The medium effect for NO^“ is reported in Table 78 
as +2 .3 5. This is the average of thirteen values from 
Table 77• The value of +0.13 obtained via 
was not included in the average.

The medium effect for C10^“ of +1.29 log units is 
the average of the two most direct values of -0,87 
and -0.70 obtained from medium effects of Ph^As Pi 
and Ph^P Pi, respectively.
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Medium effects for Ac” (acetate ion) and Bz" 
("benzoate ion) of +2.6? and +I.3 7, respectively, are 
averages of all values listed except those involving 
lo^ m YKBr* in^eres^inS "t° note that these values
are positive even though Ac“ and Bz” are rather large 
and would be expected to solvate rather easily in 
organic solvents. Medium effects for other Ac” and 
Bz“ salts should be determined so that log mVAc and 
logjjjYjjg can be evaluated by alternate paths.

As in ethanol, medium effects for small cations and 
anions in methanol are positive. In general, they 
are about one log unit more negative than the 
corresponding values in ethanol. Thus, ions are more 
readily solvated in methanol as opposed to ethanol. 
Medium effects for the proton are similar (+1.68 log 
units) in both solvents. Although methanol and ethanol 
have similar basicities, they have dissimilar solvating 
powers for ions of appreciable size.
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Comparison with literature values*
Medium effects for single ions in methanol obtained 

by various methods are listed in Table 79* The first 
four rows list medium effects obtained using reference- 
electrolyte assumptions* Although medium effects 
obtained by Alexander and Parker (28) should be identical 
to those obtained by Kolthoff (31)» they are not* This 
results from inaccuracies in experimental values of 
log^y for the electrolytes used. Alexander ancL Parker's 
values are probably the most inaccurate since these 
authors do not correct for non-ideal behavior of their 
electrolytes with activity coefficients and degrees of 
dissociation* If we used experimental data of good 
accuracy throughout, medium effects from the Ph^As BPh^ 
assumption would be in excellent agreement with those 
obtained from the Phĵ  assumption* In most cases, the 
agreement is only fair* Except for and
log Y* » the medium effects determined by Popovych (18)In Ag
using the TAB BPh^ assumption are in good agreement

«i.with those from the Ph^ assumption.
In general, the medium effects for most cations and 

anions in methanol based on reference-electrolyte 
assumptions are positive and medium effects for Pi” 
and the reference ions are negative*

Medium effects for cations and anions in methanol 
evaluated by Izmaylov's l/n extrapolation procedure (103)
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are positive and* in qualitative agreement with medium 
effects obtained using reference electrolytes*

Medium effects for cations in methanol obtained 
by Strehlow (3 6), using a modified Born equation are 
negative* Alfenaar and DeLigny (8) also obtained negative 
values for log^Y colons Tne'*:hano^ usinS their 
extrapolation procedure in which AG°(neut) was corrected 
for by the inert-gas assumption before extrapolation* 
Andrews et al*» using the linear extrapolation 
procedure of Feakins and Watson (108) also obtained 
negative values for lo& mYcat^ons in methanol* Values 
of in methanol obtained by Strehlow (3 6),
Alfenaar and DeLigny (8 ) and Andrews et al* (108) 
are all more positive than the equivalent values obtained 
via reference-electrolyte assumptions* As was previously 
mentioned, values of logmY for single ions obtained 
by extrapolation procedures of Alfenaar and DeLigny and 
Feakins et al* are not to be trusted due to the 
inherent inability of these methods to yield accurate 
results*



Table 79• Medium Effects, log mv f for Single Ions in Methanol . 25°C, Molal Scale.

Method H+ Li+ Na+
log mY 
K+ Rb+ Cs+ Ag+

Phĵ " Assumption 1 .6 8 0.83 1.44- I .63 1.67 1.64. 1.54
Alexander and Parker 

PhuAs BPh^ 
assumption (28)

— — — — 1-7 ---  1 .4, 1-3 1 .2

Kolthoff, Ph/,As BPhĵ  
assumption (3 1)

2 .0 1 .6 1.9 1.9 1 .8 1.4

Popovych, TAB BPhj, 
assumption (18)

1.84- --- ---- 1.80 0.89 --- 0 .7 8

Pleskov, Rb electrode (37) 0.3 ---- ---- ---- 0 .0 ---- -0.3
Izmaylov, l/n

extrapolation (1 03) 3.1 1 .6 1 .8 2 .0 2 .8 2.7 3.5

Strehlow, modified Born 
equation (3 6) 0.07 ---- -0.4.0 -0 .12 -0 .0 6 0 .0 1 — —

Alfenaar and DeLigny (8 ) -1.4-5 ---- -1.34- -0.90 -0.89 -0.94. ----

Andrews et al, (method of 
Feakins and Watson)(108)

-2 .2 5 -2.89 -2.23 -1.57 ---- ----



Table 79• (Continued)

Method Cl" Br”
+Phĵ  Assumption 2.42 2 .3 6

Alexander and Parker 
Ph^As BPhj, 
assumption (28)

1.9 1.5

Kolthoff, Ph^As BPhu 
assumption (3 1)

2 0 2 .1

Fopovych, TAB BPhj, 
assumption (18)

2 .08 - - —

Fleskov, Rb electrode (3 7) 3*7 --------

2Izmaylov, l/n
extrapolation (1 03)

1 .0 1 .0

Strehlow, modified Born 
equation (3 6)

4.00 3.53

Alfenaar and DeLigny (8 ) 5.69 5 01
Andrews et al. (method of 6.18 5.80

Feakins and Watson)(108)

l ° g m Y
I" Pi"

1.17 -0.79
0.3, 0 .9 —i .2

TABt
-4.70

Ph4As+ Ph4+

  -if. 2

-4.14

1.3 -0.9   - i f . 2

-0.95 -4.30

0.0

2.96

4.56
5.04

9T
tr
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Acetonitrile.

Calculations by the tetraphenyl-ion assumption
Medium effects for the reference electrolytes 

Ph^P BPh^ and Ph^As BPh^ in acetonitrile were obtained 
by the usual indirect methodi

logmYPhJ[fP BPh^ " logmyPhifP Pi +logmYKBPhif " *137^

-logmyKpi= +11 .62 + 0.08

log myPhĵ As BPh^ = log mYFh^As Pi + log mYKBPh^ " * 138 ̂

" logmYKPi = +

Medium effects for the reference electrolyte TAB BPh^ 
were not calculated due to the large solubility C 0.5707  

molal at 25°C) of TAB BPh^ in acetonitrile. Applying 
the reference-electrolyte assumption, we obtain medium 
effects for the reference ions in acetonitrile 1

l0e « > n v  = los mvEPh^= = l0« mvPh„P BPh^ - 5• 8i + °.°lt (140) 

l0®mYP h ^ A s ~ ^ m YPh^As BPh^'*5-72i ° ' 0 k

A complete error analysis was carried out on the
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pK values for electrolytes in acetonitrile determined
in this study* The standard deviations in the values
of logmY for electrolytes and single ions, calculated
by the method of propogation of errors, are listed
and discussed in sections VII-F-l-e (for electrolytes)
and VIII-C-2 (for single ions)*

Values of log v for the reference ions obtained m
from the two assumptions are just about within experimental 
error so that these values can be averaged for further 
calculations* The resulting value of -5*77+0*05 
log units for the reference ion is termed the medium

jeffect for the tetraphenyl (Ph^ ) ion in acetonitrile 
and its further application in evaluating medium effects 
for single ions is known as the tetraphenyl assumption* 

Table 80 lists medium effects for single ions in 
acetonitrile calculated using the tetraphenyl assumption. 
Using the data in Table 52 for medium effects for electro- 
neutral combinations of ions, multiple calculation paths 
were available when calculating medium effects for 
any one single ion* Table 80 lists the electrolytes 
whose medium effects were used to calculate values of 

mY for single ions* It must be remembered that 
all medium effects for single ions reported in Table 80 
are based on the tetraphenyl assumption* The large 
diversity of values listed for any particular ion is a 
result of inaccuracies in the experimental data in
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Table 80* Medium Effects for Single Ions in Acetonitrile 
Based on the Average Value of log 
From the Ph^P BPh^ and Ph^As BPh^ Assumptions*
25°C, Molal Scale.

Ion ^°®mY Electrolytes Used in Calculation

P1V ’+ “ -5*81 + 0*04 PhjNP BPhjL
* BPhjf

Ph^As+ = -5.72 + 0.04 Phi,As BPh,,
= BPh*T

Ph^ -5.77+0.05 Phĵ P BPhj^, Ph^As BPh^

H+ +8.2 Reference 31*

K+ +2.21 AgBPh^, AgBr, KBr
K+ +1.46 Ph^AsPi, KPi

+1.27 PhjjPPi» KPi
+1.24 CsBPhji,, CsCIOk , KCIOj,
+1.09 RbBPhiT, RbClOw KC107+1.09 + 0.0? KBPh^ ^ *
+0 .5 6 CsBPhj^, CsPi* KPi
+0.41 RbBPh^, RbPi, KPi

K+
K+
K+
K+
K+

Rb+ +2.86 CsBPh^, CsCl, RbCl
Rb+ +1.71 AgBPh^, Aglf Rbl
Rb+ +I.67 Ph^AsPi, RbPi
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Table 80* (Continued)•

Ion logmY Electrolytes Used in Calculation

Rb+ +1.57 KBPh^, KPi, RbPi
Rb+ +1.57 KBPhj^, KC1, RbCl
Rb+ +1.54 AgBPh^, AgBr, RbBr
Rb+ +1.48 Phj^PPi, RbPi
Rb+ +1 .1 6 CsBPh^, CsPi, RbPi
Rb+ +1.13 AgBPh^, AgCl, RbCl
Rb+ +1.04 CsBPh^, CsClO^, RbClO^
Rb+ +0.89 KBPh^» KCIO^, RbClO^
Rb+ +0.89 + 0.0? RbBPh^
Rb+ +0.42 KBPh^, KBr, RbBr

Cs+ +1.2? Ph^AsPi, CsPi
Cs+ +1.17 KBPhj^f KPi, CsPi
Cs+ +1.08 Ph^PPi, CsPi
Cs+ +0.64 + 0 .07 CsBPh^
Cs+ +0.49 RbBPh^, RbPi, CsPi
Cs+ +0.49 RbBPhj^, RbClOj^, CsClO^
Cs+ *0 .6 5 KBPhj^, KC1, CsCl
Cs+ -1.09 AgBPh^, AgCl, CsCl
Cs+ -1.33 RbBPhj^, RbCl, CsCl

Tl+ +3.67 CsBPh^, CsCl, T1C1
Tl+ +2.67 AgBFh^, Agl, Til
Tl+ +2.44 AgBPhj^, AgBr, TlBr



Table 80# (Continued)•

Ion l°gmY Electrolytes Used in Calculation

Tl+ +2*38 KBPh^, KC1, T1C1
Tl+ +2.1? Ph^AsPi, TIPi
Tl+ +2 .0? KBPh^j KPi, TIPi
Tl+ +1.98 Ph^PPi, TIPi
Tl+ +1.94 AgBPh^, AgCl, T1C1
Tl+ +1 .85 RbBPh^, Rbl, Til
T1 +1*54 CsBPh^, CsPi, TIPi
Tl+ +1.39 RbBPh^, RbPi, TIPi
Tl+ +1.32 KBPh^, KBr, TIBr

+T1 +0.99 CsBPh^, CsClO^, TICIO^
Tl+ +0.84 KBPh^, KCIO^, TICIO^
Tl+ +0.84 RbBPh^, RbClO^, TICIO^

Ag+ •*1.90 CsBPh^, CsCl, AgCl
Ag+ -3.19 KBPh^, KC1, AgCl
Ag+ -3.63 AgBPh^
Ag+ -3*87 RbBPh^, RbCl, AgCl
Ag+ -4.28 RbBPh^, RbBr, AgBr
Ag+ -4.45 RbBPh^, Rbl, Agl
Ag+ -4.75 KBPh^, KBr, AgBr



Table 80. (Continued).

Ion l°gmY Electrolytes Used in Calculation

Cl" +8.39 RbBPh^, RbClO^, TICIO^, T1C1
Cl" +8.39 KBPhv  KCIO^, TICIO^, T1C1
Cl" +7*53 RbBPh^, RbCl
Cl" +7.29 AgBPh^, AgCl
Cl" +7.25 Fh^PPi, TIPi, T1C1
Cl" +7.16 KBPh^» KPi, TIPi, T1C1

1r—io +7.06 Ph^AsPi, TIPi, T1C1
Cl" +6 .85 KBPh^, KC1
Cl" +6 .67 PhjjFPi, KPi, KC1
Cl" +6.48 Ph^AsPi, KPi, KC1
Cl" +5 .5 6 CsBPh^, CsCl
Cl” +5.12 Ph^PPi, CsPi, CsCl
Cl" +5.03 KBPh^, KPi, CsPi, CsCl
Cl" +4-.93 PhjjAsPi, CsPi, CsCl

Br“ +6 .6 3 RbBPh^, RbPi, KPi, KBr
Br" +6.48 CsBPhj^, CsPi, KPi, KBr
Br" +6 .43 RbBPh^, RbClO^, TICIO^, TIBr
Br" +6.43 KBPhj^, KCIO^, TICIO^, TIBr
Br" +6.28 CsBPhj^, CsClO^, TICIO^, TIBr
Br" +5.95 RbBPh^, RbClO^, KCIO^, KBr
Br" +5-95 KBPh^, KBr
Br" +5.88 RbBPh^, RbPi, TIPi, TIBr
Br" +5.80 CsBPh^, CsClO^, KCIO^, KBr
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Table 80. (Continued)•

Ion l°gmY Electrolytes Used in Calculation

Br” +5-73 CsBPh^, CsPi, TIPi, TIBr
Br” +5*48 RbBPh^, RbBr
Br* +5.48 KBPh^, KCIO^, RbClO^, RbBr
Br” +5*33 AgBPh^, AgCl, T1C1, TIBr
Br” +5-33 CsBPh^, CsClO^, RbClOj^, RbBr
Br” +5-29 Ph^PPi, TIPi, TIBr
Br” +5 • 21 CsBPh^, CsPi, RbPi, RbBr
Br” +5.20 KBPhĵ , KPi, TIPi, TIBr
Br” +5*io Ph^AsPi, TIPi, TIBr
Br” +4.89 KBPh^, KC1, T1C1, TIBr
Br” +4-.83 AgBPh^, AgBr
Br” +4. 80 KBPhĵ , KPi, RbPi, RbBr
Br” +4-.39 KBPh^, KC1, AgCl, AgBr
Br” +3.60 CsBPh^, CsCl, T1C1, TIBr
Br +3.10 CsBPhj^, CsCl, AgCl, AgBr

l“ +3*61 RbBPh^, RbPi, TIPi, Til
l“ +3.46 CsBPh^, CsPi, TIPi, Til
l“ +3*4-5 KBPh^, KBr, AgBr, Agl
I" +3.21 RbBPh^, RbBr, TIBr, Til
I" +3.15 RbBPh^, Rbl
I" +2.98 RbBPh^, RbBr, AgBr, Agl
X” +2.93 KBPh^, KPi, TIPi, Til
1“ +2.62 KBPh^, KC1, T1C1, Til
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Table 80. (Continued).

Ion ^°SmY Electrolytes Used in Calculation

I" +2.4-7 KBPh^, KPi, RbPi, Rbl
I" +2.4-7 KBPh^, KC1, RbCl, Rbl
I” +2.33 AgBFh^, Agl
I" +1.89 KBPh^, KC1, AgCl, Agl
1“ +1.33 CsBPh^, CsCl, T1C1, Til
I* +1.18 CsBPh^, CsCl, RbCl, Rbl

N03~ +4-.50 RbBPhj^, RbClO^, TICIO^, T1N03

N O “ +4-.50 KBPh^, KClOjî , TICIO^, TINO-^
NO* +4-.35 CsBPh^, CsClO^, TICIO^, T1N03

N03* +4-.02 KBPh^, KBr, TIBr, T1N03

N03* +3-95 RbBPh^, RbPi, TIPi, T1N03

N03 +3.80 CsBPhj^, CsPi, TIPi, T1N03

N03 +3 .55 RbBPh^, RbBr, RIBr, T1N03

N03* +3.40 AgBPh^, AgCl, T1C1, T1N03

NO^ +3 .3 6 PhjjPPi, TIPi, T1N03

N03* +3.27 KBPh^, KPi, TIPi, T1N03

N03“ +3.17 Ph^AsPi, TIPi, T1N03

N03“ +2.96 KBPh^, KC1, T1C1, T1N03

NO^- +2.90 AgBPh^, AgBr, TIBr, T1N03

N03* +1.67 CsBPh^, CsCl, T1C1, T1N03
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Table 80. (Continued).
Ion l0SmY Electrolytes Used in Calculations

SCN" +3.50 KBPh^, KCIO^, TICIO^, T1SCN
SCN" +3.50 RbBPhj^, RbClO^, TICIO^, T1SCN
SCN- +3.35 CsBPhj^, CsClO^, TICIO^, T1SCN
scn" +3.02 KBPh^, KBr, TIBr, T1SCN
scn" +2.95 RbBPh^, RbPi, TIPi, T1SCN
SCN" +2.80 CsBPh^, CsPi, TIPi, T1SCN
SCN" +2.64 RbBPh^, RbCl, T1C1, T1SCN
SCN” +2.55 RbBPh^, RbBr, TIBr, T1SCN
SCN" +2.49 KBPh^, KBr, TIBr, T1SCN
SCN" +2 .3 0 AgBPh^, AgCl, T1C1, T1SCN
SCN" +2.27 KBPh^, KPi, TIPi, T1SCN
SCN" +1.96 KBPh^, KC1, T1C1, T1SCN
SCN" +1 .9 0 AgBPh^, AgBr, TIBr, T1SCN
SCN- +1.67 AgBPh^, Agl, Til, T1SCN
SCN" +0 .67 CsBPhj^, CsCl, T1C1, T1SCN

CIO^ +1.37 KBPh^, KCIO^
CIO^ +1*37 RbBPh^, RbClO^
ClOĵ  +1*22 CsBPh^, CsClO^
CIO^ +0.89 KBPh^, KBr, TIBr, TICIO^
CIO^" +O.3 6 RbBPh^, Rbl, Til, TICIO^
CIO^ +0.14- KBPh^, KPi, TIPi, TICIO^
CIO^* -0.17 KBPh^, KC1, T1C1, TICIO^
ClO^ -0.46 AgBPh^, Agl, Til, TICIO^
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Table 80• (Continued)*

Ion Electrolytes Used in Calculation

Pi" +0.21 RbBFhj^, RbPi
Pi" +0*06 CsBFh^, CsPi
Pi” -0*38 PhjijPPi
Pi" -0*47 + 0.07 KBPh^, KPi
Pi" -0*57 Ph^AsPi
Pi" -0*78 KBPh^, KC1, T1C1, TIPi

Ac" +10.65 RbBPh^, Rbl, Agl, AgAc
Ac" +9*83 AgBPh^, AgAc
Ac" +9.39 KBPhj^, KC1, AgCl, AgAc
Ac" +8*10 CsBPh^, CsCl, AgCl, AgAc

Bz" +7*95 RbBPh^, Rbl, AgBz
Bz" +7«13 AgBPh^, AgBz
Bz" +6.69 KBPhj^, KC1, AgCl, AgBz
Bz" +5*40 CsBFh^, CsCl, AgCl, AgBz
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Table 52* Table 82 lists values of logmY for single 
ions considered most reliable by this author*

The following eight calculations of log,,^ 
correspond to the eight values listed in Table 80*
They are presented as an explanation to Table 80 i

l0® mYK = ' l0® mYPh4 +10® mYAgBPh„ ' l0® mYAgBr + (237)

+ lo®mYKBr = + 2 -21

l0® mYK = +  log mYPh4 ‘ l0® mYPh4As Pi + lo® mYKPi “ t238)

= + 1.46

logmYK " + logmYPh/j, " logmYPh^P Pi + logmYKPi = 2̂39j

= + 1*26

l0®m YK “ - 10®mYPh4 +10®n>YCSBPh4 ' 1o® mYCSC104 + (2lW>

+ log mYKC1 0 4 = + 1,2‘*'

l0®mYK l0®m YPh4 +l0®m YRbBPh4 ' lo®mYRbC104 + C m >  

+ lo®m YKC104 = + 1*°9



<K)0

log mYK ' " l0g mYPh^ + log mYKBPhl f 1,09 (2^2)

logmYK = ' logmYPh(f + logmYCEBPh1), ‘ logmYCsPi + (2<+3)

+ lo®mYKPis: + 0,56

logn>YK = - 1°S»YPh1( + logmYRbBFh4 - logmYRbPi + ( 2 W

In many cases* medium effects for a particular 
single ion calculated using different paths do not 
differ by much even though one value might involve 
two or more electrolytes# This is quite interesting 
and it certainly lends credibility to the accuracy of 
the medium effects involved in the calculations* It 
must be pointed out* however* that even agreement 
among two or more values of logmY for a single ion 
does not prove that these values are correct. The 
basic assumption used to obtain the first medium effect 
for a single ion has to be valid before any of the 
results can be accepted as correct* In certain instances 
in Table 80* there are cases of double agreement#
For instance* there are two values of +1*57 for l o g ^ ^  
and there are also two values of +0*89 for log mYR^*
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In cases like this, we cannot chose one value over the 
other unless an error analysis is performed on the 
pK values used to calculate medium effects*
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Error analysis*
Standard deviations for logmY for the reference 

electrolytes* dlogfflY> were determined by the method 
of propogation of errors using values of d log mv for 
electrolytes given in Table 54 section VTI-F-l-e i

dlogmYPh^P BPh^ c [<d lQS mvPhJ)P Pi)2 + <d l°g mYKBPh^^2

+ 'd l o g m W 2P

d lo g  m P̂hjSj.As BPhjj = [ * d l o g mYPhjtA s P i 2̂ + ^d lo g  mYKBPh^ 2

+ (dlogmYm )2] i =  °*°75

Values of d log v for the reference ions were then ° m
calculated *

d lo g  m^Phjt̂ P = d lo g  mYBPh^ = *  d lo g  mYph^P BPh^ = ° * ° 3 8 

d log mYPh^As “ d log mYfiPh^ = 4 d logmYPh^As BPh^ = 0 ’38

(245)

(246)

(247)

(248)

and a value for d l0gj„Yph was arrived at in the4
following manner i
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r 2 21  ̂ ^
d logmYPhif = [(dl°emVph1(P ) + (dl0« m YPh4AS) J = °'°52

In this way* the errors involved in evaluating l ^ ^ p ^  p 
and ioSnjYpjj are propogated to give the standard
deviations in log^Ypjj •

H1
Standard deviations in the medium effect of

+ + +K . Rh * and Cs were evaluated to be +0.0? log units
for all three ions using the following equation t

d log mvM  = [ (d loe rnvPhlf)2 +  < d l ° S mYMBPh)(.)2J 4 = i 0,07 (250)

where M is the alkali metalo
The standard deviation in i°SmYpj_ was evaluated 

to be +0*0? log units using the equation i

d logmYPi = [(dlognYPhit)2 + (dloemYKBPh(t)2 + (2S1)

+ <dlog,„YKPi>2 ]4 = ± 0'07

Considering the manner in which errors propogate in 
the calculations of medium effects for single ions* the 
good agreement among results in Table 80 is satisfying.
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Interpretation of results*

Structure of solvent*
Acetonitrile is a dipolar aprotic solvent and 

as such, it has very poor hydrogen-"bonding abilities*
It has a dipole moment of D (17*0 and a dielectric
constant of 35*95 (177)* It is much less structured a 
solvent then methanol, which has a dipole moment of 
only 1*?0 D (17^) but a dielectric constant of 32.6 
(173)* If acetonitrile was as structured as methanol, 
we would expect its dielectric constant to be at 
least 60*

Solvation in acetonitrile as opposed to solvation 
in alcohols is much more dependent on the intrinsic 
nature of the solvent molecules than on the interaction 
between the particles and solvent clusters*
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Solvation of solutes*
There is a diversity of beleifs about solvation 

of ions in acetonitrile* According to Coetzee and 
Campion (46), small anions will occupy a position 
behind the -C=N group which makes them less susceptible 
to solvation by more than one solvent molecule* Cations, 
on the other hand, are believed (46) to occupy positions 
external to the CH^CN molecule which allows them to 
be solvated by more than one molecule simultaneously* 
Thus, according to Coetzee and Campion, anions should 
have positive medium effects in acetonitrile and 
cations— negative or small medium effects*

Luehrs, Iwamoto, and Kleinberg (178) have suggested 
that halides are solvated very poorly in acetonitrile 
as compared to methanol or water because of the inavail­
ability of H-bonding in that solvent* Thus, we would 
expect medium effects for halides to be more positive in 
acetonitrile than in methanol*

Polarographic measurements can be used to evaluate 
the extent of solvation of ions* As they become more 
strongly solvated, cations are reduced at more negative 
potentials and anions are oxidized at more positive 
potentials at the D.M.E.* Although comparisons of 
among different solvents are difficult due to the 
uncertainty of liquid-junction potentials at solvent- 
solvent interfaces, some polarographic studies have
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been performed which indicate that the C10^“ and Pi” 
ions are more strongly solvated in acetonitrile than 
in water while the reverse is true for the halides,
SCN”, and NO^” ions (46), There is also polarographic 
evidence (15) which indicates that alkali-metal ions 
are more strongly solvated by water than by acetonitrile, 
Kolthoff and Coetzee (179» 180) found that cations 
are generally much less solvated in acetonitrile than 
in water and that the size of an ion has a much greater 
effect on its in acetonitrile than in water. This 
could be due to the tendency for small ions to fall 
behind the -C=N group (46) which prevents solvation by 
multiple solvent molecules. This also explains the 
observation (46) that solubilities of salts in 
acetonitrile are particularly sensitive to the type of 
anion.

Price (147) believes that in general, electrolytes 
have low solubilities in acetonitrile because the 
negative charge of the solvent dipole is dispersed, i,e,, 
the charge is not localized on a favorable electron- 
donor atom. Thus, cations are not bonded tightly 
to concentrations of negative charge as they are in 
water.

According to Parker (50), the poor hydrogen- 
bonding ability of acetonitrile makes it a very poor 
solvent for anions. Also, the lack of a localized
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negative charge on the CH^CN molecule makes it a poor 
cation solvator*

All available theoretical considerations would 
lead us to postulate that medium effects for anions 
and cations should be positive in acetonitrile and 
those for anions should be larger in magnitude in 
acetonitrile than in alcohols* The proton should be 
poorly solvated in acetonitrile and thus, it should also 
have a positive medium effect in that solvent* Ions

4* *|*such as Cu and Ag which undergo specific interaction 
with the solvent (158* 159) should have negative or 
very small positive values for logmY* If the reference- 
electrolyte methods yield results consistent with these 
theoretical predictions, the validity of the method will 
be enhanced a great deal*
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Discussion*
Representative values of medium effects for single 

ions in acetonitrile are listed in Table 81* These are 
the most reliable values in the opinion of this 
investigator* These values were abstracted from the 
listings in Table 80 at times, somewhat arbitrarily*
A discussion of the individual medium effects for single 
ions follows*

Medium effects listed for the reference ions, Ph^P,+ 
Phi(As+, and BPh^“ were obtaine d directly from the 
reference-electrolyte assumptions using experimental 
data from this study* As always, the medium effect for 
Ph^+ is the average value obtained from the two 
reference-electrolyte assumptions Ph^P BPh^ and 
PhjjAs BPh^* Medium effects for all other ions listed 
in Table 81 are based on the value of -5*77+0.05 
for l°«mVph4*.

The medium effect for the proton, of
+8*2 log units was taken directly from the data of
Kolthoff and Chantooni (31)* it was obtained from

pK *s of acetic and substituted benzoic acids in r a
water and acetonitrile along with knowledge of the 
medium effects for the acid anions and medium effects 
for the acids* Medium effects for the acid anions, 
logmYA# were obtained from values of logmY for salts 
of the acid obtained via the solubility method and
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Table 81* Medium Effects, logmY> for Single Ions in
Acetonitrile Based on the Ph^ Assumption#
25°C, Molal Scale#

Ion l°SmY

P h ^  = BPh^' 
Phi|As+ m BPh^*

Ph
H

+
+

T *Lx 
Na+ 
K+ 
Rb+ 
Cs+ 
Tl+ 
Ag+ 
Cu+ 
Cu 
Ca 
Zn 
Cd 
Pb 
Cl" 
Br“ 
1“ 

NO" 
SCN" 
CIO £  
Pi" 
Ac" 
Bz"

+2
+2
+2
+2
+2

-5.81 + 0.04
-5 .7 2 + 0.04
-5 .7 7 + 0 .05

+8.2 (31)
+5*1
+5 .6
+1.09+0.07 
+0.89 + 0.0? 
+0.64 + 0.07 
+1.74 
-3*63 
-7*0 
-4.4 

+20.5 
+17.2 
+14.2 
+1 6 .6
+6 .8 5
+5*95
+2.74
+3.67
+2.64
+1.21
- 0 .4 7  + 0 .0 7
+9.83
+7 .1 3
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medium effects for the acids were obtained by the 
solubility method* The Ph^As BPh^ assumption was used 
to get values for log^^* The value of +8*2 for 
log mvK reported here is corrected to the molal scale* 
However* no effort was made to adjust logmvH to its

U .value based on the Ph^ assumption because medium effects
for single ions based on the Ph^+ and Ph^As BPh^
assumptions will differ only by 0*05 log units*

As predicted* the is positive in acetonitrile
which means that the proton exists in a higher energy
state in acetonitrile as compared to water* Thus*
acetonitrile is a much poorer solvent for protons than
water, ethanol, or methanol* With ethanol or methanol
used as a reference solvent, log in acetonitrile wouldin Ji

still be positive, having a value of +6*6 log units*
The value of +8.2 for logmYH in acetonitrile 

confirms the poor hydrogen-accepting ability of that 
solvent and the delocalization of the negative charge 
of the -C=N group# We can now qualitatively predict 
that acetonitrile would be a poor solvent for cations 
in general*

Values of log v for Li+ and Na+ were calculated ° m
rj.

using the values of C log TnVM - loS mYH ) (where M = Li 
or Na+) listed in Table 52 and the value of +8*2 for 
l°g mYH* Medium effects for both ions are positive, 
as we expect, indicating that they are preferentially



solvated in water# Log mYL  ̂*= +5*1 and los^Y^a = +5*6#
These small ions are overwhelmingly solvated by water.
If Kolthoff and Coetzee (179* 180) were correct# a change
in ionic size will have a great effect on logmY for
other univalent cations and numerical values of log vm

+ + +for K # Rb # and Cs whould decrease reflecting their
solvation energies in acetonitrile owing to the increased 
polarizability of these larger ions# Values oflogmY^» 
log mYpb * and log mYCs are indeed much smaller than 
5 log units# Medium effects for the alkali-metal and 
halide ions decrease with increasing ionic size 
indicating that polarizability and surface charge 
density of the ions are important factors in determining 
their values in acetonitrile# These effects are not 
as evident in methanol or in ethanol# where all the 
alkali-metal ions have similar medium effects.

A value of 1*09 + 0.07 was chosen as representative 
for log Vv in acetonitrile because the medium effects°D1 Jt
for electrolytes used in calculating it were determined 
by this investigator# This would be the "traditional'* 
value because it is calculated using l°gmYKBph •
Another suggested value for l°gmYK would be + 1*37 
which is the average value obtained using medium effects 
for PhjjAsPi*# PhjjF Pi, and KPi (see Table 80). 
Interestingly# another value of +1.09 is obtained for 
log mY^ using medium effects for RbClO^# RbBPh^# and
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KCIO^. This increases our confidence in the accuracy 
of the preferred value listed in Table 81.

Potassium is only slightly larger than sodium
o ohaving an ionic radius of 1.33 A as compared to 0.97 A

for sodium and yet, its medium effect is 4.5 log units
smaller than the medium effect for sodiumo Medium

+ + - oeffects of Rb and Cs whose radii are 1.47 A and
,  o .

1 .6 7 A, respectively, are only slightly smaller (by
0.2 and 0.5 log units for Rb+ and Cs+) than the medium
effect for K+ . Apparantly, there is a critical size
for univalent cations, between 0 .97 and 1*33 ^ above
which solvation in acetonitrile becomes exceedingly
difficult.

A value of 0 .89 + 0 .07 was chosen for i°gmYRb 
in acetonitrile because it was determined in this 
laboratory and because the least number of electrolytes 
were involved in its calculation. Other values of 
log hjYrij in Table 80 require use of medium effects 
for more electrolytes, a factor which detracts from 
the precision of the resulting value. Another value 
of 0.89 is reported (see Table 80) for 1 ° ® ^ ^  based 
on medium effects for KBPh^, KCIO^, and RbClO^.
Curiously enough, there are two identical values of 
+1.57 on the table also. The values of +1.48 and +1.67 
calculated from medium effects for Ph^P Pi and Ph^As Pi, 
respectively, along with i^mYp^Pi' average out to
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+1.58* This would "be a recommended value if log 
were re-evaluated more precisely and the value used here 
(+1 .1 ) were confirmed*

A value of +0.64-+0*07 is listed in Table 81 
for log mY(js • This value is determined by the most 
direct path* Values of 1*2? and 1*08 estimated from 
medium effects for CsPi* and Ph^P Pi and Ph^As Pi* average 
to +1.18 which would be a recommended value if the 
medium effect for CsPi (0*70 log units) were independently 
confirmed.

The value chosen for l°gmYTi is +1«74** This is 
the average of the fifteen values listed in Table 80.
It was not possible to calculate l°&TOYrp2 more directly 
because the medium effect for TlBPh^ in acetonitrile is 
not available.

As expected* l0S mYAg negative* The value of 
-3*63 listed in Table 81 is the "direct" value estimated 
using log mYAgBph^- The negative value for logmYAg 
reflects the specific interaction of Ag* with acetonitrile 
so often reported in the literature (4>* 1 58* 159* 1 70, 180) 
The average of all other values fexcept -1.90 which 
required use of the questionable value for log mYCsC1) 
of l o g ^ Y ^  in Table 80 is -4.03 which is also quite 
credible* There is some objection (4) to using 
log mYAgBPh^ medium effect calculations because this 
silver salt is particularly unstable. However* Kolthoff
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and Chantooni (3 1 J recently reported a more reliable 
value of -9*4 for lograYAgBph^ in acetonitrile based 
on carefully determined values of KQp(AgBPh^) in 
water and acetonitrile*

X x?Medium effects for Cu and Cu ions are also 
negative in acetonitrile* Values of -7*0 and -4*4 are 
listed in Table 81 for log,„YCu(I) and logmYCu(II). 
respectively* The negative values reflect preferential 
sovation by acetonitrile as compared to water* These 
were calculated from standard potentials of copper 
electrodes (156* 1 6 1) in water and acetonitrile using 
Equation 5^ and the value of +8*2 for Medium
effects for Ca+2» Zn+2, Cd+2, and Pb+2 were determined 
in a similar manner* Except for Cu , all divalent 
cations studied have large positive medium effects in 
acetonitrile*

The medium effect for Ca+2 is+20*5* This is
ounexpectedly large for an ion with a radius of 0*99 A that

is similar in size to sodium (rNa -0*97 £)• Zinc,
cadmium, and lead ions which have radii of 0*74, 

o0*97, and 1*2 A, respectively, also have large positive 
medium effects of +17*2, +14.2, and +1 6.6 , respectively. 
Apparantly, an increase in ionic charge from +1 to +2 
for ions of *>- 1 % in size has the effect of increasing 
the medium effect in acetonitrile by 1 0 - 1 5  log units.

The large positive value of +6.85 for l°gmYQ^ listed
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in Table 81 reflects the expected dislike of the halides 
for acetonitrile* This value was obtained using medium 
effects for KBPh^ and KC1* All other values for 
log listed in Table 80 are also positive*

A value of +5*95 is listed in Table 81 for 
This was chosen because KBPh^ and KBr were used in 
the calculation* It is a representative value, being 
near the mean of all twenty-four values presented in 
Table 80. The value of +5*95 seems to be accurate 
since the same value was arrived at using medium effects 
for RbBPh^, RbClO^, KCIO^, and KBr* Other values for 
log mYgr calculated using log mYfjT̂ gr are also close 
to +5 *9 5* Low values are obtained for l°gmYBr using 
medium effects for AgBr and an especially low value of 
+3*10 is obtained when logmYCsC1 and log mYAgBr are 
used in the calculation* The twenty-four values for 
log mYBr reported in Table 80 are all positive* They 
range from +3*10 to +6*63* This large spread points 
out the necessity of determining thermodynamic medium 
effects more accurately in the future.

The value of +2.?4 for logmYj is the average value 
obtained using the two most direct calculation paths 
which give results of +3*15 and +2*33* There is no 
apparent reason to favor +3-15 over +2*33 s» they were 
averaged* Medium effects for the halides in acetonitrile 
decrease as the ion gets larger* This reflects the
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importance of mutual polarizability of anion and solvent 
molecules (5 0) in anion solvation by dipolar aprotic 
solvents*

Values of medium effects for NO^-. SON"# Ac”, 
and Bz“ ions in Table 81 are averages of all values 
listed in Table 80. The value of +1.21 for ^0S mYQ^Q

4
is the average of the first four values listed in Table 81.

A value of -0.47 + 0#07 is listed for 
Ths was calculated from medium effects determined by 
this investigator. It is a small negative value which 
is quite surprising. Pi” does not behave like a normal 
anion in any of the solvents studied in this investigation. 
It is the only anion studied (aside from1 BPh^-) that has 
a negative medium effect in methanol, and acetonitrile. 
Apparently, its large size and aromatic nature allow 
it to be readily solvated in organic solvents.

Medium effects for all ions except the reference 
ions. Ag+, Cu+» Cu+ ,̂ and Pi” are positive in acetonitrile 
indicating that this is a generally poor solvent compared 
to water. In conclusion, the reference-electrolyte 
method gives us values of medium effects for single 
ions which are consistent with chemical considerations.



ii46

Comparison with literature values*
Medium effects for single ions in acetonitrile

obtained using various assumptions are listed in Table
82. Prom chemical considerations* we expect the medium
effects in acetonitrile to be positive for both
anions and cations* except in cases where there is
specific interaction with acetonitrile.

The first column in Table 82 lists medium effects
obtained using the Ph^+ assumption. These have been
discussed in section VIII-C-3-c. Medium effects for
single ions obtained by Alexander, Parker* and bo-workers
(28, 3 0), and Kolthoff and co-workers (31) using the
PhjjAs BPh^ assumption are listed in the next three
columns. We expect good agreement among the values
of logmY obtained from reference-electrolyte assumptions.
Alexander and Parker made use of concentration solubility
products rather than ion-activity products in evaluating
medium effects of electrolytes and because of this there
are some discrepancies between their values of medium
effects for single ions and those obtained using the
Phjij* assumption in this study. In particular, Alexander
and Parker <30) report negative values for log^y of
K+, and Cs+ in acetonitrile.

Kolthoff*s value of medium effects for single
ions obtained by the Ph^As BPh^ assumption are in good

+agreement with those from the Ph^ assumption* and so



Table 82 Medium Effects* logmY* for Single Ions in Acetonitrile* 25°C, Molal Scale.

Ion Ph^+
assumption

Alexander 
Parker et al. 
PhkAs BPhk 
(280 *(30)

Kolthoff 
et al.

Izmaylov
l/n2 
(103 J

Coetzee et al. 
modified Bora 
(15) (46)

H+ 8.2 ----- ----- 8.2 5.5 6 .76 -----

Li+ 5.1 ----- — ----- 1.8 4.90 V «*

Na+ 5.6 ----- ----- 2*5 2.5 3.38 3.2
K+ 1*09+0.07 0.8 -0.2 1.5 1.4 2.87 -----

Rb+ 0.89+0.0? 1.3 1.6 2.54 -----

Cs+ 0.64 + 0.07 0.0 -0.3 1.0 1.1 -----

Tl+ 1.74 ----- ----- 1.7 --- ----- -----

Ag+ -3.63 -5 .2 -5.6 -3.7 -3.0 ----- -----

Cl“ 6.85 8.3 8.7 7.5 8.0 ----- 5.6
Br" 5.95 5 .8 6.2 5.7 5.0 ----- 3.7
l“ 2.74 3 .4 3 .8 3.6 2.3 ----- 1.4
N03r
SON'

3.67 — 3.8 ----- 1.8
2.64 3 .3 3.7 ----- ----- ----- 0.8

cio^- 1.21 ----- ----- 0.9 ----- ----- -1.4
Pi“ -0.47+0.07 -1.1 -0 .6 -0.2 ----- ----- -2.6
Phi,As+=
A

-5.72 + 0.04 -5 .8 -5 .8 -5.6 ----- ----- --—
PhkP+ = 
= BPh^

-5*81 + 0.04 ----- — ----- ----- ----- -----
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are Izmaylov's values# based on his l/n extrapolation* 
The last two columns in Table 82 list values of 

medium effects for single ions obtained by Coetzee and 
co-workers (15# 4-6) using radius-modified Born equations* 
These are in qualitative agreement with those obtained 
from the Ph^* assumption*
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Additivity of electrostatic and neutral contributions 
to the medium effect for large ions*

According to Frank and Evans (59)# the orientation 
of solvent molecules around a particle in a structured 
solvent will always be different than in the bulk 
solvent* This is true for uncharged as well as charged 
particles* Comparing the structure of the solvent in 
the immediate vicinity of a large univalent ion and an 
uncharged molecule of the same size and structure as the 
ion, the latter will disturb the adjacent solvent molecules 
in the same manner as its uncharged molecular analog 
provided the surface charge density of the ion is small 
enough so that effects of dielectric saturation are 
negligible. Beyond the first solvation layer, the 
electric field of the large ion is expected to have 
negligible influence on the orientation of solvent 
molecules so that the solvent structure in this region 
will be identical to the solvent structure in the same 
region around the uncharged molecule* If one could 
chose the appropriate ion-molecule combination (analogs), 
one could state with certainty that they both affect 
the solvent in an identical manner*

Thus, the neutral component of the solvation energy 
of a large reference ion should be identical to the 
solvation energy of a structurally analogous uncharged 
particle* In this case, the electrostatic contribution
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to the medium effect for the reference ion as determined 
via the B o m  equation and the medium effect for its 
uncharged structural analog, should add up to give the 
experimentally observed medium effect for the reference 
ion* In this work, it is postulated that the average 
value of the medium effects for Ph^C, Fh^Si, and Ph^Ge 
is equal to the neutral contribution to the medium effects 
for the reference ions Phi(P+, Ph^As*, TAB+, and BPh^-*
The differences among the medium effects of Ph^C, Ph^Si, 
and Phĵ Ge in any given solvent generally do not amount 
to more than the experimental error and so their 
average value is adopted as being characteristic of 
'I‘og mY(neut) for a11 tetraphenyl ions in a given 
solvent* The electrostatic component of log mY for 
the large reference ions can be estimated using the Born 
equation*

Do the neutral and electrostatic components for 
the medium effects of the reference ions add up to 
give the experimental values? Is the following equation 
valid?

^og mYreference ion “ mY(neut) + *og mY (Born) ^9*0

For each solvent studied in this work, values of 
mY(neut) were added "to ‘the electrostatic terms,

^og mY(Bom)' ca3-cu^a'ted for i°ns with r = 4  i? and r = 5 A 
from Equation 75* Since the solubilities and thus medium



Table 83* Comparison of Calculated and Observed Medium Effects for Reference Ions*
Ethanol is the Reference Solvent* 25°C, Molal Scale*

ilogmY of the BPh^

wt • -# 
sthanol mY (neu-£)

log mY
4?

(Bom) o5A
log

4&
m^ (calc) 0 

5A Hi*P+
of

Ph^As+ TAB*

60.0 1*37 -0*55 -0*44 0.82 0*93 0*31 0.37 0.83
7 0 .0 0*95 -0.45 -0 .36 0.50 0*59 0.18 0 .23 0 .62

80*0 0.6? -0*32 -0*26 0*35 0.41 0 .06 0 .10 0.41
90*0 0 .3 4 -0*17 -0.14 0.1? 0.20 -0.05 -0.03 0 .16

c h3oh 0,10 -0*32 -0 .2 6 -0.22 -0 .1 6 -0*50 -0.51 -0*51
CH^CN -0*33 -0.41 -0.33 -0.74 -0.66 -2.14 -2.14 —— -
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effects for Ph^C, Ph^Si, and Ph^Ge were not available in 
solvents containing less than 60 wt•-?£ ethanol, pure 
ethanol was chosen as the reference solvent. The 
results of these calculations are compared in Table 83 
with the experimentally determined medium effects 
(referred to ethanol) for Ph^P BPh^, Ph^As BPh^, and 
TAB BPh^. The comparison, which is made for £logmY 
of the reference electrolytes, could be made equally 
well for the complete electrolytes simply by multiplying 
all values in columns 5 - 9 by two. Columns 5 and 6

are calculated values for 1°S Preference ions' They 
were calculated via

logm^(calc) ~ mYreference ion ” mY(neut) + C2 5 2)

+ 10eP(Born)

In Table 83, the agreement between calculated 
and experimental medium effects in ethanol— water 
solvents is excellent for TAB BPh^, but only fair 
(within 0.2 - 0.5 log units) for Ph^P BPh^ and Ph^As BPh^. 
Pair agreement (within 0 .3 log units) is observed 
between calculated and experimental values of l°gmY 
for all three reference electrolytes in methanol.
Only in acetonitrile is there a significant discrepancy 
of 1.4 log units between calculated and experimental 
values of log mYreference ion* Unless these differences
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happen to be fortuitous, they could have an important 
bearing on the applicability of Equation 91 and the 
selection of reference electrolytes for the estimation 
of medium effects for ionso If calculated values of

1oS Preference! ion are ln oloser agreement with
values derived from TAB BPh^ than from reference electrolytes
where both ions are of the tetraphenyl type, it suggests
that size rather than structure may be the governing
factor in chosing reference electrolytes* However,
before one rushes to endorse TAB BPh^ as a superior
reference electrolyte, he should bear in mind the
observation (see Table 83) that all three reference
electrolyte assumptions, log myph p = 1°graYBph »

loe P p h „ A s =:Loe P b p v  and l0g mVTAB =l0« P B P h 4’
yield identical values for log mYsingie ion provided
that neither the reference solvent or the solvent being 
studied is aqueous*

Of the solvents studied so far, only water differen-
j,tiates between TAB and the tetraphenyl cations and it 

is likely that this differentiation as well as the 
discrepancies between observed and calculated medium 
effects for Ph^P BPh^ and Fh^As BPh^ in ethanol— water 
solvents have a common origin* It has been suggested 
(80, 1 1 3) that the positive charge may not be completely 
"buried" inside a tetraphenyl cation* An interaction 
between the fractional charges on its surface and the
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solvent dipoles could contribute a solvation-energy 
component missing from Equation 91* Such interaction 
is expected to be smaller for the BPh^“ ion (80) and

XTAB ion (62)* If the solvation energy component 
responsible for the observed discrepancies between

l0® mY(calc) arui logmY( experimental) is °f the ion- 
dipole variety, such discrepancies could be accentuated
in a comparison between pairs of solvents having
appreciably different dipole moments# Such is indeed
the case with the medium effects in acetonitrile
(p = 3#8^ D) referred to ethanol (p-l#69 D). Furthermore,
by inspecting the expression for ion-dipole energy,
G = ( -Nze^in/r ), it is seen that for the "transfer’' of
an ion from ethanol to acetonitrile it would introduce
a negative correction to Equation 91, which could perhaps
account qualitatively for the observed discrepancy of
- l A  log units in Table 83. We lack the knowledge of
the various solvation parameters to draw any quantitative
conclusions#

The difference between the dipole moments of
ethanol and water is much smaller, but even here it may
not be coincidental that the observed medium effects
of the tetraphenyl cations in ethanol— water solvents
are consistently negative with respect to their
calculated values# On the other hand, the dipole
moments of ethanol and methanol are identical and it
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is interesting that these solvents do not differentiate 
between the TAB+ and the tetraphenyl cations*

Additional tests of Equation 91 for pairs of 
solvents with practically identical dipole moments can 
be made using Parker and Alexander's (2 6) data for 
the medium effects of Ph^C and Ph^As BPh^ in 
N,N-dimethylformamide (DMF) and N,N-dimethylacetamide 
(DMAC)* For the transfer from acetonitrile to DMF*

log mYpĥ C and ^ l0&mYPĥ As BPĥ  = "1*°*
which would require a Born contribution of +0*1. For

oan ion with r - 4 A, the value of lo& raY(Born) is 
+0*3* The transfer from acetonitrile to DMAC involves 
a pair of solvents with practically equal dipole moments 
and dielectric constants* Thus* if Equation 91 holds 
here, the medium effect, logmY» should be determined 
solely by log mY(neut) • Indeed, we find that logmYph c ®
= -0.9 and 4 logBVph^Aa B P h ^ ' 1*0*

tfe can see.from the data in Table 83 that the 
interaction of the reference ions with the solvents 
studied is predominantly nonelectrostatic* Indeed, it 
is generally accepted (4, 8) that the neutral contribution
to solvation energy of a large ion is proportional

oto r whereas the electrostatic contribution is
-1proportional to r •

Further proof of the nonelectrostatic nature of 
solvation for large ions comes from the study of medium
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effects for ferrocene* Medium effects for ferrocene,
log mYFoc* are listed in Table 50 along with calculated
values of loS mY(30rnj for an ion the size of ferrocene 

o(3*8 A) (8) and l°SmY(cajc j which is the sum of
^ A o c  and 10®mY(Bom)“ I" Table 50, log„Y(cale)
is the predicted value for the medium effect of the
ferricinium ion. While the B o m  electrostatic contribution
to log mY for ferricinium ion in 100 % ethanol is +0 .9,
the calculated value of -2 . 5  for the whole log v indicates° m
a nonelectrostatic contribution of -3*4 log units for
the medium effect of ferricinium ion. This neutral
contribution to log my for large ions should become
proportionately larger as the ion increases in size (4, 8).

The present study provides a qualified endorsement
for the formulation of log my for a large ion as a
composite of a Born electrostatic contribution and a

mY(neut) ^er*ved from experimental data on suitable
uncharged analogs. However, such formulation seems to
fail for pairs of solvents with appreciably different
dipole moments. It should be stressed, however, that
before any definitive conclusions can be drawn, we
need to know the distances to which dielectric saturation
extends in different nonaqueous solvents, and these are

olikely to be greater than the 4 - 5 A characteristic of 
aqueous solutions.
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A single e.m.f. series for ethanol— water solvents,
methanol» and acetonitrile.

Now that we have knowledge of medium effects for 
the proton in ethanol— water solvents, methanol, and 
acetonitrile, we can refer the standard potentials of 
the hydrogen electrode (SHE) in any of these solvents 
to the SHE in water as their single arbitrary zero point i

WE°(H,SH) = 2.303^ logmVH + wE°(H,H20) (253)

where WE°(H,SH) is the potential of the SHE in solvent
SH on the aqueous e.m.f. scale referred to the SHE potential
in water, and wE°(H,H20), has the usual value of zero
volts. Values of ttE°(H,SH) in ethanol— water solvents,w
methanol, and acetonitrile calculated via Equation 253 
are compiled in Table 84.

Any conventional potential, referred to the 
arbitrary zero point of the SHE in a given solvent, 
can be converted to its counterpart on the aqueous 
scale by adding to it algebraically the value of 
E°(H,SH) characteristic of that solvent 1w

wE°(i,SH) = sE°(i,SH) + WE°(H,SH) (25*0

In ethanol— water solvents of greater basicity
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Table 8**. Standard Potentials of Hydrogen Electrodes 
In Ethanol— Water Solvents* Methanol, and 
Acetonitrile* Referred to WE°(H,H2 0) =0. 
25°C* Molal Scale.

wE°(H,s), millivolts

wt •-$ TAB BPh^
ethanol assumption assumption

o • o 0 0

1 0 .0 5 -**
2 0 .0 h -15
3 0 .0 -** -30
**0 .0 -19 -**7
5 0 .0 -37 -58
6 0 .0 -**7 -6 6 .8

7 0 .0 -51 -65.7
80.0 -**0 -**9
9 0 .0 -27 -30

10 0 .0 +99*** +109
CH-jOH +99.** —
CH^CN +**85 —
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than water, all potentials undergo a negative shift when 
transferred from the nonaqueous to the aqueous e,m,f. 
series. In pure ethanol, potentials on the single 
scale will he ahout 0 .1 volt more positive than potentials 
on the conventional scale. The same is true for standard 
potentials in methanol because the medium effects for 
the proton in methanol and ethanol are numerically 
identical (+1 ,6 8 log units, based on the Ph^* assumption). 
Conventional standard potentials in acetonitrile will 
be about 0 *5 volt more negative than their corresponding 
aqueous values.
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A unified pH scale for ethanol— water solvents* 
methanol* and acetonitrile*

Using the values of logmYn in Tables 68* 78, and 
81, any pa^ value referred to infinite dilution in 
a given ethanol— water solvent, methanol, or acetonitrile 
can be converted to its counterpart on a single pa^ scale 
referred to the aqueous standard state i

paH = paH ‘ l0g mYH (18)

For example, in ethanol, methanol, and acetonitrile, 
solutions of a given pa^- will have a pa^ lower by 
1 .68, 1 .68, and 8 .2 units (Ph^ assumption), respectively. 
Solutions in these solvents will be more acidic than 
an aqueous solution of the same nominal pH. Solutions 
in ethanol— water solvents having an ethanol composition 
between'V 30 and 90 wt.-?5 ethanol will have an 
aqueous paH that is higher than their pa^p i.e., they 
will be more basic on the single aqueous scale.
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Values of liquid-.junction potentials at agueous- 
nonaqueous interfaces*

It is well known (4, 12, 18, 53) that the e*m*f* 
of a cell composed of an aqueous and a nonaqueous SHE 
is a function of tooth the log mYH and the liquid- 
junction potential, E.* This function is involved in

J

the interpretation of pH measurements made in nonaqueous 
solvents with electrodes standardized against aqueous 
"buffers* Bates, Faatoo, and Rotoinson (22) have determined 
experimentally values of (E^ - l°gmVH ) for dilute 
"buffer solutions in ethanol— water solvents in contact 
with 3«5M aqueous KC1, where E- (in pH units) is the

J

liquid-junction error in a pH measurement, which is 
essentially equal to the E. at the nonaqueous (buffer)—

J

aqueous (3*5M KCl) interface* Similar values are 
available for methanol from the data of DeLigny and 
Rehtoach (184).

Using values for i°gmY}£ in ethanol--water solvents 
and methanol determined in this study and values for 
(E.. - iogjnYjj) determined toy Bates, Paatoo and Rotoinson (22) 
and DeLigny and Rehtoach (184), values for the liquid- 
junction potential between 3*5M aqueous KCl and buffers 
in ethanol— water solvents and methanol can toe evaluated, 
These values are listed in Table 85 along with the 
appropriate values of logmYH and (E^ - iogmyH ).

The liquid-junction potential between aqueous 3»5M



Table 85* Liquid-Junction Potentials Between 3*5M Aqueous KCl and Buffers in 
Ethanol— Water Solvents and Methanol at 25°C.

interpolated pH units  ̂ millivoltsw 0 o yo
ethanol < V l0S mYH )(21) TAB+b Fh^+ TAB+ p\ + TAB*

0.0 0.000 0.00 0.00 0.00 0.00 0 0
1 6 ,2 0 .003 0.08 -0.17 0.08 -0.17 5 -10
33*2 0.086 -0.12 -0 .61 -0 .03 -0 .52 -2 -31
52.0 0.221 -0c68 -1.02 -0.4-6 -0.80 -27 -41
73.4 0.196 -O .83 -1.03 -0.63 -0.83 -37 -49
85.4 -0 .032 -0.53 -0.66 -O.56 -0.69 -33 -41
100.0 -2.91 1.68 1.84 -1.23 -1.07 -72.8 -63.3

CH^OH -3.26 1.68 1.82 -1.58 -1.44- -93.5 -85.3

-ro\



KCl and 100 % ethanol is quite appreciable having 
a value of -1*23 pH units (Ph^+ assumption) which 
corresponds to -72.8 millivolts# Thus, the liquid- 
junction potential at the interface between aqueous and 
nonaqueous solutions cannot be suppressed with a 
concentrated salt bridge. The same is true for E.

u

between water and 3«5M KCl in methanol where E. hasJ
a value of -I.58 pH units (Ph^+ assumption).
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Conclusions.
At this time* reference-electrolyte methods provide 

the best means for evaluating medium effects for single 
ions. Values of medium effects for single ions based on 
the ref erence-electrolyte assumptions ^SmYpj^p - l°g n^BPh^'

loemYPh^As'!lo*m1'BPhif* and l0® myTAB = log are
in agreement with chemical considerations and, have been
independently verified by use of Hammett acidity functions,
Hq, and the Stokes* modified Born equation*

While it is presently difficult to make a final
choice between the combined Ph^P BPh^— Ph^As BPh^
assumption (the Ph^* assumption) and the TAB BPh^
assumption, the former is favored on the grounds that
for the solvents studied here, log mYph p = lo& mYph &s*4 i|,
which in turn makes the assumption of their equality 
to l°gmYBph seem very plausible.
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Recommendations for future studies*
A critical review of solubility and e.m.f. data 

in nonaqueous solvents would certainly be desirable 
in light of the lack of internal consistency of much 
of the data available in the literature (see Tables 
77 and 80). There is also a need to determine the 
radii of the reference ions Ph^P+, Ph^As+, TAB+f and 
BPh^“ to a greater degree of accuracy.

It would be of great interest to evaluate medium 
effects for the proton in methanol— water solvents 
to see if the variation in basicity of these solvents 
parallels the variation in ethanol--water solvents.
It would also be interesting to see how medium effects 
for the Li+ ion vary in alcohol— water solvents and how 
it compares with the proton.

Independent theoretically sound methods for evaluating 
medium effects for single ions based on modified redox 
functions (see section IV-F-l) should be investigated 
further. Kinetic studies might also prove useful in 
the evaluation of medium effects for single ions and 
in testing their physical reality. The area of 
estimating absolute single-electrode potentials could 
also lead to more accurate values of mY9s (37» 181).
Indeed, an accurate experimental method for evaluation 
of single-electrode potentials would provide a most 
acceptable solution to the problems of establishing
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solvent-independent e.m.f.» and ion-activity scales and 
evaluating liquid-junction potentials between pairs of 
dissimilar solvents.
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Appendix A - 1.

Densities of Ethanol— -Water Solvents, Methanol, and 
Acetonitrile at 25°C (131).

wt • -# Density
ethanol (g/ml)

0 .0 0.997077
2 .0 0.993359
5.0 0.988166
6 .0 0.986563

10 .0 0 .980434
15*0 0.973345
20.0 0.966392
25*0 0.958946
30.0 0.950672
35*0 0.941459
40.0 0.931483
45 .0 0.920850
50.0 0.909852
55.0 0.898502
60.0 0.886990
65.O 0.875269
70.0 0.863399
75.0 0.851336
80.0 0.839114
85.0 0.826596
90 .0 0.813622
95.0 0.799912
98.0 0.791170
99.0 0o788135
100.0 0.785058
CH30H 0.7865 (129)
CH-jCN 0.7767 (177)



Appendix A - 2

Dielectric Constants of Ethanol— Water Solvents*
Methanol* and Acetonitrile at 25°C (173)«

wt 
ethanol

0.0
10*0
20.0
3 0 .0

40.0
5 0 .0  

60 .0  

7 0 .0  

80.0 
9 0 .0

100.0
CH^OH
CH^CN

D
78.5
72.8
67*0

61.1

55-0
49.0 
43.4
38.0 
32 .8  

28,1 
24.3
32.63 (174) 
35.95 (177)



470

Appendix A - 3.

Viscoaity of Ethanol— Water Solvents at 25°C

wt.-?£
ethanol

Viscosi 
in mill

0.0 8.949
10.0 13.28
20.0 18.08
30 .0 22.03

40.0 23*74
45.0 23.87
50 .0 23 .68

60 .0 22 .32

7 0 .0 20 .25

80.0 17.38
90.0 14.22
100.0 11.01

(182).



Appendix B - 1.

FORTRAN Computer Program— Shedlovsky Equation.



• ................

RI..RAM. I-V... 3 6 0N - F 0 - 4 7 9  3-3 MAINPGM.. D A T F  11/17/70 T T M F  -0*5-
S I G K A = S Q R T ( S U M K A / ( G - 1 . ))
S I G 0 Z = S Q R T { S U M Q Z / ( G - 1 . )) ... n n o f t  .1 = 1 . w

68 W R I T E ( 3 , 1 0 6 8 ) C 0 N C ( J ) , Q ( J ) ,Y(J),X(J) 
F O R M A T f F I ? . S , 4 X , F R . 3 , F X , F 1? .3 ,4 X ,F 11.41

107?
W R I T E ( 3 , 1072)
F O R M A T f  /  /  3 1 H A f. T  T \/ T T V r . O F F F .  O F O R F F  O p - n  T F FOF. * OFI  TA 1 AMRDA)

7 3
DO 73 J =  1,N
W R T T F I 3  , 1  0 7 3  1 F R Q R n f . l . )  ,  GAMMA ( . 1 ) r OFI  O f .  11

1073 F O R M A T (3X,FI 0 . 4 , F 1 8 . 4 , F 17.4) 
WR TTF ( 3  f 1 0 7 0 )  XI  R! 11, XK

1070 F O R M A T {/ 1 0 X f1 4 H L A H B D A  ZERO # F 8. 3 , 5 X , 5 H K A  #  F10.4) 
I J R T T F f  3 , 1  0 7 R 1  S.lC-,07 , F T G K A

1078 F O R M A T f 1 0 X , 1 5 H S T A N D A R D  DEV. # F 8 . 4 , 4 X , 1 5 H S T A N D A R D  DEV. #F8.4) 
W R T T F (3 »10 7 1 )W p tXKD

1071 F O R M A T (l O X f 1 6 H W A L D E M  PRODUCT # F 7 .4,4 X ,5 H K D  # Ell.4) 
o n  t o  i n n

89 M P R 0 B = N D 0 N E + 1
HR T T F  ( 3 . ,  1 0 9 0 1  M P R O R  , MO YC. . .  .. . .

1090
........ . 100.

F O R M A T f 15,5 X , 15,5 X , 3 0 H  ITE RA T IO N  DIV ER G IN G // )  
MDOWF  = N n O M  F +1  .... . . . . . .

GO TO 1
-- F w n  ____  .. .............. ... ...........



  — —     :------------------------------------  :-------------------------------------------------------------------------------------------

TRAN  IV 3 6 0 N - F 0 - 4 7 9  3-3__________ M A I N P G M ____________ QA2E___ 11/12/70. TIME 2 1 . 0 5 . 5
 _________ H R I T E (3» 1009 ) ___________________________________________________________

1009 FORMAT {5 5H  C O N C E N T R A T I O N  L A M B D A  1 / L AM B DA  X S£Z< C F S3SZO
------------- N£RQJ1=Q_______________________________________________________________________

N DO NE=0
 ------------- N£XC=0------------------------------------------------------------------- -------------

SQRDT = SQRT(D*T)
_____________ A = . .U.-8?4£F,-t-.n4/( S0RQT*.*-3)--------------------- :------------------------------

A L P H A = 0 . 8 2 0 4 E + 0 6 / ( S Q R D T * * 3 )
_____________ RFTA=8P.5Q1 / .18.QRDT -l-EXAJ______________________________________________________

15 S = ( A L P H A * Q Z ) + B E T A
!_____________ CflMST = (-(-W.QZ.I *.*.1 *51# S_________________________________________!______________

D030 J = 1, N '
__________  pRnnf.ii=SQRTtr.nNr.( .n*Q(.n )___________________________________________________

Z { J ) = C O N S T * P R O D ( J )
_____________ CAMM A I .M = f Q ( .11 /Q7 I * f < f) - 5»7 < .11 +SQRT M  ..+-IQ-. 25_vZ (J ) ) **2 1.1 **2)________________

FSORD(J) = E X P ( -4 .6 0 5 1 8 * A 4 S Q R T (C O N C (J )* G A M M A (J )))
_____________ SZ(.I) = ( .5*Z( J)+SQRT( l. + ( .25*Z( J) )**2) )**2__________________________________

YlJ )= l. / { 0 ( J ) * S Z ( J ) J
  3 0 Xt J)=CONC..( J)*Q( J.I*FSQRD( J)*SZ( J)____________________________________________

SUMY=0.
_____________ SUMX~Q a_______________________________________________________________________

S U M X Y = 0 ■
______________ svim=D.'_____________________________________________________________________________

D040 J = 1,N
_____________ SUMY=SUMY+Y( J)________________________________________________________________

S U M X = S U M X + X (J )
_ _ _ _ _ _ _ _ _ _ _ _ S1MKX±5 UldXX±*LUJ_* * 2_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

40 S U M X Y = S U M X Y + Y (J )* X (J )
______________ Sh N___________________________________________________________________________________

0 E N 0 M = S U M X * * 2 - G * S U M X X
_____________ S I. nP F = f RUM X * S11M Y-fi» SI JM X Y ) / D F M 0 M________________ ;____________________________

CEPT= ( S U M X * S U M X Y - S U M Y * S U M X X  ) /DENOM
- ______ XI.P.I 1J = 1 .../_CE.R.I_________________________________________________________________

D I F F = A B S ( X L P L U - Q Z )
_____________ T F i T f l l  SXI P I  U-nTFFl 65,49, 69__________________________________________________

65 O Z=XLPLU_____________ Mr.yr.=Mr.Yr.+i__________________________________________ _________________________
I F ( M A X C Y - N C Y C ) 89,89,15

_69 . N PROB . a MDflNE + l______________________________________________________________ !__________
N C Y C = N C Y C + 1

_____________ X KD=l./( SLPPE.*XLPI.US*?)______________________________________________________
X K = 1 ./XKD

____________ W P = F T A * X L P L U _________________________________________________________________
S U M K A = 0 •

_____________ SUM07 =0.______________________________________________________________________
DO 80 J = 1 ,N

____________ CALKAt J)=( (Y( J)-(1./QZ) )*(0Z**2) ■)■/ X < J )______________________________________
CALQZfJ) = (1. + S G R T ( 1 . + 4 . * Y ( J ) * X K * X ( J ) J ) / ( 2 . * Y (  J) )

____________ r.ALYt J)=5LQPE»X( Jl+CEPT______________________________________________________
D E L O t J ) = Q ( J }— 1 ./ ( C A L Y ( J ) * S Z { J ) )

____________ D K A S Q s ( C A L K A ( J l - X K ) **2_______________________________________________________
S U M K A - S U M K A + D K A S Q

____________ D QZ S 0= (C A LQ.ZXJ1.-QZ ) *.*2________________________________________ !______________ _
80 SUMflZ=SUMQZ+DOZSQ



424

1RTRAN IV 3 6 0 N - F 0 - 4 7 9  3-3__________M A I N P G M   DATE 1 1 / 12 / 70  TIMF 21.05.
 __   C____ CQM.DUjC.IAN.CE .C A LCU-LAT-IDN .S.SMEDL 0..V-SKY .MET HO Dr_______________________________c
 ------- c-----CAJXCLLA-T-I-Ot̂ U O F - XP N C  ENT-RA-T I O-N A N D - E OU-IAMUi-N-T C O N D U C T A N C  E------------------

C
 ---- — — C----- V.A-LUE-S n F CCIMST.ANT.S F R O M - F U O S S  .AMD A G C A S  C 1N A EL F. C-IR QL-Y TIC. -CD NIL---------

C N ~ N UM B E R  OF DATA POINTS MAX CY  = M A X I M U M  NO, OF ITERATIONS
-------- C----- IOJ ^ -T O L E R A N C E  D - Q.I-EL-ECJ-R.LC— COMS-T-AALE T = ABSOLUTE. T.EMP-.-------------

C OZ = E S T IM A TE  OF L A M B D A  ZERO ETA = VIS CO S IT Y  IN POISE
________ C_____ 0  = f q h t v / a i  f m t  r.nNOUC-Tan.ce m w r  =  i nnnr.nNr_______________________________

C C S O L » COND = M E A S U R E D  C O N D U C T A N C E  * 10**6
 _______ C_____ M T S T K = W T  nE STnr.K S O L U T I ON, DWT = OFNS.I T Y. OF W F T O H T S_______________________

C W T S O L = W T  OF SOL UT I ON  PREPARED, V 1 = V 0 L U M E  OF STOCK SOLUTION USED
._______ C-. D A T R 1 = DFN S TTY OF A.TR FOR R11 f! V A M C Y m R R  FCT TOW flF STOCK-Srii 1ITTON__________

C DA IR2 = DENS ITY OF AIR FOR B U O YA N CY  C O R R E C T I O N  OF S O L U T I O N  P R E P A R E D
.________C__________________________________________________________________________________

D I M E N S I O N  0 ( 5 0 ) , C 0 N C ( 5 0 ) , Z ( 5 0 ) ,P R O D ( 5 0 ) , G A M M A ( 5 0 ) ,FSQRD(50) ,X(50) 
______________ D I M E N S I O N  Y ( S O ) . S 7 ( 50 ) . C Al. K A ( 5 0 ) ,C. Al 07(501 ,CAI Y f 50) f DEL 0(50)____________

1 W R I T E (3,1001)
._________ 1001. FORMAT ( 43 H l C n M n U C T A N C F  CAI CUI AT TON , SHF01 OVSiCY MFTHODV-/)_________________

RE AD (2 ,1 002 )
_________ 1D.Q.2— E QR.M A.T..(..5.5.td___________________________________________________________ )______

W R I T E (3,1002)
______________ READ UL, 1 01 )-MA.XaY-q.OL,-LCAL__________________________________________________

101 F O R M A T (I 5 , F 1 0 . 0 » 5 X , 15)
________________R J=AQ j[-2-, 10034-0-, 0 Z-^XfP.T.A--------------------------------------------------------

1003 FORMAT ( I5,5X,4-F10.0)
:-------------- LE(_XCAL-)-5-,.5 q ---------------------------------------------------------------

2 R E A D ( 2 , 1 0 2 ) S A M P L ,S T W T ,S T V O L ,D A I R ,DWT3
__________ LQ2-F. 0 RM AXX5E1  CUOJ______________________________________________________________

STWT = S T W T + (S T V O L - (S T W T / D W T 3 ) )*DA IR
______________ C. ST-K.s-S-A M E.L / S.T.l-U_____________________________________________________________

R E A D ( 2 , 1 0 3 ) XM W, C EL L C , C S O L , D W T ,  D S O L V » D A I R 1 , D A I R 2
__________ 103.-EQR.M AT.{-XELCUO.)--------------------------------------------------------------

C S O L = C S O L * 1 . 0 E - O 6
______________ DO— U — J. slLyN_________________________________________________________________

R E A D ( 2 , 1 0 0 4 ) W T S T K , W T S O L ,V I , C O N D
_ ___   1 O Q-4-..-Fn R M A T - U E l O  >0)______________________________________________________________

W T S T K = W T S T K + ( (V l - ( W T S T K / D W T ) ) * D A I R 1 )
:______________ i-iTs m  s H T s m  + ( 1 1 n o .-( wtsoi / m - m  ) *n A T R ?)__________________________________ __

C = ( C S T K * W T S T K / X M W ) / (( W T S O L / D S O L V ) * 1 . 0 E - 0 3 )
 ______________ cnNn=cnND*i .o f - o 6__________________________________________________________

C O N D = C O N D - C S O L
______________ Q.(J.)..= C.ELLC.*C.QNG_____________________________________________________________

Q ( J ) = 1 0 0 0 . * Q ( J ) / C
„ __________ in r.nMC(.j.i=r,_______________ ____________________________________________________

GO TO 7
______________5..0 0  s-----------------------------------------------------

READ(2, 1005)C0NC(J) ,Q(J )
 ________ 1 0,0.5— F DR.MA I-L2.E 1.CU.0)--------------------------------------------------------------

6 CONC(J) = O.OOOl*CONC(J)
------------ 7 WR, I T.E4-3 ,10 OX ) MAXC Y-, T Q W Q Z --------------------------------------------------

1007 F O R M A T ( / 7 H  M A X C Y # I 4 , B H  TOL # F 7 . 4 f23H INITIAL L A M B D A  ZERO #F6.2) 
______________ W R .IXEl7LAaOA)D-,J-,-E-TA.-------------------------------------------------------

1008 FORMAT (14H DIELEC C0NST?iSF6.2, 9H TEMP # F 7 . 2 , 11 H  VISCOS #F8.5/)
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Appendix B - 2»

Computer Program (FORTRAN) for Evaluating log (°<jCj/°̂ Q CQ) 
!̂H221 f C Q i — * and •



IRTRAN IV 36D N- F0 - 4 7 9  3 - 4

4?6
M A I N P G M DATE 0 3 / 0 1 / 7 1 TIME 18.32

IMPLICIT REAL*8(A-H, 0-Z)
C ANA LY S IS  OF S OL UB I L I T Y  0 A T A < D E T E R M I N A T I O N  OF ACT IV I TY  C OEFFICIENT)
C
C X K l i X K 2 fXK3 = A S S O C I A T I O N  C ONSTANTS* =0. IF COM PL E TE  D I S S O C I A T I O N
C A = D E B Y E - H U C K E L  A
C D = D I E L E C T R I C  C ONSTANT
C OSOLV = D E N S I T Y  OF S OL VENT
C TOL = T O L E R A N C E  (PERCENT)

D I M E N S I O N  F S Q R D ( 2 0 ) , C L 1 ( 2 0 ) , A 1 P ( 2 0 ) , B 1 P ( 2 0 ) , P ( 2 0 ) , A 1 C ( 2 0 ) , 8 1 C ( 2 0 )  
D I M E N S I O N  C L (20), P I ( 2 0 ) , XL I( 2 0 ) , A C ( 2 0 ) , C K P ( 2 0 ) , C L C ( 2 0 ) , X(2 0 ) , Y (20) 
D I M E N S I O N  A L P H A ( 20)

1 WR ITE f3 f1001)
1001 F O R M A T ( ' 1 D E T E R M I N A T I 0 N  OF A C T IV I TY  C O E F F I C I E N T  FROM S O L U B I L I T Y * ) 

READt1* 1002 )
1002 F O R M A T (55H ) 

W R I T E (3 »1002)
R E A D t 1 , 1 0 0 3 ) N , D , T » X K 1 , X K 2 ,X K 3 »D S O L V ,TOL 

100 3 FORMAT( I 5 , 5 X , 7 F 1 0 . 0 )
DO 5 1 = 1 , N 

5 R E A D t 1 , 1 0 0 5 J C K P I I ) , C L C ( I )
1005 F O R M A T ( E 1 0 . 0 , F 1 0 . 0 )

TOL=TQL*. 01 
S Q R D T = D S Q R T (D * T )
A=1.8246EV06/(SQRDT*'*3)
I F (X K l 1 54,400,10 

10 I F ( X K 2 ) 5 4 , 2 0 , 3 0  
20 I F ( X K 3 ) 5 4, 30 0 ,2 0 0  
30 I F I X K 3 ) 5 4 , 6 0 0 , 1 0 0  

C START C A L C U L A T I O N  1
100 W R I T E (3,1100)

1100 F O R M A T ( L 4 H  C A L C U L A T I O N  1/)
DO 199 1 = 1 , N 
FSQRDII) = l .
C L 1 ( I ) = C L C ( I )

C USE CL TO C AL CULATE POT AS S IU M
110 A L P T I ) = ( X K 1 * X K 3 * ( F S Q R D I I > * * 2 ) # C L 1 ( I ) ) +XK1*FSQR0(I)

B 1 P (I ) = ( X K 3 * F S Q R D ( I )* C L 1 ( I) ) + l .
P (I)=(-BI P ( I )+ D S Q R T ( ( B I P ( I ) * * 2 ) + 4 . * A I P ( I ) * C K P ( I )>)/ ( 2 .*AIP ( I))
I F (C L C ( I ) 1 5 3 , 1 19 , 12 0

119 CL{ I ) = 0.
GO TO 175

120 A 1 C < I ) = ( X K 2 * X K 3 * ( F S Q R D ( I ) * * 2 ) * P U ))+XK2*FSQRD(I)
B 1 C ( I ) = ( X K 3 * F S Q R D < I ) * P ( I ) )+l.
C L ( I )=(- B 1 C (I )+(((B I C ( I ) * * 2 ) + 4 . * A l C ( I l * C L C ( I I ) * * 0 . 5 M / ( 2 . * A 1 C ( I I ) 
D IF F=DA8S C C L 1 ( I I - C L l I ))
T F ( T 0 L * C L 1 (  IV-DIFF H 7 0 ,  175,175 

170 CL 1 ( I)=CL( I )
  GO TO 110...

175 P I ( I ) = C K P ( I ) / ( ( X K L * F S Q R D ( I ) * P ( I  1)4-1.) 
X L I l I ) = C L C ( I ) / ( ( X K 2 * F S Q R D ( l ) * C L ( I ) ) + l . )
AC ( I ) = ( P ( I ) +CL (I )+XL I ( D + P I I I  ))/2.
F S = D E X P ( - 4 . 6 0 5 1 8 * A * D S Q R T ( A C (I )))
I F ( D A B S ( F S Q R D ( I »-F SI- .0 00 1 ) 1 9 9 ,  199, 185 

185 FSORDf IT=FS



w

R T R A N  IV 3 6 0 N - F O - 4 7 9  3 - 4 ...  M A I N P G M  DATE 0 3 / 0 1 / 7 1  T I M E   18.32.
GO TO 110 __

199 C ONTINUE 
GO TO 500

C S T A R T  C A L C U L A T I O N  2
200 WRITE J 3. 1 20 0)

....... 1200 F OR M  ATTI AH CALCULATI ON 2/1
DO 299 1 = 1,N 
FSQRDI 'I''1 = 1.
C L i m ^ C L c m  

C USE CL TO C A L C U L A T E  PI 
210 A 1 P ( I ) = X K 1 # F S Q R D ( I )

81 P { I ) = XK 1 *FS QRD 11 ) *CL I ( I > — X K l ^ F S Q R D ( I)*CLC( IJ+1 .
Pit I ) = I - B IP I I )+DSQRT [ { B IP (I )**2)+4.#AIP( IJ^CKPtl ) ) J / { 2 ,*A IP11 ) )
I F t C L C t I ) 153,219,220

219 CL(I)=0.
GO TO 275

220 A 1 C ( II = X K3 *FSQRD 1 1 )
8 1C (I I = XK3 *FS Q RDt I )# P11 I )-X K 3*F S QR D {I )*C L C(I) + 1.
CL (I J = (-B 1C (I )+t 11 B1C ( I )* *2)+4.*A1C{ I)*CLC( I) )**0.5) )/(2.#AlC(I))
0 1 FF = DA8S ( C L 1 ( I ) - C L ( I ) )
I F (TOL#CL 1 { D - D I F F  ) 270,2 75,275 

270 CL 1( I ) = C L ( I )
GO TO 210 

275 A C { I > = P I (I ) + C L { I >
F S = D E X P (-4.60 5 1 8 # A 4 D S Q R T (AC 11 )) )
I F { D A B S (F S Q R D t I J - F S (-.0001)2 99,299, 28 5 

285 F SQRDt I ) =FS 
GO TO 210

299 CONTINUE 
GO TO 500

C START C A L C U L A T I O N  3
300 WR IT E (3,1300)

1300 F O R M A T (14H C A L C U L A T I O N  3/).
DO 399 1=1,N 
FSQ RD t I) = l.

310 P I { I ) = ( - l . + D S Q R T ( 1 . + 4 . * X K 1 * F S Q R D I I ) * C K P T  I ) ))/ (2 . *X K l* FS Q RD (I  ) )
Pt I)=PI( I )
XL I I I )= C L C ( I )
C L ( I) = CLC(I )
AC (I ) = ( XL I ( I)+P( I l + C L t n + P I t l  ))/2.
F S = D E X P ( - 4 . 6 0 5 1 8 * A # D S Q R T (AC ( I)) )

" I FT D A B S ( F S Q R D t I ) - F S ) - . 0 0 0 1  139 9,399, 38 5 
385 FSQRDt I ) = FS 

GO TO 310
399 C ONTINUE 

GO TO 500
C START C A L C U L A T I O N  4

400 W R I T E (3,1400)
1400 F O R M A T (14H C A L C U L A T I O N  4/)

DO 499 1=1,N
A C ( I) = C K P ( I )+ C L C (I )
Pill) = C K P (I )

499 CON TI N UE 
"".......... ’"GO" TO 500 ...........



IRTRAN IV 3 6 0 N - F 0 - 4 7 9  3-4  M A I N P G M  DATE 3 3 / 3 1 / 7 1  ..TIME...
C START C A L C U L A T I O N  5

6 0 0  W R I T E (3,16001
1 60 0  F O R M A T (14H C A L C U L A T I O N  5/)

DO 699 1 = 1 , N 
FSQRDtI) = 1.

6 1 0  Pit I ) = (-l ,+OSQRTt i.+4. * XK l *F SQ R D(  I)*CKPII) ) ) /( 2".*XK1*FSQRD ( I ) )
CL ( I) = (-l.+DSQRTt l . + 4 . * X K 2 *F SQ R D( I  )*CLCtIJ) ) / ! 2 . * XK 2* FSQRD(I) )
A C ( I)=PIt I)+ CLtI )
F S = D E X P (-4.60 518 * A # D S Q R T (A C (I )))
I F ( D A B S ( F S Q R O ( I )—F S ) — *0001 ) 6 9 9 , 6 9 9 , 6 8 5  

685 F SQRDt I )=FS 
GO TO 610 

699 CONTINUE 
500 DO 599 1 = 1 , N

X ( I ) = D S Q R T {A C t I ) )
A L P H A t n  = pi t n / C K P  t n  

599 YI I )=(D L O G t A L P H A 1 1 ) * C K P ( I )/(A L P H A ( 1) * C K P ( 1 ) ) ) )/2.3025 8 
ALPHO=PI (ll/CKPt 1 )
T0L=T0L/.01
W R I T E ( 3 » 1 0 3 2 ) N , D , T

1032 F O R M A T (4H N # 1 3 , 9 X , 1 5 H D I E L E C T . C O N S T  # F6.2 , 9 X ,1 3 H T E M P E R A T U R E  #F7.2) 
WRITEt 3 ,1033 )DSOLV,TOL

1033 F O R M A T ! 2 1 H  DENSITY OF SOLVENT # F 8 . 5 , 17X,5HT0L #F6.4)
WRITEt 3 ,1034 )XK1

1034 F O R M A T (39H A S S O C I A T I O N  C O N ST A NT  FOR E L E CT R OL Y TE  #F8.2)
W R I T E ! 3 , 1 0 3 6 )XK2

1036 F O R M A T (40H A S S O C I A T I O N  C O N ST A NT  FOR SOLVENT SALT #F8.2) 
W R I T E ( 3 , 1 0 3 7 ) X K 3

1037 F O R M A T ( 4 4 H  A S S O C I A T I O N  C ONSTANT FOR INTERFERING SALT #F8.2) ■ 
W R I T E ( 3 , 1 0 3 8 > A

1038 FORMATt 2 9H  T H E O R E T I C A L  D E B Y E - H U C K E L  A #E12.5/)
W R I T E (3,1040)

1040 FORMAT (52H S O L U B I L I T Y  C O N C S L I C L <  LOGS < S Q R T S I O
DO 42 1 = 1 ,N 

42 W R I T E t 3 , 1 0 4 2 ) C K P ( I )» C L C ( I ),Y(I I,X t I )
1042 F O R M A T t I X , E l l . 4 , FI 1 .5 , FI 5.4,F 14. 5)

W R I T E t 3 , 1 0 4 6 IALPHO
1046 F O R M A T 1 / 4 3 H  DEGREE OF D IS S O C I A T I O N  SIN PURE S O L V E N T <  #F7.4)

READ 11 , 1 0 0 0 } DUMMY
1000 F O R M A T (F 10,0)

WRITE (3,10601 ( Xt I ) , Y{ I >, 1 = 1 , N )
........ 1060 F O R M A T (F 6 . 4 , F6.4 )

GO TO 1
53 W R I T E 1 3 , 1053)

1053 F O R M A T (/45H C O N C E N T R A T I O N  OF S O L V E N T  SALT LESS T HA N  ZERO)
GO TO 12

54 W R I T E ( 3 , 1054)
1 05 4  F O R M A T (736H A S S O C I A T I O N  C ONSTANT L E S S  THAN ZERO)

12 N = N + 1
DO 14 1 = 1 , N 

14 READ 11 * 1101»
1101 F O R M A T (IH )

GO TO 1 
 ... ... ....... E ND..

18.32.



Appendix B - 3»

Least-Square-Fit Analysis for Evaluating Activity 
Coefficients (FORTRAN)»



n
o
n
 

o
o

o
o

n
n

o
o

o
DRTRAM IV 3 6 0 N - F 0 - 4 7 9  3-4 M A I N P G M DATE 0 3 / 0 1 / 7 1  T I M E

P RO GR A M  DBAKf M O D I F I C A T I O N  OF LSFTI F OR  POLYNOMIAL UP TO X**4,
INPUT D AT A  IDENTICAL W I T H  LSFTI EXCEPT THAT ALL Y IN C OL UMNS 1 TO 13, 
ALL X IN C O L U M N S  11 TO 20. PROGRAM SET TO CAL CU L AT E  X S QU ARED AND 
X C U B E D  M O D I F I E D  BY AL K I R S C H  THANK YOU  AL KIRSCK
....... P R O G R A M  LSFTI— - TO LEA S T- SQ U AR E S- FI  T DATA ON I N D EP E ND E NT

VARIABLE Y INTO A FORM
Y = A*X1 + B*X2 + C*X3 + ... + E*X5 

WHERE XI,X2, ETC. ARE I ND E P E N D E N T  V A R I A B LE S  .
DOUBLE PRECISION Y t 50 I,E Y < 5 0 I,XI 5 0 , 5 I,A (5),EI NT I 5 I ,E E X T I 5),

1R ECO R D {36)
CALL SETCLKt 51

1 R E A D ! 1,1001 ) I NO ,N I ,N P,IFPT,IFSE, IDATA
1001 F O R M A T (613 I

I F t I N D + 9 I 500,2,500 
500 CALL EXIT

2 R E A D ( 1, 1002 ) ( R E C D R D ( I ) ,1 = 1,36)
1002 F O R M A T !1 2 A6 )

W R I T E (3, 3001 It RECORD I I 1,1 = 1,12 1 
3001 F O R M A T ( 1H112A6)

W R I T E (3, 1002 I(RECDRDt II, 1 = 13,36)
I F t I D A T A )5 , 5 ,3

3 DO 4 1=1,NP
THIS IS M O D I F I C A T I O N  OF LSFTI FOR POLYNOMIAL.

4 R E A D t l , 1 0 0 3 J Y t l l , X ( 1,21
1003 F 0 R M A T ( 2 F 1 0 . 5 i  

DO 5555 1 =1 , NP 
X ( I , 1 1= 1. 000000

5555 E Y t 1 1= 1. 0 0 0 0 0 0  
DO 5556 1 1 = 3 , NI 
JJ=II-1
DO 5556 K K = 1 ,NP

5556 X ( K K , I I ) = X ( K K , 2 ) * * J J
5 CALL L S F ( Y , E Y , X , N I , N P , I F P T , I F S E , A , E I N T , E E X T )

GOTO 1
END
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3RTRAN I V 360N-FO-479.. 3-4 LSF  DAT E  3 3 0 1 / 7 1  TIME  18.
............  S UB R O U T I N E  L S F ( Y , E Y , X . N I , N P , I F P T , I F S E , A , E I N T , E E X T )  .....

C L S F - P R O G R A M  IN FORTRAN IV FOR B.C. C O M P U T E R  ( IB M 3 6 0 / A O  WITH
C 32K MEMORY). IN THE LIST OF ARGUMENTS ABOVE, Y T H R U  IFSE ARE
C INPUT TO THE SUBROUTINE, AND  THE LAST 3 ARE OUTPUT.
C MAX. NUMBER OF EXPT'L PTS IS 50.
C Y ( I > = D E P E N D E N T  VARIABLE, I-TH POINT.
C EY( I) = D E V I A T I O N  ON Y ( I )
C X(I,J) = J-TH INDEPENDENT VARIABLE, I-TH PT. J UP TO 5.
C NI NO. OF INDEP. V A R I A B L E S .
C NP NO. OF EXPT'L PTS.
C IFPT = 1 IF X(I,J) ARE TO BE PRINTED.
C IFSE = 1 IF THE S I M U L T A N E O U S  EQN'S A R E  TO BE PRI NT E D.
C A (J ) = J-TH B E S T- F IT  C OE F F I C I E N T .
C E I N T (J )= INT ER N AL  DEVIATION ON A(J)
C E E X T (J )= E X T E R N A L  DEVIATION ON A U )

D OUBLE PRECISION Y {50) ,E Y( 5 0 ) , X ( 50 ,5),A ( 5 ) , E IN T ( 5 ) , E E X T I 5 ), W ( 50>, 
I P ( 5 , 1 0 ) , Q ( 5 ) , 8 ( 5 , 5 0 ) , SC 5 0 ) ,E(50) ,DC(50)
D I M E N S I O N  N G (2)
I F ( IFPT)3»3,1

1 WRIT E (3,3001)
3001 F O R M A T ( / / 7 9 H 0  I X(I,1) X I 1,2) X(I,3) X

1(1,A) X (1 ,5 ) I)
DO 2 1 =1 , NP

2 WR I T E (3 , 3 0 0 2 ) I ,(X (I * J ) ,J = 1 , 5 ) , I
3002 F O R M A T ( I 5 , 5 F 1 A . 8 » 14)

3 DO A 1 =1 , NP
4 W( I ) = 1 . O D O / E Y d  )**2 

DO 6 J= 1,NI
DO 6 K= J , NI 
P (J ,K j = 0 • ODO 
DO 5 1 = i ,NP

5 P ( J , K J = P < J , K ) + W ( I > * X ( I , J ) * X ( I , K )
P(K , J)=P(J,K)

6 C O N T I N U E  
N I1=NI+1
DO 11 J = I ,NI 
DO 11 K = N I 1,10

11 P (J ,K ) = 0.ODO 
I F( IF S E ) 1 2 , 1 2 , 7

7 DO 9 K = 1,NI 
Q ( K ) = 0 .000 
DO 8 1 = 1 , NP

8 Q ( K )= Q (K ) +W (I ) *Y (  II*X( I,K >
9 C O N T I N U E  

W R I T E (3,3003)
3003 F 0 R M A T ( / / 5 7 H  THE S I M U L T A N E O U S  E QU ATIONS F OR  C O E F F I CI E NT S  A (J I FOLL 

10W. )
WR I T E (3,3004)

300A F O R M A T ( / / 1 10H * A (1) *A(2) *A(3)
1 *A(4) *A( 5) = CONSTANTS)
DO 10 K=l,NI 

10 W R I T E ( 3 , 3 0 0 5 ) (P(K,J),J=L ,5 ) ,Q (K )
3005 F 0 R M A T ( 2 X , E 1 5 . 8 , A ( A X , E 1 5 . 8 ) , 5 H  =E15.8)

12 NG( 1 ) =NI ........
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1RTRAM IV 3 6 0 N - F O - 4 7 9  3-4 LSF DATE 0 3 / 0 1 / 7 1  . T I M E ... 18.29

N G ( 2 )=-l
C A L L  GAJ03(NG,P)
DO 14 J=1,NI 
JA=J+NI 
DO 13 K=1,NI

13 P ( K »J ) =P I K, JA )
14 C O N T I N U E

DO 16 J=1»NI 
DO 16 1=1,NP 
B (J , I ) = 0.ODO 
DO 15 K = 1 ,NI

15 B ( j , I ) = B ( J , I ) + P ( K , J ) * X ( I , K )
16 C O N T I N U E

DO 18 J = 1 ,NI 
A ( J ) = 0 .ODO 
DO 17 1 = 1 ,NP

17 A(J) = A (J )+8(J,I)*W(I )*Y(I)
18 EI N T (J ) = D S Q R T ( P < J , J ) )

DO 20 1=1,NP
S ( I ) =0 . ODO 
DO 19 J = 1,NI

19 s i n = s ( n + A { j ) * x i i ,ji 
E lI)=Y( I)-S( I)

20 DC 11) = E ( I )/ E Y I 1 1 
AK=NP-NI
A J=0 *0D0 
DO 21 1=1,NP

21 AJ=AJ+W( I ) * E U ) * * 2  
DO 22 J=1,NI

22 E E X T (J ) = D S Q R T I A J * P (J , J)/AK)
W R I T E ( 3, 3 00 6)

3006 F O R M A T ! / / / /80H C O M P A R I S O N  OF INPUT DATA WITH THE BEST-FIT C UR V E  FO 
1LL0WS. R E S I D U E  = Y(I) - LSF)
W R I T E (3,3007)

3007 FOR MA T  I//62H I INPUT Y(I) INPUT EY(I) RES I DUE/EYI I » Y FROM 
1 LSF I)
DO 23 1=1,NP

23 W R I T E ( 3 , 3 0 0 8  ) I,Y(I ) ,EY(I),DC{I),S( I ) , I
3008 FORMAT!I 5 , F I 2 . 6 , F 1 3 . 6 , FI 3 . 3 , 3 X,FI 2 . 6 , 14)

.............  W R I T E (3,3009)
3009 F O R M A T (////74H THE L E A S T - S Q U A R E S  FIT C O E F F I CI E NT S  AIJ) AND INT. 6 

 ..........  1 EXT D EV IA T IO N S  FOLLOW.)
W RI TE ( 3, 3 01 0)

3010 F O R M A T t / / 4 5 H  AIJ) INT.DEV. EXT.DEV.)
DO 24 J=l,NI

24 W R I T E ( 3 , 3 0 1 1 )A(J),EINT!J),EEXT(J)
3011 F O R M A T ( / 8 X , E 1 2 .5,E 1 3 . 4 , E 1 3 .A )

R ETURN
END
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IV 3 6 0 N - F Q — 4 7 9  3-4 GAJ03 D A T E  0 3 / 01 /7 1   T I M E .

S UB R O U T I N E  GAJ03 T N G , AMAT J ... ......
CGAJD3 THIS IS A M O D I F I C A T I O N  OF GAJ03 O R I G I N A L L Y  WRITTEN BY S. EHREN 
C - S O N  IN FORTRAN II AND IS TO BE CALLED BY L S F A M .

D O U B L E  PRECISION A M A T (5,10), A 
D I M E N S I O N  N G ( 2 ) , K1C ( 5)

1 N S 1= 1
00 17 N C = 1,15 
N = N G  ( NC )
IF(N) 12,12,6

6 M = N + 1
I F (N G ( 2) )2,3,3

2 K = 2 * N
DO 5 1=1,N 
L= I + N 
DO 4 J=M,K

4 A M A T  I I, J)=O.ODO
5 A M A T ( I ,L>= 1 .ODO 

M =K
3 N S N  = NSl+N-i 

DO 9 L = 1,N 
A = 0 .ODO
DO 7 K= 1,N
1 = K+ NS1-1
I F (DABSf A M A T ( I » K ))- D A B S ( A ) )7,7,B

8 K1 = K
A = A M A T ( I,K 1 )

7 C O N T I N U E  
K 1 C ( L)=K1 
K2 = K1 + NS1-1
DO 9 I=NS1,NSN 
IF ( I - K 2 ) 1 0 , 9 , 10

10 DO 11 J = 1 , M 
00 13 L 1=1,L
IF (KlC(Ll)-J) 13, 11.13

13 C O N T  INUE
IF (K ) 14 , 14,15 

15 A M A T ( K 2 , J } = A M A T I K 2 , J ) / A
14 AM AT ( I , Jl =AMAT ( I * J I — AMAT ( I »K1)*AMAT ( K2, J )
11 C O N T I N U E  

K=0
9 A MA T t  I,K1) = 0.0D0 

17 N S 1 = N S 1 + N
12 R E T U R N  

E ND

18.30,

GAJOO
GAJOO
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