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SUMMARY

Conductivities of KCI and KBr have been measured,at 25oC in
80t, 6Ot, 4OZ and 2OZ water/N,N-dimethylformamide, DMF, mixtures

and KCI in a 31% water/DMF mixture. /\o for each electrolyte-solvent
system was evaluated with the full Pitts and the Fuoss-Hsia conduct-

ivity equations. tf the electrolytes \dere assumed to be non-

associated, the d.ista¡rce of closest approach of the ions, the a

parameter, \^ras found to systematically d.ecrease with decreasing

solvent dielectric constant, D, more rapidly in the case of the

Pitts than the Fuoss-Hsia theory. This observation suggested that
ionic association was responsible. Upon the basis of the Fuoss-

Hsia theory the electrolytes were subsequently found to be slightly
associated in DMFr/water mixtures. The Fuoss-Hsia theory for the

associated case returned reasonable values for a but this quantity
still was found to depend upon the value of D - a increasing with
decreasing D. Computing the mean ionic activity coefficient with
the Debye-Hückel equation rather than the Debye-Hückel liniting law

reduced, but did not eliminate, the depend.ence of a on D. No

physical significance r^ras attached to this last depend.ence.

Cationic transport numbers of KBr were measured in 80%, 60t,
40s a¡rd 2OB and KCI in 40? water/Dl4F mixtures at 25oC thus permitt-
ing the evaluation of individual ionic conducÈivities in this
solvent system. The limiting equivalent conductivities of the K*

ion, Ào*+, derived from KBr a¡rd KCl in a 4Ot waterr/oMF mixture were

found to be equal within O.I2z.
The Stokes radius of the K+, Cl- and Br ions in water/DMF

mixtures have been computed. In addition, Èhe dependence of the

Stokes radius of the K+ ion and lo*+ upon solvent composition in
aqueous mixtures of ethanol, methanol, tetrahydrofuran, dioxane,
iso-propanol and acetone have been examined. On the basis of current
models there is no evid.ence to suggest that the passage of an ion
through the solvent induces the phenomenon of the dielectric
relaxation of the solvent. Also there appears to be little



correlation between cha¡ges in the viscosity of a solvent and I

There Seens to be, however, a greater correlation between volume

chang:es in the solvent system and Ào*+. ln the region of pure water

the larger depression in 
^o**, 

from its value in water, is brought

about by the added non-electrolyte having the larger molecular size'

A qualitative explanation is given for this observation on Èhe basis

of current proposals relaÈing Èo the effect of added non-electrolyte

upon the structure of liquid water-

Densities of KCI and KBr in DMF/water mixÈures !úere measured in

order to convert the molality of an electrolyte solution to its

corresponding molarity. Root's equation is also demonstrated to

describe Èhe concentration dependence of the densities of these

electrolyte solutions. In addition, extensive density data for

DMF/water mixtures are also repoÊed.
procedures for the evaluatíon of the kinetic enerqy correction

coefficient of capillary kinematic viscometers have been examined

in this research. The kinetic energy term for a long-flared'

Ubbelohde viscometer I^Ias shown to be negtigible for flow times

corresponding to waÈer between Oo and 6ooC- Consequently, by

neglecting this correction term, the viscosity of water in this

temperature r¿rnge has been evaluated to a precision of better than

0.18, the values obtained being based solely upon the absolute

viscosity of water at 2OoC. The determination of the insÈrument

constaf¡ts of a second viscometer with which the flow times oL DME/

water rni:çtures had been measured was made by utilising the values

for Èhe viscosity of water obtained in this research. Hence the

viscosiÈies of the DMF/water mixtures reported in this thesis have

a precision of beÈter than 0.Iå.
This research is, in part, a continuation of a previous study

by the author of this thesis in which the d.ependence of Èhe energy

of activation for the conducta¡rce process, Ed, upon density changes

in aqueous solution in the vicinity of the maximum density of the

solution were exarlined. Conductance data for an aqueous 0-001N

CsCl solution between Oo a¡¡d IOoC are presented. The temperatr:re

o +.
K



d.ependence of Ea for this salt d.ecreases linearly with temperature

in the region in which the density of the solution attains its

maximum value: that is, Ea is independent of the influences which

give rise to the maximum density of the solution. This finding

corroborates those of the previous research in which Ea for the K+

and Cl ions at infinite dilution and at a finite concentration

were also shown to be independent of density changes in the system

with tenperature. Using the previously reported conductance data

for aqueous KCl solutions, Ea is shown to be concentration

dependent for Èhe K+ and cI ions and, in addition, Ea for the cl

ion is greater than K+ at infinite dilution a¡¡d at a finite

concentration.
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GLOSSARY OF PRTNCIPAI SYMBOLS

These slzmbols are applicable to the entire thesis - others are

defined. Iocally ar¡d their significance is restricted to the chapter

in which they appear.

Ar' A2 Coefficients of the Root eguation.

The distance of closest approach beÈween ions.
Coefficient of ion-size term in the Debye-HückeI theory.
Coefficient of the relaxation term of the Robinson and

Stokes conductivity equation.

Coefficient of the electrophoretic term in the Robinson and

Stokes conductivity equation.

Concentration in equivalents per 1OOO cm3 of solution
nonnality.

The principal coefficient of the Poiseulle-Hagenbach

equation in the theory of viscometry.

Dielectric constant.

a

B

B I

In chapter I and equa tion 3.6 - the differential , while in
the remainder of the thesis - density.

Bz

c

D

d

E

F

f.

K

EXP

Ka

KSP

k

log

1n

M

The FOI{IR.AN notation used to denote the exponent in the

tables of this thesis, ê.9. 10-6 = E-6.

The exponenE, e.

The protonic charge.

The Faraday.

The mean rational activity coefficient.
Ttre kinetic energy correction coefficient in the theory of

viscometry.

Ítre association constant in the ttreory of conductivity.
Specific conductance.

Boltzmannrs constant.

Logarithms to ttre base I0.
Logarithms to the base ¿.

Concentration in moles per 1OO0 .*3 of solution - molarity.



m

N

N

o

R

T

t+'

Concentration in moles per I Kg of solvent-molality.
Concentration ih equivalents per 1OOO cm3 of solution-

normality.
Avagadro numberr.

rOf the order of'.
The gas constant.

AbsoluÈe temperature.

Transport or transference numbers of cation and anion

respectively.
Algebraic valencies of cations and anions respectively.
Fraction of solute existing as non-associated ions.
The difference between the experimental value of the

quantity U and that computed. from an empirical or
theoretical equation.

Partial differential.
Viscosity.

Quantity proportional to the square root of ionic strength.
The equivalent conductance of an electrolyte.
The equivalent conductivitíes of anion and cAtion

respecÈiveIy.

Summation.

The standard error of Èhe fit of the data to an empirical
or theoretical equation.

The standard error of the coefficient U.

Resistance, ohms.

+U

zr' '2
Y

ôu

d

n

K

^
¡.

I
ú

ou

CI
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General Introduction
In tt¡e study of electrolyte solutions Èhat of conductance is

unique, because tt¡e measured conductivity can be explicitly divided
into anionic a¡rd cationic conÈributions witl- transport nr:¡nber data.

This situaÈion may be contrasted with viscometric studies in which the

B coefficient of the Jones-Dole equation is divided into its
ind.ividual ionic contributions on an arbiÈrary basis (1). In
activity coefficient studies, the quantity that is measured is a

mean property of the cation and anion; individual ionic activity
coefficients cannot be measured experimentally (2) . Vrlhen spectros-

copy is employed in ttre study of ion-solvent interactions, the

results obtained are complicated by the presence of ion-ion inter-
actions as the neasurements must be carried out at concentrations of
electrolyte at which the strength of ion-ion interactions are

considerable (3). However, by evaluating individual ionic
conductivities at infinite dilution, the effect of ion-ion inter-
actions is eliminated- Since limiting ionic conductivities depend

solely upon the strengttr of ion-solvent interactions (4), conductiviÈy

measurements thus provide an unique means of research in the

investigation of the variation of ion-solvent interactions with
solvent properties.

The properties of the solvent can be varied in a nurnber of ways

two of which were employed in Èhis research. A series of pure liquids
may be chosen as solvents and measurements made at constant ternpera-

ture or, alternatively, a single liquid may be employed at varied

temperatures. In tJ..e latter instance, a study could be made of the

dependence of conductivity on the structure of tlre solvent as inter-
molecular associations are sensitive to temperature changes.

Alternatively a mixed solvent could be employed, the components of

which are chosen, so that a series of solvents are prepared with
particutar properties, such as a large charge in viscosity compared

with dielectric constant or the reverse as the cornposition of the

solvent is varied. The strength of intercomponent interactions can

also be varied by the choice of suiÈable components for the mixed
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solvent.
At 4oc tfie well known maximum density of water is exhibited.

On the basis of models that have been proposed for liquid water (5)

(6), ttris is interpreted as being due to structural changes occurring

near this temperature. Horne and co-workers (7-13) reporteC that

the Arrhenius activation energy for the conducÈance process of some

electrolytes but not others attained a maximun in the region of the

maximum density of ttre solution. An earlier study (r4) by il-te author

of this Èhesis found that ion-solvent interactions of K* and Cl ions

in Èhis temperature region 1¡7ere independent of the influences which

gave rise to the maximum density of water. These findings were

corroborated by a concurrent study of KCI at a finite concentration

in the temperature regíon of -loc to lOoC. This last result for KCI

is contrary to Èhat reported by Horne et al (7) (8) (9) for this

salt. The present research is, in part, a continuation of that

already undertaken, as it reports the experimental findings obtained

from a study of a cscl solution. Horne et aI (t0) have reported that

this salt extribits a maximum in the energy of activation between Oo

and 9oc.

The most extensively studied solvent property and its relation-

ship to conductance has been t].at of solvent viscosity. one proposed

relationship is Waldenrs Rule - Àon is constant. ìa t= conceded that

compliance with this relationship is the exception rather than ttre

rule (I5). In some systems the fÙa1den product increases, while in

others it decreases with changing solvent composition. In this

research, the last dependence on solvenÈ composition and the

explanation for its occurrence proposed. by Fuoss (15) is of prime

interest. Fuoss explained this observation by suggesting that the

ions were moving in a medium of greater viscosity-rather than in one

defined by ttre macroscopic viscosity of the pure solvent - as a result

of ion-solvent interactions between ttre ion and the dipoles of the

solvent molecules. Fuoss proposed an empirical relationship based on

heuristic arguments describing the dependence of the stokes radius of

the ion, R, on the dielectric constant of the solvent' D, Èhus -
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R=R
@

St+ rD

k¡here R- is ttre stokes radius of the ion in a solvent of inf,inite
dierectric constant in which el-ectrostatic forces are absent. Boyd

(16) (17) and Zwanzig (1e) (19) later confirmed. theoreticaJ-Iy Fuoss's
arguments and. evaluated tJ:e terms comprising the coefficient., S, and

found that it was related to the dielectric relaxation time of the
solvent.

Several interesting papers by Justice and Fuoss (2O') a¡rd Treiner
and Justice (2I) Ied to a study by I'lewett (22) and to the major topic
to be discussed in tfiis thesis. These authors (2O) (2l-) reported
that the coefficient S for the K+ ion in aqueous solvent mixtures of
glycine, S-alanine and d.ioxane was identical. Hence tl.ey proposed

that a single ion initiated solvent relaxation process was corffnon to
ttrese solvent systems - that of water molecules. ft was also con-

cluded that tTre added component did not participate in the rel-axation
process. However, the conclusions of Justice et al (2O) and Treiner
et aI (2L) are based upon ttreir assumption that transport numbers

are independent of solvent composition. The glycine/water resufts of
Justice and Fuoss (20) were re-examined by Mewett (22) who found S

for ttris system was not equal to that for d.ioxane/water, when ionic
conductivities for KCI were evaluated with transport nuniL¡er data.
Scrutiny of the literature reveals from the work of Steel and. Stokes

(23) (24) , Erdey-Gruz et al (25-30) and. Fredriksson (3t) that transport
numbers are not independent of solvent composition, even in the
dioxaner/water system (29). Consequently, wherever possible, ionic
conductivitíes have been computed wittr transport number data in this
research.

In the Fuoss-Boyd-Zwanzíg model, EBZ, the significance of the

coefficient, S, is two-fol-d. Firstly, it is relaÈed to the solvent
relaxaÈion tirne sínce the passage of the ion through the liquid
induces the solvent relaxation phenomenon. Secondly, as a result of
ttre electrostatic interaction between the ion and the dipoles ionic
motion is retarded to a greater extent than predicted by Stokes law.

Therefore S should be related and, in turn, be relatable to the

1
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strength of solvenÈ-solvent and ion-solvent interactions. Examin-

ation of ttre literatr¡re reveals that no study has yet been made of
the relaÈionship beÈween the strength of solvent-solvent, defined by

the values of the relaxation times, and ion-solvent interactions
defined by ionic conductances and Èhe coefficient, S, for an ion in
a nr¡riber of mixed. solvents. In this research this point has been

exarnined by evaluating S for the potassium ion in aqueous mixtures

of N, N-dimettrylformamide (DMF) , ethanol , mettranol , aceÈonen iso-
propanol and tetrahydrofuran. Conductances of KC1 and KBr togetJrer

with transport numbers of the potassium ion were measured in Dlr¡F,/water

mixtures. Values of Àoa+ in ottrer aqueous solvent mixtures were

computed from literature data. The full Pitts (32¡ (33) and Fuoss-

Hsia (34) conductivity equations were employed to evaluate l\o for KBr

a¡d KCI in DMF/water mixtures. Since S depends upon the magnitude of

ion-solvent interactions, the DMF/water system is particularly

interesting, as Fratiello and. co-workers (35-37) have reported in

threir numerous N.M.R. studies that cations interact strongly witJ. DMF

in aqueous mixtures.
Originally this research \^¡as concerned with the conducta¡rce and

transport nu¡nbers of KCI and KBr in aqueous mixtures of formamide and

DMF. The amides are a particularly interesting series of compounds

because, by successively sr:bstituting the amide hydrogens with an

alkyl group, a series of molecules, e.g. N-methylformamide, formamide

and DMF, are obtained which differ dramatically in their physical

properties, e.g. viscosity and dielectric constant. This last

property is explained in terms of the liquid structure and the degree

of mutual orientaÈion of the molecular dipoles (38-42) - being

greatest fe¡ g-methylforrnamide and intermediate for formamide and

least for DMF. For the last liquid the dipoles are described as being

chaoÈically orientated (42) showing that the liquid possesses tittle

structure. In contrast water and formamide are complex liquids, the

tast having a nr:rnber of different types of intermolecular associations

co-existing in the Iiquid state (38) (42). Of interest is the

influences that structural changes, which occur when DMF or formamide
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is added to waterr maY have upon ionic transPort. Similar reasoning

applies !ühen water is added to formamide. Hence this research is' in

part, a continuation of the study of ionic conductance in the region

of another proposed structural change - h¡ater in the vicinity of

4oc.
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Introduction

"¡4odern" theories relating to Èhe propertíes of electrolyte
solutions, such as, activity coefficients and conductance, have

as their common found.ation, the evaluation of the ionic atrnosphere

potential due to Debye and Hückel.
1.1 Debye and Hückelrs Expression for the PoÈential
(a) The Ionic Atmospherê

Debye and Htickel evatuated the electrical potential rþ at a

point in the solution by using Poissonrs equation for Èhe electrical
potential, and Boltzmannrs expression to describe the ionic
distribution about this point.

In the absence of external forcesr e.g. an electrical field
as in conductance, the solution around the central ionrj, can be

considered as a series of spherical she1ls at varying d.istances

r from tåeir coInmon centre, this ion. On a time average basis,
upon whi-ch this model is based, these shells will contain more

ions of opposite charge to the j ion; that is, each shell
will have a nett charge of opposite sign to j. Invoking the
condition of electrical neutrality for the system, the sr¡n of the
nett charge on each shell for the system must be equal and

opposite to the j ion's charge.

1.1 (b) Distribution Functions

Debye and Hückel used the Boltzmann expression (I) 1.1 to
relate the average local concentration of ionic species i, r'i,
to its bulk concentration, Di,
of the i ion z. er|. thus

and. the electrical potential energy

e{-zI

n. = ¡1 .rl_ EXP
l_ )

KT

EXP

1.1

I.2

The charge density t git at arty point in the system whose centre
is the j ion, is thus related to the potential üj ot the forlowing
relationship. z.e ,ll .a 'lo. = I n. z. eJ+T-II

KT



11

Equation 1.2 can be expanded as a series:-

f".. r¡.1 t7.z.e [r.e,¡.1
o. =Tn.z.e -In.z.e I t ll + T r r- I t ll1 L r-r ¿ rr- 

L kr J "T L kr 
-l

2

I
z.e tþ.r- 'l

3

+ 1.3
KT

If we assume that the electrical potential energy of the majority
of the i ions, ,í" rf, is small compared with their thermal energy
kr, then the tt¡ird term of 1.3 can be neglected. This approximaÈion

is justifiable in dilute solutions where the separaËion between

the majority of the i ions and Èhe reference ion j is large.
This approximation becomes more reasonahle for slzmmetrical

electrolytes, since even po\¡rers of the potential vanish.
Finally, it can be stated that the assr-unption in question is not
justifiable for i ions close to j with triri = O, the electrical
neutraLity condition, and if kT Þ> z e új 1.3 sirnplifies to

I

3

zn 2
i

2e U.,J

J
\.4

1.4, unlike equation 1.2, is consistent with the principle of
linear superposition of fields, that 's pj being directly
proportional Èo rf . .

The approximate distribution functions used to reconcile
the exponential Boltz¡nann function, equation l.l, with the
principle of linear superposition of fields are as fo1lows.
Firstly, for unsymmetrical electrolytes equation l.5a is used,
while for slzmrnetrical electrolytes an additional term ca¡r bè

taken in the expansion of the Boltzman¡r function because the
third term in the expansion, 1.3, of the oçression for the charge
density is zero. Equation 1.5b is thus a better approximation
to the original function 1.1.

p -I I

KT
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n. =n.t-r I-
z.e 1l).r 'l

KT

1.5a

1.5b

1.6

1.7

1.8

l_.9

KT

I z.e ú.
I- L l + I

2

2z.e
l- l)j

n.
t-

KT

1.I (c) The E:çression for the Potential

PoÍssonrs equation for the case of spherical syrmnetry,

relatÍng ttre charge densityr p, ât a poi.nt to the point's
potenÈ,ia1 t|l, can be written in the form (1):

Id
Ê dr

B¡r substituting the linear equation, 1.4, for p

latter becomes

to 1.6 thej

1d
2

T dr

where
2 2

4ne Xn z
L I

DKT

It can be shown (Ì) that the solution of L.7 is

1, = A* E]KP (-rr) + B* EXp (rr)j
r t

Íhe evaluation of the constants A* and B* is achieved by
invoking two boundary conditions (2) and, having substituted
the resurting o<¡rression for A*, B* being zero, into eguation
r-9' the resulting, equation L.10, is Debye and Hückelrs equation
for the time averaged potential, !i, at a itistance r from the

[+]
2=K új

2
K
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j ion in the absence of exÈernaL forces

z.e
ú= = I exp (ra) Exp (-rr)J -õ- r+r(a t

The expression for the potential l.J-O and those for
Boltzmarm's distribution 1.1 and its approximate forms 1.5,
are the starÈ,ing points for the d.iscussion presented here,
limited though it rnay be, on act,ivity coefficients and.

electrical conductance.

I- 10

I.2 Activity Coefficients
rn many systems in which conductance measufements are

rnade, activity coefficient determinations have lret to be

reported. Therefore, an expression is required thaÈ wilr
yield reasonable values for the activity coefficient, f!,
in the concentration range of interest. some expressions for
ft will now be examined. with Èhis in mind.
J..2(a) Ttie Debye-Htickel Expression for the Mea¡ fonic

Activity Coefficient
The potential {ï at, a disÈance r fron the isolated

reference j ion is (3)

ú
ll l 1.1r
fDr

Again invoking the principle of linear superposition
of fields, the potential rp, can be split into two terms; one'l
due Èo the isorated j ion, 1.1-r, the second due to Èhe remaining
ions in the system, tl,]. ThaÈ is, the potential d.ue to thelj ion's atrrcsphere

r{ri = ú" + û' L.I2
'jj

coubining of equations 1.f.0, l.It and 1.I2 leads to

ez
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ú
'j" E:KP (ra¡

EXP (-rr) -I
1+Ka

Ît¡e effecÈ on the potential of the central ion due to the
rernaining ions in the system can be gauged by setting r = a
in 1.13 which becomes,

z.e
¿-

D
û.'l

L+Ka

l
2DkT I+Ra

Since f. cannot be experimenÈally deÈermined, it canl
be replaced by fù, the ¡nean rational activity coefficient (3).

1.13

1.]-4

1..]-s

1.16

Dr

K

The result of Èhe interaction of the j ion with its neighbouring
ions is t'o red,uce the electrical energy of the j ion. This
reduction is given by the product of the j ionrs charge and
the potential due Èo the remaining ions in the system given
by equaÈion f..l-4. rt ís assurhed that in the absence of these
interionic interactions the electrolyte solution would. exhibit
ideal behaviour hence the rational activity coefficient for the
j ion, f., may be expressed in the following way (3)

J
2 2

-lnf
z.
l e

= -l'a 
zrl"2

Lnf-
È

It, can be stated
diluÈe solutions

K

2DKT 1+Ka

that by equating (l+rø)g,1, that is for very
equation 1.16 reduces to the Debye-Hticke1

limiting law (3).

f.2 (b) Discussion of Expressions for the Activitv Coefficient, f +
IVith regard to equaÈion 1.16, w:ithin the concentration

range of its varidity, agreement between experimentar and predicted
varues of f* is somewhat dependent upon the value assigned to
ø(3). llo be frank, although d is meaningfut from a theoretical
point, of view, in practice it is determined by "curve fitting
criteria". However, r.16 has two important features: firstly,
the order of magnitude of a is known (3) ãnd, secondly, the
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functional f'orm of this equation is also known (4).

The realm of applicability of equation 1.16 can be

extended by the addition of further terms, for example, a linear
term in concentration (3) (4). The coefficients of the

additional term(s) in concentration are determj-ned by fitting
ttre experimental data to the equation in question- It is more

logical, therefore, to restricÈ the activity coefficient expression

1.16 to the region of known behaviour (4), that is, disregarding
the higher terms in concentration.
1.3 The Distance of Closest Approach

(a) Activity Coefficient Expressions

It has already been stated thaÈ individual ionic activity
coefficients cannot be deternr-ined experimentally: rather the

measured quantity is regarded as being a mean property of the

anion and cation. By analogy, therefore, the same a-rgument coul-d

be applied to the distance of closest approach that appears in the

mean ionic activity coeffícient expression 1.16. That is, a

separation between the centres of anion and cation that can be

expressed in terms of their ionic radii.
1.3 (b) The Theory of Conductivity

It is convenient to discuss at th.is point the distance
parameterts role in some theoretical models proposed by others
to describe the phenomenon of electrolytic conductance.

The a parameter must be considered from the theoretical
and experimental viewpoints. In the first instance, iÈs function
is well defined - it is the quanÈity that is involved with some of
the boundary conditions, invoked for the evaluation of the constants

of integration for the equations, related to expressions for the
potential (5). However, from the second viewpoint¡ experimentalty
the order of magnitude of a is known, but its value is determined

by comparing the theoretical function of the concentration
dependence of A wítJ: that determined. experimentally. Hence,

to some degree t o, }:as the role of a "curve fitting parameter".

The read.err s attention has alread.y been d.rawn to the similar case
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of the activity coefficient expression 1.16. Further,
returning to ttre case of conductance, Èhe magnitude of ø

determined by such a procedure is dependent, for a given system,

upon ùhe model used, which also effects the interpretation given
Ðo a. Our attention now focuses upon the latter poinÈ.

Boùh the Fuoss-Onsager (6) ana piÈts (7) treatments
regard a as being Èhe disÈance separating the centres of
rigicl charged spheres in contact, their so-ca1led cotlision
diameter. It is also relevant to compa.re their interpretations
of the hydrodynamic radii of the charged spheres used. in
their hydrodyna:nic models. First1y, Pitts (8) regards the two

distance quanÈities as being basically independent, the
hydrodynarnic radius in his model being approximated by the
Stokes radius. Fuoss (9), on the other hand, equates the
average hydrodynamic radius of the two ions with their coltision
diameter, 4.
L.4 ContribuÈing Terms to a Conductar¡ce Equation

So far discussion has been concerned with a system

unperturbed by external forces. !{e shall now discuss such a

force, an electric fie1d.
f,}re principal experimental observation related to the

conductance of an electrolyte solution is that 
^, 

the equivalent
conductance of an electrolyte solvent system, decreases with
increasing concentration. The problem has been, and still is,
to account theoretically for this observation (l_0), alÈhough

advances have been mad.e in this respect (7) (1f) .

Various contributing terms have been proposed. Èo

account for the concentration dependence of Â, namely, the
electrophoretic effect ÀÀ, the tine of relaxation effect
*/*, an os¡uotic term o'/", a viscosity term (1 + Fc) and

ionic association represented by the fraction of solute that
exisÈ,s as non-associated ions, y, in the symbolic equation 1.17.
Sr¡nmarieed in this equation are these terms together with /1.0,

the limiting equivaÌent cond.uctance.
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Â = y (Â0 + AL) (1 + Axlx + LP/x) (1 + Fc) I. J-7

Ionic association will be considered later; in the interim,
complete dissociation wiII be assumed i.e. y : l-.
1.4(a) The Elss¡rophoretic Effect

The atmosphere is considered to be a series of spherical
shel-Is whose thickness is such that each point within a sherl moves

wiùh the sarne velocity under the influence of a force. The

cenÈral j ion will move under the influence of the externa1
force dragging its aÈmosphere along with it. Ho\^rever, the
hydrodynamic resistance of the solvent retard.s the motion of
each she1l. The central ion, in dragging its atmosphere with
iL, must overcome Èhe viscous resistance that is experienced

by each shell of its atmosphere as they move through ttre medium.

Therefore Èhe sum total- of these retardation terms, d.ue to all
shelIs in the system, sums to an effective counter velocity to
the j ions' limiting ionic velocity.
I.4(b) The Relaxation Effect

Influenced by the electrical field the j ion wi1l move,

in the d.irection of the field, with the result that the j ion
no ilonger occupies the centrar point of the atmosphere. Howeverf

the atmosphere tends to adjust itself to a new equilibrium
position, but this process takes a finite time, the relaxation
time, to occur. The situation can be pictured as being a

continual decay and reformaÈion of the atmosphere as the j ion
moves through the medium. An external force denoted by the
field strength X has a reaction, the relaxation effect AX,

regarded as being the time averaged restoring fiel_d the j ion
experiences hrhen the atmosphere and the reference ion are in an

asymmetric orientation one to Èhe other.
f.4(c) The Osmotic Term

The osmotic term of onsager (27) ari-ses from the asymmetrlr

of tt¡e ionic atmosphere of the j ion. Since there is a greater
concentration of ions of opposite charge in the direction
opposed to the motion of the j ion, there will be a greater
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proba-biliÈy of collisions with the j ion, arising from coulombic

attraction, from the rear part of the ionic atmosphere, thus

Ieading to a nett increase in conductance.

L.4 (d) The Viscosity Term

In Èhe concentration range of applicability of the Fuoss-

Onsager equation, i.e. Kq<O.2, if one or both of the ionic species

are large compared with the solvent molecules' Fuoss (6) (12) (13)

(I4) reasons that a viscosity correction factor should be introduced

to account for the increase in the local- viscosity due to the

solute. Thus the central ion and. its co-sphere, of radius 0,

are moving in a medium described by n' and not by n, the bulk

solvent viscosity, the tÍIo can be related by Einstein's

expression (45), (f:¡ ?

ìl'= r-t (r + 2.5 o) 1.1-8a

For example, if one ionic species is large compared with the

other Èhe volume fraction of this species Õ is given by equation

l-.18b thus (I3):

4n 03 /llc 2EC r.18b@=

3000 5

Since, to a good approximation, .4. varies inversely with viscosity,

Èhe decrease in conductance, due to the increase in local viscosity
above the bulk value nr carr be accounted for from equations I.I8a
and 1.18b by Èhe term (1 + FC). For the concentration range

considered alcove, such a correction term is considered negligible
in the case \^rhêre 0 1s of the same order of magnitude as the size

of the solvent molecules (6). Another effect which a]so depends

upon the magnitude of Õ can be mentioned here. Í'lhen the sofute

concentration is such thab Õ, even for small ions, can no longer be

regarded as being a negligible component of the total vol-ume, as in

Èhe concentration range of applica-bility of the Fuoss-Hsia equation,

allowance is made for the fact Èhat the ions, being in close proximity,
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willobstructeachother'smotion.Theterm(1+1.50)makes
allowance for the obstruction effect (46), Q being in this instance

the volume fraction of one ionic species (40) '

the Evaluation of the etic Effect

To illustrate how the concepts of Debye and Hückel can be

applied to the theoretical treatment of conåuctance, the e><pression

for the potential and the distribution functions used in the

evaluation of rþ will be applied to the derivation of an expression

for the electrophoretic counter velocity'

Robinson anC Stokes (f5) consider a solution containing

a single electrolyte, cationic and anionic properties being

denoted by subscripts I and 2 respectively. A shell of the

ionic atmosphere is defined by its thickness dr and a distance

r from j, so that within this volume each point has a constant

velocity. Further, it is assumed that given an expression

for the force acting on each shell, the velocity of this shell

can be calculated. from Stokes' Iaw. The totat counter velocity'

that the central ion experielces as it and its atmosphere moves

through the solvent medium, is obtained by integrating over

aII the shells in the sYsten.

nz)I
ou,_ = ï- f,=" [,"i

,1

KT
nIt1Ìt1

rt) al * (n
2

.r] rdr 1. 19

I.20

K_ and K^, the forces acting on the ions, wiII be evaluated later-
L¿

Robinson and Stokes use the exponential Boltzmann

expression, 1.1, rather than the linearized approximation l-.5a'

to evaluate the local concentrations of anions and cations .rl a.,a
zt .. .n1 respecErve-ty.

For a caÈion:

(-1)t e{ n
æ

i
n=l n

Via the electroneutratity condition nar the bulk concentration of

cations, can be erçressed in terms of ra which leads to
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2 -1

6nnn! DKT

2 n-1

2
1etI

-z

"L-'2

0 (ra¡
n

1- 21

L-22

t.24

2
DKT "r - "L=2

By substituting equation l-.2r and the linearized Debye-Hückel-
Boltzmann expression, r.ro, for the potential into equation _l_.20 the
resurt can then be co¡nbined with equation 1.r9. By apprying simirar
reasoning to equations for the anion, analogous to L.2o and r.2l
Robinson and sÈokes obtain from f-.1-9 equation r.22 Í'or Ehe
erectrophoretic counù,er velocity of the cation. Ìt must be
ernphasised here that equation l.Lo was obtained for the special
case of spherical slzrnmetry. The asymmetry of the present system
is Èherefore being neglected.

(-1) n e
2

n-I n-1 n-

4na2

aur. - i *t I *zz I
n

"r
n

q

lvt¡ere 0r, (rø¡ is a funcÈion of rca onry. Analogous equations for
the anion can be obtained for the equaÈions 1.r9 to r-22.

The forces K, and Krr acting upon the ions, are rerated to
the fíeld strength x and the reraxation field 

^x 
by the forrowing

relationships.
*I = B + Ax)zre and. K2 = ,2" (x + 

^x) 
I,23

Thus, the forces are the product of the effective field strength
acting upon the ions and of the ionic charges (15). Hence,
replacing K1 and K, in L.22 by their definitions, expression L.23,-
afÈer malcing the abbreviaÈion 1.24 (r5)- the resulting expression,
r-25, is the erectrophoretic counter verocity of the cation.

An
e

n!6nn DKT

0 (ra)
n
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n
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A similar relationship to I.25 exists for the anion.
Robinson and sÈokes obtained a generar expression for the

electrophoretic effect, eguation r.26, which courd be placed
in the s¡znbolic equation. EquaÈion 1.26 itserf has been
discussed in detail in reference (I5).

(zn 2

I

nz
2

n
"r

I
I

n=
I

2L

l"rl)

'z)
(r,

I.25

I-26^^

,2
À

I
I

I1=

E2

N
n

oo( 1", +

By examining equation 1-26, it can be seen that even order
terms vanish for symmeÈrical electrolytes. such a resurt has
arready been discussed in the expansion, f.3, of the explicit
ex¡rression 1.2 for the charge density p, which urtimatery red
to the expression for the potential.

rt wilt be recarled that, in deriving the expression for
the potentiar, the exponential Boltzmar¡n distribution fr¡nction
was approximated by the first three terms of a series, to
reconcile it, and the rinear poisson equation, with the principle
of linear superposition of fields. There is no advantage, therefore,
in using, as above in the derivation of equation l_.26, the
exponenùial distribution function. The nr¡nber of terms of 1.26,
required for the final expression for the electropheretic effect,
should arso be consistent with the approximations mad.e in the
derivaÈion of the expression for the potential. Robinson and stokes
regard the utilization of the first term of J-.26 for arr erectrorytes,
with regard to varence type, as being a reasonabre approxi:nation
(f-5), after considering the approximations made in its derivation.
Truncating the series at n = l- wilr be a better approximation for
slaometrical electrorytes due to the vanishing of the next term.
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By equating n = 1, equation 1.26 becomes:-

F2 K

^^ | "rl * l,z

2

I.27

I.28

L.29

L+Rq

1.5

(a)

Conduct.ivity Ecruations

fhe Robinson and Stol<es Cond.uct.ivi ty EquaÈion

By substituting eguation !.27 f.or À.À, and. an approximate
form of Farkenhagen's expression (ls) for the reraxaÈion effect
into the slmrbolic conductance equation, it becomes

6rnù

Ito z z
/\=Ä0- I 2qe

-¿
no - ' tlrrl+l=rl)/\= 'r=2" a+L

6nnlV L+Ka, 3DKT r*G L+Ka

rf equation 1.28 is expanded, a'd the cross term negrecÈed
in ÀÂ and ÀX , equaùion 1.29 results.

x

KK

F2 (lrrf+ l"rl
+

L+rc.a

It can be stated, at this point, that, by neglecting the term
(1+r<ø) in equation 1.29, iJne resulting expression is onsager's
liniting law. Hence, by retaininq the term (l+Ka), the poÍnt
charge model of onsager's relatJ-onship is refined to al_low for
the ions having a finite size. To a certain degree, short range
coulombic inÈerionic interactions are also accounted for by the
retention of this Èerm. For 1 : I erectrolytes equation 1.29
can be rewritten in its more famiriar form namery, the Robinson
and Stokes equation, 1.30.

/\o= 
^ 

+
(nrn+Br) ñ

1.30

3Dkr (1+ø) 6nnJV

I + (w - 81)õ
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In the "derivation" of the Robinson and Stokes equation,
1.30, a nu¡nber of noteworthy approximations have been made.

Firstly, by setting X>>ÀX the cross term, in the electrophoretic
and relaxation effecÈs, has been neglected.. SecondJ-y, the first
term of the electrophoretic expression 1.26 ís utilized in the
slzrnbolic equation, higher terms in the series being neglected.
Finally, the syrnmetrical expression for the potential was used

in the derivation of the general expression for the electrophoretic
effecÈ. No allowance was made, in the final conductance

expression, to account for the asyrmretric contribution to the

electrophoretic effect. More elaborate theories of conductivity,
for example Pitts' (7), calculate the aslzmmetric contribution
to the potential.

The Robinson and Stokesr equation has been exÈensively

discussed elsewhere (15) (16) (17). 
^0 

is evaluated by the
extrapolation of Â0 (calculated) for each concentration plotted
against concentration, assuming a reasona-ble ion size.

I.5 (b) Pitts Equation

Pitts (7) replaced the earlier point charge model of
Debye and Htickel and that of Onsager, vrith the sphere in continuum

model to allow for finite ion size in his theoretical treatment
of electrolytic conducta¡rce of slzmmetrical nonassociated

electrolytes.
Distances in his accounÈ are measured in terms of r-I

which is someti¡nes referred to as being the thickness of the ionic
atmosphere (18). The parameter q, the ratio of electrostatic
to thermal energy, is involved in Èhe sotution of Èhe Debye-Hückel

equation, by the method of Gronwell, Lamer and Sandved, used by

Pitts to obtain an expression for the potential (8). The method

of Gronwell et aI (19) invokes higher teims in the expansion of
the e.xponentíal Boltzmann disÈribution function, resulting in an

o<pansion of rf as a po$Ier series in q (8). In the case of
syrmnetrical electrolytes, it has the form of equation 1.31 and also

has the further property that for even powers of m, that term is zero.
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22ze K

DKT

zeþ -m¿q þm 1.31

þm is a function of a and r.
In the case of slzmmetrical electrollÈes the term O (S2) is

zerot and no higher terms are utilized (B). The sorution of the
Debye-Hückel equation obtained by pitts, in the absence of
externar forces, is identicar with that already discussed ín this
thesis. This equivalent resurt has been pointed out by piits.
Therefore, bottr results are consistent with the linear superposition
principle.

Pitts calculated the force *ij or an i ion from Onsager's
continuity equation which he (pitts) expressed as (g).

q

KT

K..rJ "-"i-gradú,
e.

l-

where E is the external field, E. is the fietd of the i ions'
atmosphere a¡rd (- grad ú . ) i's the fielil arising from the potential.
since there is one reference ion j, pitts reasons that the remaining
ions, i.e. i tlpe ions, are in the j ions' atmosphere and any
interactions between the field E and the ionic atmosphere manifest
themserves through ( - grad rf.). E. is therefore equated to)r_
zeîo. Thus the force acting upon the centrar ion is calculated.
in te:ms of E and the ionic distribution about the j ion.

rn his discussion of the hydrodynamic theorlr of his mode1,

Pitts (8) discusses the significance he attaches to the coefficients
of thè po¡rers of q. rn the case of q the coefficient arises from
the spherically synunetrical Debye-Hückel charge distribution. The

coefficient of the term o(s2) has two sources; in the first instance,
"inÈeraction of the field arising from the non-centïarty-slzmmetrical
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ionic disÈribution and the cenÈrally symmetrical (Debye-gückel)

charge density" (8) . V,lhile the second is involved with "the field

due to the centrally symmetrical ionic distribution acting on the

non-centrally-slzmmetrical charge density" (8) - The final

equation from,his hydrodynamic theory is an expression for the

total force yet to be fulty evaluated, equated to tl^to terms '
one, the stokes term 6n¡b.v containing the hydrodynamic radius

b. and. the ionic velocity V. The second factor is the correction
)

term to this velocity due to the electrophoretic effect.'

The total force on the ion has three components, firstly the

external field, secondly the fiel-d due to the ionic atmosphere'

the relaxation effect and the hydrodynamic term involving the

electropheretic effect. The effective force acting upon the

reference ion, giving rise to its velocity, is calculated by

evaluati¡¡g the effective external field acting upon the j ion,

i.e. the applied field that is reduced by the relaxation field of

Èhe ionic atmosphere. Such a calculation involves the evaluation

of the non-syrnmetrical charge distribution about the central ion,

since the symmetricat Debye-Hückel distribution does not contribute

to the force acting on the ion.
Having evaluated the total force, the only remaining unknown

is the ionic velocity which ultimately leads to Pitt's conductivity

equation (8) + 1.32

¡0-¡=¡0
4 42eKSfz22ze K + +

3Dkr (1 + õ) (1 + y) (ñ + y) to2v2r2

2 442 /1 -tzeK +

(1 +y) 3DKT
)-

(1+y) - (/z+y) (r+y¡

where i
(1) y=Ka
(2) S, arises from the relaxation effect, terms íncluding O(q2)

being evaluated.

[#]
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(3) Trr arises from the interacÈion between centrally
symmetrical a¡rd non-centrally symmetrical charge distributions
in his hydrodynamic theory, terms including O(q2) being
evaluated.
ÀIso Sa and Tr, as funcÈions of Ra are tabulated in
reference (7).

(4) c is the velocity of light and /t/ is Avogadrors nunber.
The apprication of pitts equation to experimentar data has

been discussed in a second. paper by pitts et ar (20), and in papers
by Stokes et aI (2L), Fernandèz-prini and prue (22) and by
Fernandez-Prini (23) (44) -

1.5 (c) The Fuoss-Onsager Eguations
rn 1955 Fuoss and onsager first pubrished their theoretical

account, incorporating the concept of finite ion size, for the
decrease in Â with increasing concentration.

A rinearized equatíon, approximating this 1955 result, was

published in l-957 (24), thus alrowing their concepts to be more
readily applied to conductance data.

As a result of the approximations employed, the range of
appricabilíty is such that Ra<o.2. Later, in 1957 and 195g,
papers by Fuoss generalized the Fuoss-onsager equation to account
for ionic association. A revision of the Fuoss-onsager equation
was undertaken, climaxing in the 1965 paper of Fuoss, onsager
and skinner, in which theoretical justification was given to the
ad hoc account of ionic association proposed earlier by Fuoss.
Later in 1967 Fuoss and Hsia extended the Fuoss-onsager treatment
to increase Èhe range of appricabirity in terms of concentration,
to include Èhe expticit term in o(c3/2).

The exponential Bottzmann distribution function, equaÈion
r.2, was approximated by the first three terms of a series,
equation 1-5b ' for the ionic distribution, utirized in the
e:çression for the poù,ential (zs¡ , (26) , and in the equation of
continuity.

Having substituted the contributing Èerms (zl¡ ¡2g) into the
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syriboJ-ic equaÈion, Fuoss describes the result as the "explicit
productf' (27) which is then expanded., any resulting term" O(c3/2)
tl¡at arise are dropped (27). The individual terms that cóntribute
to the "explicit product" are evaluated, in terms of powers of
Ka, lo include the term O (C) , higher po\,rers of concentration being
neglected (27'r. Tt¡e resulting equation 1.34 is r"¡ritten below.

À = Â0 - sÆ + EClogc + Jc - 12 
^0c 

+ orc3/2) 1.34

However, a term o(c3/2) still remains in the Fuoss-onsager

equation J..34. The role of the orc3/2) term in the Fuoss-onsager
equation will be discussed later. Here it suffices to state that
it, is usually omitted from the eguation.

Furtherr at this juncture, we shall anticipate rater work and

note tt¡at the viscosity Èerm F.AoC can be ignored. for small ions
(6) (29) Q7) e.g. the alkali halides whose size is si:nilar to
the solvenü molecules.

Íl¡erefore equation 1.34 becomes

/i - Ào- s6 + ECIogrC + JC 1.35

The Onsager liniting slope S can be calcuÌated from
fundamental constants, solvent properÈies and J\0.

E is likewise a known function of .4,0 and solvent properties
and is essentially independent of the ion size term a (30).

The coefficienÈ, J is a functi.on of the solvent properties

^o 
a¡ra the ion size term ø.

. Fuossr (6) (14) generarization of equation 1.35 to account
for ionic association is based on a three ford argument. Firstly
the concentration of ion pairs, (1-y)cr cên be carcurated from
the ¡nass action equation J-.36, assuming that the activity coefficient
of t.he ion pairs is unity.

l-y -c.(2f2t<^ r-.36
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where f is the mean ionic activity coefficient obtained from the
Debye-Hücker expression, 1.L6, which has been extensively discussed.

earlier.
(the aistincÈion between mean ionic activity coefficients and

mean rational ionic activity coefficients is ignored (3f¡ ).
Secondly, using the Arrhenius relationship v/e may write:

'( tt/Lt r.37

vihere .4.. is the conductance of the non-associated ions describedI
by equation 1.35. Replacing c by cy in equation 1.35 and combining
the resurt with equations 1.36 and I.37, the generarized Fuoss-onsager
equat,ion reads:

Â = Âo - sß6 + Ecytogcy + JC^l, - Kacyf2A

Equation 1.38 is a three parameter equation involving the
parameters Ao, ø and Ka.

The "1965" Fuoss-Onsager Eguations
The fifth (26) of. a series of papers by Fuoss and Onsager

completed a re-investigation of the equations that urtimately led
to equation 1.34. These authors felt that the folrowing two
points warranÈed re-examination. Firstry, the ad hoc aeneral_ization
of equation 1.34 to account for ionic association, hence equation 1.3g.
secondry, the systematic increase in the contact distance with
decreasing solvent dielectric constant.

The following are some of the major poinÈs of their last
paper. rn the "1957 version" the Bortzmann factor in the equation
of continuity was approximated by the first three terms of a

power series. However, by retaining this factor in its expì_icit form,
terms emerged in the expression for the rel_axation field (32¡
that courd be identified as being of the form of the Ka parameter
of the 1957 equation (33). That is, instead. of an arbitrary account
being made for ionic association, Fuoss et al have shown that ionic
association arises from the fundamental equaÈions. An equation of

1.38
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the form of 1.38 is now considered by these authors to be

theoretically established.

Â = Â0 - Sß,fr a EClIogCl + JCy - racyt2.[

The eguation they obtained is

Â = Äo - s/c + E'clnr + Lc - Mor2c

1.38

1. 39

Ylhere A and L are constarts and t =6Eic the other terms have their
meanings defined in this text. For a discussion of the first two

constants, the reader is referred to reference (26). Firstly the
coefficient L is composed of Èwo terms, the major one being

independenL of a. Consequenlly r a", as with the re-examined

dJ, is less precisely known than Èhe linear J term of 1957.

Apart from the larger u¡¡cerÈainties in the values of a" and ø"

compared with the former ø-, their values still show the same
-r 'J'relationship to D * as previously. Further, if A is identified

with Ka equation 1.38 becomes

À = Â0 - sñfr + Ercyrn(6ercy) + Lcy - racyt2À 1.40

Consequent.ly, equation 1.40 is regarded as being the general equation
with 1.39 being its limit.

Summarizing the Fuoss-Onsager equations discussed in this
thesis, we have:

l\=Â0-sñ+EClogc+JC t. 34

.l\ = Â0 - sÆfr + Ecyrogcy + JC] - xacyf2.À 1.38

À = Âo - sÆ + E,clnr + Lc - e^or2c 1.39

/\ = Â0 - sGfi + E'cyln (ourcy) + r,cy-racyf2Â 1.40
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These equations are related thus

as Y -) I I.38 and 1.40') 1.39, further if f
For a given electrolyte solvent system of D>30 Fuoss et al found

a large uncertainty in L and a value for A, coupled with an error
of the sane magnitude as A. Since for f2 s I A and L are difficult
to separate into two terms conseçluently by inserting f2 ,, I ínto
equation J-.39 is reduced to a two parameÈer equation, thus -

À = Ào - sñ + E'crnr2 + (¡,-e¡.O)c

2
= I and Ka = 0 1.39 -' 1.34

1.41_or
Â = ¡10 - s6+ E'c1nr2 + Jrc

The application of Èhe two parameter equation, as expected'

reduced the uncertainty in the L coefficient now termed Jr.
Further, for D>40 1.34 and its successor 1.39 are indistinguishable
(34). However, as Fuoss points out the latter equation is more

sound theoretically, even though L and A can not be separated.

Therefore, for A<LO I.39 reverts to its two parameter version 1.4I.
For D between the bounds of about 25 and 30 A and L are

distinguishable; hence 1.39 can be utilized. IIov/ever, below the

lower bound, sysùemaÈic deviations between Âcalc - Âexpt become

apparent; hence equation 1.40, accounting for higher order effects
in the ion pairing phenomenon, should be used for the analysis of
conductance data.

Finally, it can be stated that, since the re-examination

of the original equations confirmed their earlier, though more

approximate results, the authors concluded that the proposed model

h¡as an inadequate representation of the physical system.

I.5 (d) The Fuoss-Hsia Equation

The retention of "o*" c3/2 terms, usually omitted, however,

has already been noted i.r tiri= thesis. Berns and Fuoss (35)

invoked these Èerms to "reduce a spurious systematic change of ion
size with solvent composítion". Such an effect was confirmed and
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discussed in the 1965 paper of Fuoss" Onsager and Skinner. Fuoss

has stated elsewhere (36) that tnu c3/2 terms employed in reference
(35) and in ùhe original paper by Fuoss and Onsager are themselves

incomplete. lle shall now return to the 1965 paper of Fuoss,
onsager and. Skinner for a further discussion of the c3/2 t"t^r.

ïn the L965 revision, the authors investigated terms in c3/2
that arose in the expansion of negative exponential functions, which
appeared in Èhe relaxation and velocity functions. From their
analysis, ùhey concluded that Èhe retention of this term was not
justified, since many other terms of this order had alread.y been

neglected. Hence, A and L were allowed to absorb the resulting
errors. It seemed more consistent to limit again, as in ì.957,
the range of the equationos applicability to where the effect of the
unknown terms in c3/2 is negribre. rn f-965 as with the 1961 paper
of Berns and Fuoss the utilization of sóme c3/2 tut^s reduced, but
did not eLiminate, the dependenc" of oìl-p.

Fuoss and Hsia (37) re-examined the computations that
originally Ied to Èhe publication of the Fuoss-onsager conductance
equation l-.34, and, by retaining terms orc3/2), their theoretical
conductance equation has a range of appricabirity such that Ka<o.5 .

The e>rpressions for the erectrophoretic effect, aÂ, and the time
of relaxation effe"L, Ax¡x are given in appendices by Fuoss and

his co-workers (37) (39) (40). The expression for y used in the
Fuoss-Hsia equation has already been d.iscussed in this thesis,
equation l-.36. Fuoss and Hsia use the Debye-Hücker rimiting law
to evaluate the activity coefficj-ent, rather than equation 1.16,
their claim being (reference 40 page r3r) "because ions in contact
are counted as pairs and long range interactions between free ions
cannot, depend on the sj-ze of the ions but onry on their charges.,,

vte shall comment furÈher upon the choice by Fuoss and Hsia
of the Debye-Hückel liniting expression for the activity coef,ficient
required for the computation of the association constant. Ka, rater
in this thesis.

Fuoss and nluaerous co-workers (z'l-sz) (43) have applied the Fuoss-Hsia
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equation to experimental data with the evaluation of I\0 , a

and Ka for a number of electrolyte solvent systems.
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CI{APTER 2

CONDUCTANCE - EXPERIMENTA].

2.I Materials
Conducta¡¡ce Water

De-ionized water from the bulk laboratory suppJ-y was

distilled into, and stored, in a ptrastic container'

Freshly distilled water was used for the preparation of all

solutions. This waÈer, referred to in this thesis as

conducta¡rce \¡¡ater, had a specif ic conductance which varied

between 1.I and 1.4 x to-6 ohms -l*-lat 25oc.

Potassiu¡r Chloride

univar*A.R.pot.assiumchloridewastwi.cerecrystal]ised.
from conductance water, dried in an air oven at t2OoC fav:24 hours,

followed by a further 12 hours in a vacuum oven at the same

temperature. Fínally, the solid r¿as fused in a platinum

crucible, broken into small lumps with an agate mortar and

pestre and stored in a desiccator over silica gel. The purity

of Èhe KCI prepared can be gauged by comparing the cell constant

for cell A, obtained with a sample of this salt, with values

previously rePorted by others, each worker having used an

independently purified sample of salt. on this criterion,

the sal-È was considered to be of high purity' The cell

constant data upon which this concfusion is based is presented

in table 2.1.
Potassium Bromide

univar A.R. KBr was twice recrystal-lized from conductance

water acidified with a few drops of A.R. hydrobromic acid-

The well washed crystals were Iater dried in an air oven at I2Oog

for three days, fotlowed by a further three days at the same

Ajax CheJnicals Ltd., Sydney Australiart
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TABLE

CELL CONSTAT\¡TS AT 25OC

CEI,T,

2.r

OBSERVER

STEEL

PHANG

ME}üETT

THIS
!{ORK

CATTBRATING
SOLUTION

0.oID***

0. lD

1.0D

O. OID

0. lD

1.0D

0.01D

O.ID

0.01D

O.ID

0.0077809N

0.031513N

o.0098649N

0. 0078866N

0.0338241N

CELL
CONST"AI.IT, gTT-

15. 1026

15. tO01

l-5.O992

15. r025

15.0994

15.1014

15. 1026

15. 09
7

15.096

15. 097

L5.O97
I

0

15. 0985

15.0993

15.0993

15.O97 
7

I

A*

A*

A*

A**

A**

A**

A**

A**

A**

A**

A**

A**

A**

A**

A**
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TABLE 2.1 - CELL CONSTA¡ITS AT 2Soc ,(.orrtinued)

PTTÀ}IG

THIS IÙORIC

THIS TÐRK

THIS !üORK

MEffETT

Btr

B*

c*

c*

D**

D**

SOLVENT

CEL¡,S*

0. LD

o.ID

0.0077809N

0.0078866N

0.0078866N

0.01D

0.0077809N

0.01D

o.2487

o-24A7

o.4067

o.4067

7.462I

46L9

7

8

7

6

o.2478 4
0.18190

* Bright Electrodes
** Plantinizeô Electrodes
*** D denotes demal concentration Scale in this table.



39

temperature in a vacuum oven. The solid was stored over

phosphorus pentoxide in an evacuated desiccator.
The concentration dependence of A for the fIr/HrO system

at 25oC was obtained from Owen and Ze1d.es' (1) conductance

measurements with Pitts conductivity equation, L.32.
This step was achieved with program PTTTSV2, the output of
which is reported in table 2.2 as "Run 1". Sunmarized in
this table is L0, a, the calculated value of .f\ from the

equaÈion, Â ca1c, and the difference between experimentally
d,eterrnined and calculated Â, ô^. o is the standard error
of the fit of the experimenÈal data to the equation. owen

and Zeldest data was resubmitted to the program, together with
the conductance data of the aqueous solution prepared from

the purified KBr, the result of which is reported in the

remaining two columns of table 2.2, head.ed "Run 2". It can

be observed that ô1, for the test solution is 0.015% of the

observed.A., and À0 and ar ü¡ithin the uncertainties of these

quantities, were identical in Èhe two runs. It is therefore
concluded that the recrystallized KBr is of high purity.
Cesium Chloride

Mulcahy (2) purified this salt, B.D.H.* laboratory reagent

grade material, by recrystallizing it three times from d.oubly

distilled water and subsequently drying it to consÈant weight

in a vacuum oven, prior to storing it over silica gel in an

evacuated desiccator. A sample of this salt \^¡as submitted for
analysis, by flame photometry, to A.M.D.L.** and impurities,
in parts per nillion, \^/ere found to be Li (<1), Na (I8), K(I) and

RIc (40).

Molecular Sieves

B.D.H. molecular sieves, type 3.A,, in the form of L/I6"
pellets were successfully used for the dehydration of the DMF

**
British Drug Houses Ltd., Poole England

Australian Mineral Development Laboratories, Adelaide South Australia.

*
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TABLE 2.2

CONDUCTOITETRIC A¡TATYSIS OF TITE PURTFIED KB'r AT 250c

ÐIæERÏMENTAT
DATA

4
10 c

I:. e49 (a)

27.88I (,a)

42 .183 (a)

59. 155*

59. 269 (a)

71.696 (a)

RUN 1 RUN 2

.¡lca1c ô^/lexpt

148.27

146.9r

145.88

144.88

r44.90

I44.30

l\ calc

L48.26

146. 91

145 .89

144 .90

L44.29

6^

-0.01
0.00

0.01

0.00

-0.01

r48.27

146.9I

145 .88

L44-90

l.44-90

L44.2A

0.00

0.00

0 .00

o.o2

0.00

-0. 02

a,

o

151.74 r 0.04

3.08 r 0.04

151.74 + 0.07

3.05 + 0.06

0. 014

(a)

0.010

Daùa of Ov¡en and Zeldes (t)
This work
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and formanide used in this work.

A cloudy suspension was observed in the solvent being
dehydrateil if the sieves were used as received. This was

övercome by washing the sieves with repeated changes of
de-ionized water until the supernatant liquid was almost

clear. Regeneration of Èhe sieves \^ras achieved by a

proced.ure that has been described elsewhere (3) (4) 
"

2.2 ttaÈer Determination : KarI Fischerls Method.

Since Vogel (5) has already discussed the principles
and. pracÈical details of this technique, only the departures
from his text need be considered here.

The components of Èhe apparatus are essentially those
depicted in figs XVl, 6, 2 and. 3 of reference (5), with
ground glass joints replacing the rubber stoppers shown

in these diagrams. Dry nitrogen was used. to force the

reagents from their storage vessels intc the bureÈtes prior
to a water determination beíng commenced. The magneticaÌly
stirred cell was constructed of a "Quickfit" (6) culture vessel,
F\¡ 250, with an added side arm for the introduction of the
sample. The vessel \¡ras capped with part number MAFO/SO,

non aqueous grease intervening between the two portions of
the vessel. Parafilm*, being placed around alt the ground.

glass joints present in the apparatus, provided a further seal
to ensure the exclusion of atmospheric water from the apparatus.

A potential of 80mV across the platinum electrodes was

supplied by a Doran potentiometer, the galvanometer of which

was also utilised in Èhe detection of the end point of the
titration. B.D.H. Karl Fischer reagent, I cc of which is
approximately equivalent to 5 mgm of water, \^/as periodically
celibrated, against a standard water/methanol mixture.

* Parafilm rrMrr, American Can Company, Wisconsin, U.S.A
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ion of Solutions and lviixed ents
Ivlanipulation of Vessels during Weighing

All vessels to be weighed. were wiped with a clean, darnp cotton
cloth, followed by clean chamois leather, to ensure that their outer
sr¡rfaces !ìrere free from adhering material .

V'Ieighing bottles were rnanipulated within the balance case

with a pair of long stainless steel forceps, to minimise d.isturbances

during the weighing procedure. Empty flasks or flasks containing
solids were similarly treated. Manipulation of the'flasks for the

remainder of the solution's or solventts preparation h/as undertaken
with chamois leather placed between the vessels and Èhe experimenterrs

hands.

Vùeighing Bottles a¡rd Flasks

The opening of the weighing bottle was an extended 824 cone

whose extremity, when mated with the 824 socket of the receivíng
flask, protruded well bel-ow the socket of the flask. Such an

arrangement ensured thaÈ the solid being transferred from the
weighing bottle to the flask was quantitatively delivered into
the body of the flask. It \^7as found to be necessary to introduce
a small vent, approximateLy L/L6" in diameter, in the cap of the
bottle constructed of a B24 socket to facilitate rapid equitibraÈion
between the ínternal and external air pressures. fn the absence

of this vent, the raising and lowering of the cap of the weighing

bottle with a pair of forceps caused inconsistent weights to be

recorded over a nu¡nber of trials. A similar observation was

mad.e when the experiment \¡ras repeated with a flask equipped with
a standard ground glassstopper. Hence, they were abandoned in
favour of vented cones during the preparation of an electrolyte
solution.

Flasks equipped with ground glass joints were used.

throughout Èhis research.
qfepg¡qtio4 of Mixed Solvents and Electrolyte Solutions

Except where noted in the summarized results., all solutions
for conductance, transport nunber and density determinations were
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prepared by diluting a singre sÈock electrolyte sorution.
For sorutions with a DÌ"IF rich sorvent, the dissolution of

the solid was enhanced with the aid of a glass covered soft i_ron
stirrer bar, introduced into the flask prior to the commencement

of the stock's preparation. Fused KCr was very slow in dissorving
in solvents containing less than 6Ot water.
Vüeiqhinq of Solids

Having weighed, on a Mettrer B6c2oo balance, the weighing
bottle conÈaining the sorid to constant weight, the contents were
transferred to the receiving flask which was tared to consÈant
weight on a l{ettler B5c10o0 barance. The re-equiribrated vessels
were again weighed to constant weight, which hras regarded. to be

within the tolerances quoted by the manufacturers for Èhe optical
scales of the bal-ances (7 ) " The agreement between the two vah¡.es
of the sorid taken for the preparation of the stock soJ_u.tion was,
as an average of 22 preparations 0.0038. The weighÈ of solid. used
for the preparation of the electroryte sorutj-on, was taken to be

the difference between the weight of the weighing bottre before
and after d.elivery of the solid Èo the receiving flask, the
weighing of the latter vessel acting as a check only.

Objects whose masses were greater than, or equal to, 1Kg,
or which could noÈ be tared on Èhe Mettler balances, d.ue to their
dimensions, were tared instead by the method of swings (g) on a
Stanton* H.D.2. beam balance.

A beam error was eval_uated by Gauss's method of double
weighing, as recommended by Voge1 (8), and was found to be
0.0216 t 0-00059 of the mass of the tare between roog and 3Kg,

the latter varue being greater than any record.ed under preparative
circumstances.

The balance masses were caribrated on the Mettler barances.
since the air density of the balance room at the time of the
calibration was 1.19 x LO-3 g/*,3, no correction was applied to
the calibrations because brass masses were being calibrated. against
the stainless steel masses of the Mettler balances (9). The brass

* Stanton Instruments Ltd., London, England.
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masses \^/ere always manipurated with a pair of foïceps or a piece
of chamois leather.
Preparation of Mixed Solvents

The weighings associåted with this procedure were undertal<en

with the beam balance described above. A single batch of solvent
was used for each run. Others (10) (11) (12) have al-ready reported
that, in the mixing of DMF with water, consid.erabre heat is evolved.
Consequently, only when the solvent had re-equilibrated with the
balance room, was the vessel re-weighed. For ease of identification
each mixed solvenÈ was nr:rnbered in the chronologicat order of
its preparation. The measr:rements made with each are summarized

in appendíx 2.L.
Buoyancy Corrections

AII solutions and solvents were prepared by weight,
vacuum corrections being applied to aII weighings.

For weighings made on the Mettler balances the following
procedure was used. If an objecÈ, whose apparent weight is
M* and whose density is d*, is weighed in an atmosphere of density dur

then the weight in vacuo Mo, is given by (9) +

M t
d

SS

f
dxxMv ].'.oooor2]a

Where d"" i" the density of the stainless stee
Since the balance masses of the Stanton

brass, the following relationship was used to

I balance masses-

beam balance a-re

convertM toM.xv
M,, = M* 

[' 
. u" 

[." Ër]]
where d" is the density of brass.

.b

The densities of brass and stainless steer were obtained
from reference (9) whire the densities of sorid Kcl, KBr and cscr
and water were obtained from reference (13). The densities of
DMF and its mixtures with water were measured in this work.
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2.4 Conductance Measure¡nents

2.4 (a) Oil Thermostats
25oc

The oil bath which was earthed containedr ês 4 thermostat

medium, a light petroleum oil, Shell Co. "Diala 8", which was

regulated by a mercury-toluene regulator in conjunctlon with

a pyrotannax heating coil activated by a Lhyratron control
unit. The oil was contained. in a cylindrical well with the

heater-regulator coils arranged around the circumference from

Èhe base to just below the oil level. The stirrer consisted

of four variably pitched paddles that approximated to the

diameter of the bath. FluctUations of +O.OO2oC were observed

with the above arrangement of regulatory components.

o - looc (r4)

Conductance cells were immersed in a srnall stirred oil

bath which was, in turn, suspended in a lar-ge regulated water

bath. This was the most satisfactory arrangement investigated

as the temperature of the oil could be regulated to within
two hundredths of a degree over a ten hour period.

The cooling unit used as a commercial refrigeration unit
which had been modified, so t-hat coolant was continual"Iy flowing

through the refrigeration coils immersed in the water bath.

Ethylene glycol was placed in tt¡e water to prevent ice forming

on the cooling coils as the water approached freezing point.
The water batå was regulated with a base heater in conjunction

with a solid state thermistor proportional temperature control
unit. By covering the smaller metal oil hath with a perspex

cover separate regulaÈor circuitry for this bath was found to
be unnecessary.

The oil was changed frequently as it became cloudy after
several days, d,ue to the formation of an oil-water emulsion.

Dehydration of the oil was achieved by efevating its temperature

above l-OOoC for several hours.
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Thermometers

Thermometers, of the bonb car-orimeter type, graduated in
0.01 of a degree, \^¡ere used in this work, o.oor of a degree being
esti-nated with the aid of a magnifier. A pratinum resistance
thermometer, calibrated. at the Nationar standard,s La-boratory -
Division of physics of c.s.r.R.o.* and periodícarly checked
against the ice point of water, \^/as used to calibrate each therm-
ometer at its temperature of utilization.
2-4 (b) Electrical Apparatus

Resista'ces were measured with a Jones-Dike bridge,** the
construction and operation of'which has arready been discussed
in detair by Dike (15) - An oscillalor, tunable amprifier and
a cathode ray oscirroscope (c.R.o.) detector compreted. the circuit.

A good quarity waveform, whose amplitude courd be varied,
was produced by the oscill¿fq¡:r*:t wiÈhin the range of freguencies
employed, L Kc/s to 20 Kc/s. connection to the bri-dge was effected
via an isorating transformer. A second output from the oscir_r_ator
was connected to the horizontal plates of the c.R.o.****

The input read to the tunal¡re amprifier*** from the bridge
arso contained an isoration transformer. The pair of transformers
mentioned in this thesis lvere suppried with the bridge. The
output signar from the amplifier was fed onto the verticar prates
of the C.R.O.

rn the case of bridge ir¡barance the combination of the
signals from the bridge-amplifier circuit and the direct connection
between the oscirrator and c.R.o., prod.uced on the screen of the
c.R.o- an erripsoidar r,issajous figure. v,Ihen the bridge was
balanced, the onry signar relayed to the c.R.o. came directry from

*
**
***

commonwearth scientific and fndustriar Research organisation.
Manufactured by - Leeds and Northrup Company, philad.elphia, U.S.A.Manufactured by the Er-ectronics, rnstrument and Lighting
Company - Norwood, South Australia.
Serviscope S32A made by Telequipment Eng1and.

****
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the oscíI1ator, a horizontar rine being observed on the screen
of the c-R-o- The sensitivity of Èhe detector circuit was
varied by artering the gain of the c.R.o" vertical amplifier,
the sensiÈivity of the anprifier being preset to its maximum

workable limit.
since the amplifier had a broader bandwidth than might be

desired, for resistances greater than about roKl the Lissajous
figure became "flJzzy" due to the electrical noise present in
the signal from the bridge- The primary signal was nullified
as the balance point of the bridge \¡/as approached; any noise
became the rarger component of the bridge signal. This noise,
probably caused by "pick up", had the effect of reducing the
sensitivity of the apparatus at high resistances, d.ue to the
lessening of the resolution in the d.etection of the nurr point.
To lessen Ètre graduar los.s in sensitivity of the circuit as
the resistance increased a number of precautions were taken.
fn the first prace, dírect er-ectrical rinkage between the
oscirrator and the amprifier with the bridge \Âras avoided by
the use of isolation transformers. Then cables with ground.ed
shierds were used to interconnecÈ the oscirl-ator, amprifier,
c-R.o- and bridge. Further, to lessen the interaction between
these components, the oscillator and amprifier were separated by
approximately twerve feet, the bridge inte:r¡ening midway between
them. Finally the bridge and. the metar cases of the oscillator,
amplifier, c.R.o- and thermostat v/ere grounded through a common

point.
In an attempt to narrow effectively the amplifier's

bandwidthr ârrd hence reduce the stray "pick-up" urtimately reaching
the screen of the c.R.o., a band pass filter was placed in the
output circuit of the amplifier. This step reduced the level
of noise in Èhe c-R-o- trace, but had the und.esira.ble effect of
drastically reducing the sensitivity of the detector-amprifier
circuiÈ- rn order to make more effective use of the inherent
sensitivity of the amplifier-detector circuit, it was decided to
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remove the band pass filter permanenÈly from the circuit.
The maximum sensitivity for resisÈances less than about

3Kfl was severar- parÈs in a mirrion, which when 2oi(e was reached,
reduced to a part in l-0o,ooo due to a fatl- in the resolution
of Èhe trace of the C.R.O. resulting from electrical noise.
2.4. (c) Fr Dependence of a CelIrs Resistance

one aspect of the measurement of conductances needs to be
discussed here, namely, the evaluation of Èhe pure ohmic resistance
of the sorution or, in other words, accounting for the erectrode
polarization which, assuming proper cerl design, manifests itsetf
in the frequency dependence of the cer|s resistance.

Fig 2.r. represents the electrical equivaì_ent of the cell
arm of a conducta¡¡ce bridgre as proposed by Feates, Ives
and Pryor (16) . These authors set the ,,Warburg impedance,,
depicted in fig 2.r to ze'.o. using the moder of Feates et ar,
Robinson and Stokes (17) and Steel (IA¡ ¡.rr. incl_uded the
"!ùarburg impedance", w, in their respective anarysis of the
frequency dependence of alternating current resistance measurements.

cI

0
Fiqure 2.1 , EIectrical Mod.el for a Conductance Cell

The significance of the circuit erements in fig 2.r- and
their frequency dependence is as follows (16) (I7):

Rt is the primary quantity of interest being the pure ohmic
resistance of Èhe erectrolyte solution in the conductance cerl -
frequency independent.

CO is the capaci_ty of the cell due to the electrolyte
sorution being a dielectric between the elecÈrodes and the
capacity between the cell lead.s (16).

ca represents the capacity of the double layer of ions

R
5

R
I

c
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at the electrode surfaces - frequency independent.
eU and !f are associated with electrolysis processes.

R. is frequencv independent but Vl is frequency dependent.

As the electrodes of the conductance cells used in this
work were eiÈher bright or lightly pì-atinized, the model_

applicable to these cases will be described. of the two electrode
surfaces, Feates et al apply their model only to the case of
"grey platinized elecÈroflss't for which they make these

approximations in the simplification of their bridge balance

cond.itions, RI >> R5 and C, >> Co. In his analysis, Steel
concludes tÌ¡at the result is equally applicable to the second

case (16) (12¡. The latter author makes the simplifying
approximations in his final equation, R5 >> W and *l_ tt *5.
steel's and Feates, rves and Pryor's resurt is equation z.i" describing
Èhe frequency dependence, due to eLectrode polarization, of a

cell wittr lightly platinized or bright electrodes.

R-
5*z =ft 1

+ 2.I
21+û) c

where R, is the measured cell resisÈance and o is the frequency
of ihe A.C. potential across the cell.

Stokes and Steel (17) (18) solved equation 2.L f.or R, at
three frequencies. *I so obtained agreed well with a linear
extrapolation of a plot of R, against trr

t ,o. equation 2.2
to infinite frequency, the intercept being Rr. In a recent
paper, Hoover (19) has examined empirical and theoratical equations
thaÈ have been proposed for the attainment of the frequency

independent resistance for cells containing aqueous solutions.
ft can be conclud.ed from lioover's paper that equaiuion 2.2. is a

reasonable method for accounting for electrode polarization considering
the approximate nature of this latter function. Hence Hoover has

confirmed Steel's earlier result.
Constant*z 2.2

2*52
1

+*l
u)
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Discussion no\,v centres upon the method used for the

aÈtainment of the frequency independent resistance for the

conductance celIs used in this work.

For conventionally designed cells, A with platinized.

electrodes and B with bright electrodes, a linear plot was

obtained for equation 2.2 f.or frequencies between 20 Kc/s and

3 Kc/s. Observed values of R, for these cells ranged up to
17 Kfl for CeIl A and 13 Kn for CeII B.

R2 as a function of frequency for the flask cells car¡

be discussed in two segments. In the first case compliance

with equation 2.2 over the whole frequency range examined was

observed. fn the second case, however, equation 2.2 was

obeyed at lower frequencies but deviations vtere noted as the

frequency increasedr R, increasing more rapidly than the frequency-

The first case is examplified by flask cell E,

of constant ¡c 12 cm-f, for which equation 2.2 was obeyed to the

highest measured resistance, 42I(f1, in the frequency range of
2OKc/s to 3Kc/s, Flask cell C, below 3I(Q, also exhibiÈed the

same frequency resistance relationship.
The second resistance frequency relationship occurs at

resistances above 3t(ì for flask cell C. The plot of equation 2.2

for a given soluÈion can be divided into three stages. At low

frequencies the plot is linearr R, decreasing with increasing
frequency as required for the electrode polarization phenomenon"

The second stage is reached when R2 goes through a minimum as the

frequency is increased further before the final step eventuates

in which, as the frequency is furÈher increased, R, likewise
increases. Fig. 2.2 is a plot of R, as a function of rrl ^ illustrating
the above description of Èhe frequency dependence of cell C.

Nichol and Fuoss (201, Hawes and Kay (21) and Mysels,

Scholten and Mysels (22) have reported increasing values of R,

with frequency, measurements being nade on solutions contained.

in flask ceIIs. Nichol and Fuoss attribute this behaviour to
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to terms in oo in the impedence of the cell, resulting from
capacitance by-paths between the cerr teads and the electrolyte
in the celr via the thermostat medium. Ha'h¡es and Kay attribute
their observations to the porarizability of the gJ-ass warl of
the cell. Ho$rever, for solutions in which R, decreased with
increasing frequency, Hawes and Kay accounted for electrode
polarizability by extrapolating to infj_nite frequency with,
in effecÈ, equation 2.2. At higher cerl resistances, Hawes and

Kayrs results are simirar to those reported in this thesis i.e.
at high frequencies R, increases with increasing frequency.
Ho\^¡ever, Hanrres and Kay propose that the region where R, decreased
with increasing frequency could be attributed to electrode
polarization. Therefore, they extrapolated this region of the

-'Iplot to üJ ' = O, not as Mysels eÈ al report Haüres and. Kay to
have done to zero frequency i.e. u¡ = o. ln their paper Mysers et al
attribute the increase in R, to a leakage to ground through a

capacitance in series with a resistance, the principal capacitance
beíng, in these autt¡ors' opinion, between the base of the flask
cerr and the rnagnetic stirrer mechanism. At Èhis point it can
be noted that celI c, which exhibited the effect, did not have
a magnetic stirrer mechanism.

At this stage some comments can be made about the observed
increase in R, with frequency. This phenomenon is not necessariry
rerated to the class of cell, i.e. fl-ask or conventionalr but
rather to the physicar dimensions of the particurar cerr. To

il-rustrate this point, it wilr be recalred that the frask celr E

and the conventional cells did not exhibit this effect whereas
flask cell C did. If the forms of ce1ls C, fig 2-3 and.2.4,
and E, fj.g 2.5 and 2.6, are compareh the significant difference
between Èhem is the larger distance separating, firstly, the
leads themselves and, secondly, the reads from the electrolyte
solution in the cell. By comparison, therefore, the critical
d.istances separating the leads are greater in the case of cell E

than ceIl c- rt is proposed, tt¡erefore, Èhat the increase in R,



FTGURE 2.3

The Erlenmeyer flask celt C - side elevation. The

end elevation of this cell is the subject of figure
2.4.
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FIGURE 2.4

The Erlenmeyer flask cell C - end elevation.
side elevation of this cell is depicted in
figure 2.3.

The





FIGURE 2.5

The Erlenmeyer flask cer-r- E - side elevation. The
end elevation of this ceII is the subject of
figure 2.6.



'itl' '

,t,
L, l,- fi'T

: ,: 'E/.ltt1J"l"

w
i.ft
lil¡ .
'l:, li I

I **i.

a,ì,

; {h*



FIGURE 2.6

The Erlenmeyer flask cell E - end eleva.tion.
The side elevation of this cell has been presented

in figure 2"5
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vüiÈh frequency is related to these distances. This proposal

supports the hypothesis of Nichol and Fuoss that the effect is
an interaction between the ceII leads and the electrolyte in
the cell. Since Nichol and Fuoss's proposal is applicable to
cells in general it is to be preferred to that of Mysels et a1,

which is restricted to cells with a magnetic stirrer mechanism.

Returning to the cells used in this work, the frequency

independent resistance was obtained by measuring the cel-1

resistance over a wide range of frequencies and extrapolating a

plot construcÈed for equation 2.2 lo infinite frequency, thus

accounting for electrode polarization. For ceII C the linear
stage of the plot of equation 2.2 ín which R, decreased with
increasing frequency, was extrapolated to infinite freqi.lency

for the evaluation of Rr. It can be noted that the maximum

resistance for ceII C encountered in limiting conductance

runs \¡Ias 3.5Kn.

R- was itself corrected for the cell leads.
I

2.4 (d) Cond,uctance Cells
Construction of Electrode Charnber

Electrodes were made of platinum plate, braced and

supported by stout platinum wire. These were in turn' fused

to tungsten wire covered with "tungsten sealing glass'', to
form the metal glass seal between the electrodes and the

remainder of Èhe ceII. Finer platinum wire formed the celfrs
internal leads. This arrangement ensured that the only contacts

with the cell's contenÈs were platinum and pyrex glass.
Description and Manipulation

Cells A and B

Figure 2.7 depicts the form of these cells of the
conventional design with B 10 ground glass stoppers and sockets
capped. the inlet tubes. After rinsing the cel1 five times with
the test solution, it was immersed ín the appropriate Èhermostat.

Rocking the equiribrated celr with its stoppers removed overcame

the Soret (24) and shaking effects (25) reported by others to
be sources of error in cond.uctance measure¡nents. The addition of



FIGURE 2.7

Conductivity cell A depicting the mixing bulbs X

to facilitate Èhe removal of the Soret effect'
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the bulbs X as shown in fig 2.7, ín contrast to Èhe diagrams

of the cells d.epicted in reference (23) , vlere reparted by

Stokes (ZO¡ in his conductance study of Èhe aqueous HCl system

to facilitate the mixing of the cell's contents, thereby removing

the Soret effect.
Occasionally, the ceII was rinsed and refilled, resistance

measure¡nents being repeated on a second sample of the tesÈ

solution as a check upon the technique.

The electrodes of ceII A were platinized whilst those of
cell B were brighÈ.

Owing to the nature of these cells's design. the ternperature

dependence of their ceII constants followed case (i) of reference

l,Zt¡. Hence, the constants were regarded as being temperature

independent.

Flask CeIIs
The manipulation of these cells during a limiting conductance

run wiII be discussed later in this chapter.

Cell- C

A ceIl charnber was attached. to a 500 mI Erlenmeyer flask as

in figs 2.3 and 2.4. For the limiting conductance studies with
KCI/H^O between Oo and IOoC the electrodes I^tere brighÈ platinum,

¿

while for the remainder of the work reported in the text involving
this cell the electrodes were lightly platínized.

The temperature dependence of this cellrs constant was

taken into account since Èhe elecÈrode chanrber complied with
case (ii) of reference (27).

The cell constant was found to be independent of the

height of the electrolyte in the ceIl above a minimum level.
CeIl D

This is a 750 mlErlenmeyerflask cell, fíg 2.8, equipped

with a stirrer well so that the system could be magnetically
stirred. The glass tube, connecting the stirrer well and the
el-ectrode chamber, which contained lightly platinised electrodes,
was inspired by a paper by Lind and Fuoss (28) - It was found



FTGURE 2.8

The Erlenmeyer flask cell D incorporating the
well Vt for the magnetic stirrer bar and the tr¡bes

T connecting the cell chamber and the remainder
of the cell to facilitate the mixing of the cell's
contents with the magnetic stirrer assembly.
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necessary to use a glass encased permanent magnet, instead of
a soft iron stirrer bar, in conjunction wíth the earthed stirring
unit situated in the oil bath below the well.

The cell constant was found to be independent of the

following factors: the presence of the stirrer bar, the
stirrer motor, the combination of the previous tv¡o cases

and the height of the electrolyte in the ceII above a minimum

leve1.

While developmental work was in progress, a standard

glass B24 stopper was used. Hohrever it was replaced by a teflon
stopper, as after several hours in tL¡e bath solvent condensate

was very noticeable on the base of the glass stopper.

Sol-vent CeIls
Two cells were used¡ ên êXâfiple of which can be seen in fi-g

2.9. Having only one inlet tube, the removal- of the Soret

effect was difficult. Consequently, their use was restricted
to the measurenent of the solvent correction, yet to be

described in this chapter.
2.4(e) The Limiting Conductance Run Using The Flask Cells

the dried and weighed empty conductance cell was rinsed
five times before the appropriate amount of solvent required for
ttre run was finally placed in it. Re-weighing of Èhe cell
eventually followed on the Mettler B5C 1000 balance" A glass
stand was used to support cell D in the balance case. The

stirrer bar, being a pennanent magneÈ, r^ras carefully introduced
Í,nto the cell after the weighing procedure had been completed.

A solution was prepared in the flask section of the cell
by the addition of a known weight of stock electrolyte solution.
either to the solvent or the previous solution already in the cell.
Additions to stock were made from a weight burette, which was

tared on the 8C6200 Mettler balance" Tire tared burette was

always handled with chamois leather.
The contents of ceII C were transferred to the flask

portion and thoroughly mixed. this was followed by the rinsing



FIGURE 2.9

A solvent cell for the measurement of the solvent
correction.
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of the ceII charnber. The contents were then returned to the

flask for a further mixing period. This sequence of events was

repeated approximaÈely ten times. Following equilibration
with the bath, Èhe solution was transferred to the flask and

swirled. the celt was refilled and, with the Soret and shaking

effects thus removed, the flask was returned to the thermostat.

Each new addition of stock to ceII D was stirred for
approximately 5 minutes after which the cell \Áras removed' from the

bath so Èhat the flask's walls above the soluÈion could be

rinsed. Such a procedure is necessary to prepare a solution
homogeneous throughout the totalvolume of the cell. Stirring
ceased after a further 25 minutes. Resistance measurements were

always made upon an unstirred equilibrated cell, following the

observations of Lind and Fuoss (28). A discrepency between Èhe

equilibrium resistance of the stirred and unstirred cell,
reported by Lind and Fuoss, \^las also observed in ttris work.

A consistent resistance was obÈained also if the procedure described

for cell C was repeated with the contents of ce1l Ð, following
the resistance determination that climaxed the utilization of
the magnetic stirring apparatus.

2-4 (f) Solvent CorrecÈion

A sample of the solvent was placed in a solvent cell
that had been previously rinsed approximately 5 times with the

solvent used to prepare the stock electrolyte solution. Having

completed the resistance measurement on an electrolyte solution,
20I(ì was placed in ¡rara1lel with the solvent cell and the

resistance of this combination was cletermined at 3, 2, L-8, I.5,
1.2 and 1 Kc/s. For the 20 Kfl parallel resistors, bridge

resisÈances r¡rere used as recommended by Dike 129) .

2.4 (s ) Cell Constants

T'he conduct-ance ce1ls were calibrated with the Jones and

Bradshaw (30) demal potassium chlorid.e solutions and by the ineb.hod

of Lind, Zwolenik and. Fuoss (31) and Chiu and Fuoss (321. The

specific conductance of the solute was corrected for the conductance
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of the solvent.

Table 2.1 presents the cel-l constant data obtained from

each calibrating solution, together with its concentration- In

this work, for each calibration reported, the resistance of

at least three samples of the test solution was measured to ensure

that a constant resistance for each ceII was recorded. Since the

overall reproducibility obtained for the cell constant of cell A

is 0.02?, Èhis can be regarded as an estimate of the Probabfe

precision of the conducÈance measurements made in the present study

The cell constanÈs recorded by Steel (33) and Phang (34)

and Mewett (35) are also reported in ttris table v¡here applicable.

Each worker used different sample of purified KCI to prepare

the calibrating solutions.
2.5 The Formamid.e-Water System

A preliminary Investígation
In this work conductance studies in the solvent system

formamide/waler \^/ere considered. Notley and Spiro (3) ' Butler
(36), Vaughn (37) and Vrleissberger (38) cite ample references

to methods that have been previously employed to purify

formamide, by far the most successfuj- being that of Notley and

Spiro, who first dried their solvent with 3A molecular sieves,

followed by de-ionization of the formamide with a mixed bed

resin. This procedure improved by a factor of I0 the lowest

previously reported Ksp of formamide. In a later Paper, Notley

and Spi-ro (39) used formamide, with a water content between

O.OO8M and O.OIM and ã Ksp of = 2 x l-O-7 oh*-I .*-1, in the

measuremenÈ of the transport nurnbers of KCl in thi s solvent by the

moving boundary method.

As received, Unila-b laboratory reagent formamide was found

to have a water content, determined by the Karl Fischer method'

between o.o2¡,1 and o.o5M and a Ksp of =4 x ro-4 oh*-l "*-1.
Formamide used in this work, purified by the method of Notley

and Spiro, had a water content of between 0.002M and 0.005M.

When the solvent first emerged from the resin colr.trnn it had a Ksp
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-1 -1 -1of l:2 x 10 'ohm *cm * which rose on standing in 5 days to
-E -1. -1¡lI.3 x tO "ohm'cm

A pilot, conductance study was made upon three systems

using firstry a 50% water/formamide mixture, secondry a o.oo5M

KCl/50* water/f.ormamide solution and, finally, for a conÈrol,
a sample of forma¡nide used to prepare the first two sorutions.
The Ksp of the three systems measured at 25oC with a philips
conductance bridge, in conjunction with a phirips "dipping celr",
expressed as a function of time, are reporÈed in table 2.3.

TABLE 2.3
CONDUCTOI{ETRIC BEHAVIOUR OF THE FORMAMIDE-IVATER SYSTEI,I

* The Fortran notation for d.esignating the exponent is used
in this table.

The drift in the solvent Ksp can be attributed (3) to
the for¡natÍon of formic acid. and annrnonia as a result of the hydrolysis
of for¡ramide, which is slow in neutrar soruÈion but rapid in the
presence of strong acids and bases. Due to the large solvent drift
with time, no further work was undertaken in this system.

KCL/H20/Eormamide

HrOTÏormamide

Formamide

Time after
preparation

4.398-4 4.498-4 4.548-4 4.838-4 6.048-4

4.83E-6 1.678-5 2.348-5 7.80E-5 1.698-4

u0 80 mins 2 hrs 8 hrs 20 hrs

4.83E-7* 4.688-7 4.538-7 6.04F-7 4.398-6

Ksp ohms -1 -l_cm
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3.I InÈroduction
Of particular interest in a previous study (l-) was the degree

of "ice likenesst' of liquid water and the phenomenon of the

maximum density of an aqueous electrolyte solution and their

influences upon ionic conductance. Evidence that water retains

some of the characteristic ice structure is provid'ed by X-Ray

diffraction studies, I.R. and R^aman absorption spectroscopy (2) (3)

(4). While a significant amount of short-range ordef of the ice

stïucture is retained, the long-range order is lost due to thermal

motion of the molecules. Some of the models that have been proposed

for liquid water and their degree of success in accounting for the

diverse properties of water have been discussed by Kavanau (5) and

Samoilov (3). The experimental findings of the previous work were

interpreted on the basis of the lattice model of Samoilov and the

flickering cluster model of Frank and V'Ien (6).

One aspect of this research is the continuation of the previous

study (1) in which the relationship between ionic cond,uctivities and

the phenomenon of the maximum density of an aqueous Solution \^ras

investigated. One of the unique properties of water is the change

in density, with temperature, \^¡hich culminates in the attainment

of the maxi:num density at 4oC. On the basis of the models that

have been proposed for water, this phenomenon has been attributed

to competing structural changes in the liquid state in the vicinity

of Aoc. The question is posed as to what influence these density

changes, and hence proposed structural changes' might have upon

the translational motion of anion.

From the work of Horne and his co-workers it appears that the

electrical conductivity of some electrolytes is influenced markedly

by the density changes in the solution in the neighbourhood of the

temperature of maxirnum density of the soluticn. The temperature

dependence of the Arrhenius activation energy for the conductance

process was interpreted by Horne eE a1 on the basis of the

GlassÈone, Laidler and Eyring (7) theory for the transport pro-

cesses, in conjunction with Bernal and Fowler's (3) model for
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liquid water. Glasstone et al regard Èhe transport processesr e.9.
conductivity, viscosity and. self-diffusion, as having a conmon two-
step mechanism, which is the creation of a vacancy, or hole, in
the sorution followed by the activated jump of the reference ion or
molecule into the newly formed vacancy. Horne et al reporÈ that
Ea for some erectrolytes atÈained a maximum varue near the tempera-
Èure of the maximum density of the solution, while for others no

maxj:num was recorded. some other findings of Horne et al can also
be summarised. For a given concentration Ea was found to be larger
for the chloride having a structure-making compared with a structure-
breaking cation. Arso there was no correlation between the
structure making or breaking properties of the cation and Ea for
the salt, attaining a ma>rimum varue. For a given erectroryte Ea

decreased as the concentration of the electroryte increased.
rnitialry the previous research (r) was an extension of the

work initiated by Horne et, aI in that their findings suggested a

study of the rerationship between density changes in the system
and individual ionic conductivities. since precise limiting trans-
port nurnber data were available for potassium chloride between oo

and 45oc, together with the reported Horne et ar Ea maxima for
potassium chroride at finite concentrations, this system was con-
sidered an obvious choice for a limiting conductance stud.y. The

temperature dependence of Ea required for the rimiting transport
¿

of K' and cr ions was found to be ind.ependent of density changes
that occur between oo and 9oc. These findiñgs were corroborated by
a concurrent study of the conductivity of these ions in the same

Èemperature range at a finite concentration.
rn the present research measurements were mad.e on a r.o x 1o-3w

cesium chloride solution as Horne and Johnson had reported a pro-
nounced rnaximum ín Ea for a cesium chroride solution of similar
concentration. Analytical expressions for representing the
temperature dependence of the conductance d.ata were re-investigated
with the aim of ptacing the estimation of the uncertainty of Ea on

a firmer basis. The evaruation of Âo was re-examined using the
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Pi-tts,conductivity eq¡ation, as was its su.bsequent effect upon the

temperature dependence of Ea. Previously the Robinson and Stokes

equation was used to evaluate Âo. Recently f<ay and Vidulich pub-

lished transport data aÈ 10 and lOoC which showed a different

temperature dependence for the limiting Èransport nr:rnber of

potassium chloride to that previously reported by Steel. It was

felt desira-b1e, therefore, to re-examine the energy of activaÈion

for the conductivities of ttre ¡>,otassium and chloride ions -
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3.2 Experimental Measurements

Conductance measurements were made between Oo and ]-Ooc in
ceIl A for an aqueous CsCl solution, l-.3088 x lO-3N at 25oc, which

was prepared by diluting a more concentrated stock solution.
The limiting conductivity of KCI and the conductance of a KCI

solution, 0.078323N at 25oC, were measured between oo and IOoc prior

to the conmencement of this work (1).

tiniting conductance measurements were made in the flask cells
C and E. Cells A and B \^tere utilized for the 0.078323N solution,
Èhe temperature range in which each cell was used overlapped' thus

providing a useful check of the reproducibility of the two sets of
measurements.

Two thermometers with overlapping scales allowed a check to

be performed upon the calibraÈion of the 10 range Beckmann thermo-

meter when the work below OoC was completed.

3.3 Treatment of Data

3.3 (a) Conversion of Molality to Molarity
The density, required to convert the concenÈration of a

solution prepared by weight to a volume basis ' \¡Ias obtained by

solving Rootrs equation, 3.1, (8) (9) by a series of successive

approximations for all aqueous solutions studied in this work.

d = do + Alc ' trc3/z 3.1

Equation 3.L wilI be introduced in chapter 5. Here it suffices to

record that d is the density of'the solution, do the density of the

solvent and C is the solutionrs normality. Aa and A2 are constants,

characteristic of the electrolyte, involving the partial molar

properties of the solute.
For KCt A, and A, at Oo and 25oc weré calculated from Scott's

data (10), while at fOo their values were evaluated from density-
concentration data obtained from Èhe InÈernational Critical Tables

0-1). A, and A, for Oo were used for all points,below 50, while

aibove 50 the values for J-Ooc were su-bstituted in equation 3.1 for
the evaluation of the density of this solution.'

In the case of CsCl, A* and A, were.calculated from Scott's
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daÈa (to) for ttris sart at 0o and 25o, ttreir value at ooc being used in
conjunction with equation 3.1 between oo and rooc. values of do were

interporated from density-temperature data for water presented. in
reference (f2).
3.3 (b) The Evaluation of Âo

The limiting equivalent cond.ucta¡rce, Âo, \^/as evaluated. wittr tl¡e
Robinson and Stokes equation, 1.3O. The values of Br B, and B, were

interpolated from tabulated values of these coefficients (13) t ø \^ras set
to 3.08 since Lo (calc) was then approximately consta¡rt to about O.OIN.

Hence values of Âo (calc) obtained were averaged to evaluate Âo.

To ascertain ttre reliability of the averaging method (1) used

previously to evatuate Âo, the conducta¡rce data were re-examined in
this research with the Pitts conductivity equation. Such an r:nder-
Èaking is d.esirable to show ttrat .4.o, and hence ttre energy of acti-
vation, is independ.ent of the method used for evaluating Ao. The

viscosity of water between Oo a¡rd. lOoC was obtained from Cragoers
(fa¡ inte¡polaËion formula, while Malmberg and Maryottrs (15)

dielectric constant data for water in this temperature range was

used. Ao for KCI at OoC could. not be re-evaluated on ttre basis of
the Pitts equation, since 

^o 
is itself only reported by Lange (fA).

In a recent paper Pitts, Tabor and Daly (I7) have applied the pitts

equation to a number of 1:l electrolytes in water at various tempera-

tures. For KCl they report a ranging from 2.8 to 3.2 R, a range in
general agreement with that obtained in tt¡e present research between

oo a¡rd 8oc.

The concentration dependence of A from which .tl,o was evaluated
is located in appendix 3.1, togetlrer wittr the difference between tìe
experimental value of Â and thaÈ calculaÈed from Pitts equation. AIso

recorded is the temperature of each point for a given liniting con-

ductance run.
Table 3.I reports ttre values of l\o obtained from the Robinson

a¡rd Stokes equation with the arithmetic deviation of the Âo (calc)

values from ttreir mean, Ao. The values of Ào at Oo a¡rd 5oC result
from the measurements of Lange (16) and Owen and Zeldes (18)



Temp

67

TABLE 3.1

vAf,uES i\o roR rct BETVÙEEN O
o

AND 8.21oc EVAIUATED FROM

THE ROBINSON AÀTD STOKES AND PITTS CONDUCTIVITY EQUATIONS

Robinson
and Stokes Pitts

oq

^o

(8r. 7 )

83.05 r 0.03

85.61 r 0.02I
87.O2 i 0.035

88.85 r 0.01

90.38 r 0.013

92.OL r 0.02

93.50 r 0.023

94.2L

100.76 r 0.04

LO2.64 l O.05

/\o o

0.0

0.54

L.57

2-L6

2.89

3 -49

4. 10

4.68

5.00

7.48

8-2L

83. 09

85.63

87.O2

88.92

94.4L

92.O4

93.50

94.27

I00. 76

LO2.62

2.9L

2.95

3. 86

2.65

3.07

2.89

3.00

2.88

2.9L

3.O7

0.018

0.021

0.030

0. 017

0-0I5

0.020

0.041

0.052

o -026
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respectively. The value of Ào at 5oc was evaluated with the

Robinson a¡rd Stokes equation by Robinson and Stokes (19), while
the value recorded for Èhe Pitts equation at this temperature \.ras

computed by Pitts eÈ aI (17).

3.3 (c) The Evaluation of Ionic Conductivities
A combination of Èhe limiting equivalent coriductance and trans-

port nurnber data permits the calculation of Èhe limiting ionic
cónductivities of the K+ and CI ions at each temperature. Limiting
transport nt¡mber d.ata for each temperature was interpolated, with
equation 3.2, from measurements by Steel (2O), Longsworth (2I) and

Allgood, LeRoy a¡rd Gordon (22) expressed as a function of tempera-

ture, t being oc, tho" (23):

to 

"r- 
= o'5046+ (l'ggxto-4)t 3'2

The values of Ào*+ and Ào"r- evaluated. ól the basis of the above

temperature dependence for ,oar- and Âo, as calculated from the

Robinson and Sùokes equation, are presented in table 3.2.
Since the completion of ttre limiting conductance stud.y,

additional transport number data for aqueous KCI solutions to that
cited above has been reported by Kay and Vidulich (24). Vùhen the
measurements of the last authors at 10 and lOoc are combined with
other limiting transport number d.ata for this salt above l-OoC, a

different temperature dependence to that previously reported by

Steel results. Table 3.2 atso presents a second set of Ào*+ and

^oar- 
data obtained on the basis of Âo evaluated by the Robinson and

Stokes equation and the transport number data which resulted when

the data of Allgood, LeRoy and Gordon was combined with that of Kay

a¡¡d Vidulich and least-squared to first a¡rd second ord.er polynomials,
in temperature, which are given below, equations 3.3 and 3.4, with
the star¡dard error of fit to each equation, o.

úo** = 0.4963 - (2.tOxtO-4)t -, o = 4.5x10-4 3.3

úo** = 0.4969 - (2.99x10-4)t + (t.gxto-6)t2; o = t- 2xho-4 3.4
Equation 3.4 is the more rearistic representation of the data, since
o is comparabre with the quoted errors in the measurements.

The transport nr:mber for the chloride ion in the o.o7g323N Kcl
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TABLE 3.2

LrMrrrNG coNDucrrvrrrgs oF K+ A¡¡D cl foNs BETvSEEN oo Æ{D I .2Loc

lemp

o
c

o.0
0. 54

L:57

2.L6

2.89

3.49

4.10

4.68

5. oo

7.48

8.2L

Robinson
and Stokes
Ecfuation

/\
o

8I.7
83. 0

85. 6

87.0

88- 8

90. 3

92.O

93.5

94.2

100. 7

LOz.6

Transport Number
Data of Steel

Transport Nunber
Data of Kay et aI"

o

40.5

4L.T

42.3

43. 0

43 -9

44.7

45.5

46-2

46.5

49.7

50

-o
c1

4L-2

4l-.9

43-2

43.9

44-8

45-6

46.5

47 -2

47.6

50.9

51.9

40.6

4r-27

42.5o

43-18

44.O7

44-8L

45-60

46.3 
3

46 -67

49.85

50.7 
7

,o
c1

4L.L

4I-7I
43. 11

43.A
4

44-7 
a

45.57

46.4t

47.L7

47.54

50.91

51. 89

o
À +

K
+

K
À

5

I
2

5

I
1

0

I
6

4

4

9

7

7

2

I
4

9

8

2

2

5

8

6

0

6

2

8

5
6g
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soluÈion was calculated from equation 3.5 (25) at 50, l5o, 25o and

35oC. Then ú"r- at other temperatures were graphically interpolated.

Values of Ào used to calculate f,"r- were obtained from reference

(19). The values of ú"r- were calculated on the basis of the
o

temperature dependence for t- 
"t- 

defined by equation 3'2'

L

'c1: -
À

I
c1- erfc/ e+w6) 3.5

l\ Bzß/ (r+sar'C)

Appendix 3.2 is a sunnary of the resulÈs obtained with the

0.078323N KCI solution.
Appendix 3.3 likewise surrnarizes the experimental data for the

CsCl solution.
3.3 (d) A Model for the Temperature of the Conductance

Data

The requirements for an analytical expression that wiII repre-

sent the observed temperature dependence of conductance are that the

e:çression be as simple as possible and, furÈher, reflect the

experimental error in the original conductance measurements. It' was

found that polynomials of the form Âo = P' +Qrt + R't2 satisfied
these reguirements adequatelY.

All sets of data were fitted to first, second and third order

polynomials of conductance as a function of temperature by the

method of leasÈ squares. The linear regression program, PUTT,

furnished Èhe least squares coefficients together with their standard

errors and the standard error of fit, S.E., for each system.

Progra.uts which also computed the standard error of the coeff-
icients were written while the present resêarch was in progress.

Previously, (1) the most significant order polynomial was selected

upon the basis of the standard error of fit reflecting the experi-

menÈal error of the original conducta¡rce measurements.

The record in table 3.3, being representative of the results

obtained wittr the remaining data reported in this work, wiII suffice

Èo illustrate the criteria by which a polynomial was selected as

being the best representation for the temperature dependence of the
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TABLE 3.3

Order

THE FIT OF AO

*
Pr = 8.1611 E + 1

Q'=2.5493 E+0

P'=8.1718E+1
Q'=2.4646E+o
Rr = 1.0295 E - 2

Pr = 8.L728 E +. I
Q'=2.4429 E+0
R'=I.76L28-2
S':-6.025E.-4

4.30E'-2
9.738-3

2.538-2
I.ALE'_2
-L-63 E - 3

3.O78-2
3-75I'-2
1.I88-2
9.61 E-4

S-8. of Fit

8.O78-2

3.50 E - 2

TO POLYNOMIALS OF TIIE FORM

.A,o = P' + ett + Rtt2 + s,t3

Coefficients S.E. of
Coefficients

I

2

3

3.64¡'-2

* FORTR.AN notation for the exponent used in thìs table.
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conductance data under consideration. The second order polynomial
was considered to be the best and the most significant represent-
ation after comparing, firsÈIy, Èhe magnitude of the standard error
of fit of the d.ata to each polynomial and, secondly, the magnitude

of each coefficientrs sÈandard error to that of the coefficient
itself. By referring to table 3.3, in whích the standard errot is
abbreviated S.8., it can be observed that the standard error of fit
is betÈer for the second and third orders. However, the last
representation can be discounted as being less significant than the
second ord.er, because the standard error of Èhe t3 coefficient is
larger than the coefficient itself. The second order polynomial in
the case of the 

^o 
data can be further supported by the observation

that the standard error of the fit of the data is a little larger
than the magnitud,e of the scatter of the Âo (calc) values
originally averaçJed to evaluate ¡\o.

3.3 (e) Evaluation of the Enersy of Activation, Ea

Since all the experimental quantities were treated alike, Èhe

description below will suffice as a "type example". The energ.y of
activation, Ea, for the conductance process was evaluated in two

!ùays.

f (t-r
First, from eguation 3.6 given an expression for lnl,o

), T being in degrees Kelvin.

Ea = -R fgr"^"-l!' 
latrzrN

AS

3.6

-1 -IR is the gas constant, 1.987L9 calorie degree mole (26) .

An expression for lnÂo as f(t-tl was obtained by fitting ln.l\o to
-1firsÈ, second a¡¡d third order polynomials in T using the regression

program PUTT.

Second, Ea was calculated with the integrated form of the
Arrhenius equation (28)

Ea = -R 
(1n'{% - lnAo1)T1T2 3.7

(r2 - 11)

Table 3.4 presents the coefficients, their standard errors and

the star¡dard error of fit for the three polynomials of InÂo as



73

TABIJE 3.4

THE COEFFICIBiTTS OF POI,YNOM]ALS OF THE FORM

In/\o = P' + g + R'
T t12

S.E. of
Coefficients

+ s!.
Tî

Order of
Polynomial Coeffícients

P'=1.22L68+L
9' =-2. 1336 E + 3

=-1.0304 E + o

=5.21108+3
=-1.0180 E + 6

4.31 F -2
1.19 E + t

1.418+O
7.80 E + 2

1.088+5

2.31 8+2
1.928+5
5.32}.+7
4-91 E+9

S.E. of Eit

I.288 E - 3

3.929 E - 4

4.L62 E - 4

I

2 P,

Q'

Rr

pr

g'

Rr

sl

=-8.3705 E + 1

= 7.3957 E + 4

=-2.OO72 E + 7

=L-76O28+9
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-1f(T' -1. Although the second and third orders provide a better

representation of the data, judged from the view point of their

respective standard errors of fiÈ, the significance of some of

their coefficients is in doubt due to their large standard errors.

Hence these polynomials, in their present form. are not significant

representaÈions Of the data. However, the important observation

from table 3.4 is that the coefficienÈ P' of the second order poly-

nomial is small in relation to the remainder: therefore, it was

equated Èo zero and the data was re-analysed with prograln DODO 3'

the relevant output of which is the subject of table 3.5. The third

order case l^¡as also included. for comparison. By compa-ring ta-bles

3.4 and 3.5, it can be observed ttrat the standard error of fit is

unalÈered by setting P' to zero. The remaining coefficients give

a more significant overall representation of the d.ata, since their

standard errors have become smaller. The second order polynomial

has become, by this procedure, highly significant in contrast to

the third order case \^Ihich wilt not be considered further for the

following reasons. The standard error of fit upon the addiÈion of
-?the S'T " term is approximately the same as for the second order

case. Further, the standard errors of the coefficients Rr and S'

are of the same order of magnitude as the coefficients themselves,

and last]y, the third order polynomial, as a representation of the

temperature dependence of .4,o, i.e. Ao as f (t), has already been

rejecÈed. Hence, Ea was calculated from the polynomials of Èhe

form of 3.8 and 3.9 in conjunction with equation 3-6-

InÀo = p, + e,T-f 3.g

lnLo = o.o + Q'T-f + R'T-2 3-9

The coefficients, their standard errors, and the standard

error of fit of the data to each polynomial from which Ea was

evaluated are located in appendix 3.4
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TABLE 3.5

TIIE COEFFICIENTS OF POLYNOMIALS OF THE FORM

rnno =I* Rr

'¡2
a-

TJ

Order of
Polynomial Coefficients

=0.0000E+O
=4.63978+3
=-9.3880 E + 5

=0.0000E+0
=4.3552E+3
=-7.8LO4 E + 5

=-2.L864 E + 7

S.E. of
Coefficients

0.00 E + O

3.56 E + O

9.85 E + 2

0.00 E + 0

3.90 E + 2

2.16 E + 5

3.00 E + 7

S.E. of Fit

3.827 E - 4

3.930 E - 4

2 P'

ôl
Y

R'

3 P'

Q.

RI

J



76

3.4 Results and D iscussion
Tabur-ated in table 3.6 are values of Ea at vari_ous temperatures

calcur-ated from the polynomiar- representations of the conductance
data, equations 3.g and 3-9, for the K+ and cr_ ions from the rimit_
ing conductance study and the stock KCr- soruti_on. Also tabulated
are varues of Ea for Âo and Â of KCI and Â of cscl and the esti-
mated error in Ea for each quantity.

From the daÈa presented. in table 3.7 it is concluded that Ea
evaluated from equation 3.g for a griven ion is independent of the
basis for assigning individual ionic conductances from the limiting
transport n'nùcer data cited in this chapter , viz. equations 3.2 or
3'4' Further, the eneïgy of acÈivation of the ion pair is inde-
pendent of the method of evaluating the limiting conductivity.

A temperature dependence for Ea, d.epicted in fig 3.1. of the
cscr soluti-on was obtained. by taking the experimental values in
sequence, with respect to temperature, i-n pairs and subsequently
carcur-ating Ea from the Arrhenius equati_on. rt can be observed that,
after consideration of the scatter in Ea obtained, the assignment
of a maximum to this p10t has little basis: rather, the resultant
p10t can be best described as a straight line having finite s10pe.
The line of best fit, obtained by expressing Ea as a ri_near f(t), is
indicated on fig 3-1 together with the standard error of fit,
namely ' !r20 cal0ries/mor-e- Ea v/as ar-so car-cur-ated with the poly-
nomial representations 3.g and 3.g, the former giving rise to Ea
independent of temperature, while in the latter case, Ea decreases
linearly with increasing temperature, both temperature dependences
being depicted on fig 3.1. Two observations can be made. First,
the two dependences are distinguishabr-e, after taking the error in
Ea into account; second, Eâ, carcurated from the experimental data
a¡d the second order porynomiar are equivarent within the estimated
error of the two representations.

Another important point shourd be made here in that, by car-
curating Ea from the experimentar points, no temperature dependence
could be imposed upon Ea, in contrast to fitting,r\ and hence Ea to
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TABLE 3.6

TABULATED VAIUES OF EA FOR KC]- AND CSCI BETVüEEN OO AI.IO 9OC

Ea Cals/Mole

Conduct- Order
ance

Ouantity Polynomial

2

Error in
Ea

Ea FOR 0.001388N CsCl SOLUTION

ooof

I 113

r11.3

t20.9
!22.7
!L9.2
!24.6
!29.O

+24.3

! 7.9

! 7.L

t 9-2

r 8.0

113.8

! 9.7

4082

4327

4246

4306

4183

4446

4496

4370

4160

4225

4093

4327

4384

4248

40

4082

4133

4246

4306

4183

4249

4308

4186

4L60

4225

4093

4135

420r

4070

go

4082

3898

4246

4306

4183

4010

4081

396 3

4L60

4225

4093

3903

3980

3854

^

^

Ea FOR LTMITTNG CONDUCTANCE DATA KCl

o

o

o

o

o

o

,l\

À

À

¡,

À

À

^
À

À

^
À

cl
+

K

+

I
I
I
2

2

2
K

CI

CI
+

K

CI

Ea FOR 0.078323N KCI SOLUTION

À+
K

1

1

I
2

2

2
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TABLE 3.7

OF Ea DERS/ED FROM

LrMrrrNG CoNDUCTANCE DATA EqB sçI

Ea Ca1s,/l'{ole

c
o

4 c

4446.O 4249.0 r 20.9 4010.0

oo

Ea derived
fro¡n

^o 
Robinson and

Stokes equation

^o 
Pitts equation

K, o** steel
+K,
-^cI,t" c1

c1 toc1

to +
K

lþy

- Steel

- Kay

4440.O

4370.O

4341.0

4496.O

4528-O

4243.O

4186.0

4158.0

4308.0

4339 -O

2L-2

L9.2

22-O

22 -7

20-2

o
9 c

4004. o

3963. O

3936.0

4081. 0

4110.0

+

+

+

+

+



FIGURE 3.I

The temperature dependence of Ea for a 0.0013088N CsCI

solution derived from the integrated form of the Arrhenius
equation, equation 3.7, and the polynomial representations
of the conductance daÈa, equations 3.8 and 3.9, in
conjunction with equation 3.6.

(a) X Ea computed directly from the experimentat
conductance-Èemperatr¡re data with the integraÈed
form of the ArrhenÍus equation, 3.7.

(b) O The line of best fit for Ea derived from the
e:<¡rerimental points, part (a) above. The

standard error of fit, o, is also denoted.
(c) ¿[ Ea derived from the second order polynomial

representation of the conductance-temperature
data, equation 3.9, in conjr:nction with equation
3.6.

(d) V Ea derived from the first order polynomial

, representation of the conductance-temperature
data, equation 3.8, in conjunction with equation
3.6.
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a definite function of temperature. It has been shown above that

by taking either experimental conductivity-Èemperature observations,

or the polynomial representation of the same daÈa, Ieads to the

same result for ttre temperature dependence of Ea.

Fig 3,2, construcÈed from the relevant data from table 3-6,

presents the two temperature dependences of Ea for tJlle quantities
- o - o - 

^o. 
The conductance quantities, for which Ea wasÀ **, À 

"r- 
and

calculated, are based upon Èhe Robinson and Stokes equation and the

Èemperature dependence for the limiting transport nurnber data

reported by Steel. IÈ can be observed from fig 3-2 that, for a

given quantity, the two temperature dependences of Ea defined by

equations 3.8 and 3.9 are distinguisha-ble following the acknowled'ge-

ment of the estj¡nated error in Ea. From the data presented in
table 3.6, for the stock KCl solution, it is likewise concluded

that the two representations of Ea for the quantities A, À-* ¿¡d

À"r- are resolvable.
It wiLl be recalled that the second order polynomial gave a

better representation of the conductance data from which Ea was

evaluated. Ho!ùever, the decision of which polynomial representations,

3.8 or 3.9, resulted in the more significant representation of Ea as

f (t) had to be deferred u¡til the errors of the t\¡ro representations

were evaluated. Since iÈ has been established that the two

temperature dependence models for Ea are resolvable, it is now

proposed Èhat Ea, for the conductance process between 0o and 9oc,

decreases linearly with increasing temperature through the tempera-

ture of maximum density of the solution.
Denoted on fig 3.3 is Ea for Èhe K+ and Cl ions at infinite

dilution and at the finite concentrati-on. The concl-usions that can

be drawn from this plot for a given temperature are twofold. First,

at infinite dilution, as weII as at the finite concentration, Ea

required for tt¡e transport of the chloride ion is greater than Èhat

for poÈassium ion. Second, for a given ion, Ea is greater at
infinite dilution than at the finite concentration, i.e. Ea is
concentration dependent.



FIGURE 3.2

The temperaÈure dependence of Ea for Èhe K+, CI- and
Èhe ion pair at infinite dilution derived from the
polynomial representations of the conductar¡ce-
temperature data, equations 3.9 and 3.9, in conjunction
wiÈh equation 3.6.
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FIGURE 3.3

The temperature dependence of Ea for the K+ a¡rd CI-
ions at infinite di]ution and at a finite concen_
tration derived from equations 3.6 and 3.9.
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One aspect of the present research is the re-examination of
the basis upon which the uncerÈainties in Ea \^/ere evaluated., in
conjunction with analytical expressions, to represenÈ the temperature
dependence of the conductance data. Vlhen the KCI work was first
reported (1), it was concl-uded after considering the r:ncertainty in
Ea at that timer that Ea between 0o and. 9oC for Èhese systems was

independent of both temperature and concentration of the electrolyte.
The uncertainty in Ea at this time was calculated in.the following
manner <27). An initial value for Ea was evaluated from two pre-
dicted values of conducÈance separated O.5oc, obtained from the
second order polynomial of, for example, Âo as f(t). A second

calculation of Ea followed, again using Èhe Arrhenius equaÈion, by

adding the standard error of fit of the data Èo the second order
polynomial as f(t) tcj one of the val-ues of Lo. The errors so

obtained for Ea were as follows:- Ea (no) t 0.14 and Ea (^) I O.l-2K

cals/mole respectively.
In aIl systems described above, the only justifiable represent-

ation of Ea as f(t) is Ea decreasing with increasing temperature, a

finding which is at variance with some results previousry reporÈed

by Horne and his co-workers.
Horne et al have reported a correlaÈion between changes in the

solution density and Ea for the conductance process, Ea passing

through a maximum value near the region of the soluÈions maximum

density. They have found maxima in Ea for the following systems:-
KCl/waÈer (28-30), KCL/D.O (29) (30), CsCI and LiCl in r¡rater (31)

and sea water (32). However, maxima were not detected for aqueous

systems having HC1 (33) and MgCl, (34) as electrolytes. Horne et aI
calculated Ea with the Arrhenius equation in conjuncÈion with
conductance data obtained from a graph of conductance against
temperature (28) (32) (33). The most pronounced maxima in Ea as

f(t) were reported for the systems O.lN Kcl/water by Horne and.

Courant (28) and 0.001-N CsCl,/water by Horne and, Johnson (3f¡. Hohrever,

in the case of the 0.lN KCl/water system, the earlier measurements

of Horne and Courant (28) haúe been subsqquently repeated by Horne



8l

and Johnson (29) (30¡, with the result that the temperature depend-
ence of Ea below zoc differs marked.ry, the maximum being far less
pronounced in the ratter case. Horne and Johnson write of the two
studies thaÈ "The causes of this discrepancy are not, crear, but we
feel that Èhe present curve is the more reliabl_e', (35).- The marked
mærimum in Ea for the o.oorN cscr solution, reported by Horne and
Johnson, initiaÈed the measurements on Èhe o.oo]-3oggN cscl solution
reported in this thesis wiÈh the result that no mæ<imum in Ea was
found. beÈween oo and 9oc, even if the experimentar varues of the
equivalent conducÈance for this salt were used to calculate Ea from
the Arrhenius relationship.

The maxima reported by Horne and Courant (32) for various
chlorinity sea water solutions are based. upon the data of Thomas,
Thompson and Utterback (36). Horne and Courant graphically inter_
polated conductar¡ces folrowed by the computation of Ea with the
Arrhenius equation.

since no evidence has been found in this present research to
support the assignment of a maximum value to Ea, it was considered
desirable to re-examine another system in which Horne et ar have
reported a maximum in the prot of Ea against temperature, using ttre
same data and, calcuration proced.ure as described by these authors.
Consequently values of IGp , f.or Ètre 15s chloriniÈy sea water data of
Thomas et al, Ì{ere graphically interpolated, at 0.50c intervals
between oo and rooc. Ea r^ras subsequentry carcurated with the
Arrhenius equaÈion with Ksp-temperature varues taken in sequence for
the computation. The result is the subjecÈ of fig 3.4 on which is
also recorded the least squares prot and the standard error of the
fit of the data to Èhe linear rerationship between Ea and
Èemperature. rn contrast to the result reported by Horne and
couranÈ, the assignment of a maximum value to Ea in the temperature
region of Oo to J.ooc is not justifia-ble.

The data of Thomas et ar, which is the basis of Horne and
courant¡s findings, consists of neasurements at oo, 5o and rooc in
the temperature range of oo to looc. ïn order to establish whether



FIGURE 3.4

The temperature dependence of Ea for a t5E chlorj-nity
sea water solution derived from the integrated form of
the Arrhenius equation, 3.7. The r-ine of best fit of
Ea to a linear function of temperature and the standard
error of fit, o I to this relationship is also denoLed.
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a maximum in Ea in Èhis temperature range does exist, a number of
conducta¡rce measurements at sufficiently sma1l intervals in Èempera-

ture' in close proximity to the temperature of maximum density of
the solution, are required, so that any influence densiÈy changes

may have upon conductance would be recorded.. Hence Horne and

CouranÈts findings can also be discorrnted for the same reason, since
they are based upon three e>çerimental observations only within the
temperature region under consideration.

In their respective studies of Ea for viscous flow of water
Horne, Courant, .fohnson and Morgosian (37) and Korson, Drost-Hansen
and Millero (38) have reported no anomalies in the region of maximum

density a result which is an accord wiÈh the findings of this
research for ionic transport in this temperature region. These

findings demonstrate that the transport processes are too complex to
be rationalised in terms of a single macroscopic property of the
solvent. This statement brings to mind. the shorËcomings of another
relationship between conductance and a macroscopic property of the
solvent, its viscosity - lrlaldenrs Rule.

upon the basis of the evidence presented in this chapter, the
maxima in the energy of activation for the conductance process are
not corroborated, but raÈher Ea decreases linearly with increasing
temperature within the temperature region of the maximum density of
the solution.
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C!ÍAPTER 4

VISCOMETRY

4.L viscometry - its Theoretical Basis

The fundamental- equation describing the lanninar flow of
a Newtonian liquid through a cylindrical tube is that of
Poiseuille and Hagenbach (1):

nR4t (po - pr)
n 4.r

4.2

8VI

where po and p, are Èhe pressures at the ends of the tube of
length I with a radius R. V is the efflux volume in a time t of
a liquid with absolute viscosity ¡. For a discussion of the

assumptions underlying equation 4.1, the reader is referred to
reference (t). However, two correction terms, namely, the

Hagenbach or lCinetic Energy correction and the Couette correction
term, will be discussed here because of their importance in the

evaluation of viscometric data.

The Kinetic Energy Correction
Near the entrance and efflux sectors of the tube, the

liquid flow has not attained steady state: for example, at
the enÈrance to the tube initial disturbances due to the acceleration

of the tiquid from rest have not been damped or¡t. Consequently,

a correction factor must be applied to account for the dissipation
of some of the applied pressure when the liquid accelerates from

rest upon entering the tube. Barr (2) expressed the pressure

effective in oveicoming the viscous forces as

eff mdv
2

p (eo - rr)
242tfRt

d being the liquid density and m a constant whose value is
related to the shape of the capillary ends. Replacement of
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(eo - rr) in 4.J. by this effective pressure peff yields +

nn4t (po-nr)
n- mdv

4-3
. BVl Bnlt

where lmav¡7 (8nrt) is the Kinetíc Energy correction term
The Couette Term

' rn the derivation of the poiseuirle-Hagenbach equation,it is assumed Èhat the riquid frow is everyrvhere pararler to theaxis of the tube- Rerated to this assumption is the couetteterm (3), which is expressed in terms of a hlpothetical increase, a,in the length of the capirrary' to account for the viscous energy
expanded in the formation of the streamlines at the entrance andefflux sectors of the tube.

Equation 4.3 becomes

nR4t
n- 

(no-et) 
- mdv

4.4
8v(I + A) 8nt(1 + A)

rn Lhe absence of external pressure, the hydrostatic head ofriquid in the viscometer is the driving force for liquid f10w
through the capilLary, the press
by h d s thus:- 

ry' Ene pressure te:m (no - Pt) nay be replaced

n- ?TR tdhg mdv
4.5

4

8v (1+^) Brr (1+A)

h being the mean height of the liquid colrr¡nn and g the
gravitaÈional acceleration.
Eva luation of the ICinemaÈic V iscosity

Equation 4.5 can be written in the form
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n=Cdt-Bd'/E

n/dE=C-B/t 2 4.6

Iihere c : lnR4hg),/(ev(r+l¡ ¡ and

B : (mv)/ (8r (1+A) )

The calibrat,ion of conventional (4) capiltary viscometers

can be achieved by measuring the flow times of a number of
Iiquids of known viscosity and density, fol-lowed by a plot of
n/dt against t - as suggested by equation 4.6. If the resulting graph

is linear, the kinetic energy correction coefficient, B, which

is the observed sÌope can be regarded as being a constant for the
particular range of calibrating liqu-ic1s used. If , however, the

resultanù graph of. n/df against t-2 i= nonlinear, the kinematic
viscosity of the test liquid can be evaluated from this ptot.
Other methods of evaluating B have been discussed by Stokes

and Mills (5).

Er¡aluation of the Kinetic Energy Correction Term.

In principle, given the flow time, a liquid's viscosity
can be evaluaÈed from an expression such, as equation 4.6, by

eval-uating the instrument constants B and C from the physical
dimensions of tt¡e apparaÈus, and assumed values f.or m and A.

Such a fundamental method has been extensively discussed by Swind.ells,
Hardy and Cottington (6) and Swindells, Coe and Godfrey (7).
The reader is therefore referred to their texts, in which these

authors describe the elaborate procedures required for the
determination of a liquid's viscosity by such a method. In
practice, except for absolute determination, the Kinetic Energy

Correction term is evaluated by the method described in the
previous secùion.

Yet another approach to the problem has been suggested

by Caw and lrlylie (8), namely, to minimise the Kinetic Energ'y

term by using long frared capillary viscometers. These authors
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proposed the following for=n for equation 4.6.

The value of n was found to depend upon the capilrary design.
For a convent,Íonal capitrary, n was found to be unity, whlle for
Èhe longesÈ flared capirfary, n had. a numericar var-ue of four.
values for intermediate capilrary d.esigns ranged between these
Ii¡nits. caw and lrtyrie used the funcÈion 4. 11 to evaruate their
experimental resurts obtained from four instruments, each having
two timing bulbs above a conmon capirlary, but a different
rerationship between the length of the frare and the overal_l
rength of Èhe capillary. fn the equations which follow a

subscript of r. and 2 denotes a property of the upper or lower
timing burb respectively. Equation 4-7 can be written for
each timing bulb thus:-

n/dt =

Where B = K/t

n/d=C

\/d:c

'rtr-r=K
U t,

c - K/LÛ+L

n-I
4.7

4.A

9

4. 10

4.10b

4.LL

ttt

ztz

K/E: 4

+Ka/tn
2

V{here a is the ratio defined by

o = ufnr@ N:nr@
Equations 4.9 and 4.ro can be combined for a given riquid to
yield the following expression

tti rti
C,,

)-a

n+1
2 t,

Hence a plot of (Crtr/C2l-) - r asainsr { ttlZtil - ol/rr.l*,
wilr have a slope of K the KineÈic Energy correctíon coefficient.
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Figures 3 and 4 of reference (g) are plots for equation
4-rl' for which n=f- and 4 are substituted respectivety. rt can
be seen from these graphs, that the srope -K is a minimum for the
longest flared capillary, independent of the vaLue of n chosen for
comparing the four cases on each graph. The final decision, as
to wheÈher I can be regarded as being negrigibre for the long-
frared viscomeùer in question, must be made in conjunction with
the comparison of the rerative magnitud.es of the K/tn and ct
terms for the frow time t of interest. rf the Kinetic energy
term is negrigÍbre then equation 4.6 can be written as :-

n - cdt 4.L2

rn tl¡is eventuality the neasurement of the frow time of one
liquid, whose viscosity and density are accepted as sÈandards. wouÌd
evaruate the singre instrument constan.- c, thus eriminatÍng the
limitaüions inherent in the evaluation of 1( from instrument
dimensions incruding z and a requíred for the evaruation of the
Kinetic energ'y term.

Such a possibility will be examined by evaluating ,K

via caw and vüylie's function, 4.r1, and apprying the resurts to
Èhe evaluation of the viscosity of water between oo and. 6ooc,
using the relationship 4.J-2.
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4.2 Viscometry Experimental

The Photo-electric timing technique used to record. the flow
times of the test and calibrating liquids in this work has already
been discussed in detail by Steel (9). Consequently, only departures
from the appa-ratus recorded in his texÈ are described here.

The Thermostat: a waÈer bath, in whichithe viscometers were

supporÈed upon a levelled franne (9) using the three point locating
technique, was regulaÈed within Èhe lirnits defined in appendix 4.1.
The regulating devices used are also recorded. The cooling unit
employed has been described in chapter 2.4(a).

Thermometers: these were bomb cal-orimeter insÈruments and have

already been described in chapter 2.4(a). Prior to the commencement

of the calibration of the viscometers, the thermometers used. were

calibrated against the platinum resistance thermometer.

The Viscometers

The Tilting Viscometer

Principal of OperaÈion

LeÈ us assume that the viscometer has been charged with the
required arnount of liquid, then, prior Èo the fl-ow time determin-
ation, the viscometer is tilted about its axis from its operating
position, fíg 4.1, to that depicted in fi-g 4.2. When ti¡e bulbs A

and B togeÈher with the capillary D, fig 4.3, are filled with liquid,
it is returned to its upright position and the viscometric run has

commenced.

Description of the Viscometer

This viscometer, of the suspended level type and depicted
diagramatically in fig 4.3, was designed principally for non-

aqueous solution r,vork. Once filled, repeated flow times could. be

recorded without exposing the contents to poÈentiat water contamin-

ation during the flow time measurements. Bulb C had a volume such

thaÈ, when the instrument was tilted about its axis.with the aid of
rod R, bulbs A, B and. the capillary D were filled with liquid.
FurÈher, an air gap existed between bulb C a¡d the remainder of
the apparatus at the completion of the liquidrs fl-ow time.



FIGURE 4.L

The til-ting viscometer d.epicted in the vertical
operating position for the measurement of the ffow
time of a liquid.





FIGURE 4.2

The tilting viscometer tilted a'bout its axis to

charge the viscometer with liquid prior to the

measurementoftheflowtime.Alsodepictedisthe
locating stop' S, and the manipulating rod' R'
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FIGURE 4.3

The tilting viscometer, removed. from its supporting
frame, depicting the bulbs A, B and. C, the partialty
flared capiltary, D, the split perspex mounting
block, pB, and the rod, R, with which the instrument
is manipulated between the vertical operating posiÈion¡
figure 4. l, and the filling mode depicted in figure
4.2.
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vltren the instrument was returned to ttre vertical operating

position, bulb C rested against the stop S' see figs 4'L and 4'2'

originally, rod Y was intended to lock the viscometer in a repro-

ducible operating position. S, at this stage of development' was

a coarse locating device. once in position, Y was to be tightened,

thus locking the viscometer in position by mating with a small hole

drilled in the ring z o1 fíg 4.2. this procedure was al¡andoned in

favour of utilizing the contact of s and burb c to fix the operating

positionoftheinstrument,thetwocomponentsbeingheldincontact
with a humble rubber band (threaded through the steel springs of

thestopperassemblyandattachedtotheviscometersupporting
frame). The success of this location technique can be demonstrated

by examining the flow times recorded for water at 25oC durj-ng a

period of 18 months, appendix 4'5' The viscometer \¡¡as supported in

a split perspex block, PB, fi..1 4'3, which was in turn affixed to

the axl-e assemblY-

Another departure from (9) was the photo resistor mounting'

Rubber ',O', rings were used as seals between the resistor housingt

CHofr'íg4.4,andtheresistor.ThetopsofthetubesTabove
their perspex block mounts were sealed with aquarium putty. v[ith

this arrangement, the system proved water-tight in the temperature

range 50 to 6ooc over a period of 18 months'

once the light beams had been focused on the viscometer

capillary at points 1 and 2 fLg 4'4, the positioning of the photo

resistors could be adjusted to intersect the light beams deflected

from the capillary, with the aid of the screws mounted in the

support blocks. A multimeter was particularly useful in finding

the position of minimum resistance of the illuminated resistor'

A parÈially-flared capillary was incorporated into the

insÈrument. (See fig 1(b) of reference (6)')

Water at various temperaÈures was chosen as the calibrating

liquid for the evaluation of the instrument constants. Further

reference will be made to this matter later in this chapter.



FTGURE 4-4

The Èilting viscometer mounted in its supporting
franre depicting the photo-resistor mounts, CH, their
supporEing tu.bes, T, and support blocks, B, together
with the positions at which the capillary is
illuninated for the upper and rower photo-resistors,
points -L a¡¡d 2 respectively. The positioning of
the photo-resistors, relative to the capillary, can
be achieved with the aid of the screws mounted in
tt¡e blocks, B.
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The Double-bulb ohde viscometer "PEI"

A second viscometer ïras employed in this research for Èhe

measurement of the flow time of water at oo , 5o, 2oo, 25o, 3Oo,

35o, 40o, 5Oo and 6ooc. This instrument, which is the subject of

fj:g 4.5, had been used extensively in viscometric studies of some

of the alkati halides in 20t sucroser/water solutions by Mulcahy

(10), and has been described in detail by this author. It is of

the Ubbelohde design incorporating two timing bulbs mountêd above

a cornmon long-flared capillary. For the mounting of this viscometer

in its frame the reader is also referred to reference (9) -

Mulcahy recorded flow times for Èhe upper and lower timing

bulbs for water, IOt and 20* aqueous sucrose solutions at 25oC. It

was felt desirable to undertake a new set of double bulb measurements

in order to increase the number of data points and also the range

of test viscosities employed. This projecÈ required the incorpor-

ation of a timing mark to define the end of the liquidrs flow time

for the lower bulb since Mulcahy used strips of adhesive tape as

temporary timing marks in his dor¡bIe bulb experiments. The light

beam for the upper bulb's lower photo-resistor shone on the glass

capillary which connected the fwo timing bulbs, marking the corwnence-

ment of the flow time for the lower bulb. A second timer, of the

same design as the one used for Èhe automaÈic timing of the upper

bulb, was manually operated to record the flow times for the lower

bulb-
Placement of Liquids Into the Viscometers

All liquids were introduced into the viscometers through funnels

incorporating a glass frit of porosity 2. The viscometers were

clea¡¡ed with chromic acid, leached with deionized water, and finally
soaked for several days, with a number of changes of conductance

water. When not in use the instruments were filled with conductance

vrater and left standing.

Except for the water calibration runs, the instrument was

dried prior to charging by rinsing it several times with redistilled
methanol, followed by repeated evacuations with a \^later aspirator.



FIGURE 4.5

The double-bulb Ubbelohde viscometer pEl_ depicting
the upper and lower timing bulbs, U and L
respectively.
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Precautions were taken Èo shield pure DMF from aÈmospheric

moisture whil-e the viscometer was being filled. Once the liquid
was in the filtering funnel on the viscometer, it was isolated. from

the atmosphere with guard tubes containing fused calcium chl-oride.
fn Èhe case of water and the hrater/DMF mixtures, the tiquid

was introduced into the viscometer through the filtering funnel
without the attachment of the guard tubes to the funnel. At least
three rinsings of the viscometer \^¡ere undertaken before the sample

to be investigated was sealed in the instrument. In many instances,
the measurement !{as repeated on another sample of liquid.

Once the required volume of liquid was iá the viscometer the

stopper was sealed in pJ-ace with Parafilm and a pair of steel
springs. Contamination of the test liquid by the thermostat medium

during the refilling cycle that followed the flow of the liquid
through the capillary was thus prevented. For flow time measurements

other than 25oC Èhe viscometer lvas alloh¡ed to equilibrate with the

bath, d.uring which time the stopper was quickly removed and replaced
several times. This procedure allowed the attairunent of equili-
brium between the liquid and its vapour at atmospheric pressure and.

at the temperature of the viscomeÈric determination. The viscometer
\das removed from the bath, sealed and replaced in the thermosÈat.

The viscosity of DMF and its mixtures with water wiLl be

presented in chapter 5.

The Fl-ow Time

the measurement of this quantiÈy \¡{as repeated until at least
four consecuÈive values were obtained which agreed wiÈhin 0.0Iu.
This usually involved disregarding the initial two readings recorded
whilst equilibration was in progress. Later values during a run,
with the rare exception, came well within the above tol_erance.
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4.3 Discussion

The kinetic energy correction coefficient, K, f,or capillary

viscometers can be evaluated in several ways, from Èhe slope of a

calibration plot of rl/dt against t-2 f.ot example. However, of prime

interest in this research is the use of the Caw and !Ùylie (8)

function 4.L1, a method which has yet to be employed in the eval-

uation of K with the aim of determining the viscosity of a test

Iiquid Èo a precision comparable with that of the absolute visqosity

of water at 2OoC (7). By conducting double-bulb flor¿ time measule-

ments.over the range of test viscositiesr.K for the viscometer can

be determined over this spectrum of flow times on the basis of the

viscosity of one liquid which is required for the evaluation of

the instrument constants C, and' Cr-

Flow times for Èhe two timing brrlbs of PE1 were recorded at

the temperatures indicated in table 4.I. The physicaf dimensions

of PEI required for the computation of K using 4.II aret VI =
??

10.496 cmu, v, = Il.c72 cm', hI = 23.0 cm, h, = 16-5 crn and 1 :

11.3 cm.

Table 4.2 surnmarizes the method used to compute the instrument

constants C- and C^ prior to Èhe evaluation of K with n = I in 4.I1.L 2-
The value of K, its standard error oK and the standard error of the

fit of the data to the linear plot, o, are also recorded in this

Èab]e. The functional data required for the evaluation of K for

the last iteration are recorded in appendix 4.2. Appendix 4-3 is

a graphical representaÈion of these data which shows the least

squares plot and o.

Caw and Vtylie found that the substituÈion of n:4 in 4.11

provided a beÈter representation of their data for long-flared
capillary viscometers similar to PEl. This point can also be

investigated using the double-bulb flow time data recorded in this
research. With n = 4 in 4.11 K = 7.94xLo4, 6K-= 7.28xLo4 and o =

-AI.078x10 'computed via steps (a) to (d) of tabl-e 4.2. The data

required for the evaluation of /( has been recorded in appendtx 4.4.

o/( is as large as J( itself, a situation'identical for the Caw and
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TABLE 4.1

The kinetic energrY correction

og
Tejnp

0

5

20

25

30

35

40

50

60

term as*term
the C

PEl
a percentage of

v].sc

*c = 1.1243xI0 t L

2I

Bu Iôv'fer

0. 0Il
0.014

0.033

o -o42

0.052

0.064

0.078

0. 11

0-15

-5 -e= 7.725xLo ", K = O.OO3 and

0. 007

0. 011

o.o24

0.031

o-038

0.046

0.057

0. 082

cl = 1-05
5

Lower BuIbBulb

Flow times, in se
for water in viscomeÈer

PEl

conds,

1591.53

1350. 80

a92.85

794.44

7L2.74

643.70

585.55

492.84

422.76

!
+

t
+

!
!
t
!
+

0.04

0.03

o.o2

0.02

0.02

0.03

o.o2

o.02

0.01

23L6.L5

L966.O7

L299.37

1155.89

1037. 16

936.79

852.O9

7L7.13

+

+

+

+

+

+

+

+

o.06

0,05

o.03

0.06

0.05

0.04

0.07

0.04



TABLE 4.2

of the ection Coeffi , K,

for Viscometer to 4. II

o is corrputed fron equation 4'10b'
t

Ûet K = 0.0

C, arrd C, axe computed from equation 4'12 given n'tl't2 and

d for water at 2ooc.
-q -6

CL= I-L243xLO " and CZ= 7'725xl.O -

Given t, and E2t a value of x and y can be computed for each

temperature according to:
y = Q Lrt/C 2tr) -1 and x = Á$trit-o) /C rtrn*'

From 4.1I /( is the slope of the resultant linear plot of y

againstx..I{wasevaluatedbythemethodofleastsquares
ar¡d found to be for n = l:

K = r.834x10-3 with o/( = I.276xLo-3 and ú = 1'o23x1o-4
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(a)

(b)

(c)

(d)

(e) Re-aïrange equations 4-9 a¡¡d 4.10 and compuÈe d, and C, using

the value of K evaluated in part (d) '

repeated r:¡¡Èil K consÈar¡t:final values

K = L.836xtO-3 with oK = I-23Ix1O

steps (d) ar¡d (e)

'3.rrd 6=9.9r1xro-5

* An alternative approach computes an initial value for,l(, when

n = 1, from equations 4-6 and 4.8 setting 
^ 

= O'0 and m = L'L2

(reference 6) c, and c, are computed from equations 4-9 a¡rd A.LO'

Final values from steps (d) and (e) are:

K = I.842xIO-3 with o1( = L-279xLo-3 and d : 1' o29xLo'4
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Wylie functional plot obtained with n = 1 in 4.11. Further, o

differs insignificantly for the two representations, i.e. n = I and

n = 4. It apPears from the a.bove analysis that the use of n = 4

in equation 4.lI offers no advantage over n = I as a representation

of the data. Irle shall return to this point at a later stage in
this discussion.

A very important point can be made, however, upon the basis of
n = I in equaÈion 4.11. By accepting 3.OxlO - as an estimate of
the maximum value of K, i.e. K+oK, values of the Ktr2 ana *t;' terms

for water at 2OoC are obtained which are O.O33c and O.O23z of C,

and C^ respectively. The kinetic energy correction terms can be
z

neglecÈed since they are small relative to the respective C terms.

Therefore, the instrument constants d, and. C, of the two bulbs ca¡r

be evaluated at 2OoC from equation 4.L2. Table 4.1 contains values
-) -)of the /(tr- and uKtr- terms expressed as a percentage of the

correspondíng C terms for water between oo and 6ooc. The values

of Cr, C, and J( used in the construction of this table have been

described in this paragraph and are srrnnarized at its base, together

with the value of o. From this table it is evident that given C,

and C^ tt¡e viscosity of a liquid can be evaluated to a precision of
¿

better than 0.It by neglecting the kinetic energy correction term

for flow times greater than t, for water at 5OoC. Since K+oK was

used to compute the magnitude of Kt-2 reLative to the C terms, the

contribution quoted in table 4.I can be regard.ed as a maximum

value. Consequently, the lower.Iinit of the flow time for which

the kinetic energy term can be neglected is probably more like t,
for water at 6Ooc. It should be noted that the kinetic energry/

correction term when expressed as a percentage of the C terms for
a given value of t, is smaller when n = 4 than when n = 1.

The negligibility of the kinetic energy correction term has

some very interesting implications. The absolute determination of
the viscosity of water at 2OoC by s.windells, Coe and Godfrey (7) has

been confirmed by an independent determination by Roscoe and

Bainbridge (11). Acceptance of this standard yields, in conjunction
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with the flow times and the density of water at 2OoC the instrument

constants C- and C^ of PEl according to the relationship:L2
\/dt : C 4-L2

Given, then, the flow time and the density of a test liquid, its

viscosity can be evaluated from 4.L2. It must be emphasised that

this approach to the deterrn-ination of liquid viscosities, based

only upon the measr:rements of Swindelfs et al (7), is the soundest

yet proposed. It does not require the estimation of values for the

constants m anð, À that appear in equation 4.5 for the viscosity n.

uttimately, knowledge of these consta¡Ès is essential for the

evaluation of the kinetic energy correction term for conventional

viscometers (6) (7) - Acceptance of standards other than the 2ooc

value presupposes Èhe correct estimation of m and A used in their

d.erivation. FurÈhermore, this approach does not require the

di-mensions of the insÈrument to a precision compara-ble with that

required for an absolute viscosity determination (7) -

Presented in table 4.3 is the viscosity of water between Oo

oand 60- evaluated upon the basis described in the preceding para-

graph using the double-bulb flow times recorded in table 4.1 and

the density data for water given in ta-ble 4.4. Since the precision

of the flow tj:nes is better than 0.01% and Èhe density of wai-er is

even more accurately kno\n/n, the factors limiting the precJ-sion of
the measurements wiII be the viscosity of waÈer at 2OoC and the

magnitude of the kinetic energy correction term. Also recorded in
table 4.3 are values for the viscosity of water arising from

studies by the National Bureau of Standards of the United States of
America (7) (12) (13), Ì,Ieber (I4), Korson, Drost-Hansen and Mil-Iero
(I5) and values appearing in compilations by Cragoe (12) and

Robinson and Stokes (l-6). It can be observed from ta.ble 4.3 that
the agreemenÈ between the values obtained in this research and the

remainder of these data is within O.l-% between 25o and.4Ooc.

Having considered the magnitude of the correcÈion term it was con-

cluded Èhat the viscosity of water between Oo and 5Oo, and proba-bly

600, evaluated. in this research had a precision of better than O.Iz.



TABLE 4.3

THE VISCOSITY OF VüATER, fN cP, AT VARIOUS TEMPERATURES

Hardy
and

Coe
and Cragoe Swindells Weber Korson

et al

Robinson
and

Stokes

fhis Research
Viscome PElTemp.

oc **

1.793

1.52I
(r.002)

0. 8903

o.7975

0. 7r89

0.6530

LowerCot

0

5

20

25

30

35

40

50

60

r.7865
1.5170

(r.002)

0. 8903

o.7975

0.6531

o.54'7L

0. 4668

(1.002 )

0. 8903

o.6526

o.5467

o.4666

L.79L6

L.5192

(1.002)

0. 890 3

o.7975

o.7195

o.6532

o.547L

o.4666

L.787

1.516

( 1. 002)

0.8903

o.7975

o.7L94

0.6531

o.5467

o.4666

r.7893

r.518-
b

(1.0o2)

0.8905

o.797 I
0.7193

0.6531

0.547 
5

o .467 
3

r.7889

1.5187

(1.002)

0.8903

o.797 
7

0.7193

0.6531

o.547 
4

1.5184

(r.002) (1. 002 )

0.8903

o.7976

0.6531 0.6531

o.4665

*

*

*

*

*

Ho
N)

* Viscometer calibrated by using N.B.S. data at these temperatures'

** Experimental values, tabte I of reference (I4) '
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Further evidence to support this conclusion will be presented later

in this chapter.
The reliability of the oo and 50 values of Èhis research can

be further demonstrated in conjunction with an investigation of

the value of n to be used in equation 4.7 fox PEI and the tilting

viscometer respectivety. Ta-bles 4.4 and 4.5 present the viscosity

data required for the computation of values of. n/dt reguired for the

analysis to follow. Literature viscosity data were d.rawrl from

table 4.3, with the exceptÍon of the Oo and 50 values which are from

this research. Viscosity data in table 4.5 are also from Èhis

research. Flow tjme data for the tilting vîscometer are recorded

in appendix 4.5.
Using the linear regression progra¡ri PUTT values from table 4-4

of nrzdt, corresponding to 2OoC and higher were fitted to equation
I

4.7 with rr = L, 2, 3 a¡rd 4. This data for PEI was re-submitted to

PUTT with the inclusion of the Oo and 50 values derived from the

viscosity of water at these temperatures evaluated in the present

research. The values of Cr, úCr, K, oK and o for each value of n

substituted into equation 4.7 are presented in table 4.6. From

table 4.6 it can be seen that for each value of n Cr, K and o are

effectively unaltered by the inclusion of the additional Oo and 50

values. Since the sÈandard error of fit, o' is less than 0.1? of
the n,/dt, term in either case it is concluded that the viscosity

I

of water at Oo and 5oc obtained in this ïesearch can, as proposed

earlier, be considered accurate to within 0.1?, the quoted accuracy

of one of the N.B.S. sets of data being 0.18 (13). By exarnining the

value of o for the fit of the data to equation 4.7 for different
values of n it can also be concluded ttrat the four representations
of the data are equivalent within the quoted uncertaínties of the

tabutated viscosities of water. Hence, although such a step is
unnecessary because the kinetic energy correction term has been

shovtn to be negligible, the instrument constants for PEI- could be

evaluated. by using a value of n from 1 to 4 in equation 4-7 -

The computations just described for PEl-hte¡e repeated for the



TÀBLES 4.4 AI{D 4.5

våLuEs oF t FOR ÎIIE TILTING VISCOMETER A}¡D FOR WATER

TABLE 4

oo 6ooc

TABLE 4.5
Ttris !{ork Tilting

ter
ncP \/dt

Temp. Literatureoc values

ncP

oensitf

g/cm 3

0. 99984

0.99996

o. 99820

o.997047

0.99565

0. 99403

o.9922L

0. 98804

0.9832I

rr/dE I

(1.1243)

(r.1243)

L.L243

L.L240

1. 1238

L.L242

L.T24L

I.L227

r.t225

(7.72s)

(7 .72s)

7.725

7.725

7.724

7.724

7.725

7.7L6

TÍI
v cometer

tt/dt

(L.4478)

L.447L

L.4459

r.4453

I.4445
t.4442

1. 439 I
r.4353

I.7891

I.518¿-**
(r.002)

0. 8904

o.797 I
0.7193

0.6531

0. 547
4

o.467 
3

L.4478

L.447I
L"446L

1.4458

L.4445

L.4442

L.44L7

I.437s

Viscometer PEI

n/dtz

0

5

20

25

30

35

40

50

60

*
(1.78e- )r*
(r. s18- )b
(1.002)

o.8903

o.7975

0. 7195

0.6531

o.5467

o.4666

I

I

H
O
È

* This Research; ** Reference 7; I Reference 16.



TABTE 4.6

VAII]ES OF THE COEFFICIENTS OF EOUATION 4.7 FOR n = L,, 2, 3 AI{D 4 FOR VISCOMETER PEl

n
Temperature

Ränge
oc

C OC K OK oI T

I
I
2

2

3

3

4

4

20-60
0-60

20-60
0-60

20-60
o-60

20-60
0-60

L.1249

L.L247

r.1245

t.L244
L.L243

I.l-243
L.L242

L.1242

2.95

1.93

2.r3
1.40

1. 86

L.25

1. 78

L.26

-9
-9
-9
-9
-9
-9
-9
-9

-4.336

-3.72L
-r.593
-t.522
-6.278
-6.322

-2.539

-2.626

9. 30

6.87

3.28

2.43

1.31

t. 01

5.62

4. 50

-4
-4
-1
-t
+2
+2
+4
+4

3.51 E

3.29 E

3.39 E

2.92 E

3.44 E

2.9L E

3.60 E

3.IO E

-9
-9
-9
-9
-9
-9
-9
-9

E

E

E

E

E

E

E

E

-5
-5
-5
-5
-5
-5
-5
-5

E

E

E

E

E

E

E

E

E

E

E

E

E

E

E

E

-3
-3
+0
+0
+2
+2
+5
+5

E

E

E

E

E

E

E

E

Ho
(n
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tilting viscometer using the values of n/dt recorded in table 4.4.

The values of C, K and o, EabLe 4.'7, for a given value of n are

unaltered by the addition of the 50 value computed from the vis-
cosity of water at that temperature evaluated in this research.

o for tåe tilting viscometer data is in each case less than 0.1t of
t1/dl. Consequently. the viscosity of water at 50 must have a

precision of better than 0.1t" It should be noted that no flow

time measurement was made at Oo with the iatter instrument. It is

apparent from table 4.7 that the best representaÈions of the data

for this viscometer correspond to rt = 2 and 3. However, for all
representations, i.e. n = I Eo 4,'the standard error of fit is less

than O.It of \/dt. As a consequence the representations can not be

distinguished wiÈhin the error of the tabulated viscosities of hlater.

Caw and lùylie define the value of n as being that which

linea¡ises the plot of the L.H.S. of equation 4.II against the

R.H.S.. It will be recatled that, for PEI, o for the Caw and l{ylie
plots for n = I and 4 were similar, being 9.911x10-5 and 1.O78xIO-4

respectively¡ consequenÈIy either value of n satisfies the defin-
ition of this quantity according to Caw and Wylie for the range

of flow times studied with PE1. The same significance should be

attached to n in the j-nvestigation of î/dt as a function of
L/.-n+L. Since for both PEl and the tilting viscomeÈer o for the

fit of n/dt as a function of 1/tn+1, with n = I Lo 4, is less than

the quoted error in the tabulated viscosities, it is concluded that
the instrument constants C and .K can be determined from equation
4.7 with n = 1, 21 3 or 4 because each value of n is equally
applicable according to the definition of n as proposed by Caw and

Vlytie.

In addition, values of n/dt for ttre tilting viscometer evaluated

from the viscosity of water between 50 and 6ooc obtained in the

present research and recorded in table 4.5 were e:çressed as a
function of l/tn+f according to equati on 4.7. The results of this
analysis are recorded in table 4.8. In other word.s the instrument
constants of the tilting viscometer have now been evaluated to a



TABLE 4.7

VATUES OF COEFFICIENTS OF 4.7 FOR n = I 4 FOR THE TILTING \I:TSCO¡4EÎER

n
Temp,erature

Ranqeoi C oC K oK

I
1

2

2

3

3

4

4

20-60
5-60

20-60
5-60

20-60
5-60

20-60
5-60

1.4508

I¿ 4502

r.4483

L.4483

r.447L

L.4473

r.4464

L.4467

t. 16

1.16

2.24

1.85

7.54

7.56

3.4L

3.76

7.13

8.24

4.75

4.36

5.27

5.61

7 .47

8.59

E

E

E

E

E

E

E

E

-5
-5
-5
-5
-5
-5
-5
-5

6.04

5.69

3. 0l-

2.37

2.46

2.68

3. 70

3.82

-9
-9
-9
-9
-9
-9
-9
-9

=1.63

-1.53
-4.68
-4.66

-L.44

-1.48

-4. 58

-4.75

-2
-2
+0
+0
+3
+3
+5
+5

-3
-3
-1
-1
+1
+1
+4
+4

-9
-9
-9
-9
-9
-9
-9
-9

E

E

E

E

E

E

E

E

E

E

E

E

E

E

E.

E

E

E

E

E

E

E

E

E

E

E

E

E

E

E

E

E

tso\¡



TABI,E 4.8

VA],UES OF COEFFICIENTS OF EOUATION 4.7 ¡þR n = L, 2 , 3 AÀID 4 FOR THE

TILTING VISCOMETER. BÀSED OI{ THE VISCOSITY OF ITATER - T}IIS RE SEARCII .

n
Temperature

Range
oc

Kc OC OK o

I
2

3

4

5-60
5-60
5-60
5-60

-L.237 E - 2

-3.745 E + 0

-1.184 E + 3

-3.798 E + 5

7.55 E - 4

1.298-I
6.82E+1
3.32E.+4

5.35 E - 9

3.058-9
5.068-9
7.58E-g

Ho
æ
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precision which permits the evaluation of a test viscosity to

better than 0.18, for flow times corresponding to those for water

between 50 and 600, by utilizing the results of the viscometric

inwestigation undertaken in the present research- By reference Èo

table 4.8 sup¡rort can be gained for the previous assertion of the

precision of the viscosity data obtained in the present study. A

comparison of the magnitude of o for n = I to 4 with n,/dt reveals

that the internal consistency of the viscosity data obtained in the

present research between 50 and 6OoC is better than 0.It. Since

the 2ooc value of swindelrs et al is incruded in these data, the

precision of the remaining data, inctuding the 600 value, follows

axiomatically.
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CTIAPTER 5

5.1 Inttoduction

A review of some of the chemical properties of Dluß, that have

been presented in ùhe literature, should shed some light upon the

possible impuriÈies present in this compound and what is therefore

required of a purification procedure. Further' an insight into

some of the possible properties of DMF/water mixtures could also be

gleaned from a survey of the refevant literature. A description

of the two DMF purification procedures used in this research will be

followed by a comparison of Èhe DMF/water mixtures, subsequently

prepared by each method, from the point of view of their viscosities,

densities and as solvents for conductance studies. The experimental

results of the denslly and viscometric studies of the DMF/rvater

system will also be presented.

5.2 The Purification of DMF

5.2 (a) PuTification Methods - A Review

Perhaps the dominating chemical property of the amides, which

is of significance in this research' is their susceptibility to

hydrolysis. This reaction, while proceeding slowly in neutraf

solution, increases rapidly in acidic or alkafine media with the

formation of a carboxyJ-ic acid and an amine (1). vtith regard to

DMF, Philipp et aI (2) and Tury'an et aI (3) have suggested that,
as a rêsult of hydrolysis, formic acid and dimethylamíne are

present in solution; while Moskalyk et aI (S) trave only proposed

that formic acid is an impuriÈy in DMF. In addition DMF as

received contains waùer as another impurity. oehme (4) has proposed

that photolytic decomposition is the source of impurities in DMF,

dimethylarnine and formaldehyde being the products. DeaI et al- (6)

have further widened the scope of the source of impurities by

suggesting that formamide and N-methylformamide are present in
commercial grade DMF, together with their hydrolysis products.

Presumably these amides are byproducÈs in the synthesis of DltlF itself.
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Amp1e evidence has been accumulated to show that DMF is unstable
in the presence of acidic and basic materials. Thomas et aI (7),

Moskalyk et aI (5) report its instability under both these conditions
while the observations of AIIen et al (8) and Deal et al (6) are

restricted to the behaviour of DMF in basic media- Buncel et aI (9)

have recently reported that aqueous DMF Solutions are unstable in
the presence the hydroxyl ion, with formate ion and dimethylamine

being the producÈs of decomposition. The findings of these latter
authors confirm the earlier suggestion of Deal et al, who proposed

that formaùe ion was produced under alkaline conditions in DMF itself.
DMF decornposes slightly at its normal boiling point, resulting

in the formation of carbon monoxide and dimethylamine (7) (5) -

Dist.illation, therefore, must be undertaken at reduced pressure.

Butler (10) has cited the findings of others who recommend that
distillation must be carried out at pressures less than i- mm of Hg to
avoid the thermal decomposition of the formamides.

Thomas eÈ aI (7) have studied a nurnber of purification
procedures and found that DMF placed over solid KoH and CaH, at room

temperatures, even for a few hours, caused decomposition of DMF

giving a "considerable amount" of dimeÈhylamine as a product.

However, hre can conqlude from the work of Zuagg et al (tI) that the
dimethylami¡¡e formed would be removed during the distil-Iation
procedure from the following evidence to be found in their paper.

Their purification procedure consisted in shaking benzene dry
DMF HriÈh P.0.r decanting the DMF and shaking with KOH petlets

3¿

then distilling iÈ und.er reduced pressure. Now, according to
Thomas et als' findings, dimethylamine would be formed, yet from

the analysis of the purified DMF Zuagg reports no titratable acidic
impurities and <7x10-6u dimethylarnine to be present. Thus, we

can conclude Èhat the latter compound is removed during the
distillation procedure. Consequently CaH, and KOH could be used

to remove formic acid and vraÈer from DMF. From the work of Ritchie
et al- (12) we can also conclude, as from the work of Zv,agg et al .

that the use of PrOu as a purifying agent is not d.etrimental when
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the utilization of this reagent is examined from the point of view of

the final DMF obtained. Ritchie et al dried DMF with molecular

sieves and disÈilled Èhe DMF at reduced pressure over ,2o5. The
_A

product obtained was <5x10 "M in acidic or basic impurities. The

conclusion Èo be drawn from the work of Thomas et al, Zwagg et a1

and Ritchie et aI, is that although KOH or PrO, maY cause decomposition

of the DMF, these impurities do not finafly contaminate their

purified product.

Thomas et aI reasoned that simple vacuum distillation will

not remove vrater from DMF. Their proposal has since been confirmed

by the work of susarev (13) and Ivanova et aI (14) who found that

for various DMF/water mixtures, distilled under varying pressures,

the distillate \¡¡as always both components. Hence, \^Ie cah conclude

that water must be removed prior to distillation'

From the above review we have seen that, in addition to water,

the principal impurities in cormnercial grade DMF are formic acid and

dimethylamine. Further it can be tentatively concluded that KOH

and pro, can be used in the purification of DIvIF provided the

concentration of water is reduced, prior to the use of these

che¡nicals, Èo lessen the rate of hydrotysis which, in the presençe

of water, they would catalyse. since zuagg et al also report that

purified DMF, which was allowed to stand under an atmosphere of dry

nitrogen, gradually accumulated di:nethylamine DMF should therefore

be pr:rified just prior to use-

It can also be concluded that the rate of hydrolysis of DMF

in the presence of water and basic or acidic materials is increased.

More relevant hohrever, in this work would be the instability of

DMF/v¡ater mixtures resulting from acidic or basic impurities that

remain in the ÐI4F after its purification-

Since there is a diversity of purification procedures reported

in tÌ¡e literature, a review of some of them at this point is

desirable; a few examples of each procedure will be cited-

rn some instances DMF is used "as received" (15) (16); in

others no details are re¡rcrted (17) (f8); while others again use a
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single or multistep purification procedure. The simplest method. is

distitlation under reduced pressqre lI9'22). Other workers have

relied upon a chemical reaction to remove some of the impurities from

DMF followed by distillation at reduced pressure-

some reagents that have been used are KoH (l-3) (23-25), CaO (26-2A) ,

CaH^ (29), Na^Co^ (30), calcium carbide (31-): yet others rePort a2¿5
combination of chemicals, ê.9. KoH and ProU (32) (33) and Cao and

r(oH (34) .

Molecu1ar sieves (3S) have recently been preferred (10) to

chemical treatment to remove impurities present in the formamides, due

to their susceptibility to decomposition and hydrolysis in the

presence of either acidic or basic compounds. In one instance,

DMF htas stood over sieves before use (36), and in others distillation

followed this step (37) (38).

Ion exchange resins have been used with (39) or without (5)

the use of molecular sieves in the purification procedure used.

Anhydrous CuSOn (fO) tras been reported to dehydrate amides

with an added advantage of complexing with artrines.

In the case of DMF, upon the basis of this review to date,

there appears to be doubt as to which general purification procedure

is the better one; whether, for exarnple, to remove water and other

impurities with acidic and/or basic reagents or to use rnolecular

siaves and anhydrous CuSOn thus lessening the risk of decomposition of

DMF since it will not then be subjected to compounds which are

known to decompose it. Consequently, it was decided to use both types

of purification procedure.

5.2 (b) The Pr:rification of DMF-Ex¡retimental

In the first method Unilab laboratory reagent DMF was stored over

B.D.H. calcium hydride for several days with intermiÈtent shaking,

followed by fractional distillation under red.uced pressure, <I.0 mm Hgt

$rith dry nitrogen bubbling through the liquid. From an initial charge

of I litre È J-00 mls was reiected before collecting the middle cut

the final 200 mJ-s also being rejected.
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The second procedure adopted was to treat the DMF with

anhydrous CuSO4 prepared by heating B.D.H. A.R. grade CuSOn in an

oven at 1600 (40). After standing, with intermittent shaking over

the CuSO. for =l week, the DMF was fractionally distilled under
4

reduced pressure the initial 50 mls and the last i-00 mI per litre

treated being rejected. The middle cut vras stored over B.D.H. 3A

molecular sieves for 48 hours. A fresh batch of sieves was used

for each distillation. The DMF was then distilled from a second stilt

and the sa¡ne ¿unount of tiquiil was rejected as for the first stage in

the praparation.

5.2 (c) ResulÈs

The DMF as supplied had a water content of = 0.01M and a

Ksp of cI to exlO-6ohm"-1"*-ftt 25oc-

Vfater was estimated by Karl Fischer's method which has been

used previously for waÈer determination in DUf (29) , (42) and (43).

The ex¡leri-mental method used for this technique has been described

in Chapter 2.

Both purification procedures resulted. in a final product which

on an average basis hail the same condrrctance, viscosity and density

at 250c. HoÌtever, the sieve/CuSon dehYdrating technique was

superior to CaH, treatment since Èlre water concentration for the

fo:mer ranged between O.OOO3M to 0-00J.M whilst for the latter
o.ou}l to o.oo2M. Table 5.1 reports the conductance, viscosíty,
density and water content for various samples of DMF purified in this
work; also rêcorded are these properties, h¡here reporÈed, from

the literaùr¡re.
There is excellent agreement between the density recorded

for DMF by Prue and Sherrington with the result obtained in this
work which is an average of ten sæples. The remaining values

recorded in table 5.1 for this quantity could be explained by some

water being present in the sample because tTre densities of DYE/H2O

.mjxtures are grreater Èt¡an pure DMF itself. The âgreement between

Prue and Sherringtonrs value for the viscosity of DIvIF and that
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TASLE 5.1

SOME PROPERTTES OF DMF AT 2soc

Reference
Viscosity

CP

( 0.7e6)
(r0.003 )

o.796

0. 802

o.76

0-802

KSp
xlO-7

üIater
Content

( 0-001 )
(-0- 007M)

This trork

Prue et aI (33) o -9439

Ames et aI (23)

Chateau et aI ø4) (

(1

French et al (32)

Kittila (45)

PauI et aI (30)

Pistoia et al (19)

Geller (20)

HeId et aI (2O¡

Butler (36)

Ruholf et al (af¡

eruffiner (38)

Thomas et aI (7)

o -9443

o.94415

o.9443

o.8or2 o.6-3.O O-003M

o-4-2-7 0.0078

( 0.e438e0)
(ro. ooo005 )

o -9447)
0.0002 )

o.9445

o-6-2-O

o.7-2.5 0.0058

o.6-2.6

3

0.32-I- 5 0.002%

0 - 005%

o-2-o.5

3

o.9445

0.3
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reported by Ames et al is excellent in contrast to the value found in

this work. Since the viscometer used in Èhis work was not charged with

DMF under anhydrous conditions, trace of water absorbed by the DMF

during this step could explain the higher value obtained for the viscosity
of DMF since water in DMF increases the latter's viscosity-

!ùithin experimental error the densities and. viscosities of DI'IF/H2O

mixtures are independenÈ of the purification procedure used for the

preparation of the organic component.

5.3 Dl4F/t'tater Mixtures as a Conductometric Solvent

A solvent for conductance studies should. conform to the following

three criteria. Firstly, the solvent conductivity itself should be low

to minimise errors due Èo the solvent correction. Secondly there should

be a small or zero drift in conductance with time; lastly' and most

important of all, the conductivity of the solute must be independent of

the magnitude of the solvent's conductivity.
The last point wilt be discussed first. A limiting conductance

run for 16l- for each of the solvent systems containing 80% and 60s" water

was measured. The DMF used Èo prepare each solvent was purified by the

CaH^ method. A second series of conductance measurements at each solvent
¿

composition vrere subsequently made using solvent prepared with the CuSon/

sieve purification method. The two sets of data for each system \¡lere

combined and analysed with the Pitts and Fuoss-Hsia conductivity

equaùions. The results of this analysis of the conductance data are

presented in table 5.2.
TABLE 5.2

CoNDUCTANCE OF KC] rN üIATER/DMF MTXTURES - DMF BEING PREPARED BY

THE Tü]O PURIFTCATION PROCEDURES FOR EACH SOLVENT COI\'IPOSTTION

Conductivity
Equation

Pi tts

Fuoss-Hsia

Pitts

Fuoss-Hsia

% water

79 -73

6I.24

6j-.24
2

.73,79

¡0 a. Ka o

96 .98 0.008 3.0 o. or 0.0115t o!

96.99 0 "009 6.0 0.04 0.95 0.008 0.0063l 8+ 5+

65.89 008 0.0102 -5 0. Ol_
4+

o-5t
0.o1 6.72

65 .9t_
51 2! 0. 08 I.7

0+
0.01 0.014
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since o is the fit of the data to the conductance equation,

it can be regarded as being an estimate of the reproducibility of

the equivalent conductance, 
^, 

for a given systefi for this reason

it is conclud.ed that Â for each solvent system is independent

of the purification procedure used for the preparation of the DMF.

Further, Lçtr a given solvent composition, it is also concl-uded that

/\ is independent of the magnitude of the solvent correction since

the Ksp of the solvent, as a percentage of the Ksp of the solution,

differs by at l-east 0.1% for the two sets of conductivity measurements.

Reported in table 5.3 are the DMF/HrO mixtures for which Ksp

data, as a function of time, v¡ere recorded. Al-I solvents used in

Èhe conducÈometric and transport nurnber studies associated with

this work are included in this table. Solvents marked with an

asterisk \âIere not uSed for conductance or transpOrt nunber \^IOrk'

It should be pointed out here that solvent numbers 21 and 22 were

prepared from solvent 20 whiqh was prepared several days before the

others, a coInmon sample of DMF being used in all cases'

It can be argued that the CuSOn/sieve purification technique

is the better one of the Èwo investigated, by citing the solvents

19, 26, 2'7 and 28 which, as a function of \¡Iater concentration, were

the best preparêd for this r^¡ork. The only plausíble explanation

for ùhe varia-bility of the solvent Ksp, for a given \¡Iater concentration,

is the inconsistency bet\^7een the samples of purified DM¡'. Since

the distillation procedure is common to both methods this inconsistency

could be related to the variability in the different samples of

DMF prior to purification.
vüith further reference to table 5.3 it can be observed that

in all cases the drift in Ksp of the solvent with time is small

Èhus fulfilling one of the criteria of a solvent for conductometric

studies. The more imporÈant requirement that the solvent correction

be as small as possible, to lessen the uncertainty in the soluters

conductance, r,r/as less satisfactorily attained. Associated with the

last point, solvents 19, 26,2'7, and 28 show that the Ksp of the
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TABLE 5.3

SPECIFIC CONDUCTAÀICE OF DMF/Ì^IATER MIXTURES AT 25oC

Solvent
Number

Tíme Soln.
Prepared

(Days )

Period of
ivleasurement

(Days)

Purification
l,lethod

Range of
KsPxIQ-6
- -1. -'lo.hms rcm ¡

1.39 -1.44
4.83 -4.93
4.O2 -4.87
6.46 -7.LL
L.72 -l-.78
3. 055-3. 8I
5.38 -5,70
o.904-L-62

I.L6 -2.25
2.4L -2.55
L-43 -L.44
I-09 -1.37
1.50 -r.53
o.497-O-872

4.22 -4.3L
0 . 366-0. 874

I-26 -L-26
0.486-0- 488

ü7ater
t

9

13

20

2L

IO

15

22

26r'

_*

T4

l6
L7

l_8

27*

t_1

2g*

I
I9

79.73

80. 00

79.98

79.73

CaH,

cuS04/S

CuSOn,/S

CuSOn/S

CaH,

CuSon/S

cuso4/S

CuSOn,/S

cuso4/S

cuSo4/S

cuSo4/s

CuSO4,/S

CuSOn,/S

CuSOn,/S

CaH,

CuSOn,/S

CaH,

cuso4/s

7

0

9

8

I
I
4

3

I
2

8

7

7

I
I
2

3

4

I
5

I
6

2

2

5

I
2

3

8

7

7

2

2

3

4

4

2

5

2

7

6L-242

6L-24L

67.242

59 -82 
2

50.0

40. 068

40. 001

40.O27

40 - 070

40. 00
4

31. 346

3L.29 g

20.006

20.008

* Solvents not used for cond.uctance or transport number work
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majoriÈy of the sob¡ents could be 1ower, together with the
variabirity in the sorvent Ksp for a given water concentration
as an added criticism.

Hovrever, as already stressed the most important requirement
of a conductance sorvent has been fulfilled which is that for a

given erectroryte concentration and sorvent, Â_ is independent of
the magnitude of Èhe solvent correction. Hence, it can be
concluded that Â is independent of the sorvent impuriÈies since
it is highly unrikery that they wourd be of equat concentration
for two independently prepared. sorvents. one further important
piece of evidence can be reported here to support the preceding
argument. The liniting ionic conductance for the K+ ion wi]1 be

shown Èo be, wiùhin O.!22, ind.ependent of the anion i.e. Cl_ or
Br in the 40$ H2O/DMF sorvent. system. This fact rests upon
measurements ¡nade on electrolyte solutions prepared from four
independenùIy prepared DMF/water mixtures!

5.4

5.4

Der¡sitv Studies
(a) rntroduction

in the DMFr/V'Iater

The density rneasurements made in this research can be
divided inùo two segments.

rn conductance studies the equivalent conductivity of an

electroryte, which is defined as the conductance across paralrel
electrodes J-cm apart and having sufficient area to contain I gm

equivarenù of electrolyte, is a matter of prime interest. From
this statement iÈ follows that the concentration of the electrolyte
¡nust be expressed by voh:me. since the erectrolyte solutions were
prepared gravimetricarly, density measurements are therefore
required to facilitate the expression of the concentration of the
electrolyte in terms of equivalents per unit volume.

Since a d.iscrepancy IâIas noted. between the densities of the
DMF/H.'O solvents prepared in this research and the values quoted in the¿

literature for comparable mixtures, it was thought that further
investigation of the densities of DMF/H^O mixtures was d.esirabre.
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5.4 (b) Experimental

The technique used in this research can be best described
as "tared pycnometry". The tare is a sealed vessel having closely
similar volume, form and. mass to the pycnometer containing the
solution and eliminates the need to apply buoyancy corrections to the
balance readings.

The mass of the three single-stemmed. pycnometers, when

dry, were maÈched to within 0.0029 and their volumes, being
approximately 30 cr 3, were within O.o2cm-3. The sealed tare
had a dry weight crose to that of the pycnometers and contained a
weight of conductance hrater close to that of a pycnometer firled
to the scratch mark with the same liquid. The pycnometers

and tare are depicted in figure 5.1. The cross-sectional area of
the precision bore tubing, 0.0111 "*2. of which the stems were

constructed was evaruated by Errerton (46) who arrived at this
conclusion by measuring the tength of a known weight of mercury at
various positions in the capirlary. Hence the measurement of the
distance between the meniscus and the scratch mark permits the
calculaÈion of the mass of liquid in the pycnometer filled to this mark.

The volumes of the pycnometers to the scratch mark were

evaluated by using conductance water as the calibrating liquid;
the density of water at 25oc was taken to be O-gg: }44 g/"m3 (4g).
Table 5.4 presents the results of the calibration made in duplicate, to-
gether with those reported by Mulcahy (+l¡.

The pycnometers, rinsed with redistilled methanol and dried
in a vacuum oven at 400 for twenùy minutes, were filred with a 50 c¡n3

syringe fitted with a stainless steel needre. A separate syringe
and needlê vüas used for each pycnometer. once filred, the pycnometers
were supported in a water bath maintained at 25o + o.oo2o by means

of a mercury-totuene regurator in conjunction with a thyratron relay
unit. Having adjusted the menisci as crose as possibre to the
respective scratch marks with the syringes, the equilibrated pycnometers
were removed from the bath and. the internal surfaces above the menisci



FTGURE 5.1

The pycnometers and the sealed t,are.
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TABLE

PYCNOMETER CALÌBRATTONS

This Research
3

mPS V, cm

Mulcahy

^ 
j.tn V, cm

5.4

Pycnometer 3

A

B

0. 03356

0. 03369

o.02544

0.02550

o.04456

o.04459

33.04445

33.04465

33. 03810

33.03813

33.05585

33. 05583

0. 03369

o.03372

0.03377

o -02495

o -02537

o.02540

o.04462

o.04455

o.04468

33.04450

33.04453

33.04463

33 -O3767

33. 03806

33.03806

33.05586

33. 05578

33.05589

D
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\,rere dried with extra-hard filter paper. This procedure allowed

easier inspection of the bulbs for air bubbles'and the capillaries
for any droplets of remaining liquid. Following re-equilibration,
the caps vtere rerþved prior to measurenenÈ, in triplicate, of the

dista¡rces between the rnenisci and the scratch marks with a

cathetometer. The pycnometers and tare were wiped with a ¡¡oist
cotton cloth, dried and finally wiped wiÈh chamois leather before

placement. in the Mettler B6C2O0 balance case for equilibration.
The vessels were weighed to constant weight relative to the tare.
During tle weighing procedure the vessels wêre manipulated with a pair
of forceps. The deterrnination was cornpleted by noting the wet

and dry bulb temperatures and the baro¡netric pressure in the

balance room.

5.4 (c) Resulùs and Discussion

The density of a liquid can be evaluated from the following
relationship reported and d.iscussed by Mulcahy (42¡.

m Ì d 5.1Àd= 2

d
m

À negligible correction term has been symbolically represented in

equatÍon 5.1 by Àd' to facilitate the discussion of the range of
applicability of thís equation in its absence.

d = the density of Èhe balance masses,
m

¿l = the density of air in the bal-ance room,
a

^2 = difference in balance readings for tare and pycnometer

* soluÈion,

^I = difference in balance readings for tare and pycnometer

* water

V = voL¡¡ne of the pycnometers and

Àd is Èhe density increment between water, the calibrating
liquids, and the solution being measured.

Àd' is composed of terms which are related to the dry weight

of the pycnometer and tare, the weight of the pycnometer and the tare

Àd

]+
a

m

V r
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filled with water and the quantíty m, and a term which allows for
the measurements being performed in an atmosphere having a different
density to thaù in which the cafibrations were made.

For the pycnometer and tare set used in the present research

lvlulcahy (47) concluded, after considering the difference in mass

between the dry pycnometers a¡d the tare in conjunction with the

difference in mass between the pycnometers and tare fil-led with
water that the contributions of these two terms to Ad' in equation

5.1 could be neglected. lrlith regard to the two remaining terms of
Ad', if the density of air varies + I x LO-4 g/cmt ah.rr, for a

pycnometer of 3Ocm3, Àdr= 3 x l-0-6 g/"*3(4t). But as the density
of the balance room air fluctuated onty 1-i--2 x ito-5 g/cm3 during the

course of this research, this term is also negligible. Assuming

that a precision of 1 x :-0-6 in Äd is sought, then m, mus: be <2g.

Hence the maximum variation of Ad. allowab1e, for this set of
pycnometers, is 10.07 either side of the density of water. The

limits of solution density observed in this research were between

0.943890 a¡rd l-.00125 g/"^3. Hence all of the conditions defined by

Mulcahy which permit the neglect of the Ad' term have been met in
Èhis research.

The reproducibility of Èhe density measurements can be

gauged from the results presented in table 5.5 of triplicate and

duplicate determinations of the d.ensities of single Dl'lF/H2O mixtures.
Geller's (20) and Blankenship and Clampitt's (50) values are also
included. in this table where the concentrations of v¡ater are comparable

with those of the mixtures prepared in this research. The last
authors quote "a maximum deviation of 0.5t" in their density values

while Geller reports an accuracy of tO.OOO2 g cm 3. The extent

of the discrepancy, Ê 0.58, between Geller's values and those obtained

in this research is comparal¡le with the degree of precision of
Blankenship et a1. Consequently the last authors' values need not
be considered further as they will not resolve the d.iscrepancy

between the remaining two seÈs of data. A comparison of the results
obtained can be rnad.e for a 50* mixture in ÈÏris research with that of



TABLE 5.5

THE DENSITY OF DMF/IdATER MIXTURES AT 250C

LITERATURE VAIUESTH]S RESEARCH

V'Iater
MoIe B

$Iater
t by Vlt

Solvent
Number

Averaged
Density

q/cm3

Number
Averaged

GeIlerDeviation
from

MeanxlO - 6

Blanken ship et aI
!{ater

t bY Vlt
Density

g/cm3
ülater
Mol-e %

DensiÈy
q/cm3

0.0
16. 55

35. 33

38. 051

50. 369

64.944

73. 065

8r.302

86. 888

0.0

4. 658

11. 869

13. 148

19.391

20. 008

20. 006

31.346

40.070

40 . o27

40.001

40.068

4r.l-75
*

50.0

5t.729

60.036

60.000

6r.24L

6r.242

0.0

5.0

I0. 0

0.9943

0.9534

0.9637

0.0

20.0

o.9463

0.9588
0.94389

o.95289
0

5

3

2

3

3

I
4

3

4

L4

I
2

1

I
I
I
2

1

I
I
z

3

3

3

2

1

2

24

6

25

23

I9

I
I1
18

I7

I6
I4

7

o.964787

0.96681

o.97557

o.97632

o.97632

o.98770

o.9929L7

o.9929I

o.9929L

o.9929L

0. 99340

o.9962

0.99630

0. 99698

o.99699

0. 99700

o.9970r

6

6

U

0

7

4

20.o 0.9784

30.0 0.9911

1.001740. 0

50.0 I.0023

60.0 o.9982

40.0 0. 9718

50.0 o -9773

60.0 0. 9881

70.0 0.993r

80. 0 0.9939

ts
N
Oì

2

a

L2

I5

10

7

5

9

I

0

4

2

6

2



TABLE 5.5 (CONI inued)

LITERATURE VA¡UES

Water
Mole B

Water
BbyWt

Deviation
from

MeanxlO-6

Nurnber
Averaged

GeIIer
THIS RESEARCH

Solvent Averaged
Nurnber DensilY

qt*3-

Blankenship et aI
!{ater

B by I{t
Densitv

q.*3-
Densitv)'qcm-

Water
MoIe I

89.932

94.L96

97.639

100. 0

68.668

79.4L4

79.737

80. 00

91.064

I00.0

0. 99690 -b
o.99639 

2

o.99637 
4

0.99637r

o.996223

o.997044

80.0

90.0

100. 0

o.9927

o.997L

o.997L

5

3

9

13

4

3

3

I
I
2

3

3

0

70.0 0.9976 90.0 o.9957

95.0 0.9960

100. 0 o.977L
P
N)\¡

* Interpolated value - this research
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Geller and the single point determination of Raridon and Kraus (49).
The last authors report a value of 0.996 g/cm3 in agreement with the
value graphically interpolated from this research. E'vidence to
support the precision of the density measurements made ín this
research will be given later in this chapter

The densities of l(C1 and KBr solutions in DI¡E/H2O mixtures
are presented in appendices 5.1 and 5.2"

The density, d, of an eJ-ectrolyte solution of concentration
C can be related to the density of the solvent, d , thus (51) :

d : do + Arc - trc3/z 5'2

where

1000

o3d
o

M
2A1 =

dSv 0oz
1000

The basis of equation 5.2, often termed the Root equation, is the
work of Masson (SZ) and Root (S¡). M, is the molecular weight of
the electrolyte, 0! i" the limiting apparent molar volume of the
electrolyte and S' is defined by Masson's relationship thus +

0 2 0

0, ls the apparent molar volume.

It was found in this work that (d-d ) /m or (d-do),/C

could be regarded as sufficiently constant to allow precise conversion
of the molaliÈy of a soluÈion to a molarity. As a matter of
interesÈ the density data for KCl and KBr measr:red in this research
were fitted to Rootrs equation with program ROOTEQ. The coefficients
A, and A2 so obtained. are recorded in appendix 5.r, while the derived
values "f þt are tabulated in table 5.6. The results obtained suggest
that Root's equaÈion is applicable to KBr and KCI tn DI'rlF/urO mixtures,

0

2
S+ /c
v
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TABLE 5.6

APPARENT MOLAR

YTES IN VIATER A}TD

o 3
cm Ie

o

Other
Values.o

Qz

c

Tared
SaIt Solvent This ch

0

KCI water

water

water

waÈer

waÈer

water

80r H2olDMF

80r H2olDMF

60c H2olDMF

60r H2OIDMF

408 H2OIDMF

40+ H2O/DW

318 H2OIDMF

26.524,
26.8L4,
26-8A6b

CsCI

NaI

KI

CsI

KBT

KCl

KBr

KCI

KBr

KCI

KBr

KCt

40.0

35. 4

45.4

58. 0

33. I

35. I0

45.36
a

57.74
a

33.734

+

+

+

+

+

0.3

0.1

0.1

o.2

0.1

39.15 êrb

26.8 + 0.3

33-7 + 0.5

26.9 + O.4

34.0 r 0.5

27.3 + O.3

35-2 + O-2

22.9 + O.9

(a) Reference (51); (b) Reference (S¿)
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hence Masson's relationship is also valid in these systems.

Mulcahy has reported values for 0! f". a nu¡nber of
electrolytes in water and 208 aqueous sucrose solutions obtained from

densiÈy measurements made with Èhe same set of pycnometers and tare
used in this research. His aqueous solution values together with
the literature values cited by Harned a¡rd Owen (51), together with
those of Vaslow (54) are reproduced in tabl-e 5.6. This agreement

is good thus providing a firmer basis for estimating the precision
of the technique used in this work by comparing previously reported
values 

"f ô9 with those evaluated by the method of tared pycnometry.

The sÈandard error 
"f þ3, S.8., d.enoted in table 5.6 is ctearly

related to Èhe fit of the data to Rootrs equation. The superficially
Iarge stand.ard error "f þt record.ed in the present research are

explicable in terms of an uncertaintity of ll + 0.00058 in (d-do).

Having established the precision of the d.ensity measurements obtained.

in this research it is hereby proposed that the densities of the
DMF/H2O mixtures obtained in this research are more retiable than
those reported by Ge11er.

5.5 The Vi s1 of DrylF ter Mixtures
Table 5.7 present.s the flow times recorded with the tilting

viscometer for various DMF/water mixtures, the composition of which

is erçressed as a percentage of water by weight. The experimental
technique emproyed in recording the flow tj:nes set out in table 5.7

has been presented in chapter 4. The viscosity of each mixture,
given its flow time and density, was evaruated from equation 4.7 with
n set to unity. The instrument constants C and .K for this viscomeÈer

are based upon the viscosity of water obtained in this research between
50 and 600; the values of Ct L.44g5 x 1O-5 t 4.o x 1o-9, and

K, -!.l:237 x 1O-2 + 7.6 x tO-4, have been presented in table 4.g
After considering the uncertainties in these coefficients, it should
thereby, be possible to evaruate the viscosity of a test liquid with
a precision of O.Ig. The internal consistenc can be gauged by
comparing murtiple determinations of the viscosity of the mixtures
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TABLE 5.7

vrscosrrY AÀrD DENSTTY oF DMF/V'IATER
o

MÏXTURES AT 25 c

$later
* by hrt

11. 86
9

20.006

20.OO7

31.34
6

4L.T7

40.06

40. 00

40.o2

40 -o7

Solvent
Nu¡nber

6

1

I9

11

7

T4

16

I7

18

2

5

Density
g/cm3

o.964787

o.976327

o.97632o

o -98770 4

0.99340f

o.9929rg

o.992915

o.9929]-7

o -9929l-7

0. 99630
0

o.99698 
4

0.997OL2

0.997011

0.99700-
o

0.99690
6

o -99639

o-99637

o.99637

Nr¡nber of
FIow Times

Averaged

4

I

L2

I

Average Flow
Time-Seconds

L324- 53+0: 15

L324.75+0. 014

L737.07i0.059

1738. 7210 . 015

1738. 44XO.O37

1738.65tO. 025

1738. 57!O -O29

L424 - 08r0.09

1394.7010.06

1394.70!0.08

L394..7r+O.02

1222- 1010- 08

983.9610.020

978.8910 . 088

97L.27lO.OO4

Viscosity
CP

982.36+0.055 L.372
6

7

r.873

1.873

2.500

2. 501

5

I

8

6

7

4

I

l:
1s

t672.9410.063 2.393

60. 036

6L.242

6r.2421'

6t-24r

64.66 I
79.4I
79.73

80.00

5r.72

91.06

2.50

2.50

2 -O57

2.OI4

2.OL4

1.4r9

L.4L2

I.401

1.098

2.OL 
7

L.764g

5

I
I
7

0

6

7

6

5

5 2-50I

L602.77lO-O20 2.313
9

I 7

10

10

9

10

J-0

15

t
6

6

9

5

5

7

I

4

7

0

3

9
2

4

1

4

7

6J-3

4
4 o.99622 5 96I- 8910. 19

3

* Measurement repeated after I week
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containing 20C, 40* and 608 \¡¡ater, respectively; these values are

reproducible, in each case, to within 0.f-9, which is the expected

precision of ttre measurements. In addition the value obtained for

tl¡e viscosity of these mixtures is independent of the time lapse

between preparation and measurement, since the 6I.2422 mixture number

l-1 was allowed to stand for a r^¡eek before the measurement vlas repeated.

Viscosiùies of DI¡]F/H2O mixtr¡res were also measured by

Blankenship and Clarnpitt (50) and a single determination in a 50*

mixture reported by naridon and. l(raus (49) who quote a precision of

O.2t for their result. Since the quoted precision of the former

autl¡or's measurements is 8c, no further consíderation of their results

is required. When the results of Raridon and Kraus for the viscosity

of a 508 mixture ís compared with this research, the agreement appears

to be reasonable. A satisfactory comparison is complicated by the

lack of data in ùhe region of the viscosity naximum. The viscosities

measured in this work together with the value of 2.348cP recorded by

Raridon and l(raus are graphically presented in fig 5.2.

Within Èhe estimated uncertainties of the respecÈive techniques,

the densities and viscosities of DV :f./H2O mixtures measured in this
research are independent of the method used for the purification of the

organic component. ThÍs point is illustrated by citing the solvents

containing 20t HrO and 6L.24+ H2O. The CaH, method was used to

purify solvents l- and 11 while the CuSOn,/sieve procedure was employed

for solvents nunber 20 and 16, Èhe densities and viscosíties recorded

for these solutions are recorded in table 5.7.

Discussion of the viscosities, densities of DMF/water mixtures

and, solutions of KBr and KCl in these solvents will be raised., where appli-

cable, in the discussion of the results of the conductance studies made

in this solvent, system.



FIGURE 5.2

The dependence of the viscosity of DMF/water
omixtures upon composition at 25

a The Present Research

+ Raridon and Kraus (49)
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CHAPTER 6

6.1 Introduction
The significance of the term transport or transference nr¡mber

has been discrr.ssed by Spiro (1) (2) and Robinson and stokes (3).

Bearing in mind their texts, only one point needs to be raised in
this thesis. In the case of weak electrolytes or electrolytes in
which complex ions can be formed between Èheir ar¡ions and cations,
Spiro (1) (2) has shown that caution must be used in the interpret-
ation of the e>çerimental results of transport nr:¡nber measurements.

In such a context, what is relevant to this research is the

possibility of charged silver halide complexes being formed by Èhe

dissolution of the silver halide that comprises the reversible
electrodes in the transport number apparatus. If ionic species are

formed by such a process, ín fact what is measured is the neÈt

contribution to the transport of electrical current by each of the

cationic or anionic constituents of the solution.
The authors cited above Q) (4) and Maclnnes (5) have discussed

a nurnber of e:çerimental methods that can be employed for the

measurement of transport numbers. The method of Steel and Stokes

(6) (7) (8) used in this research is essentially a modification of
tt¡e classical Hittorf procqdure in which the tedious, error prone

chemical analysis of concentration changes, due to the passage of
the D.C. current Èhrough an electrolyte solution, has been replaced

by the more rapid and precise technique of conductometric analysis.
The measurenents are made in a cell which has two functional parts,
the first being a modified Hittorf ceII from which the niddle
compartment(s) is omitted, while the second integral part consists
of a conductance cell for the deterrnination of the concenÈration

change in one of the tr4ro compartments after the passage of the

electrolysing current. The principal advantages of this technique

over its pred,ecessor are increased precision together with a simpli-
fied and more rapid e:çerimental procedure. One d.isadvantage of the

modified Hittorf is that it lacks the precision of the moving
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boundary method. In spíte of this, the modified Hittorf is prefer-

able to Èhe latter technique due to its inherent simplicity in

terms of apparatus and experimental procedure. An interesting com-

parison can be made bethreen the method of Steel and Stokes' as

described in their Paper and in this thesis, with a precise

Classical Hittorf study by l'lacÏnnes and DoIe (9) and the moving

boundary method described in detail by Spiro (2).

The ¡nodified Hittorf has been employed previously in the

measurement of transport numbers of various electrolytes in water

(8) (10), methanol (8), glycerol/water (6) (8) (Il), mannitol,/water

(8) (lI) , sucrose/waÈer (6) (8) (If ) a¡rd cr-alanine/water (L2') - An

aim of this research has been to exan¡-ine the applica-bility of the

technique of Steel and Stokes to a solvent system in which measure-

ments may be restricted d.ue to the solubility of Èhe silver halide

of the electrodes with the formation of ionic silver halide

complexes.

6-2 Expe rimental
The celI is supported in the oil bath in the position illus-

trated in figure 6.1. As the negaÈive terminal of the D-C- pohter

supply is connected to the compartment below the tap T, this can be

conveniently termed the cathode comparÈment. The remaining elements

of the apparatus are Èhe mixing bulb B connected to the apparatus

by the stem S and the conductance cell I whose electrodes \^¡ere

lightly platinized.
A similar resistance-frequency dependence to flask cell C at

resistances > 10K fl was exhibited by the transport number cells
whån they functioned as conductance cells. The effect was far more

pronounced for the transport number cells and was exhibited at ceII
resistances > 3K f2. However, by measuring the ceII resistance at

frequencies < 6Kc,/s, a frequency independent resistance could be

obtained as described for flask cell C in Chapter 2. The cell
constants of the transport number cells, TA1 and TA2, \^Iere determined

using the method of Chiu and Fuoss (13) and Lind et al (14); the

values obtained ¿rre presented in table 6-1. The consistency of the



FIGURE 6.1

A trarisport nunber cell depicting the tap, T, inÈer-
vening between the anode compartnent, A, and ttre
cathode compartüênt, the latÈer being the volume

below T and consisting of the conducta¡rce cell I,
the mixing butb B and the stern S. The ,5 shaped tr:be

above therstem S and below the tap T mininizes the
effect of intermixing between the two compartments

due to convection currents caused by Joule heatinÇ.
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cell constant obtained for ceII TA1 aÈ widely differing resistance
values confirms the correctness of the procedure used fór the

evaluation of the frequency independent resistance of conductar¡ce

cells d.escribed and discussed in Chapter 2.

TABLE 6. ].
-ITHE CELL CONSTANT cm

TR.ANSPORT NUMBER CELLS TAI Ai{D TA2 AT 25OC

CeII Calibrating
Solution

0 - 03151-3 N

0.0098649 N

0.033824 N

o.033824 N

CeII Constant
-'lcm'

24.57A + 0.002

24.57L r 0-001_

24.567 I 0"001

30-341 1 0-OO1

TAl

TA1

TAI

TA2

*

* cell coated with water repellant layer
The bulb and the stem of che mixing charnber were coated with a

layer of silicone water repellant (6) to ensuie that the contents of
the bulb were quanÈitatively transferred to the remainder of the

apparatus after the mixing period. The celI constant is independent

of this layer (8), a point which can also be noted from table 6.I-
The volume of the caÈhode comparÈment. i.e. the voLume below

the tap T, excluding the volume of bulb B, to a reference scratch
mark situated on the stem S of the mixing bulb was determined by the

following method. Having weighed the dried siliconed cel-I con-

taining Èhe cathod.e (bare platinum) sufficient conductance water

was placed in the cathode comparÈment for the meniscus to be

situaÈed in the stem S" The cell was then reweighed with the

Stanton beam balance, the d.istance between the scratch mark and the

meniscus measured Èo within 0.1 m¡n with a pair ofverniercalipers
and, finally, the Èemperature of Èhe calibrating liquid was noted.

Temperature-density data for water was obtained from reference (I5).

The volume measurements $¡ere repeated so as to includ.e the iength
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area.

L4L

stem s to ascertain the uniformity of its cross secÈional
The volumes of both cells are presented in table.6.2.

TABLE 6.2
CALIBRATION OF THE VOLUME OF THE CATHODE

COMPARTMENT OF THE TRANSPORT NUII,IBER CELLS

Number of
CeIl Determinations

TA1

TA2

L2

8

Vo1ume of Cathode
Èo Scratch Mark

47.435 + 0.O03cm

37.944 + 0.C03cm

3

3

Volume - Distance
Relationship Between
Meniscus a¡d Scratch

Mark on Stem

lmm= 0.0371 t 0.0003cm

l-mm = O. 0383 t O. 0O6cm3

3

the platinum gauze base of the D.c. el-ectrodes (lo) was creaned
with boiling conc. *o3 and thoroughly l-eached prior to Èhe electrode-
position of silver onto its surface from a o.rM K2 (as{cn}r)
sorution, sirve.r gauze acting as the anode. Both the time and the
current (<7ma) of the erectrolysis were noted. some of the
deposited silver was electrolytically converted into silver halide
in a 0.lM aqueous solution of the appropriate potassium haride. The
time and current (<4ma) were also noted. rn arr 6X coui-ombs of Ag
and 3x courombs of sirver haride were placed on the cathod.e prior
to the transporÈ number run during which X coulombs of current !ùere
to be passed through the cell (g). From the current and the time
of each preparative step, the mass of Ag and. sirver haride can be
carcuraÈed and combined with d.ensity data for these substances (16).
A volume correctíon to be applied to the vorume of the cathode
can be calculated. Fresh electrodes \dere prepared for each run"
The silver haride remained firmly affixed to each electrode in arl
systems studied.

The cell was dried by rinsing it several times with redistil-Led
methanol foLlowed by repeated evacuations with a water aspi_rator.
The erectrodes were dried in an air oven. After placing the anode
and tap in position the celr was rinsed four times with the test
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solution before charging it with enough solution to fill the

apparatus so that the meniscus was close to the scratch marl< on the
stem. The mixing bulb was filled with air. The cathode was placed

in the ceII which was allowed to stand iñ the 25oC oil bath over-
night. The electrodes and tap were sealed in position with a thin
smear of silicone high vacuum grease situated at the extremities
of the ground glass joints furthest avray from the contents of the

ceII. Steel springs were employed to keep the electrodes and tap
fÍrmly in position.

Having measured the initial series of resistance-volume
measurements (6) (8) to ascertain the concentration of the electro-
lyte prior to the cornmencement of the electrolysis, the leads from

the stabilised D.C. current circuit were connected to the silver-
sil-ver halide electrodes. Electrical contacts on the exterior of
the electrodes vrere covered with a plastic sheath. The leads were

firmly affixed to the cell.with cord to prevent movement during
the electrolysis. !{hile the cell was re-equilibrating, the D.C.

circuit was "warming up" by passing the required amount of current
for the run through a dummy load in the form of a 100 Kf) decade

resista¡ce box, the setting of which was obtained by neasuring
the resistance across the D.C. electrodes at a frequency of
10 Kcls.

As the double pole-double throw mercury switch transferred
the current Èo the cell the crystal timer, used for the viscometric
measurements, was started. At 100 second intervals the voltage
drop across a 500 Q wire wound resistance was measured with a

Doran (17) potentiometer. The resistor was calibrated with the
Jones-Dike bridge at 15 frequencies between 0.5 and 20 Kc/s and its
frequency independent resistance was found.to be 500.11 A. The

Doran was caribrated against a certified cambridge (18) potenti-
ometer at various settings of the Doran, the results being presentgd
in tabre 6.3. The performance of Èhe constant current supply con-
structed in the electronics workshop of this DepartmenÈ can be

gauged from the vortage-time data reçorded during a run presented
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TABLE 6.3

TION O T DOR.AN POTENTIOMETER AGATNST

A CEnrrFrED CÃMBRTDGE POTENTTOMETEE¿_ TYPE__44?49

Doran -
volts

L.7

1.6

1.5

r.4
1.3

L.2

1.1

1.0

0.9

0.8

Cambridge -
volts

1.69991

1.59993

L.49996

r. 39998

r.30000

1.20003

1.10004

1.00006

0. 90008

0.80011

Doran/Cambridge

1.00005

1.00004

I.00002

1.00001

1.00000

0. 99998

o, 99996

o-99994

0.99991

0.99986
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in table 6. 4.

The electrolysis was terminated by the transfer of the current
to the duruny load resistor as Èhe timer was stopped. The crosure
of the tap T followed as rapidry as possible. conductometric
anarysis of the cathode compartment ensued, ultímatery succeeded
by the opening of tap T and the third and finar series of
resistance-vorume measurements. The sequence of events described
in this paragraph have been more extensively described by steer and
Stokes (6) and Steel (B).

6.3 Results and Discussion
rt is assumed for the puïposes of the immediate discussÍon

Èhat, if in a solution of KBr there are onry K+ and Br ions
present, then the apparent transport number of the K+ ion is given
bv (6).

q úr+ (app) (c2 - cr) v F 6.1
where c, = the concentration of erectrolyÈe in the cell prior to the
electrorysis - evaluated. from the first, set of resistanqe measure-
ments

c, = the concentration in the cathode cornpartment after the
erectrolysis - second set of resistance measurements.

F is the Faraday (I9).
v is the vorume of the sorution in Èhe cathode compartment

evaluated by the meniscus to scratch mark measurements ¡nade during
the run and the volume calibrations described in the previous section
of this chapter- v was corrected for the volume occupied by the
silver-silver halide of the cathode.

q is the nu¡nber of coulombs passed during the electrolysis
corrected for the solvent conductivity (6).

Let c, be the conceni'-ration of the erectroryte in the ce1I
after Èhe remixing of the two compartments, then the concentrations
CL' C2 and C, are evalu4ted by the method of Steel_ and SÈokes (6).

Ca should equal C, since, in principle, the l_ast quantity
corresponds to Èhe anarysis of the middle compartment of the
classicar HiÈtorf experiment, that is, a. check that the composition
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TABI,E 6.4

REGUI,ATION OF THE VOLTAGE ACROSS THE

SIL\ZER,/SILVER-HAIIDE ELECTRODES Oq THE

T NUMBER APPAR,ATUS GA

TimeTime Volts Time
secsxl02

Volts sxlO2
VoIts

êê

I
2

3

4

5

6

7

8

9

l0
11

L2

13

L4

15

16

T7

I8
19

20

2t
22

23

24

25

26

27

29

29

30

31

32

33

34

35

36

37

38

39

40

4L

42

43

44

45

46

47

48

49

50

5t
52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

7L

72

73

74

75

76

77

OFF

1.4986

1.5000

1.5009

1.4988

r.5005

1.5009

1. 5009

1.5021

1.5020

1.5030

r. 5038

1.5041

t. 5039

1.5045

r.504r
1.5045

L.5047

t.5047

1.5050

1.5052

1.5055

1. 5058

r.5060

r.5061
1.5061

1.5061

r. 5059

r.5060

1. 5059

1.5064

1.5064

1. 5064

L.5062

1.5070

l. 5078

r. 5073

1.5078

1. 5073

1. 5079

1.5073

t. 5083

1. 507 3

1.5082

1. 5080

r.5081

r.5080

1.5082

r.5076

1.5079

1.5081

L.5077

2.4990

1. 4988

1.4988

I.4992
L.4997

1.5002

r. 5000

r.5007

I. 5003

r.5007

r.5005

1.5007

I.50ll-
1. 50rr

1. 501r

r.501r
r. 5017

r.5018

1.5017

t. 5015

r.5011

1.5011

r. 5015

1. 5015

1.5020

1. 50ls

7752.6 secs
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of the solution remains unaltered due to the electrolysis. How-

ever, C. was always lower than C, by.amounts ranging from 0'018 to
'3

.o.o6s. This can be observed fiom table 6.5 in which Kspl and Ksp3

correspond to thè Ksp measured in the transport number cell during

the deternr-ination of Ct and C, respectively' Simitar observations

have been reported by steel (8) \¡/ho attribu+-ed the effect to the

adsorpÈion of electrolyte by the freshly exposed silver halide

surface that occurs during electrolysis. At each of the three sets

of resistance-volume measurements, mixing of the cell contents was

continued until a constant resistance reading, to within I in

50.OOO, !ìras recorded indicating that Èhe adsorptíon process was

cómpleÈed.

Since Èhe concentraÈion change is not C2 - CL' this term must

be replaced by c. - c" to allow for the electrolyte ad'sorbed by

the electrodes.
Expressing the transport number for the K+ ion in the Hittorf

frame of reference, i.e. relative to the solvent, equation 6.I

becomes:-
q úX+ (Hittorf) = (*, - m=) M F 6'2

where (n^ - m-) gives the change in molality upon electrolysis
¿5

and M is the mass of solvent in the cathode compartment. Conversion

of molarities to molalities \^¡as achieved with density-concentration

data reported in Chapter 5 for KCI and KBr in Dl4F/water mixtures'

In waÈer ScotÈ's data (20) for KBr was used to compute the

coefficients Aa and A, of the Root equation 5.2'

The precision of the transporÈ number measurements made in

this research can be guaged by comparing the values of ú*+'

presented in table 6.6, obtained for aqueous KBr solutions of com-

parable concentrations in this research, with those of Steel (2L)

and Keenan and Gordon (22), the last auËhors using the moving

boundary meÈhod. A comparison of values of úO+ for aqueous KCl

soluÈions evaluaÈed wiÈh the method of Steel et aI and the moving

boundary resulÈs of Longsworth 126) for this sa]t, has been made by

Steel (10). It can be noted from table 6-6 and reference (I0) that
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TABLE 6.5

KBT SOLUTION S IN V'TATER

MEASURED IN THE

KCI A}fD

AI{D

KspI ^ rsP1,
xlO-5 xlO "

AI{D

TRANSPORT

CELL A

Water
So1ute S bY !{t

KsPl-KsP3
å

Ksp of
Solution
CeIl A x

-)lo"

rGpl-Ksp
(cell A)

I

KBr 10o.oo 4-45336 4'45222 0'03

KBr

KBT

79.99

79.99

1.89213

1.80865

L.89L27

1. 80755

0.045

0.060

o.o29

0.003

0.0r0
0.020

L.89L77 0.019

L.22349 0-030

KBr 6L.24 L-7L753 l.'7L1L} O'O2O L'7L759 O'O27

KBT

KCl

KCI

KCI

40.00

40.03

40.o7

40.o7

L.223L2

L.27730

1.52410

1.52394

L-22276

L-27726

r.52394

L.52363

r.52390

r.52390

0. 014

0. 00

KBr 2O.Ol L'37gg2 L'37g87 O'OO4 L'37O22 0'7O
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TABLE

OF AND VTATER

MIXTURE AT 25OC MEASURED BY

AÀTD TTTE MOVING BOUNDARY METHQSE

6.6

c

TR.AI\TSPORT

AND DMF

THE

Electrolyte Water
EbyWt

Time of
Electrolysis Coulomb t+

0.032959

o.0287475

0. 03

o.o3r242

o-o3L242

0. 0210633

0.0201.006

0 - 0289589

o.o299L75

0. 0321-876

0.0388960

0. 0388919

0.0368795

(b)

(c)

(b) (d)

(e)

(a)

(a)

(a)

(a)

(a)

(a)

(a)

(a)

100.0

100.0

100.0

100. 0

100.0

79.99

79.99

6r.24

40.00

40. 03

40 -O:7

40.o7

20-01

(se

8011.25

720A

3300

8013.4

9033.8

8158- 3

10019, 3

10013.8

6559 -7

7752.6

26.4IO

22.9825

22.6884

25.3904

24.4098

25. 1115

23-6567

24.L4L4

l-9.6415

23.250L

23 -2072

0. 484r

0.4840

0. 4837

0. 4898

0.4900

0.511r

0.5r15

o-5244

o.5245

o.5260

o-5265

o -5261

o.4882

(a)
KBT

KBr

KBr

KCl

KC1

KBr

KBT

KBr

l(Br

KCl

KCI

KCl

KBT 90]-9.92

(a) This Research; (b) Reference (2L) , Hittorf; (c) Reference (22) '
moving boundary; (d) Reference (10), Hittorf; (e) References (26),

(f0) moving boundary.
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agreement between the two methods is O'lt' The conductance data

used in the evaluation of Ú*+ (KBr) in this research was obtained

from the liteiature {o3-251 '
Thelimitingcationictransportnumber\^/aScalculatedfromÈhe

following relationship (10) (11) :-

-t++
(0. 5 6.3
(r+B afcl ¡o

.o'
The value3 of Âo and a required for the connutaÈioncf Ú*+ are

recorded in Chapter 7 tables 7'7 and 7'8' rf ¿i; (r¡r) for water

is computed with equation 6'3 using ú*+ (KBr) of this research' the

resultobtainedisO.4S5owhichcanbecomparedwiththeresultof
Keenan and Gordot" ¿þ = 0'4847 ' evaluated from more extensive d'ata'

The data upon which the values of ú*+ of this research are based

are pïesented in aPPendix 6'1'

ThesystemKBrin2otwaÈer/DMFisexcludedfromtheimmediate
discussion. After comparing the Ksp of the solution measured in

thetransportnurnbercerrpriortoerectrorysisrKsprrwiththeKsp
of the solution measured in conductance cell A it is concluded from

the data presented in table 6.5 that the conductance of the soluÈion

is altered, to a negligibte extent by being in contact with the

silver-silver halide electrodes of the transport number apparatus'

Hence, it is indeed reasonable to assert that the quantity measured

is in fact the constiÈuent ion transport number for Èhe K+ ion'

Inthecaseof40tandSoÈwatermixturestherespective
values "f 

üi; r^rere averaged. The reproducibility of the measure-

ments is illustrated by KCI in 408 water and KBr in 80t water' T\,lto

independently prepared stock solutions were used and for the last

systemtwotrartsportnr.rmbercellswerealsoemployed.Theresults
forthelasttwoelectrolyte-solventmixturesalsoshowthatú*+
is independenÈ of the time and the current used for the electro-

lysis, hence mixing of the two compartments of the aPpaÏatus by

convection currents resulting from Jou1e heating must be negligible'

No gassing of the electrodes \^Ias observed as no bubbles ïIere seen
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in the apparatus after the electrolysis was completed nor diil the

meniscus reading change from the value observed prior to electro-

lysis.
lo.¡ can be computed from, rirst úþ (KBr) and 'tl'o (KBr) ' and'

K
'o '(cr) a¡rd Ào (Kcr) in 40å water'/DMF mixtures' thesecond,IY r ü** (i

values being 24.30 ar¡d 24.2, resPectively' That is' within O'L2z'

they are identical, a result which also supports the precision of

the transport number measurements made in this research. The

values of tþ have been surmnarized in Chapter 7, table 7.10. The

dependence or úþ (rer) upon solvent composition is graphically

illustrated in figure 6.2. üþ for KBr in DMF \,,tas computed from

Ào*+ and 
^o"r- 

evaluated by Prue and Sherrington (27) based on

transport number data in DMF.

Returning to KBr in 2Ot water,/DMF mixture' the cell resistance

drifted with time afÈer thermal equilibration should have been

completed. Lf. the contents were mixed a sudden decrease in resist-

ance with time was observed. This obserr¡ation, supported by the

appearance of bare silver metal of the silver-sitver halide

electrode, can be explained by the dissolution of solid AgBr

with the subsequent formation of an ionic silver halide comPlex(s).

The run ïras consequenÈly abandoned and fresh electrodes \^7ere pre-

pared. The electrolyte solution was saturated with AgBr and the

transport number d.etermination was repeated. No drift in resistance

with time was noted. The preparation of the AgBr is given in

appendix 6.2. Since the Ksp ofthe solutioir is 0.70s higher, Èable

6.5, due to the presence of the silver complexes each Ksp,

corresponding to CL, C2 and Cr, \¡/ere reduced by 0'708, i'e' the

Ksp values are effectively expressed in terms of the Ksp of KBr

solutions in the absence of the silver halide ions. From the

corrected Ksp values crr c, and c, were evaluated by the usual method

(6). Further, the number of coulombs passed through the ceII were

reduced by the solvent correction and 0.70%, since current is also

transported by Èhe silver complex. A more deÈailed investigation,

which would enÈai] Èhe more precise way of evaluating Èhe constituent



FIGURE 6.2

The dependence of the cationic transport nunrlcer of
o

KBr in DMF/water mixtures uPon composition at 25 c
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ionic transport number for K+ in this system' would have been to

conduct transpoft nu¡nber measurements at a number of concentrations

in conjunction with stability constant measurements- similar to that

described by Alexander et al (28) and BuÈler (29), so Ëhat the

concentration of each ionic species could be eval'uated. Thên,

using a procedure similar to that described by spiro et al (30)

for orthophosphoric acid solutions, the constituent ion transport

number for K+ could be evaluated. Due to the sol'bility of silver

halides no further measuremenÈs were undertaken in solvents having

Iess than 20t water.

Transport nurnber studies in pure DMF have been reported by Prue

a¡rd sherringÈon Q7) and PauI et aI (31). Their respective results

may be compared by citing the values of Ào'.t evaluated from their

measurenents which were 25.0 Ql¡ a¡¡d 23'62 (31)' Scrutiny of the

two experimental procedures reveals that the study of Prue et aI

is the more reliable. unlike the last authors, the result of Paul

et aI is in dor.¡bt due to the soh:bility of Agcl in DMF in the

presence of chloride ion (28) (29). The lower result of Paul eÈ aI

is explicable in terms of the presence of ionic silver halide com-

plexes, since in this research the resistance of KBr sol-ution in

2Ot waterÆMF is lower in the'presence of the silver complex which

suggesE Èhat this cornpound is more mobile than the bromide ion'

Hence, more current would be carried by the ar¡ionic constituents

of the solution in the cell of Paul- et aI due to tt¡is effect.

Therefore their value of Ào

ar¡d Sherrington.
Ll-

+ is lower than that reported by Prue

some preliminary investigations were carried out in order that

the proble¡n of the solubility of the silver halide could be over-

come. Silver electrodes a¡rd silver nitrate solutions seemed at

first to be a possibility, but Prue a¡rd Sherrington and Chateau and

Moncet (32) have reported the instability of AgNo, and Butler (29)

of ASCIO. solutions in DMF. Similar results were obtained ln this

research for aqueous DMF solutions of AgNOr. The solutions

re¡nained clear for about a day, became cloudy and finally a brown
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precipitate, probably silver, was observed' The solutio'ns were

prepared in subdueil light and stored in darkness-. Aé a result,

silver nitrate solutions and Ag electrodes do not hold much promise

for Èra¡¡sport number studies. However, using a simple autogenic

rising boundary apparatus, obtained from ar.r r:ndergraduate teaching

laboratory, a sharp boundary \,.ras formed above the cadrnium metal

cattrode for a l(cl solution in 4ot water/DMF mixture. This method

holds more promise for further research in overcoming the problern

of the soh¡bility of the silver halide of the silver-silver halide

electrodes.
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CHAPTER 7

7.L Exper imental Measurements and Sol t Propert IES

SomepointsofinteresthavealreadybeenraisedinChapter5
in which evidence \^7as presented to support the proposal that Â at a

given concentration of KCI in 60% and 80å water solvent mixtures

was independent of Èhe purification method used' to prepare the

organic component of the solvent' It was also proposed that /\ was

independent of the magnitude of the solvent correction'

Ingeneraltheconductivitymeasurementsmadeinthisresearch
for each erectrolyte-sorvent system htere supplemented by making

measurements in a second ceII, usually uPon an independently

preparedelectrolytesolution.TheconcentrationdependenceofÀfor
eachelectrolyte-SolventsystemispresentedínappendixT.l.The
cells and the solvent sample from which the stock \¡¡as prepared are

alsorecorded.Thedensitymeasurementsthatwereusedtoconvert
Èhe molality of each electrolyte solution to a molarity have been

described in ChaPter 5.

Thepertinentsolventpropertiesrequiredfortheevaluationof
Âo are presented in table 7.1. The dietectric constants of pure DMF

a¡rd waÈer are the result of the measurements of Leader and Gormley

(1) and lilanan (2) respectively. There have been a number of reported

values for the dielectric constants of various DMF/water mixtures'

The dietectric constants presented in table 7.1 were interpolaÈed

from the measurements of Douheret and Morenas (3) ' Douheret (4) and

Reynaud (5). Lanier (6), however, presents dielectric constant data

in graphical form only. In addition, Badoz-Lambling and Demange-

Guerin (7) have reported varues at 22.4oC and Ghodstinat et al (8),

the last authors, did not report the temperature at which the

determination was carried out. The viscosity of pure DMF is that

reported by Ames a¡d Sears (9) and Prue and SherringÈon (f0) ' while

the viscosiÈy of DMF/water mixÈures and pure water at 25oC have

been presented and d'iscussed in ChapÈers 4 and 5'

7 .2 The Evaluation of Âo



VISCOSITTES

OF DMF

Ls7

TABLE 7.f

AND DTELECTRTC CONSTANTS

-T,VATER M]XTURES AT 25OC

üIater

a by $rt.

100.0

80.000

79.4L -4

6L.24L
40 -O27

3L.346

20.006

Viscosity
cP.

0.8903

l_. 40]-s

L.4I9s

2.OI46

2.5016

2.3938

r.873_
5

o.796

Dielectric
ConsÈant

78-54

74'' g
7 n'l
6n-,
60. -

e)

56't
49. _

8

36.7 L0.0
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7.2 (a) The Basis for the Compu tation of the Parameter s of Pitts

and Fuoss-Hsia ConducÈi vity Equati ons

The values of the fundamental constants used in this research

were those of Rossini, Gucker, Johnson, Pauling and Vinal (1I) as

cited by Robinson and, Stokes (L2) and Fuoss and Accascina (f3) '

The full Pitts (14) (f5) and Fuoss-Hsia (16) conductivity

equations were used in this research to evaluate Âo , a, and', where

applicable,Kainpreferencetoapproximatedformsoftheseequations
usedpreviouslybyFernandez-PriniandPrue(L7),Fernandez-Príni
(1g) and Justice (19) who have expressed Pitts equation in the form

of equation 7.I; Fernandez-Prini (20) has, in addition, similarly

treated the Fuoss-Hsia conductivity equation'

^ 
= 

^o-s[c+gel¡c+Jac-trc3/2 
7'L

Evaluation of Ào with Pitts (P) and Fuoss-Hsia (F-H) equations

requires initial estimates of Ào , and. a.. A value of .A.o obtaíned.

from a prot of Ä against õ proved satisfacÈory- îor Q an initial

value of 3 or S8, ror (p) and (F-H) respectively were used. rf the

associated case for F-H was used,, an initial value of Ka = 0'5 in most

cases was emPloYed.

The parameters of the conductivity equations were evaluated by

usingcomputerprogranswritteninFORTR.ANwhicharegivenaSan
appendix to this thesis. The principle of R.L. Kay's (2I) program.

to which a number of adaptations were mad.e by the author of this

thesis, used for the evaluation of the parameters of the conductivity

equations is as follows. From the input values of A and c, together

with the estimaÈes of Ao , a. anð., where applicable, Ka a value of Â

is computed from the theoretical conductiviÈy equation for each

value of c; Hence a series of Ä (observed) - /\ (calculated) = ôL

are obtained. Each unknown, .Ao , d, a¡1d Ka is increased in sequence

by a factor of I.005 and Â (calculated) is computed for each value

of C. Hence, by this pïocess, the program has computed

{ (a,t/ano), 1ãlr/àa), (A^/âKa) } and ôÄ. By solving equation 1.2 (2r)

by the method of least squares the increments of each unknown AÂo,

aa and aKa are evaluated which will minimizê equation 7.3-



' 6n=åþÀÀo+#0".H ^Ka 
7'2

. (n-Ðoz- ¡(ôA)z 7'3

n is the nr¡mber of observations of À'

Adding the increments aÂo, aa and aKa onto the initial estimates, the

second and sr¡bsequent cycles are undertaken' until converçtent"-l=

attained which is considered to have occurred when lta/al <lxIO-3'

From equation 7'2 two types of calculation are possible

depending upon whether the progran iterates for Ka' the associated

caser or Ka is assumed to be zeÎot the non-associated case'

r59

7.2 (b) The Non-As socl

Pitts
-rr=aã-* utirizing rhe taburated varues of s, and r, (14)

these functions \^rere computed. from the original equations (r4) at

eachvalueofrawithsubroutineswrittenforthetv¡oprograrns,
PITTS and pITTSV2, which evaluated Ào and a î,rom his conductivity

equaÈion. Prograrn PITTS is based on equation l'32 following the

method of evaruaÈing r\o and 4 as outlined by Pitts et ar Q2) '

PITTSV, is based upon Kay,s method of computation, equation 7.2, and

a rearranged, but not form of equation I'32 (23) '

TableT.2presentstheparametersofthePittsequationinthecase
of KCI in water at 25oC, using the combined data of Lind and Fuoss

(zs¡arrdChiuandFuoss(24),asevaluatedbyprogramsPITTSand
PITTSVZ, together with the comparable results of Pitts et aI Q2)

forttrissaltobtainedbyasimilarprocedureaSprogranPITTS.Grt
intableT.2denotesthemaximumconcentrationofelectrolyteina
givendataset.ItisinterestingtonoÈe'afterexaminingtable
T.2,ttratPittsetaIQ6)d.onotregardtheKaytypecalculationas
being adaptable Èo the full Pitts equation'

Fuoss-Hsia

The basis of the non-associaÈed computation for the Fuoss-Hsia

equation is program ITNASS for which the term (ãÀ/ðKa)AKa of equation

7.2 is equated to zero'

Table 7.3 presents Âo and ø together with their uncertainties
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TABLE 7.2

.VA],UES OF /\
o 

AI.ID a, FoR

EV ATED FROM PITTS

WITH PROGR.AMS PITT

Program

KCI.WATER

TVITY

S AI{D PITTSV2

o
AT 25 C,

ION

0 - 0948

0.0948

0. 0403

0.0403

o-0239

0. 0239

=o.02
(o. oo99 )

PITTS

PITTSV2

PITTS

PTTTSV2

PITTS

PITTSV2

Reference 22

Reference 22

149. 86

L49-86 t 0.01

l'49-86

149.85 1 0.01

149.86

149.85 t 0.04

L49.59

r49 -87

C(, ! úq,

3.04

3.03 + 0.01

3.03

3.04 t 0.01

3. 04

3.05 t 0-04

3. 00

3.O2

.ool\+/\o o

0.016

o.0r5

0. 012

0. 01r

0. o20

0. 018

0.0r8
o-011

*

**

* Data of Chiu and Fuoss

** Data of Lind and Fuoss

(24t

(25)
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and Èhe stañdard error of fiÈ of the d'ata, Ot to the respective

equation' for KCI in DMF,/water mixtures, evaluated from Èhe (P) and

(F-H) theories on the assumption that Ka = O' In general as cm

decreases, particularly in the case of (F-H), there is better agree-

ment beÈvreen experiment and theory as manifested by the decrease in

o with Cm. AIso, with the exception of (F-H) at Cm = 0'0948 for
.owater, lI as constant, unlike 4, with varying Cm' It can also be

noted that (P) is more successful at higher values of cm than (F-H) '

However,onthebasisofKa=0boththeorieshaveonepointin
corûnon - 4 systematically decreasing with D in the case of (P)

particularly, an observation which suggested that ionic associatíon

was responsible. Hence, ttre non-associated case was not considered'

further.
As recorded in Chapter I, Pitts, in the formutation of his

theory of conductivity, assumed that the electrolyte was completely

dissociated. However, Justice (19) has employed an extension of

Pitts theory to compute association constants from conductance data'

such a step was not undertaken in the present research, therefore

(P) was not utilized further. The remaining computations were

carried out with the Fuoss-Hsia theory by assuming Ka to be finite'

7.2 (c) The As sociated on

The soundness of the calculation procedure can be demonstrated

by data for the electrolytes KCl, NaCl and csI in water using the

conductivity data of Fuoss et al for these salts at 25oC (24) (25)

e7) . Two methods of evaluating the parameters Âo, a and Ka were

used, both yield.ing, for a given salt, the same optimum values for

these quantities. First, the three quantities hlere simultaneously

iterated with program T,oAoKA, the basis of the computation being

equaÈion 7.2. second, a band of a values, encompassing the expected

value by at least 58 were used as input with estimaÈes of Âo and Ka

Èo program ITERA, which returned a pair of values of .Ao and Ka which

minimized equations 7.2 and, 7.3 for each input value of a. The term

(àlt/òa)Aø was dropped from equation 7.2. The method of evaluating

the optirnum values of Ào, 4 and Ka from such a procedure has already
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TABLE 7.3

l\o ¡¡rp a FoR Kcl- rN DMF MIXTURES AT 25oc AS COMPUTED

FROM PITTS A\IÐ FUOS HSIA TONS ASSU,IING THAT KA = O

Water
vüÈ Cm

^o
oÀo+ a.!6a o

0.015

0.071

0.011

o.026

0.0r8
o -o24

0.002

0. 00I
0. 0rl
0.049

0.0I0
0. 039

0.009

0.012

0. 0I1

0.009

0. 014

0.017

0 .004

o-005

100.0

100.0

100.0

I00.0
100.0

100. 0

79.4

79 .4

79.4

79.4

6l-.2

6]..2

40. 0

40.0

40.0

40. 0

3.1_.3

31.3

20.o

20.o

0.0948

0.0948

0.0403

0.0403

0.0239

0. 0239

0.019

0. 019

0. 0847

o.oa47

0. 0876

0. 0876

0. 0454

o.0454

o-o22

o.o22

0. 014t_

0.0141

P

F-H

P

F-H

P

F-H

*
P

F-H

P

F-H

P

F H

P

F-H

P

F-H

P

F-H

L49 -459

150.000

L49 -854

L49.927

L49.854

L49.874

0.006

0.020

0.008

0.016

0.039

0. 057

3. 03

3.303

3.035

3.424

3.052

3.480

0.006

0. o20

0.008

0.016

0.039

0.030

0.005

0. 008

o.o29

96.993

97.O39

96.985

97.L43

0.005

0.008

o.o29

2.966

3.449

2.995

3.26L

65. 895

65.996

0.008

0.023

2.535

2-957

0.008

0.023

46.191

46.257

46. 198

46.230

42.943

42.957

44-724

44.730

0.009

0.011

0.034

o -026

r.924
2.567

1.906

2.626

0.009

o. 011

0.034

o.026

0.040

0.051

r.845

2.670

0.040

0.051

0. 006

0.006

P

F H

* PROGRAM PITTS : ERRORS OF COEFFICIENTS NOT COMPUTED

0.010

o. 018

1.210

2.058

0.010

0.018
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been described by Fuoss and co-workers (28) (2O¡ (30). McKenzie

and Fuoss (28) reported that this method of evaluating Ào a¡d Ka

from a band of ¿ values \^7as superior to the ¡:,rocedure ':sed earller

by chiu a¡rd Fuoss (24\ and Hsia and Fuoss (27), who used a series of

Ka values embracing the expected value of this quantity. Reported

in table 7.4 are the values of .A.o , d and Ka evaluated by program

LOAOKA for KCl, NaCl- and CSI, together with the results of Fuoss et

aI for these salts (24) (27). As it can be seen from table 7.4 the
^ovalues of À" , d. artd Ka, for a given salt are identical. The second

enÈry in the o column for this research was obtained by summing the

ind.ividual values of ôA as reported by Fuoss et al for the data

points used in the present research, since their complete set of

d.ata was not used for each sa]t. Having taken this latter step

complete agreement is evident. The basis of the evaluation of Ka

in this table is equation 1.36 in conjunction with the activity

coefficient as predicted by the Oebye-Uückel limiting law at each

value of r.
For the conductance runs measured in this research Ao , Q and Ka

!{ere eval-uated with programs LOAOI(A and ITERA as described above for

the alkali halides in water at 25oC. Fuoss (31) has already stated

that, from experience, the uPper limit of the range of applicability

of the Fuoss-Hsia equation is KA = 0.5 ot f2 3 0.5. In some systems

measured in this research both these limits urere exceeded. As a

consequence two steps were taken. First Cm was decreased, the result

being that the minimum in the o-ø ploÈ became broader and fína1Iy

disappeared. However, the position of the minimum did not alter

appreciably as Cm decreased. An analogous broadening has been

reported by Fuoss and co-\^Iorkers (ZZ¡ (Z+¡ in the case of o-Ka plots

as Cm decreases. The second observation \^tas that in no system, up

to the largest value of Cm measured, did ô.A.become large and system-

atic as Cm increased.

Reported in tal¡le 7.5 are I\o , Q and Ka for KCI- and KBr in DMF/

water mixtures evaluated. from program LOAOi<A upon the basis of the

activity coefficient, f, being computed from the limiting law.



TABLE 7.4

o FOR KCI, CsI AIiID NaCl IN WATER AT 25
o

VALUES OF A ,a,Ka
AS COMPUTED BY THE THREE PARAMETER ÌTERATIVE PROGRAM IOAOKA

^o

Ka oSaIt Referenee

a This Research

Reference 24

This Research

Reference 27

This Research

Reference 24

L49.89 t 0.01

149.90

L54.L7 t 0"01

I54.L73! 0.015

L26.55 1 0.01

L26.55

5.68 r 0.05

5.655

5.52 I 0.05

5.5041 0.020

6.I4 ! O.O2

6. ll

0.79 t 0.01

o.79

0.94 r o.01

o.94

o.926! 0.002

o -92

0. 017

0.017

0.017 (0.015)

0.006

o. oos (0. oo5 )

0.016

KCI

KCl

b
CsI

CsI

H
ol
È

NaClc

NaCI

a. Data of Chiu and Fuoss

b. Data of Hsia and Fuoss

c. Data of Chiu and Fuoss

124) a¡rd Lind and Fuoss (25)

(27)

(24)



165

Excepting KCl in 6l-% and KBr in 2Oå water mixtures, it can be seen

from tal¡Ie 7.5 that the condition that the mìnimum value of f2,
)

f.- , be = 0.5 has been met. However, in the case of KC] in.6lg"ml_n )
waÈer, if Cm is d.ecreased so as to raise f *:r, > 0.5 the position of
the minimum in the o-a plot did noË alter. lhe case of 2O*" waÌ.er,/

DIvIF system with KBr as solute will be raised later in this
discussion.

All furÈher data to be reported in this thesis are evaluated

by iterating the three parameters simultaneously, since it has been

shown Èhat this method yields identical- resul-ts for the optimum

values of Âo , a and Ka, as compared with the method of Fuoss et aI,
in which bands of Ka and ø values are submitted to programs similar
to ITERA described in this discussion.

In Chapter I the attributes of the Debye-Hücke1 expression,

1.16, for the activity coefficient were discussed. Briefly its
virtues are that its functional form is known (32¡ and it gives

reasonable account of the dependence of experimental values of 1og

f upon r on the basis of a suitable choice for L}:'e a parameter (33) -

The limiting law has been used previously in conjunction with the

Fuoss-Onsager equations by Fuoss and, co-workers (25) (34) (35) (36) -

,Justice and Fuoss (35) examined three expressions for computing the

activity coefficient, the lirniting law, the Debye-Hückel expression

and Èhe l-aÈter function with the distance parameter set to, q, the

critical distance of Bjerrum (37).

q : lzlzZle'
2DkT 

r
Justice and Fuoss reported that the fit of the d.ata to the Fuoss-

Onsager equation \¡ras superior when the limiting law was used to
compute values of f. These last authors justified the use of the

limiting law by the following rationale - "this proced.ure can be

justified on the argrrrnent that equ. 5 allows for long range

interionic effects (which are clearly independent of the shape or
size of the ions), while short range effects are all subsumed in
the Ka term which explicitly and sensitively depends on the contact

":



TABLE 7.5

VA],UES OF AO, 4 AND KA FOR KCI AND KBT IN DMF/WATER ¡4IXTUFGS AT 25OC Ka EVALUATED ON

THE BASIS OF TIIE ACTTVITY COEFFICIENTS AS COMPUTED FROM THE DEBYE.HUCKEL LIMITING LAW.

!{ater
vüt. t f2.mIn a!oaSaIt Cm llo I o^o Ka t oKa o

100. 0

79 .4

80.0

6L.2

6r.2

40. 0

40.0

31. 3

20.0

20.o

KCI

KCl

KBT

KCl

KBr

KCl

KBT

KCl

KCI

KBT

o" 095

0. 085

0.050

0.088

0.038

0.045

0.039

0.014

0.006

o.o44

o.49

o.49

0. 57

o.44

0. 58

o.49

0. 52

o.64

0. 70

0. 40

0. o11

0. 009

0. 006

0. o14

0.014

0.013

0 .006

0.013

0.005

0.01I

5.677

6.O75

6.432

6.724

6.405

8.246

7.9L4

LL.O7 4

12. 838

r0.06r

0. 052

0.040

0. 048

0. 078

o.2r7

0.082

0.051

0.250

o.223

0.039

o.792

1.001

o.72I
L.696

0. 959

3.7 48

2.324

5.002

9. 583

6.732

0.008

0.004

0. 006

0.008

0.046

0. 016

0.004

o.o72

o.o47

0.031

0. 017

0. 006

0. 005

0. 014

0. 007

0 .006

0. 002

0.007

0.004

0. 004

149. 888

96.993

97.259

65.915

65.507

46.242

46.443

42.898

44.719

46.378

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

H
oì
ol
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distance ø" (35). However, such an argument neglects one very

important point. Short range interactíons are accounted for in

the eguation by terms involving Ka and a, bw1l-, by

using the limiting law no account is being taken of these inter-

actions in the ac tivit coefficient ssron.

2Ka= EXP (e /aDkr)

]t is of interest, therefore, to examine the effect of neglect-

ing the short range interionic interaction term (t + ra) in the

activity coefficient expression, and the effect that the neglect of

this term might have upon the values of Ka and 4 computed from the

Fuoss-Hsia equation on the basis of the limiting law. such an

examination is important for three reasons. Firstly, the observed,

systemaÈic dependence of A for KCI and KBr in DMF/water mixtures

upon D. table 7.5, might be related to Èhe neglect of the (1 + ra)

term in the acÈivity coefficient expression. secondly, for KBr

in 2ot water-DMF mixture, even though f2 < 0.5, o is of the order

of + O.OIå in Â which is a reasonable estimate of the error in the

experimental values of Â. ThirdlY, Ka not only depends upon the

computed val-ue of f.2 but the theoretical expression of Fuoss (28)

Iinks Ka and 4 thus:
)

(4 t Na')
1:oõõ-r

The effect of neglecting the (1 + rø) term in the activity

coefficient ex¡lression can be guaged by comparing values of log f

computed from various expressions, including the limiting law and

the Debye-Hückel equation, with experimental values of Iog f from

data presented by Robinson and Stokes (33). One conclusion to be

drawn from their tabulation is that, on the basis of comparing

experimental a¡d predicted values of 1og f, the use of the l-imit-

ing law to predict reasonable values fot f2 of NaCI in water, to

be utilized in the computation of Ka in the realm of applicability
of the Fuoss-Hsia equation, is unjustifiable. Table 7-6 presents

_ __2values of f- computed from the following sources. For the limiting

Iaw and the Debye-Hückel expression, with d = 5.0å, tne values of
)

f- were computed from the respective expressions during the
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analysis of Èhe conducÈance data for NacI presented in tables 7-4

and 7.8. Comparison has been made with the experimental value of
)

f' computed from reference (::¡ - From the data presented' in

table 7.6 the Debye-Hückel expression gives the more reasona-ble
a

value of f' and is to be preferred to the limiting law'

TABLE 7.6

VA],UES OF f.2 COMPUTED FROM THE DEBYE-HUCKEL LTMfTTNG LAW

AI\D T}IE DEBYE-HÜCKEL EQUAT]ONVIIITH a=5.OÃ, COMPARED V'TITH

AN EXPERIME}ÍTAL VA].UE OF f2 FOR NaCI TI{ IVATER AT 25OC

2fSource

Limiting Law

Debye-Hückel-

Experimental Value

c

o.o47244

o -o47244

0.04981

0.046056

0.046361

o-604

0.690

o.613

Since the discrepancy between experimental and calculated' value ln

the case of the limiting l-aw must be attributed to the neglect of

the (l- + Ka) Èerm, then the computaÈion of a value for the activiÈy

coefficient must include this term.

Justice (¡g) has recently expressed the view that the use of

the limiting law is unjustifia-blet he accounts for the short range

interionic interactions in the activity coefficient expression by

setting a equal to q (19) (38) in the Debye-Hückel expression-

It is of interesÈ to note also at this point that if q. : q

was used in the activity coefficient expression, Justice (f9) and

co-workers (39) found that 4 evaluated from J, and J, of equation

7.1- were close to q even though the terms of J, were functionally
incomplete (38) (40).

Lanier (6) has graphical.ly reported activity coefficient data

for NaCl in various organic-water mixtures including Dl4F-water.

In the last system, in the realm of applicability of the Fuoss-

Hsia equation, it appears from his graphical representation of his
activity coefficient daÈa that there is good agreement between
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experimental and the values predicted by the Debye-Hückel expression

on the basis of a = 4.08 over the entire d.ielectric constant range

studied.
In this research accor.¡nt was made of short range inter-

ionic interactions in the activity coefficient expression by the

following procedures - a, fixed to an arbitrary value, 5.08 -
iterating the distance parameter in the conductivity equation and

tlre activity coefficient expression and by equatiîg a = q the

Bjerrum critical dista¡ce. The values of /\o, Kê, a and the ion

size term of the activity coefficient expression, termed 4, in

tables 7.7 arid. 7 .8, for KBr a¡rd KCI in oMF/water mixtures are

presented. in these tables. In addition, the value of f2 corres-

ponding to Gn in both tabfes 7.7 anð' 7.8' the last mentioned

also containing ttre results obtained for NaCl and CsI in
\¡7ater.

A number of observations from Èhese tables can be mad.e.

Firstly, with the exception of NaCl. Âoand o are independent of the

method used for compuÈing f. In the case of NaCl no reasona.ble

explanation for Èhis observation can be given. Secondly, the

dependence of a upon D is reduced, but not eliminated, by setting
ø>O in the Debye-Hückel expression.

From the data for the potassium halides in DMF/water mixtures

for optimum agreement between experimentally determined and Èhe

theoretical concentration dependence of Â requires that the 4

parameter, as determined by the F-H equation, be dependent upon D.

This is contrary to the F-H model for the ions which are regarded

as being rigid charged spheres and their collision diameter, at as

a consequence should be constant. If a is fixed as required by the

model, for example to the value of a found for the electrolytes
in aqueous solution (28), then the uncertainties of the parameters

.1l.o and Ka as weII as o are greater than if ø is permitted to vary.
This situation can be illustrated with the d.ata for KCI presented

in table 7.9. The biggest objection to fixing d, supported by the

data in table 7.9 is that o, for the solvents containing 6l-å water
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TABLE 7.7

I\a , d Al.lD Ka FOR KBr fN WATER AI{D WATER/DMF
o

MIXTURES AT 25 C.

Ka ATED ON DIFFERENT BASIS FOR COMPUTING THE ACTIVTTY COEFFICIENT

SalÈ CIn f2,
mLn

-f
^o 

t o^o atoq, Ka t oKaWater
$tt. t

o

KBr

KBr

KBT

KBT

KBT

0. 050
0. 050
0. 050
0. 050

038
038
038
038

.039

.039

.039

.039

o.o44
o.o44
0. 044
0.044
0.034
0.034

6L.2
6L.2
6L.2
6L.2

o.72L
o.526
0. 509
0. 564

0. 959
o.602
0.583
0.648

2.324
r.619
r- 495
L.662

6.732
4.850
4.190
4.6l-5
6.708
4. 884

10
10

0
0

o.49
o.62

o.57
o.67
o.67
0.65

0. 58
0. 66
o.67
0.65

o.52
0.61
0.63
0.61

100.0
100.0

151.71
151.7r

0.011
0. 012

0.006
0. 007
0. 007
0.007

0.014
0.014
0.014
0.014

0. 006
0.007
0. 006
0. 007

0. 011
0.011
0.010
0.011
0.006
0.006

5.774
4.9L4

6.423
5.736
5.686
5.846

6.405
5. 518
5.475
5.62L

7.9L4
6.424
6.2L4
6.499

.490

.848

.254

. r04

.57L

.1r4

.048

.058

.058

.058

o.2L7
o.246
o -244
o -248

0.051
0.095
0.093
0 .094

0.039
0.085
0.091
0.088
0.030
0.065

0.013
0. 025

0.006
0. 0r1
O. OII
0. 010

0.046
o.o74
o -o74
0. 073

0.004
o.o29
0.031
0.028

0. 031
0. 032
0. 049
0.038
0. 018
0. 028

0.036
0.038

0.005
0.005
0. 005
0.005

0.007
0.008
0. 008
0.008

0.002
0.003
0.002
0.003

0.004
0.004
0. 004
0.004
0.002
0.002

0.0
5.0

0.
5.
5.

0
0
7

7

.o

.0

.4

.0

9=3

0
5
5

q=4

40
40
40
40q=4

0
0
2

62

0.
tr

6.

0
0

0
0
0
0

0
0
0
0

0. 708
o.432

093

80
80
80
80

20.o
20.o
20.0
20. 0
20.0
20.o

97.259
97.260
97.260
97.259

65. 507
65.5L2
65.5L2
65.5r2

46.443
46.456
46.455
46.456

46.378
46.393
46. 386
46.39r
46.369
46.386

I

0
0
0
0

0
0
0
0

ts{o

0
0
0
0

06r10
7

6
7

10
7

0.0
5.0
6.8

q=5.6
0.0
5.0

0. 40
o.52
0. 55
0. 53
o.44
0. 54



TABLE 7.8

Lo , d AND Ka FoR csr, Nacl AND KCI rN WATER AND KCÌ IN DMF/WATER MIXTURES AT
o

ON DIFFERENT BASIS FOR COMPUTING THE ACTTVTTY FFICTENT25 C. Ka EVAI.U

Salt CÌn f 2

min a
lVater
wÈ. z ^o 

* o^o q. + oa, Ka t oKa úf
NaCl 0.088

0.088
0.088
0.088

CsI 0.095
0. 095
0. 095

KCI 0. 095
0. 095
0.095

KCl 0.085
0. 085
0.085
0. 085

KCl o. 088
0. 088
0. 088
0. 088

KCl 0. 045
0. 045

KCl 0. 014
0. 0l_4
0.01_4

KCl 0. 006
0. 006
0. 006

L26.546
L26.564
L26.564
L26.563

r54.170
154. 175
154.I76

149.888
L49.899
L49.899

96.993
97 .OO7
91 .OO7
97 .OO7

65.915
65.936
65.936
65.938

42.898
42.907
42.907

6.I43
5.097
5. 087
5.288

5.516
4. I18
4.227

5.677
4.635
4.808

6. O75
4.915
4. 905
5 ¿O77

6.724
4. 800
4.833
5.009

8.246
5. 915

rr- 07 4
9. 186
9. 909

.004

.oL2

.ot2

.011

0.006
0.006
0. 006
0. 006

0.51
0. 63
0. 63
0.60

o.49
o.62
0.60

o.49
0.61
0.59

o.49
0. 61
0.61
0. 59

100 .0
I00.0
100.0
100.0

100.0
100. 0
100. 0

I00.0
100. 0
100. 0

79.
79.
79.

6I.2
6t.2
6r.2
6I.2

3l_. 3
3I. 3

31. 3

20.o
20. o
20.o

0.012
0. 010
0. 010

0.017
0. 017
0. 017

69=3

0.0
5.0
5.09

0.0
5.0
4.2

0.0
5.0
3.6

79.0.0
4.9
5.0
3.7

0.o
5.0
4.8
4.O

0
z
aì

0. 006
0.005
0. 005
0. 005

0.023
o.o27
o.o27
o.026

0.052
o.o72
0.073

0.052
0. 060
o.067

0.040
0. 049
0. 049
0. 049

0. 078
0. 154
0. 154
0. 153

0. 082
o.176

0.250
0. 431
o.364

o.223
o.434
o.332

o.926
o.597
0.593
o.666

0.936
0.433
o.478

o.792
o.444
0.509

1.001
0. 594
0. 590
0. 660

I.696
o.92I
0.938
L.O29

3.7 48
2.583

5. 006
4.354
4.668

9. 583
8.432
9. 085

0 .002
0.006
0.006
0.005

0.009
o.022
o.o22

0. 008
0. 017
0. 016

0.005
0.005
0.005
0.005

q=

q=

4
4
4
4

0. otl
0. 010
0. 010

0. 009
0. oo8
0. 008
0. 008

0. 014
0.014
0.014
0. 01'4

0. 013
0. 014
0. 014

0. 016
0.017

0
0
0
0

0
0
U

0

.008

.053

.o52

.o49

0.017
0.017
0.019

0.014
0. 015
0.015
0.015

0. 006
0. 006

0.007
0.007
0. 007

0. 004
0. 004
0. 004

F\¡
P

o.44

0. 56

0. 58
0. 58

0.70
o.76

q=

0
q--4

o.49
0. 59

0

q=5

40
40

.0

.6
0
0

46.242 0.013
46.254 0.012

o.64
o.73
o.69

9

0.0
10. 4

q=5. 6

o.o72
o.067
0. 030

o .047
o.I44
0.049o.73

44.7J-9 0.005 12.838
44.725 0.006 LO.436
44.723 0.006 rI.572
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and less, far exceeds what is regarded as being a reasonable esti-
mate of the experimental error in the conductivi-ty measurements.

Hence a fixed value for a is unacceptable. A preferable explan-
ation for the variation of ø with D is that it is an artifact of
the model rather Èhan an effect of the ions being separated by

solvent molecules which is contrary to the definition of a.
There also appears from the data presented in tables 7.7 and. '1 -8

to be little correlation in the range of dielectric constant
studied between ø and q although as D decreases q increases-

It is concluded Èhat the only reasona-l¡Ie interpretation that
can be given to a is that it is a quantity that permits, in con-
junction with Ka, optimum agreement between the experimental and

theoretical concentration dependences of Â thereby allowing the
evaluation of Âo. Confidence can be expressed in the values of Ao

obtained, for a given system, as Èhey are independent of the value
of ø and Ka.

For the Ka pa-rameter, upon the basis of the (F-H) model, both
electrolytes are stightly associated in Dl4F/water mixtures. Since

from the theoretical expression for Ka of Fuoss d and. Ka are inter-
depend.ent and the significance that can be attached to ø is in
doubt, no further comments need.-be expressed about the Ka parameter.

Returning to KBr in the 20t water mixture Cm was decreased as

much as possible leaving 5 þoints to be re-submitted to program

LOAOKA. If the limiting law is used to compute f, then Ao d.oes

vary slightly outside the limits defined by the error of this
quantity which contrasts with the result obtained by using the
Debye-Hückel expression. Further, the use of the liniting law has

been shown to give inferior estimaÈes of f, hence tittle confidence
can be expressed in the variation of Âo with Gn if the limiting
law is employed.

Fuoss and. Hsia (16) have alread.y noted that terms higher than
o(c3/2) are significant in the description of the concentration
dependence of Â when ôÂ begins to increase systematicarly with
increasing cm and the varues of .A.or a and Ka are arso depend,ent upon
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TABLE

4 A}iD KA FOR KCI IN

A IS TREATED

ROXIMATE VAIUE

V'IA

ASA VARIABLE

FOR KCI IN

Ka oKa

7.9

WATER

4
V'IaÈer

wt

79.4

79 -4

6L-2

6J-..2

40.0

40. 0

31. 3

31.3

20.0

20.0

l\o

96.993

97.058

65.915

66.O32

46.242

46.455

42.894

42.OO3

44.719

44.768

.ool\

0.009

0. 013

0. 014

0. 028

0. 013

0.032

0. 013

0. 032

0.005

0.015

a.

6 -O75

5. 700

6.724

5.60

8-246

5.60

11. 074

5.60

12.838

5.60

6A

0.040

0.00

o. 078

0.00

0 o82

0.00

0. 250

0. 00

o.223

0.00

r. 001

0.955

L-696

1.515

3.7 48

3.138

5.002

3.228

9-583

5.465

0. o04

0.008

0. 008

o-026

0. 016

0. 051

o.o72

0. 146

o.o47

0. 160

o

0.006

0. 020

0. 0r4

o. o45

0. 006

0. 033

0. 007

0.033

0. 004

0.021

loo- o 149- 888 o. olt 5 '677 o' 052 0'792 o' oo8 0' 0r7
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en. In the case of KBr in 2Ot waterr/DMF mixture although o has

decreased with cm either value of o, i.e. with cm = 0.o44 or 0.034,

suggest Èhat the agreement between experimentally and theoretically

determined Â is within the experimental error of the conductance

measurements. Hence it is concluded from this research that the

upper limit of the realm of applicability of the Fuoss-Hsia equation

in DMFr/water mixtures is greater than that corresponding to f2 = o.5

as described by Fuoss (31) upon the basis of electrolytes in

dioxane/water mixtures -

Presented in table 7-I0 are the values of Âo, ¿þ, Àoa*' Ào"r-

and Ào"r- evaluated from the conductance and transport number data

for Kcl and KBr in water, DMF and DMF-water mixtures. In the case

of KBr in DMF Prue and Sherrington (10), Ames and Sears (9) and
2

I'rench and Glover (41) have repcrÈed 84'3r, 84'l and 85'0 cm

^-1 -rInt. Sì equlvalents respectively as being the val-ue of Ao at

25oc f.or this salt. prue and Sherrington's values of 84.3r, 30.8,

55.1 and 53.6 for.Ao, Ào*+, Ào.l- and Ào"r- in DMF respectively

were accepted. These last authors have already discussed the con-

ductivity d,ata for KBr in DMF cited. above. For KBr in water at 25oc

the data of Jones and Bickford (42), Owen and Zeldes (43) and' Benson

and Gordon (44) were combined and the results obtained for this

system have been included in table 7.7. KBr in water has not

been included in the previous analysis of ccnductance data since

of the three sets of conductivity data cited al¡ove for this salt

only Owen and Zeldes (43) report original .4., c values; the other

authorsr data are quoÈed only at rounded cor.centrations, Àoa+ from

^o 
(KcI) and .¿1.o (KBr) using Longsworth's (45) val-ue for úþ (Kcl)

and Gordon et al's (46) value for úþ (r¡r) are in agreement' The

readerts attentíon has already been drawn to the fact that Ào*+

o(KBr) and À"a+ (KCI) in a 40* water/DMF mixture are identical to

within 0.128.
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TABLE 7.10

AÀICE AND TRANSPORT NUMBER DATA OF

KBT IN WATER AI{D T'IATER/DMF MIXTURES AT 25OC

o

LIMTTING

AT¡D

Water o
+

K
+

K*vüt
Salt

^o
t À

149.90 0.4905 73.5
3

lsr.71 o.4847 73. 5
3

78.1I

97. 00

97.26 0.510 I 49.6 47 -5 I8

65.94

65.5r o.523 I 34.2
7

3L.2
4

46.25 0.5246 24.27

46.46 0. 523
o

24.3
0

22-L
6

*42.9r (0. 513 ) 22.
0

44.72

46.39 0.489
2

22.69 23.7 
o

I 30.8 53.6

* Interpolated valuei / Reference (10)

U

Br
_o
l-"cl

76.37

47 -33

31.6
7

2I-9
6

9

22.O
3

55. I

À

100.0 Kcl

100.0 KBr

79.4 KCt

80.0 KBr

6L-2

6L.2

KCl

KBT

40.0 Kcl

40.0 KBr

31.3 KCI

20.o Kcl

20.0 KBr

0.0 Kcl

20

/
J

KBr/ 84.3
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CHAPTER 8

THE DEPTI{DENCE OF THE STOKES RADIUS A}TD THE LIMITING

+
EQUIVALENT CONDUCTAI{CE OT' TIIE K ION UPON THE

COIVIPOSITION OF SOME AOUEOUS SOLVENT MIXTURES AT 25OC
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CÍTAPTER 8

The terminal velocity, v, under the influence of a force, E, a

macroscopic particle of radius R, attains as it moves through an id.eal-
ized medium a continuum of viscosity, n, is given by stokesr law thus
(1) :

v = 3/(6nnR)

By treating an ion, such as a cation, as beíng a rigid charged

sphere i¡nmersed in such an idealized sorvent, stokesr faw can be re-
written in terms of the limiting ionic conductivity because this
quantity is related to the limiting ionic mobirity which can, in turn,
be expressed in terms of the ionic velocity attained under the influence
of a unit force (I).

2
À: = lz+lr'¡ (6nnn+Ä¡) 8.1

The stokes radius, R*, of a univalent catíon can thus be calcul-ated
from the following expression:

R* = o.|LsL/frfn) s.2
Since the Stokes radius ,in this model is constant the difference

between the viscosity of one medium and another must al-one account
for any change in conductivity of a given ion in the two solvents. In
other words, a change in cond.uctivity has a sirnple interpretation
which'is that an ion encounters a different hydrodynamic resistance
to its motion in each solvent. rn the application of stokes raw to
formulate the retarding influence that an ion experiences as it moves

through the solvent an important point is being neglected, namery that,
contrary to the classical d.erivation of Èhis law, the solvent cannot
be regarded as being continuous (2) (3) since its morecures are of
comparable dimensions to the ions themselves.

AnoÈher point that wirt be raised later in this discussion is
that solvent properties other than its macroscopic viscosity
influence ionic motion. To propose that viscosity is the sole source
of retard.ation of ionic motion is, in itserf, a gross simplification
which neglecÈs more irnporta¡¡t effecÈs on the molecular level. Several
such considerations will be introd.uced at this-point, but which wirl
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be discussed more fully later in this chapter. one solvent property,
the dipole of the solvent molecules a¡rd their proposed effect upon

conductivity, has been examined by Fuoss (4). Since the ion is of
comparable dimensions to Èhe solvent molecules, one would intuitively
expect that the structure of the solvent, i.e. the deviation from
the ideal of the continuum mod,el, would. also be an important
influence.

Equation 8.1 relating conductivity and the macroscopic vis-
cosity of the sorvent is known as walden's Rule, a relationship which,
when tested e:ç>erimentally with a variety of ionic solutes in
nunerous solventsr cêrr be best d.escribed, except in a few exceptiorial
instances, as an approximation (3) (4) (5). This result leads to
the obvious conclusion that other infruences besides viscosity
determine Èhe mobility of an ion and hence its conductivity. rt can

be noted Èhat large ions in aproÈic solvenÈs (3) and the larger
homologues of the tetraalkylammonium ions in water (6) are among

the few examples that can be quoted in which the behaviour, as

demanded by stokes' law, is approximated to a reasonable d,egree.

Even this situation is compricated, however, as deviations are
observed in sysÈeurs in which specific solvent-solvent interacti.ons
occur, notabry hydrogen bonding which seems to play a role in the
locar hydrodynamics of ionic motion (3). The fairure of !{ardenrs
R¡re is sometimes attributed to the variation of the size of the
hydrodynamic entity, i.e. in this case the ion and its co-sphere,
frqn solvent to solvent as a result of differing solvent molecules
being attached to the ion in a perrnanent sorvation sheaf (7) contrary
to the model itserf in which n* ¡y definition is a constant. rn the
formulation of equaÈion 9.1, it has been assumed that the solvent
ad'heres perfectly to ttre surface of the ion with the result that the
viscous frictional coefficient was equated to 6n¡R+ (2) (g). Holr-

ever, Robinson a¡rd stokes (6) have suggested that the numerical
constant may not be 6n and proposed a correction proced,ure that can

be applied to the sÈokes radii of smalr ions in water upon the basis
that the larger homorogues of the tetra-alkylaÍunonium cations in
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water closely approximate equation 8.1. Nightingale (9) has applied

Èhe suggestion of Robinson a¡rd Stokes to ions in aqueous solution.

It can be noted here that Zwanzirg (8), on the basis of the Fuoss-

Boyd-Zwanzig model, obtained closer agreement between e)q)erimentalty

observed values of À a¡rd that calculated from their model when the

viscous fricÈional coefficient was equated to 4nnR+, i.e. to the

condition in which the solvent slips over the surface of the ion-

Other suggestions have centred upon the viscosity term itself,
arguing that this quantity shoutd be raised to a power, i... ÂonX

= const¿u1t. For the aqueous non-electrolyte solvent systems studied

by Steel, Stokes and Stokes (1O), Accascina and Petrucci (I1) (L2)

and Steel (14) and for the cyanoethylsucrose/acetonitrile system

studied by Treiner and zuoss (13) a value of X<1.0 is required since

Èhe d.ecrease in conductance is less than that demanded by Stokesl

Iaw. Robinson and Stokes (15) have already stated that for some

aqueous non-electrolyte systems the tconstantt X depends upon the

nature of the non-electrolyte a¡¡d the ion, X being closer to unity
for large ions. In aqueous mixtures of DMF, MeOH, dioxa¡re and EtOH,

for example, in which Lo¡ decreases with increasing added component

concentration, a value of X>1.0 is required because a simple first
order viscosiÈy term is insufficient to accor¡nt for the observed

decrease in conductivity.
In d.eparting from the model discussed up to this point, Fuoss

(4) has attributed the observed dependence of the V'IaIden product
upon the dielectric constant of the solvent to electrostatic inter-
actions between the ion and Èhe dipoles of the solvent molecules,
resulÈing in a nett increase in the loca1 viscosity of the solvent
in the vicinity of the ion. Hence the ionic velocity is sr:bjected
to a¡¡ additional retardation, of electrostatic origin, resulting
from ion-solvent-dipole interactions. Fuoss, as a result of
"heuristic argrments" (4), expressed equation 8.1 in the following
form:

' À: = l"+lt2¡(6nn/vtni + s/p)) 8.3
The dependence of the Stokes radius R+ upon the dielectric
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constanÈ of the medium can be written from equations 8.1 and 8-3

eÞ.

R* = R* + s/D a.4

R+ in equations a.s;a 8.4 is the hydrodynamic radius of the cation
æ

in a hypothetical solvent of infinite dielectric constant in which

a1l electrostat,ic forces are zero (4). Accord,ing to equation 8.4

R+ should vary linearly with D-1, S being in Fuoss's model an

empirical constant.
The linear plots , l-:or R* or n- 

"" 
a function of dielectric con-

sÈant, obtained by Fuoss $rere presented as evidence to support the

correôtness of the arguments that lead to the formulation of his
empirical relationships - 8.3 and 8.4. Some sections of these

plots for polar-polar mixed solvent systems, however' rrere non-

linear. Fuoss (4) explained this by suggesting that hydrogen bonding

played an important role in the local hydrodynamics of a moving ion.

It is also interesting to note, at this point' a suçfgestion by

Accascina'and Petrucci (11) (16) that the reason for the increase

of .[o¡ with increasing non-electrolyte concentration for KCI in
ethylene gLycoI/water and glyceroL/water mixtures respecÈiveIy, as

opposed to its decrease in MeOH/water mixtures, might be related to
the number of hydrogen bonds that could be formed between the com-

ponents of the solvent.
Boyd (17) (18) and. Zwanzig (8) (1S¡ later evaluated S theoretic-

ally and found that it was related to the relaxation time of the

solvent, I, ald the viscosity of the solvent.
Boyd.'s (17) (18) a¡rd Zwanzigrs (1963) (19) result, for the

sticking boundary conðitionr Inây be written as:
l- ''l

g= lD-D'l 8.5[o J

white Zwartzigt s latter results (1970) (8), for t]¡e sticking boundarl'

condition -

Ð- D D@

2D+1 8.6
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for the slipping boundary condition -

D D@ 8.72D+1
where D and Dæ are the static and high frequency dielectric

constants resPectivelY.
In the Fuoss-Boyd-zwanztg model, FBZ, the frictional force the

ion experiences as it moves Èhrough the solvent, is comprised, of

the classical Stokes term, 6n¡R+ for stick or 4n¡R+ for slip (8),

and the solvent relaxation effecÈ induceil by the motion of the ions

through the medium. It is interesting to compale the result of Boyd

and Zwanzig with a theoreÈical equation derived by Debye (20)

f - (4rnr3)/ur 8.8

in which r is the radius of the orientable particle. Hence from

Debyets, Boyd,.s and Zwanzígrs respective models f should vary pro-

portionally with n. Dannhauser and Johari (52) have noted that,

although the Debye equation, 8.8, should be inapptical¡Ie for strongly

associated liquids, f*n is often obsen¡ed' water at various tempera-

tures is a good example (20).

If in i':tre zwanzig formulae, Dæ is neglected with respect to D

(21) (22) and in addition for the 1970 results, 8'6 and 8'7, the

approximation is made that 2D + I = 2Dt then S from the FBZ model

ca¡¡ be written as -
g = (constant rlln(nl)3

The fact that these approximations are reasonable witl be demonstrated

Iater in this discussion. Since by definition Ai is a constant for

a given ion, it follows that S must be related to f the ion induced

dipole relaxation effect. Consequently the relative magnítudes of

the values of S obtained for an ion in a nr:rnber of mixed solvents

must be related and therefore in turn relatal¡Ie to the relative

strengths of ion-solvent interactions in the solvent mixtures.

It is also evident from the FBZ equation, 8.4, that two estimates

of the quantity nl can be evaluated, one from the coefficient S ar¡d

the other trom tni intercept of a plot of R+ against D l. The latter

method has been used extensively by Fuoss and co-workers (23-26) in
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studies of alkati halide ions, including K+ (23), in dioxane/waEer

mixtures. Later, using 1l-}:e Zwanzig erçression 8.5 Justice and

Fuoss (21) evaluated nltX+l for dioxane/water mixtures. Atkinson

and l"lori (27) evaluated n1 tor alkali metal ions, including K+, in

d,ioxane/water mixtr-rt"= urrä gLyceroI,/water mj-xtures using an equation

analogous to 8.3 and the Boyd and.Zwanzig expression for S, 8.5,

retaining the term (D - D*)/D.

In addition to those conducted by the authors cited alrove,

studies of the dependence of the Stokes radius for the K+ ion upon

composition on the basis of the FBZ hlpothesis have been made by

Justice and Fuoss (2L), (glycine/water and dioxane/water) Treiner

and. Justice (28) , (ß-alanine,/water) and Mewett (29) (q-alanine,/water) .

The work of Accascina and Petrucci (11) (16)' gLycetoL/waÈer,

ethylene gLycoL/water and meÈhanol/water, was restricted to the

applicaÈion of Fuoss' empirical equation prior to the detailed
formulation of S by Boyd and Zwanzig.

One aim of the present research has been to extend the studies

cited, above by examining the dependence of R* for the K* ion ort

solvent composition in aqueous mixtures of tetrahydrofuran (TIIF),

EtoH, acetone, MeoH, DMF and iso-propanol (i-ProH). A deficiency of
previous studies (2I-23) (28) (30), with the exception of those of
Atkinson and Mori (27) and lvlewett (29) has been the assumption of
the independence of the transport number upon the composition of a

mixed solvent. Thus in the present research for each of the DMF/

water mixtures in which the liniÈing conductance of a salt was

determined ionic conductivities were evaluated by the measurement of
the cationic transport nurlber. For KCl in EtOH/waÈer and MeOH/water

mixtures advantage was taken of the availability in the literature
of transport number data for this salt in these solvent systems.

Hohlever, for aqueous mixtures of acetone, THF and i-PrOH respect-

ively, no such data were available and consequently the above

mentioned assumption of the constancy of the transport number was

apptied at each solvent composition.

The Stokes radius of K+ in the mixed so].vents cited below were
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calculated from equation 8.2. The absolute viscosity of each sol-
vent quoted, is based upon that of water at 2OoC as determined by

Swind,ells, Coe and Godfrey (31). Ionic conductivities and hence

the Stokes radius of the potassium ion, R+ (K+), are based upon the

values of Äo recorded in the original paPers. Conductivities of KCI

in Èhe various solvents were obtained from the following references:

I4eoH/water (32) (33) r MeoH (34); EtOH/water (35); EtoH (36);

dioxane,/water (23) ¡ acetone,/water and (i-PrOH)/water (37) ; acetone

^oar-- 
(38) , 

^o"r- 
(39) ; TnF,/water (40) ; grycine/water (2L) ¡ ß-

alanine/water (28) and q-alanine,/waÈer (29).

Transport number data for KCI was obtained from the following
references: o-alanine /waler (29) ¡ MeoH {JI) ¡ l"leoHlwater (42) (43) ;

EtOHr/water @Ð ¡ ethylene glycol/water (45) i gLyceroL/water (46) ;

dioxane/water (47) and glycine/water (48) (49).

The computed values of R+(r+) are recorded in appendix 8.I.
Although values of R+ (K+) were not canputed from them, values

of Ào + in these solvents are utilized in the discussion to follow:
K

^o**, 
based on tralsport nr:mber d.ata in IO and 2Ot sucrose/water,

glycerol,/water, 1Ot mannitol,/water (10) (50) ; glycerol/water (12)

(46) and ethylene glycol/waEer (11) (45) are recorded in appendix 8.2.

The values of S presented in table 8.I were evaluated from
++plots of R' (K') against LOO/Ð for the aqueous solvent mixtures

denoted in this table. Where in the consÈruction of these graphs'

the values of R+ were evaluated upon the assumption that úo*+ (KcI)

was independent of composition and equal to 0.4905 (51), this is
indicated in the table. Transport number data for KCl in aqueous

mixtures of acetone, i-PrOH and TIIF have yet to be reported. As two

distinct slopes can be assigned to a plot of R+ (K+) against LOO/D

for THFr/water mixtures, figure 8.I, two entries have been made in
tabte 8.1. No value of S has been assigned. to i-ProH. for in the

range of d,ielecÈric constant over which conductance measurements were

made, the plot of n+ (r+) against IOO/D is distinctly non-linear.
From table 8.1 it can be observed thaÈ there is no correlation

between the value of S and the magniÈud.e or the position, expressed
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TABLE 8.I

VALTJES OF THE COEFFICIENT S OF THE FUOSS-BOYD-Z!{ANZIG THEORY

FOR
+ ION IN SOME AQTJEOUS SOLVENT MTXTURES AT 25oCTHE K

Added
Component

DMF

MeOH

EIOH

THF

acetone

THF

dioxane

dioxane

i-PrOH

cl-alanine

o-alanine

ß-alanine

glycine

glycine

Dependence of
i+ upon solvent

composr-tron

l'laximum in Solvent
Viscosity+

U VaIue
CP

Position
x2

S

Seconds/
Poise

189

89

73

20

22

26

2L

I9

I3

This Research

(4r) (42) (43)

Ga¡

constant = 0.4905

constant = 0.4905

constant = 0.4905

constant = 0.4905

(47)

constant = 0.49O5

constant = 0.4905

(29)

constant = 0.4905

constant = 0.4905

(48) (4e)

0

0

5

6

4

8

2

I

2

I

L.4

1.8

2.O

2.O

3.1

274

bre
27

o.24b

D.LAC

0.15b

o.24d

o.24d
E

c.31r

98

*
64

37o. l4c

18

* À!+ in aceÈone based on i] = À1 tor tetrabutyl-
animonium and triphenylboroflouride ions in
acetone (39)
This Research
Reference (69)
Reference (40)
References (23) , (26) and (88)
Reference (32)
Reference (92)

(a)
(b)
(c)
(d)
(e)
(f)



FIGURE 8.I

Ttre depend,ence of the Stokes radius of the potassium ion,
n+ (r+) in 8, upon the dielectric constant of the solvent,
LOO/D, at 25oC, in aqueous mixtures of:

A c-alaníne, based on transport munber d.ata for KCl

in a-alanine/water mixtures.
o-alanine, transport numbers assumed Èo be independent

of solvent composition.

ß-a1a¡ine, transport numbers assumed to be independent

of solvent ccrnposition.
glycine, based on transport number d.ata of KCI in

glycine /water mixtures.
glycine, transport numbers assumed to be independent

of solvent composition.
DMF, based on transport number data for KCI in this

solvent system.

dioxane, transport numbers assumed to be independent

of solvent composition.

THF, transport numbers assumed to be independent of
solvent composition.
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as mole fraction, x2, of added. component, of the maximum in the
sorvent viscosity- Hence it is concruded that the sequence of the
varues of s must be rerated to the strength of the K* ion-solvent
interacÈions- At constant temperature a longer reraxation time for
a liquid is inÈerpreted as indicating that the strength of inter-
molecurar interactions a:.e stronger than in a liquid with a shorter
relaxation time (s2-57)- Therefore it is proposed, on the basis of
the FBZ model, that the strength of K* iorr-rolvent interactions
decreases as the value of the coefficient S d.ecreases.

The effect of assuming that transport nurnbers are ind.ependent
of sol-vent composition ca¡r be examined by instancing the aqueous
q'-aIanine, ß-aranine, glycine and d.ioxane solvent sysÈems for which
the varues of s are approximatery constant, once this assumption is
made- From such a consta¡rcy in s Justice and Fuoss (2L), and. rater,
Treiner and Justice (29), conclud.ed that a single ** irrdo""d solvent
relanation time rdas present in aqueous mixtures of glycine, ß-
aranine and dioxa¡re - that of water morecules. This was interpreted
as indicating that the added component did not participate in the
relaxation process (2r¡. However, if s is evaluaÈed upon the basis
of the solvent dependence of the transport nurnber, then the non-
constancy of s becomes evident from tabre g.1. Ttre data presented
in this table supports an earlier conclusion of Mewett (29) who pro_
posed that the added component was participating in the ion induced
dipore reraxation process- His conclusions were based upon the
glycine/water, o-alanine/waEer and dioxa¡re/waLer systems having
computed the value of s from transport nuriber data for KCl in ttrese
amino-acidr/water mixtures. From the values of s presented in tabre
8-1, when evaruaÈ,ed upon the basis of tra'sport nr¡nber data, the non-
constanq¿ in this coefficient suggesÈs Èhat it is a 'nique property
of Èhe K* ion-solvent system under consideration. The d.ependence of
n+(r*) in the solvent systems ciÈed in tabre g.r upon the dierectric
constant of the sorvenÈ is graphically represented in figures g.r a¡¡d
8-2- The curved region of each plot in the vicinity of pure water
wilr be d,iscussed later, since initial interest centres upon the
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fhe depend.ence of the Stokes radius of the potassium
iorr, n+ (r+) h 8, up,on the dielectric constaïrt of,
the solvent, LOO/D, aE 25oC, in aqueous mixtures of:

DMF

!¿IeOH

EtOH

acetone

TITF

dioxane

i-PrO[I

Pure waÈer)

+
o
x
e
o
o
a
*



3.2

3.0

2.6

2-4

2.2

1.6

r.4

1.2

2.O

t.2 2.O I00/D 3.0 4.O



189

sections of figures 8.2 a¡rd 8.3 wiÈhin which A*(<*) varies linearly
-1with D ' in accordance r¿ith the theoretical predictions of the FBZ

hypothesis. Figure 8.3 presents the results obtained for the Stokes
I

radii of K', Cl and Rr ions in DMF/water mixtures. For each system

cited, with the exception of K+ in water/i-ProH, Iinear segments

are obtained in figures 8.2 and 8.3.

Earlier iÈ was proposed that, as the value of S decreased, so

did the strength of K+ ion-solvenÈ interactions. Evidence to support

this proposal is provided by the N.M.R. studies of Fratiello and his

co-workers lvho have investigated cation-solvent inÈeractions in

aqueous mixtures of varying concentrations of added component - DIvIF'

N-methylformamide (NMF), dimethylsulphoxide (DMSO), THF, dioxalre,

acetone, EIOH a¡¡d MeOH. These authors could find no evidence to

suggest that cations l^rere interacting with dioxane (58) (60) (61) 
'

THF (61) (62) or acetone (58) (6I), even for such ions as A1+*+ and
¿I

Co"which were found to inÈeract strongly with DMF' DMSO and NllF in

Èheir aqueous rni4tures. On this basis it might be reasonable to

conclude that the only ion-dipole interacÈion occurring between

acetone/water, dioxaner/Water and THF/water rnixtures respectively is

that with water molecules. Although this conclusion does not explain

the different values of S observed for these respective solvent

systems, it does support the view of Justice et aI (2l-) that in the

dioxane/water syste¡n the sole interaction is between the ion and

water molecules. In an earlier study Fratiello and litiller (58)

investigated the interaction between a nunber of univalent, divalent

a¡¡d trivalent cations and aqueous mixturesr 10:1 mole ratio of water,

of DMSO, DMF, EtOH, MeOH, dioxane arld acetone. The univalent cations

were Li*, N.* arrd r+. The strength of the cation-organic component

interactions \¡/as observed to vary as follows with the latter:
NMF>DMSO, DlvlF>alcohols (MeOH>EtOH)>acetone, dioxane.

Evidence of sÈrong interaction between cations and some of the

aproÈic molecular comPonents of the solvent mixtures studied is
provided by the case of A1+++ (se) (61) in which separate resonance

signals hrere noted for coordinated and bulk component in the cases



FIGURE 8.3

The dependence of the Stokes radius of the K+, Ct-
and Br- ions upon the dielectric constant of DMF/

water mixtures, expressed as IOO/D, at 25oC.
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of dimethylacetamide (DMA), NMF' DMSO and DMF. The coordination
+++

nr¡nber of g1--', with respect to the organic component, increased

as the concentgation of DMSO and DMF increase,il (61). However, in

aqueous acetone, dioxa¡re ar¡d THF mixtures respectively AI+# ions

appeared to be exclusively coord.inated by water mol-ecules, rein-

forcing once again the Ì,teak interaction between these molecules and

cations in comparison Èo that of Dl4F and ÐMSO. This result is in

agreement v¡ith the findings of the present research for S (DMF/water)>

s (TlfF/water), S (acetone/waEer\ and S (dioxa¡e/water) . cation-

solvent comPonent interactions l¡Iere investigated for AICI3r TiCIn and

CoCl^ in agueous mixtures of acetone, acetonitrile (AO{), DMA' DMF'
z-

DMSO, dioxane, EtoH, MeoH, NMF, TIIF and tetramethyl urea (TMU) were

the subject of a further study by Fratiello and co-workers (59) ' This

last study should Provide a better basis for comparison bett¡een

cation-organic component interactions, as established by N.M.R. and

the values of S rather than an earlier study (58) because the concen-

tration of the non-aqueous component was va-ried over a wider range

extending into the organic rich region' i.e. where the plots of R+

are linear, and the study of Fratiello and Miller (58) is restricted

to one !ùater concentration, 1O:1 mole ratio of water at which Point
+the plots of R- are cun¡ed.

The complexing facility of acetone, diethyl ether (EE) 
' DMF,

DMSO, THF and TMU with boron trifluoride (BFr) has been established

by Fratiello and Schuster (63) by means of P.M.R. The sequence

obtained can be taken as a measure of the electron donating ability

of ttre molecules towards BF, and may therefore serve as an indication

of the possible strength of the interaction between these molecules

and water, when they comprise the added comPonent of the solvent

systeÍis being considered :i-n this discussion. The resulÈs obtained

for BF^ in MeOH and EIOH were not considered to be reliable due to
J

possible chemical reactions (63).

Ta-ble 8.2 presents the strength of cation - added comPonent

interactions as determined by N.M.R., cation-solvent interactions as

established by the sequence of the values of S obtained from the FBZ
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hypothesis ar¡d, finally, the electron donating ability of the add.ed

component Èowards BF3 as determined by P.M.R.

TABLE 8.2

(a) ve str of ca interactions

MeOH, EtOH, TMU' TI¡F, acetone, AG.t and dioxa¡te.

DMSo > amid.es, alcohols (MeoH>EtoH) > TI4U > TIIF > acetone,

ACN, dioxane.

+þ) Relative strengths of K ion-solvent interactions determined

the of the coefficient S of the Fuoss-

Zwa¡¡zig theory.

DMFr/water >> MeOH/water > EtOH/water > fllF/water > acetone/

water > THF/water > dioxane/water.

(c) Relative electron donating facility of sone liquids to BFa

as determined by P.M.R. (63).

DMF, DMSO > TMU >> THF >> diethyl ether ) acetone.

It can be seen from thís table that there is general agreement

between the sequences, suggesting that the magnitude of cation-
solvent interactions as d.etermined eittrer by N.M.R. or from conduct-

ance, upon the basis of the FBZ hypothesis, depends upon the electron
donating facility of the added component. Such a proposal requires
that the added component have arr influence upon the ion ind.uced.

relaxation process from the added component. The sequence DMSO >

DMF > THF > ACN is supported by the dielectric and emf study of
Dout¡eret (64), who reports that the magnitud.e of ion-solvent inter-
actions, in aqueous mixtures of these dipolar aprotic liquids, lies
in this sequence which differs slightly from his order for Èhe

as deter¡nined. bv N.M.R. (59), in aqueous mixÈures.of DMSO'
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magnitude of watei-added component interactions - DMSO > ACÀI,

DMF > THF.

Generally tt¡e interactions between cations and dipolar aprotic

liquids a-re greater than those of anions with the same liquid,
particularly when the negative sector of the solvent dipole is local-

ized on a bare o{fgen atom, for example, in t}re cases of DMSQ, DMF

a¡rd DIvtÀ (65). Several spectroscopic studies have estal¡lished that

the site of cation-DMF interactions is the carbonyl grouP (58) (66) 
'

while a¡rother report (Ol¡ indicates that this grouping is the site
of electron donation for hydrogen bond formation.

The increase in cation-solvent interactions compared to a¡rion-

solvent interactions, i.e. ).o*+ decreases relaÈive to Àoar- and

Ào- - as the concentration of DIvIF is increased, is illustrated by theBrr
change in the Stokes radii for the K ' cI and. Br ions in DMF/water

mixtrires presented in figure 8.3. As cation-solvent inÈeracÈions

increase, retative to anion-solvent interactions' so the SÈokes

radius of the cation increases relative to tt¡a-' of the anions. By

comparison with values of the limiting ionic conductivities of the
+K', Br and CI ions in water (89) a¡rd MeOH (90) respectively and
I

K' a¡rd Cl ions in EtOH (90) it is evidenÈ that for DMF/water mix-

tures for which LOO/D<2.O are more "proÈic" in character than

"aprotic". In water, MeOH ar¡d EtoH the respective limiting conduct-

ances of these ions are si¡nilar in each of these solvents.

Relaxation time data for aqueous mixtures of the solvents studied

in this research, ûtith the exception of dioxane, EtoH and MeOH, are not

availa-ble. consequently, most values of l/n tecorded in table a.j are

based upon I and n for the pure liquids. Sarojini (68) has reported, in
graphical form, relaxation time data for aqueous solutions of EtOH

a¡¡d MeOH containing up to 5t water, the measurements being conducted

at 3Ooc. Since the FBZ plots for K+ are closety linear in all cases

and the point corresponding to the pure liquid is situated on, or
close to, the line of best fit, it is reasonable to assert that the

value of f/r1 for the pure liquid is applicable to the remainder of
the FBZ plot.

* See Page 197
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Table 8.3 presents the values of S and f,/¡, the latter values

being based upon relaxation times and viscosity values measured at

25oC unless otherwise indicated. The most disturbing feature of

table g.3 is the lack of correlation between the magnitude of K+

sorvent interactions as determined by the sequence of the varues of

S and I,/n since from the FBZ theory S*l/t\

order of decreas solvent as determined

by the coefficient S are:

Dl,lF,/water >> MeOH/water > EtoHr/water > T]ïE/water > acetone,/water > THF

!ùater > dioxane /waber .

which can be with that defined bY the valuesA sequence

of I /r1 IS:

EtoH,/waÈet>Meot;/water>>Dltlfl/water>dioxane/water>acetone/water.

Thelackofcorrelationbetweenbhesesequencesraisesquestions
regarding the legitimacy of using a solvent property' namely its

relaxation time, to characterise the strength of ion-solvent inter-

actions. Further, since the values oÍ. l/n were determined from data

forthepureliquidsinthecasesofMeoH'EtoH'DMFandacetone,their
order of magnitude can be compared with the corresponding order of the

relative strength of cation-solvent interactions as indicated by the

values of Ào*+ in these pure liquids'

l/n : EtOH > IvleOH >> DMF > aceÈone 8.9

Relative strength of cation-solvent inte=actions as defined

the relatíve values ofÀ o

: EtOH > DMI' >> MeOH >> acetone 8.10

Thelackofagreementisapparent,fromwhichitísconcludedthatthe
quantity f/n and hence s is not related to K+ ion-solvent interactions

in any waY.
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The last point suggests that dielectric relaxation and efectro-
lytic conductance are not related in the manner suggested by the FBZ

model. This point can be examined further by applying a suggestion

of Dannhauser and Johari (52¡ to the K* ion-solvent systems being

discussed in the present research. rThe viscous-damped sphere model-

of Debye predicts that f/n = constant' (52'¡ and since V']alden's rule,

also based on this model, predicts that conductance nl/n Dannhauser

and Johari reasoned that the relaxation time of a pure liqUid should

be inversely proportional to its conductivity. It seems reasonable

to extend Dannhauser and Joharits reasoning to include a comparison

between the relaxation times of a number of solvent systems and the

corresponding conductivity of an ion in these solvents. Thus Èhe

fotlowing sequence of solvent relaxation ti:nes can be predicted as

defined by the values of (1rzÀo*+) in the respective solvents

(appendix 8.1).

EtOH > DMF >> MeOH >> acetone 8.1r

On the basis of table 8.3 the actual sequence of relaxation times for

the pure liguids is seen to be:

EtOH > MeOH >> DMF ) acetone 8.L2

The last comparison, 8.11 and 8.I2, reinforces the concLusion already

drawn from sequences 8.9 and 8.10. A conclusion drawn by Dannhauser

and Johari as a consequence for their search for a possible relation-
ship between viscous flow, dielectric relaxaticn and conductivity of
the pure liquid amides which they studied was that the representation

of these highly structured liquids according to the sphere-in-continuum

model was too gross a simplification. Their ccnclusion may weII be

pertinent to the present research' for in the FBZ model the sphere-in-

continuun view is invoked to represent the electrolyte solution. The

lack of correlation between ion-solvent interactions as defined by the

relative values of Ào*+ in the solvent systems and the values of the
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coefficient s, through f,/¡, may then be attributable to the fact

that the sphere-in-continuum model is too gross a simplification of

the electrolYte-solvent sYstem.

It will be recalled that from the data presented ín table 8'2

there seemed to be a correlation between the magnitude of K+ ion-

solvent interactions, as suggested by the coefficient s and cation-

added component interactions reported by Fratiello and his co-workers'

However, the extent of interactions as determined by N.M.R. is based

upon the composition of the solvent expressed in terms of mole

fraction, in contrast to the sequence of s vafues which are based on

composition determined by the dielectric constant of the solvenÈ'

These two dependences in the case of the K+ ion can be observed by

referring to figures 8.4 for Ào*+ as a function of díelectric constant

and 8.5 for Ào*+ in terms of the mole fraction of added components'

By comparing figures 8.4 and 8.5 it can be seen that the cependence

of Ào*+ upon solvent composition expressed in the two ways differs'

It will be recalled that the decrease in cation-added t

inÈeractions' as determined by N.M.R., was -

DMSO > alcohols (MeOH>EtOH), amides > THF > acetone, dioxane

This sequence can be compared wiÈh the ord'er o f K+ ion-solvent inter-

actions at mole fraction of 0.4 from figure 8.5 as defined by the

values of Ào + in each solvent sYstem -
K

dioxane,/water > EtOH/watet = DI'rtF/water =

THF,/water >> MeOH/water' (= acetone/wabet?)

Having compared these last sequences, it is concluded that there is

no evidence to strpport the earlíer suggestion that the magnitude of

K+ ion-solvent interactions decreases with decreasing S. Once again

there appears to be no relationship between the magnitude of s and K+

ion-solvent interaction.
on the basis of equation 8.a nitr+l may be evaruated from the



FIGURE 8.4

Plots of Ào*+ against solvent composition expressed

as the dielectric constant, at 25oC, of aqueous

mixtures of:
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FIGURE 8.5

Plots of Àoo+ against the solvent c-ornposition,

expressed as mole fraction of added ccnnponent Xrr
in aqueous mixtures of:
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The position of the viscosity maximum for the
aqueous mixtures denoted. below are indicated by

the arrows situated in the upper left hand corner
of fig 8.5.
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3 : DMF and MeOH
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intercept obtained from the FBz plots by extrapolating their linear
section to D-l =. O. AlternaÈive1y it may be computed from the

slope, S, of this linear section formulated according Èo the Boyd

anð, Zwartzig expression, 8.5, and the appropriate value o1. l/n
recorded. in table 8.3. This latter method of computation has been

described by Justice and Fuoss (2I) and following these authors

Èhe term (D - D-) /D was equated to rrnity for the evaluation of
njtr+t (slope) for the systems studied in the present research.
The resulta¡rt values of nj tr+l (stope) and (intercept) are recorded
and compared with literature values in table 8.4.

It is obvious from the values of nl(r+) presented in tabte 8.4
that this guantity, whether evaluated from the intercept or the

slope is not a consta¡rt as proposed in the FBZ model. For dioxane/
water in case (a) S was evaluated, following ,fustice and Fuoss (2I)

a¡rd Lind and Fuoss (23'), by assuming that úo*+ was independent of
solvent composition and equal to 0.4905. The values ot nl{x+)
evaluated for the dioxaner/waÈer system in case (b) in the present
research and by Atkinson and Mori (27) respectively are based on

limiting ionic conductances for the f+ ion computed using transport
nu¡nber data for the dioxane/waLer systen. However, from their paper

it is not clear how Atkinson a¡rd Mori achieved this, f.or the paper

they cite as their source of transport number data of HCl in dioxaner/
water mixtures is in fact the conducta¡rce study of Ov¡en and Vrlaters

(70) for HCI in this solvent system. No transport number data or
an empirical equivalent method of evaluating ionic conductances is
to be found (70). Later Harned and Dreby (71) did report transport
numbers for HCI in dioxane/water mixtures. On the basis of a re-
arranged form of equation 8.3 a¡¡d Boyd and Zwanzig's expression for
the electrostatic frictional coefficient, from which S is derived,,
Atkinson and Mori plotted tr2/lÛl,Xo*+) against (f (o-o-¡ )/no2 anð,

evaluated *t**l rrom the intercepf, onnl(r+), and the slope,
2"2¡zn!(x+), of the resultanr prot

The discrepancy between the literature values of R+ (r+) (slope)

and the comparable values obtained in the present research for the
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TABLE 8.3

VALUES FOR TIÍE SOLVENT RELAXAT ION TIME f, SOLVENT
+

THE COEFFICIENT S FOR THE KVf SCOSITY n, Irln ANÐ

Solvent V'Iater
I by ltlt

Solvent
Relaxation
Time, IxIO"

Seconds

Solvent
Viscosity

ncP

I/¡x109
Seconds/
poise

13. 3

to

56

(c) Reference

(f) Reference

TON

S

Seconds/
poise

189

98

98

98

89

89

89

73

64

37

18

(27) ,

(17).

DIIIF

IrleoH

MeOH

MeOH

EtOH

EIOH

EtOH

THF

acetone

THF

4, (3ooc)

6, (¡ooc)

(5a¡ ,

(68),

0

0

0

3

0

0

3

0

r.5a

6.gc

4ct4

796b

d 0.55, (zsoc

d 0.62, (zsoc

1. o84c

tl, 1:ooc)d r.1, (zsoc) c

15, (¡ooc) d L.2 , 12 c

0

0

t

L22c55

9

5

3

7

c

e

0.33 (2ooc)f 0.3r3, (zooc)f

7

9

o
5 13

dioxar¡e 23.47 1.508c2.35c I

(a) Reference

(d) Reference

(b) Reference

(e) Reference

(87),

(6o¡ ,
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dioxane/water system in cases (a) and (b) is apparent from table

g.4. For dioxane,/watLerr câsê (a) in the present research, a value

of. f/n at a different solvent composition froni that used by Justice
++

and Fuoss (2I) was employed to evaluate R-(K') (slope)' Examination

of the values of f and the corresponding values of n for the

dioxane,/water system cited by Atkinson and Mori reveals that the

Debye equation 8.8, i-e- T/n = constant' is not obeyed over the

whole composition range for there is a two-fold. variation in the

values of l/n for solvent mixtures having a composition between

pure \^rater and 95.158 dioxane. rn order that R+(x+) ¡. a constant

it is evident from the Boyd and zwanzíg expression for s. 8.5' that

f/n must be independent of solvent composition. Hence the differ-

ing results for njtr+l (s1ope) for dioxane/water in case (a) may be

explained in terms of the variation with composition of l/n. The

discrepancy between the values of nltf+) (slope) and (intercept)

for dioxane/water case (b) are also explicable in the same terms'

Analytically the methods of evaluatirrg nltr+) (intercept) and (slope)

employed by Atkinson and Mori a]ld in the present research are

identicat for they are based upon the same modet in conjunction

with an identical expression for the electrostatic frictional coef-

ficient. Hence the non-constancy of ni must be attributable to the

method. used for its evaluation and in particular the non-constancy

of f/n with solvent composition. The faiture of the FBZ model to

return constant values for n+(I1+) (intercept) and'/or (slope) must

be attributed to the fact tftit tit. sphere-in-continuum mod'el is an

inadequate representation not only of the K+ ion-dioxane/water

system but also the remaining systems studied in the present research-

Therefore ion-solvent interaction effects are being grossly over-

sirnplified by representing them in terms simply of addition of the

FBZ electrostaÈic frictional term, containing the solvent properties -

its dieiectric relaxation time, viscosity and dielectric constant'

to the classical Stokes frictional term. In otÌ¡er word.s, the

failing of the FBZ model to qualitatively describe the relative
+

magnitude of K- ic¡n-solvent interactions in the systems studied in
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TABLE 8.4

vAruES oF R:(r*), ru 8, EvAruÀTED FRoM THE coEFFrcrENT s AIID

THE INTERCEPT FROM TI¡E FUOSS-BOÐ-ZVTAI{ZIG EOUATTON 8.4

Aqueous
Solvent
System

DMF

MeOH

EtOH

TIIF

acetone

Tsr

dioxane
case (a)

dioxa¡re
case (b)

Literature

0 84

0

(a) Reference (2L) , (b) Reference (27¡ , (c) Reference (.23)

6ob

This
research

4.r

5.0

4.7

4.O

2-4

2.O

Literature

Zwanzig (1963)

3.2 a

5.2b

Zwanzig
(1970 )

2.6

1.5

1.3

2.7

3.3

3.r

This
research

I (K+) (stope) F

-1.80

-0.30

-o.44

L.O2

0.86

1.8

0.33

o.l

This
research
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the present research is the description of these interactions in
terms of macroscopic solvent properEies together with an inadequate

mod,el for Èhe electrolyte solution. AÈ this point another pertinent
short-coming of the sphere-in-continuum model should be recalled.
It \^ras concluded after comparing the sequences 8.11 and 8.12 thaÈ

there \¡¡as no correlation between the dielectric relaxation time of
a solvent a¡rd Èhe conductivity of the f+ ion in the same solvent as

predicted by the continuun model. It was thus concluded.

that the sphere-in-continurfiì model as a d.escription of an electrolyte
solution was Èoo gross a simplification.

The equation of the term (D - D-)/D to unity has a negligible
effect upon Èhe value of nj(r+) o¡t"ined for. if this latter quantity
is recomputed for dioxane/water in case (a) by retaining this term

in the expression for S, then nltr+l (slope) becomes 3.78 as com-

pared wiÈh the original 4.08. From table 8.4 it can be observed

that agreement between R* (intercept) .rrd R+ (slope), for a given

solvent system, is improved if Zwanzigrs latest e:çression for S

(for the sticking boundary condition) is used to compute nl (slope)

These values are based on equating (o - o-) / (2o + l-'1 = I/2 by

assuming that D- is negligible with respect to D. If the fuII term
is retained, then n] for dioxane,/water for case (b) is reduced from

2.78 ø 2.så.
The significance of the relaxation time of a liquid in relation

to cond.uctivity is more doubtful following a more recent investi-
gation of the dioxane/waÈer system by Garg and Smyth (55). These

Iast authors report two distinct series of relaxation times in con-
trast to Èhe earlier measurement of Hasted eÈ aI (72¡. The longer
series of times (55), which corresponds to that of Hasted et al, was

dependent upon the composition of the mixture and passed through a

maximum near the position of the viscosity maximum. As a result of
dioxane/water interactions the relaxation process associated with
the decay and reformation of the clusters Èook longer to occur (55),

probably due to the structure-making, or stabilizing, influence
d.ioxane could have in the water rich region upon the flickering
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clusters as a result of intercomponent hydrogen bonding. Therefore

the single relaxation process characteristic of pure water is
lengthened as a result of water-dioxane interactions and is
dependent upon the dioxane concentration (55) - The shorter relax-
ation time, = 10 times faster, that occurs when dioxane is intro-
d.uced into pure waterr cârl be attributed to the rotation of singly
bound water molecules of a cLuster a.bout the hydrogen bond (55) and

is relatively independent of dioxane concentration. It is note-

worthy that, if the shorter relaxation time has any significance in
the FBZ model, it would reduce the value of Rl(K+) (slope) from

¿.08 to 1.88. The ronger series of relaxatioi ti*"s being charac-

teristic of hydrogen bonded aggregates (55) is contrary to the

proposal of Justice and Fuoss (2L) that the ion-induced dipole

relaxation phenomenon and the dielectric relaxation process of the

solvent itself was due to the relaxation of lone interstitially
sited water molecules and not water molecules participating in
cluster formaÈion.

By far the most unsatisfactory feature of table 8.4 is the

negative values obtained for R: (K+) from the intercepts of the FBZ

plots. A qualitative corr.fation may be drawn between the magnitud.e
++of R (r ) (intercept), and one added, solvent property, namely the

.*t.it of intercomponent hydrogen bonding, for as this increases
++

R_(K ) d.ecreases. In the region of excess added component, i.e.
where the FBZ theory leads to a linear plot, the mixing of water with
methanol (73), ethanol (73) and DMF (74) respectively is exothermic,

in contrasÈ to Èhe solution of dioxane, for which the mixing process

is endothermic (73) (75). These obsen¡ations can be explained.

simply as the resultant of the simultaneous endothermic destruction
of water structure in the presence of the organic component and

exothermic interaction between the components: hydrogen bonding in
the case of the alcohols (73). Evidence for the formation of inter-
component associations, in the instance of EtOH and water, is fur-
nished by the X-ray diffraction study of Cennamo and Tartaglione
(76) - These last authors proposed that little dioxane-water
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association occurs in mixtures of these solvents. rn comparison to

water-DMF interacÈions, Douheret (64) classed those between water and

THF as being weak, which also supports the proposal that, "" R*(r*)
evaluated from the intercept decreases, the extent of water added

component hydrogen bonding increases.
It will be recalled that according to the FBZ model the fric-

tional force experienced by the ion as it moves through the solvent
is the sum of the electrostatic frictional term of Boyd and Zwanzíg

and the classical Stokes frictional term. The non-ccnstancy in the

values obtained for R+(r+) (slope), evaluated from the Boyd and

Zwanzig electrostatic frictional ternr.htere attributed to the

inadequacy of the sphere-in-continuum model- as a representation of
the electrolyte solution. The Stokes frictional term is also, of
course, based on the same model. It is of interest to pursue this
matter further.

Interpretation of the d.ependence of conductance upon solvent

composition in terms of Stokes law attributes this depend.ence to vari-
ation in solvent viscosity alone. The inadequacy of this interpret-
ation as applied to the case of the K+ ion in the aqueous sol-vents

studied in the present research may be illustrated by reference to
figure 8.5. Most of these systems exhibit a viscosity maximum the

position of which is indicated in the figure by means of a numbered

vertical arrol^/" No correlation is evident between these positions
and those corresponding to limiting conductance minima. However, in
the ethylene glycoi-/wal-;er and glyceroL/water solvent systems Ào*+ d.oes

not exhibit a minimum and the solvent viscosity does noÈ exhibit a

maximum (77). Aqueous mixtures of sucrose likewise do not exhibit a

viscosity maximum (91). Ho\^rever, as insufficient liniting conductance

data for Èhe r+ ion are available either for aqueous sucrose mixtures

or for aqueous mixtures of mannitol and i-PrOH these respective
systems must be excluded from consideration. From the data presented

in figure 8.5 it is concluded that changes in the solvent viscosity
for the systems studied in the present research bear no direct
relationship to changes in conductivity with solvent composition.
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samoil0v and co-workers have expressed the view that by adding
MeoH to water (7a) and to aqueous sorutions of Licl, Nacr and KCI
(79) the structural Èemperature is increased.. Methanol has Èherefore
a structure making infruence upon riquid water. These authors pro_
pose that MeoH morecures occupy the structural cavities in the open
water structure, iÈs interstitial sites; a clathrate compound is
assumed to be formed. These views are simir-ar to those of Franks
and Ives (73) who, unlike Samoil_ov et al, propose that MeOH is
accommodated into the lattice sites in contrast to EtoH, n_proH,
i-ProH and t-BuoH, which would occupy interstitial sites. other
authors have proposed that glycols (gO), amides (53) and. DMF, DMSO,
THF and ACN (64) also occupy interstitial sites in the water structure
at low concentrations of added component, with a subsequent stabir_
izing effect on the water structure (5:¡ (73) (80¡.

The proposition by Franks and rves that MeoH occupies rattice
sites is in keeping with the observation that it dissorves in water
with little volume loss (7:¡ in contrast to EtOH, n_proH, i_prOH and
t-BuoH which dissorve with increasing vorume ross from EtoH to t_BuoH
(73) (80) (86). This vorume r-oss is expressed in terms of the change
in the partiar morar vorume of the arcohor with composition.

From the density measurements mad.e in this research on the DMFr/
water system, it can be proposed that a volume conservation phenomenon
similar to the arcohols is occurring between 100 and 5oE water. rt
can be observed from the graphical representation of density changes
in Dl'lF/water mixtures, figure 8.6, that for mixtures above about 5ot
water the dependence of density changes upon composition is smarr
compared with that occurring in the remaining composition range. rn
explanation of the rerative independence of composition of mixtures
above 5ot water it may be proposed that DMF molecures occupy inter-
stitial sites in the water structure, thus conserving the volume of
the system. Further, the rimiting apparent morar vorumes of KCr and
KBr in DMFr/water mixtures between tOo8 and 4ot water, recorded in
ta-ble 5.6, are onry srightry dependent upon the DMF concentration.

of the arcohols studied in this research onry gryceror (96) does



FIGURE 8.6

The dependence of the density of DMFr/water mixtures,
oat 25 C, upon composiÈion.
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not exhibit a minimqm in the partial molar volume of the alcohol in
aqueous mixtures. rn the sequence MeoH, EtoH, i-proH and ethylene
grycol the minimum in the partial molar vol_ume tend.s to lower
al-cohor concentrations. rt can be noted from figure g.5 that the
plots of Ào*+ in these arcohol/water mixtures forlow the same

sequence- It is of interest, therefore, to examine the relationship
existing between volume changes in the solvent systems cited in this
present research and the conductivity of the x+ ion as the compo-
sition of the solvent is varied. A comparison of the variation wi_th
solvent composition of these on the basis of conductivity, Ào*+, and
the excess volumes of mixing, avE, has been made - figures g.7 to
8.15. The method of computing the last quantity from d.ensity-
concentration data has arready been d.escribed by Nakanishi et ar_ (go).
Density data for this purpose h/ere obtained from the respective
sources for the systems lisÈed: EtoH/water (gt), pure EtoH (g2),
acetone/water (83); THFlwater (4O¡, pure THF (g4), glycerol/water
(85); iso-propanol/water (8s¡ 2ooc and ethyrene glycol/water (86) 20oc.
These d.ata pertain to 25oc unress otherwise indicated.

Each of the figures g.7 to g.l5 comprises three plots, the first
representing the dependence of Ào*+, the second thât of the solvent
viscosity (n) and the third that of avE, upon solvent composition
expressed as mol-e fraction of added component. Figures g.7, g.g, g.rr
and 8.12 display some interesting features, the most striking of which
is the cÌose correlation between the forms of the Ào*+ and avE ptots
over a wide range of solvent composition of the systems DMF/water,
MeOH/water, Tlf.F/water and EtOHr/water respectively. For these four
systems it can also be noted that there is a better correration
betÌ4reen the soLvent composition dependences of Ào*+ and avE than
between those of Ào*+ and the viscosity. rn the case of the ethyrene
gLycoI/water and gLyceroL/water systems, figures g.t4 and g.I5
respectively. the correlation between the forms of the Ào*+ and AvE curves
is restricted to the water-rich region of the composition range. rt
can be seen from figures 8.10 and 9.13, for the acetone/water and
i-ProH/water systems respectively, that insufficient conductance data



FIGURES 8.7 TO 8.15

On each graph is plotted the dependence of Ào*+,
the excess volume of mixing (AVe¡ and the viscosity
(n) upon the composition, expressed as the mole
fraction of the added component (X2), of the d.enoted
aqueous mixture.
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areavaila.bleforaconclusiontobedrawnfromtherespective
dependence of Ào*+ and ÀVE upon solvent composition. Although

the availalcle data for Ào*+ in d.ioxane/water mixtures are

restricted in solvent composition range' an aqueous rich region

correlation between the forms of the Ào*+ and' ÀvE curves is

apparentfromfigureS.g.onthebasisoftheaboveobservations
it is concluded as a general rule, particularly in the aqueous

rich region, that there is a common effect in these systems

which relates conductivity and volume changes in the solvent

system resulÈing from the addition of the organic component to water'

Thenarkeddecreaseinelectricalconductivityinthewater
rich region can be explained qualitatívely on the basis of samoilov's

model for liquid water (93) (9+¡ and his proposals relating to the

transport processes of conductance, self diffusion and diffusion in

aqueous solution (95). Samoilov Proposes that each of these pro-

cessestakesplacebyaseriesofactivatedjr¡nPsofthereference
particlefromoneequilibriumpositiontothenextviatheinter-
stitial sites of the open water strucÈure. In the case of conductance'

theenergyofactivationistheheightofthepotentialbarrier
separating the reference íon and the adjacent equilibrium site into

which an ion can migrate. The height of this barrier reflects the

magnitude of the interaction between the ion and its nearest neighbour

water molecules (96) - It will be recalled that the effect of small

additions of the non-electrolytes considered in the present research

to hrater hras one of structure making. The height of the potential

barrier separating the adjacent equilibrium sites in the htater

structure would thereby be increased' Thereforer the addition

ofanyofthesenon-electrolytestowaÈerwouldresultinthe
observed decrease in the ionic conductance of the K+ íon relative

to its value in pure water. The second' effect that would also con-

tribute to a decrease in electrical conductivity by the added component

is the occupation of the intersÈitial sites in the aqueous structure'

If, as according to samoilov's model, electrical transport takes

place via the interstitial sites, then the occupation of these by
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added non-electrolyte \,üould also inhibit electrical transport leading

to a decrease in conductiviÈy. According to Franks and 1ves (73),

for a given mole fraction, tJ:e larger the molecular size of the

added component the larger would be Èhe volume occupied by this
species. Therefore, the depression in cond'uctivity should be

greatest for larger molecules. Such a trend can be observed frOm

figure 9.5 for the largest non-electrolytes, sucrose and mannitol,

depress the conductivity of the K+ ion the most and the smallest

molecule, IvleOH, produces the least effect. This trend is evident in
spite of the li¡nited data available for the aqueous sucrose and

mannitol systems. The composition dependence of ),o..+ in acetone/"-K
water mixtures is anomalous when compared with that of i-PrOH/waüer

mixtures since the molecular sizes of the added components are

similar. By extending the volume effect already mentioned for MeOH

(73) to include acetone it can be proposed that the molecules of the

latter occupy lattice sites of the water structure so that their
presence influences the interstitial ionic transport mechanism through

the aqueous structure to a lesser degree than the other components

considered. This applies particularly to i-PrOH. Hohtever' acetone

and MeoH would nevertheless lower the conductivity of the r+ ion by

exerting a structure-making influence upon water thus increasing the

height of the potential barrier separating the equilibrirxt sites.
The filling of the voids of the water structure can also explain

the initial increase in solvent viscosity that occurs when the

organic component is added to water. Since by this process the

structure of water is stabilized, the viscosity of the system is thus

increased. Although it has already been emphasised that there is a

Iack of a direct relationship between the solvent viscosity and, Ào*+,

their initial dependence upon solvent composition can possibly be

attributed therefore to a cornnon phenomenon - viz the structure of
water.

The point that should be emphasísed is that tlte correlation
drawn above is one between the respective forms of the composition

dependences'of Ào*+ and AvE. There is no correlation between the
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sequence of the maxÍmrrrn volume losses, in Èerms of AvE, for the

systems and the corresponding sequence defined by the values of
Ào"*. For ex-ample, the maximum volume loss for EtoH and MeoH are

approximatetry equal yet the values of lo*+ in these aqueous solvent

systems are vastly different. It.is therefore concluded that Èhe

observed correlaÈion is due to a property of the system that is
dependent qualitatively but not guantitatively up,on volume changes,

^#. 
In conclusion it is proposed that the dependence of 'the linit-

ing conductivity of Èhe K+ ion upon solvent composition correlates

better wiÈh votume changes in the solvent sysÈern than with changes

in solvent viscosity.
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APPENDIX 2 1

WITH EACH DMF/VÍATER I{IXTURE PREPARED IN THIS RESEARCHTEIE

Solvent
Number

MEASURET{ENT

Water
È by wt.

Balance Salt
(a)

Conduc-
tance

Trans-
port

Viscos-
itv

Density
Solvent

Density
Solution

T

2

3

4

5

6

7

I
9

IO

11

L2

13

L4

15

16

L7

18

19

20

2I
22

23

24

25

26

27

28

20.006

5L-729

79.414

91.064

68.668

11.869

41.175

60.036

79.737

61.242

31. 346

60.000

80.000

40.068

61.241

40.001

40.027

40.070

20.008

79.989

79.938

6t.242

19. 391

4.658

13.148

59.822

40.004

31.299

KCt

KCl

KCl

KCI

KBr

KBT

KBT

KBT

KBT

KCl

KCl

KBT

KBT

KCl

KC1

KBr

KBT

KBT

s

M

M

IvI

M

M

M

M

Þ

S

S

ê

s

S

S

5

S

S

5

S

M

M

M

M

M

M

M

I{

x x

x

x

x

X

x

x

x

x

x

x

x

x

X

x

x

x

x

x

x

x

x

x

X

x

x

x

x

x

x

x

X

x

x

X

x

x

x

X

X

x

X

x

x

x

x

x

X

x

x

x

x

X

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x
X

x

x

x

x

x

Used as solvents for silver
nitrate - Chapter 6

(a) ¡¿ = Mettler BSCIOOO, S = Stanton HD2 beam balance
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APPNDIX 3.1

The concentration
for KCI at var

4
Cx10

L7.965

33.L77

48. 855

62.L28

80.469

99.242

27.693

43 -302

59.962

76.26r

95.522

L5.277

20.886

34.893

46.690

58. 813

71.315

r8. 996

3L.237

43. 1r0

58. 137

72.855

88.606

of the valent e

Èures between 0
o and looc

rous

A

8r.09
80. 38

79.85

79.45

79.O3

78.65

83. 09

82.47

8r.94

81.57

8L.12

ô1,

-0.02
0.01

0.01

0.03

0. 00

o.o2

-0. 0l
-0.01

0. 02

-0.02
0.00

Temp.

o.546

0.538

o.542
o. 53-

5

0-539

0. 537

r.580

1.569

1.56 -6
L-s1 -5
1-56_

5

2-L48

2. I3o

2.L5_
5

2-L6_
5

2. r81

2. r8o

o
c

85. 14

84.75

84. 18

83. 80

83.47

83.13

86.67

86.O7

85. 59

85.11

84.7L

84.28

-0.04
0.04

0. 01

0.01

-0.03
0.02

0.00

0.00

0.0r,

0.0r

-0.02
0.02

2.88

2.90

2-A9

6

I
I

2.889

2.89

2.89
6

0
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3.1

CxI0

L2.646

23.68L

34.876

47.922

57.476

7L.3L2

L4.264

25.158

37.28L

48.358

62.209

78.664

LLz.220

^

88. 56

87.88

87.39

86.90

86.61

86.23

90.04

89.37

88. 82

88.4r

88.00

87. 54

a6.77

9r.81
90. 35

a9.79

89.30

88.88

88.50

97.60

96-28

95.21

94.20

0.00

0.03

-0.01
0.02

0.00

0.00

-0.03
o.0r
o.o2

0.02

-0. 01

0-00

0.00

-0-03
-o.02
0.06

0. 03

-0.02

-o.02

-0.03
o.o2

0.05

-0.04

Temp
oc

3-4tl

3.48
5

3.487

3-481

3.491

3.49L

9 .8680

35.625

48. 151

64.596

82.150

98.171

29.921

61.569

98.472

L49.29

4-O9_
5

4.O9 
3

4-O9 
6

4-LO -b
4. 118

4. r09

4. 106

4-660

4.686

4.657

4-67

4.68

4.68

7.47

7 .47

7.47

7 .47

I
6

I

3

6

8

9
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APPENDIX 3.1 - Continued

ôA
o

Cx10

14. 093

28.O94

48.2L6

74. 918

106.618

150. 041

¡, Temp c

100.39

99.46

98.55

97.68

96.87

95.95

-0. 04

0.02

0.03

0. ol
0.00

-0.01

8.213

8-2Og

8.200

8.2ro
8.20g

8.20_
5
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APPBüÐIX 3.2

- for a 0.078323N KCI soluËion

).I
^

Temperature K+ c1-
c

-0
-0

-0.433

-0. 346

-0.2s8

-0. r73

-0.158
-0. r38

-0. 108

-0.Ò7.4
-0.03-5
-0

70. 355

70.67 
6

70.883

71.043

7I,?J4

71.396

7L.602

7L.7 4s

7I.77 
6

71.81_9

34:84

35.0

35.3-
o

35.46

35.53

3 5.55

35.57

35.60

75 -6¿

35.68

35.69

35: 73

35.75

35.88

36.33

36.66

;6I
8

2z

7
5

7
9

tg
9

35.52

35.68

35.78

35.86

35.59

36.04

36.14

36.

36.

36.

36.

36.

2z

1o

0

0

olo

35

2

2

2

3

5

9

+0.00

+0.05

0. 16

0.60

I
2

I
5

0.9

0.9

t,
1g

1. 13

1.50
7

I
1. 757

2.O2a

2.502

3.096

36.3

36.3

36 -4

36.4

3¡

8

I
2

5
36 5z

37 .O

37 .3

37 .4

37.6

38.0

38.3

38.6

39

7

71.88

7L.97

72.06

72 -O7

72.I4
72 -20

5

2

0

6

8

I
72.44g

73.37

74.04

74.LO

5

9

I

5

9

3

4

3

3

0

74 .51s

75.29

75.88

76.38

77 .4ro
78.67 

s

9

3

6
L,

7
39

1
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APPENDIX 3.2 - Continued

3 "522
4.087

6.40

8-32

9. l_1

79.59

80.82

82.09

86 .03

90.35

92.a4

42.

44.

641

I
I
7

0

4

7

39.3

39.9

40. 5

40.24

40 -a7

4r.5
43.5

45.7

46.7

6

6

I

7

1

0
45.4

L'7
5l

4

2

6

I
I



AFPBi¡DÍX 3,.3

l\ fór a 0.0013088N CsCI solution

ternp oc /I

0.ÌJ.¿

0.600

1. s57

r.827
1.9J_2

2.Ssi
2.927

3.460

3.957

4.657

83.35

84.60

86.89

87.55

87.757

89.29

92.21
7

2

.76

.58
9

0

Temp
oc

5.02

5¡58

9 -78
7

95.516

96 - 953

96.97 
o

98.082

99.'lO 
4

101.71r

IO4.43
1

106.300

IO7.782

I07 .837

9

0

9

5

5

6

6

I
9

9

581

ort
660

4

7
7.43

91

92

94

432

2oz

76n

54a



A8

APPENDIX 3.4

The coefficients, their standard errors and

the standard error of the fit of the

conductance data to polynomials of the form:

]nÀo = P' + g'
T

+Rr +qt
TT
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À0,
*

KCI, evaluaÈèd vtiÈh

APPEN DIx 3.4 - Continued

the Robinson and Stokes equation

CoefficienÈs

Pf = 1.2228 E+I

Q' ---2.1369 E+3

P' = 9.7913 E-l
Q' = 4-0999 E+3

Rr =-8.6443 E+5

S.E. of Coefficients S-8. of FitOrder

I

P.

Q'

R'

= 0.0000 E+0

= 4.6428 E+3

=-9.3967 E+5

3.80

J_.05

r.65
9-15

t-27

0.00

4.13

L.L4

E-2

E+-L

E+0

E+0

E+3

1.13 E-3

4.6r E-4

4.44 I.-4

on and Steelrs

t number data for rCI

1.23 E-3

5.54 ¡'-4

5.23 E-4

*À0, KCtr, evaluaùed with the Pitts equation is the

subject of ùables 3-4 and 3.5.

Io"r- derived from the Robinson and Stokes' eguati

tempera ùure dependence for the limiting tr an

Order Coefficients S.E. of Coefficients S.E' of Fit

2

Pr = I.1653 E+l

Q' =-2'1668 E+3

Pr =-3.4494 E-l
Q' = 4-4856 E+3

Rr =-9.2203 E+5

P' = 0.0000 E+0

Q' = 4-2943 E+3

R' =-8.9553 E;5

4.13

1. 14

r.98
r.10
1. 52

o.00

4.87

1. 35

E-2

E+1

E+0

E+3

E+5

E+0

E+0

Ë+3
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APPENDIX 3.4 - Continued

-, derived from the Robinson and Stokes' equatigq enq l!4y €!_-elþ
temperature e for the limiting transport numbeq_ data for KCI

order Coefficients S.E. of Coefficients S.E. of Fit

r0act

I

I

Pr = 1.1-707 E+I

Q' =-2.J.821 E+3

Pr =-J-.9473 E-I

Q' = 4.4165 E+3

Rr =-9.J-458 E+5

3

I
99

10

1.65

9 -r7
r.27

0.00

4.06

T.T2

3.49

9.66

1.61

8.93

I.24

o.00

4.08

I, 13

E-2

E+1

E+0

E+2

E+5

E+0

E+0

E+3

E-2

E+0

E+0

E+2

E+5

E+0

E+0

E+3

2

1. 19 E-3

4-62 E'-4

1.04 E-3

4.50 E-4

4-38 E-4

4.36 E.-4

, derived frorn ùhe Robinson and Stokesr equation and Steelrs
K+

temperature dependence for the limiting transport number d.ata for KCl

Order Coefficients S.E. of Coefficents S.E. of Fit

Pr

Q'

RI

= 0.0000 E+0

= 4.3086 e+3

=-8.9962 E+5

P' = 1.1409 E+I

Q'=-2.1051 E+3

2

2

P'

Q.

Rr

= 1.1878 P+0

= 3.5622 E+3

=-7.8548 E+5

P' = 0.0000 E+0

Q' = 4-2207 E+3

R' ='8.7675 E+5
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APPENDfX 3.4 - Continued

1.0 +, derived from the Robinson and Sto\es' equation
3 ¡'t
and Kay et alrs temperature depend ence for

timi number data

Coefficients S.E. of Coefficients S.E. of FitOrder

L

2

1

P

a

= 1.I36L E+l

= -2.0911 E+3

= 6.L932 E-I

= 3.8646 E+3

- -8.2547 E+5

3.71

r.03

L.79

9.95

1.38

0.00

4 -43

L.23

KCI soluÈion

t-77
4 -86

5.53

3.06

4.23

0.00

2 -O2

s.55

E-2

E+1

E+0

E+2

E+5

E+0

E+0

E+3

P

a

R

r.11 E-3

5.0I E-4

4.76 E.-4

9.20 E'-4

2.89 E-4

2.61 E-4

2

Pr

Q'

RI

= 0.0000 E+0

= 4.2079 E+3

= -8.7305 E+5

2

À for the 0.078323 N

P' = 1.1943 E+I

Q' = -2-0936 E+3

Pt = 2.6291 E+0

Q' = 3.0598 E+3

Rr = -7.1275 E+5

Pr = 0.0000 E+0

9' = 4.5145 E+3

Rr = -9.1392 E+5

E-2

E+0

E-1

E+2

E+4

E+0

E+0

E+2

2
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Order Coefficients

AL2

APPENDIX 3.4 - Continued

for thè 0.O78323N KCI solution

S.E. of Coefficients S.E. of Fit

I

2

2

J.

2

2

P' = 1.1-379 E+J-

9' = -2.1262 E+3

P' = 3.1032 E+0

Q' = 2.4528 E+3

Rr = -6.3332 E+5

P' = 0.0000 E+0

Q' = 4.1698 E+3

Rr = -8.7078 E+5

l**

CoefficienÈs

P' = 1.1116 E+I

Q' = -2-0598 E+3

P' = 6.3884 E-I
Q' = 3.7377 E+3

Rr = -8.0184 E+5

Pr = 0.0000 E+0

Q' = 4.0911 E+3

R' = -8.5072 E+5

0

¿

6

L.64

4.51_

6.09

3.37

4.66

00

32

2.O2

5.54

5.81

3.22

4 -45

0.00

L.64

4. s1

E-2

E+0

E-1

E+2

E+4

E+0

E+0

E+038

8.50 E-4

3.18 E.-4

2.93 E-4

S.E. of Fit

l_.04 E-3

3.O4 E'-4

2.83 E-4

Order

for the 0.078323N KCl solution

S.E. of Coefficients

E-2

E+0

E-I_

E+2

E+4

E+0

E+0

E+2
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/I for the 0.0013088N CsCl solution

Order : Coefficients S.E. of Coefficients S.E. of Fit

T

2

Pr = 1.1943 E+I

Q' ='2-0542 E+3

P' = 2.3004 E+0

Q' = 3.3116 E+3

Rr = -7.4642 E+5

2.44

6.77

8.78

4.89

6.80

0.00

2.83

7.e6

E-2

E+0

E-1

E+2

E+4

1.15 E-3

4.I7 E-4

4.80 E-42

P.

Q'

RI

= 0.0000 E+O

= 4.5917 E+3

= -9.2448 E+5

E+0

E+O

E+2



A14

APPENDIX 4.1

Temperature Req,ulation of Viscometric Battr

Temperature
Fluctuations Regulatory Equipment Used

+0. oo50

Temp.
oc

00,

250,

50 and 2oo

o3oo and 35o r0. 002

5Oo a¡rd 600 +0. oo204oo,

Stirrer, refrígeration unit,
solid state proportional
controller, thermistor sensor

and base heater.

Stirrer, mercurlf toluene

regulator, thyratron relay
unit.

Stirrer, solid state
proportional controller,
thermistor sensor and base

heater.
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APPENDIX 4.2

values of (Cr.tr/C2E2) and ( (82/El-ù/fcrt)l

from tion 4 11 witl: n =

Temp.
oC

0

5

20

25

30

35

40

50

ctEL/c2t2 ftr/Er)-a (tr/tf..a/Crtlcrtl

1.00012

o.99997

1.00011

1.00035

1.00021

1.00011

r.00019

1.00026

0.4004

0.4006

0.4004

0.4001

0.4003

o.4004

0. 4003

o. 4002

C

C

4L.449

29.466

13.045

10. 323

8.3113

6.7805

5.6100

3.9734

5

0.0096601

o. 013413

0.030694

0.038758

0.048163

0.059052

o.0713 57

0. 100717



J
I

4.O

3.0

2.O

o
F{

x
r;-

I

c\¡
+J

c\
C)

FI
{J

F{()
t-t

x
Þ
t.r
Oì

xr.0

0.0

x

6.0

x

-I.0
8.0 0

2.O 4 00

f 21 ---2
f_t 

ttrZtrl - u) /crr)) x to

Appendix 4.3: The evaluation of the kinetic energy correction coefficíent, K, fox viscometer

PEI from equation 4.11 with n = 1' Also denoted is the line of best fit and the standard error

ofthefitofthedata,o,tothelinearrelationship.
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APPENDIX 4.4

Values of (cLtr/c2l-2)

from equa

2.447L

2.4508

2.4478

2.4439

2;446l-

2.4480

2.4464

2.4452

and ( (t /L ) -a) / <crtlt
2

4
I

tion 4.11 with n = 4

Temp.
og

0

5

20

25

30

35

40

50

1.00007

o.99994

l. 00007

1.00030

1.00016

r.00006

1.00014

1.0002r

+11
+lI
+10
+I0
+9
+9
+9
+9

-L2
-1r
-1r
-r0
-10
-r0
-10
-9

crEL/c2E2 rc)ttlt -a rtlrtl

4.753L

L.0799

8.5549

t.533r
2.6385

4.3923

7.0502

1.6688

)-u/Crt)
2

5.L49L

2.2693

2.86L3

1.594r

9.27LO

5. 5730

3.4699

L.4652

6

(. ,7

*
E

E

E

E

E

E

E

E

E

E

E

E

E

E

E

E

* FORTR.AN Notation used to denote e>çonent in this Èable.

Cr = r'L243xro
C2 = 7'725xLo

cl = 2.03,

-5
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APPENDIX 4¿5

FIow Time ltinq Viscometer

TeÍlP.
.oc

Number
of Ru¡¡s

Average
Flow Times
in Seconds

De a from
Arrerage Flcr,r

Times in Seconds

r0. o20

+0.023

to.067

10.046

r0.051

r0.031

r0.020

ro. 020

Number of Flow
Time Measurements
, Averaged

6

L2

40

15

24

19

10

t4

5

20

25

30

35

40

50

60

1048.83

693.662

617.563

554.2rr
500.952

45s.76L

384.297

330.637
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APPEND IGS 5.1 AÀID 5.2

SI Data for KCI a-nd KBr in ter Mixtures at 25oc

(a) Appendix 5.I Density data fitted to the Root equation, 5.2,

with Program ROOTEQ.

(b) for Appendi ces 5.1 and 5.2

d(exp) = measured densitY

d(cal-c) = d.ensity calculated from Root equation

d = solvent densitY
o
o = standard error of fit of the data to the Root equation

C = molarity
m = molality

A- & A^ = coefficients of the Root equation
L¿

APPENDIX 5.I

KCI in 79.7372 Water/DMF Mixture

CxlO4 mxlO4 d (exp) d(calc) ôdxI06

5s.518

L20.79

204.38

258.95

502.58

753.79

1139.4

A1 = 4'781xlo

55 -729

r21.27

205.24

260.O7

589. 84

758.11

IL47.L

o.996634

0. 99695r

o.997340

o.997609

0.998756

o.9999L4

1. 001730

0.996638

0. 996948

o.997344

o.997602

o.998749

o.999927

t.oor726

4

-3
4

-7

-7
13

-4

-2
Solvent Number, 9; do

+ 3.Ox1O-4; A2 =-2.48x10

= O.996374
-? -L"+9.8xlo i o=9xro -6
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APPENÐIX 5.1 (Continued)

KCI in 6L.242% Wa ter Mixture

nxIO4 d(exp) d ( calc) ôdx1O6CxlO4

28.976

70.246

155.02

l-73.70

269.O2

Al = 4'769xlo

o<ro4

L29.68

L85.62

249.L5

32r.86

353. 51

434.2L

4t7.Ar
757.23

Ar = 4'747xLo

29.065

70.470

155. 55

17 4.3r
270.O3

-2

KCI in 40.070 and 40

mxlo4

.O272 Vtater Mixtures

d (exp) d (calc)

o.997L48

o.997345

o.9977 47

0. 997830

o.998279

0.997150

o -99734s

o.9977 44

o.997832

o.998279

2

0

-3
2

0

Solvent Nr¡nber, IO; do ^ 
0.997OL2

-^ =-3.63xr0-3 + 2.7xro! 3.9xI0 , AZ
-3 -6; O =3xIO

130.65

L87.O4

251. rr
324.44

356. 40

437 .85

481.86

764.30

o. 993520

0.993780

o.994074

o.994414

0.99455I

o.994940

0.995131

o.996394

o.993524

o.993784

o.994074

o.994413

o.994559

o.994929

0.995128

o.996397

= O.9929L7
-?t 1.3xI0 ";

ôdxIo6

5

4

0

.I
I,

-r1
-3

4

o TxIO
Solvent Numbers , 'L'7, r.8¡ do

t 2.9xLO-4¡ A2 = -5.45x1O-3
-6-2
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APPENDIX 5.1 (Continued)

KCl in 31. 346? Vlater/DIß Mixture

mxlo4

13. 733

27.333

62.422

110.06

L42.44

200.2L

r0l. 52

I48.90

226.45

27 4.O3

4t7.56

583.78

d(exp)

o.987172

0.987836

0. 988005

o.98a223

o.9aa372

0.988615

d(calc)

o.987772

0. 987839

0.988008

o.98a222

0.988367

o.988618

ôdxl06CxIO

L3.564

26.995

62.393

r08.68

r40.64

L97.63

0

3

3

-l
-5

3

-2
Solvent Number, Il; do =^0.9A7704

-^ =..4-o6xLo-¿ Ì6.6xloÌ 8.4x10 i AZ
-3 -6

Al = 5'194xlo

c:.IO4

l0r. 16

LAA.29

225.44

272.77

4I5.45

580.49

AI = 8'540x10

KBr in 80.0003 Vla ter Mixture

mxI0 4 d (exp) d ( calc)

; O=4x10

ôdxl06

o.9972L2

o.9976L3

0. 998258

0.998671

o.999A66

1.001259

o.9972L5

o.9976L3

o.998264

0.998663

o.999867

1.001259

3

o

6

-8
I
0

Solvent Number, L3¡ do =^0.99637L
-^ -3.45xr0-t x 2.ox1o4.3xI0 i A2 =

-3 -6-2 io 7xl0+
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APPENDIX 5.1 (Continued)

KBr in 60.OOO* V,laterlDMF Mixture

nxlo4 d(exp) d ( calc)CxlO4

81. 175

83.l_38

L25.86

L34.O2

L47.93

242.r7

A, = 8.510x10

81.443

83.4L4

L26.30

L34.49

L48.45

243.LL

o.997680

o.997 69L

0.998053

o.998L26

o. 998238

0. 999028

o.997678

o.997695

0.998054

o.998L22

o.998239

0.999028

o.994403

0. 994688

0. 995690

0. 996019

0. 996139

o.996622

o.998286

ôdxl06

6dxl06

4

I

-2

-4
I
o

-2
Solvent Nurnber,

-û.t 4.5xI0 i A2 =

L2¡ d = 0.996992o-a
-6.56xlo - t:.4xlo-3i o = 3x1o-6

KBr in 4O.068t and 4O.00I !{ater Mixtures

mxlO4 d(exp) d(calc)cxlo4

L77.L3

2LL.28

33r. 33

370.79

385. 21

443.L4

643.L2

At 8.408x10

178. 5r

2L2.95

334. 08

373.92

388. 49

447.OL

649.20

o.994404

o.994684

0. 995689

o.996022

o.996142

o.996620

o.998286

-1
4

I
-3

-3
2

0

-2
Solvent Nurnber,

-4.f I.7xIO ì AZ

14, L6¡ do = 0.9929L9

- -2.47xilo-3 ¡ 7.7xro-4 -6; o=3xI0



Densities of KCI and
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AFPENDIX 5.2

KBr in DMFT'ú,later Nlixtures

Electro- Solvent 4
Cx10 mx10

4
¿loTH d(exp)

KCt

KBr

KBr I

KBT

KBr l

KBT

KBr

KBT

2

20.006

6L.241

6L.24L

20.008

20..008

19.39r
13.418

4.658

o.976327

o.997006

0. 997006

o.976320

o.976320

o.975570

0.966816

o.952896

63,948

384.69

289.69

366;05

442.35

65. 573

386.36

290.86

375.37

453.72

368.2r

385.34

362.65

o.976589

1.000237

o.999474

0.979535

o.980209

o.978740

o.970237

o.956278

o

t
15

15

19

L9

23

25

24
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APPENDTX 6.r

cation transport nurnbers of KBr in water and DMF,/water mixtures

together with KCl in the same mixed sorvent at 25oC. The onry

symbotnotdefinedinChapter6isiwhichistheelectrolysis
current. values of q quoted are corrected for the solvenÈ

conductance.

KBr in V'IaÈer ' Cell TAl

^2
c

3

o.0323044 o.0354778 o.0356269 o -0322959 o.0324274

3

ct cz *3

KBT Ln 79.989% ffater' Solvent Nr¡mber 20, CeIl TAl

c cz c
3

*3
I

0.021073r o.0242856 0.024395I 0.0210633 o.o2Lr562

14 -- 4L.578 s
t = 8016.41 seconds

ÉO+ (Hittorf) = 0.484I

14 = 38.253 g

t = 9033.8 seconds

t** (Hittorf) = 0.5115

V = 4L.587 cn

q = 26.410 coulomb

V = 38.420 cm

q, = 24.4L0 coulomb

i = 3.2955 milliamPs

t** (aPParent) = 0'4834

i = 3.1737 miltiamps

t** (apparent) = 0.5107

^2

M=4L.526g V=4I.7Ogcn3

t = 8013.4 secondq q = 25.390 coulomb

t--+ (Hittorf) = 0.5111
K

KIlr in 79.989* V'later' Solvent Number 20, CeL]- TA2

cz ^z
c

3
*3

0.020rI31 o.0234664 0.0235713 0. 0201006 0.020r883

3 i = 2.7110 milliamPs

t** (apparent) = 0.5112

ct



cI ^2 3 3

o.o2a9649 o.a322320 o.0323657 o.0289589 a.02907 55

3
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APPENDIX 6.1 (Contl d

Solvent Number 15' CeIl TAIKBr in 6L.24Lz V'Iater'

cz

M = 4L.479 g

t = 8158.3 seconds

t** (Hittorf) = O.5244

KCI in 40. O27% Waber,

c

c m

V = 4I.646 cm

q = 25.112 coulomb

Solvent Nrunber 17, Cell TAl

i = 3.0846 milliamps

¿". (apparent) = 0.5238

2 ^2 3

o.o32L876 0. o353346 o.035622l. 0.0321858 o.0324446

M = 4L.42O g

t = 10013.8 seconds

ú** (Hittorf) : 0.5260

KCI in 40. 070% üiater '
cI cz

o.0388960 0. 0414606

3
V = 41.753 cm" i = 2.4L239 rnilliamps

q = 24.1414 coulomb t** (apparent) = 0.5255

Solvent Number 18, CeII TAI

^3

c
3 3

0.0388919 o.o392L27

í = 2.9977 milliamps

t** (apparent) = 0-5259

ct c

M = 4L.336 g

t = 6559.7 seconds

t** (Hittorf) = 0.5265

^2

0.0418058

V = 41.677 cm3

q = 19.642 coufomb

m

KCI in 40.070% Water

cI cz

0.0388919 o.o4L9239

Solvent Nurnber 18, CêII TAI

^2
*3

o.0422734 0.0388830 o.0392036

i = 3.00676 milliamps
t-J (apparent) = 0.5260

Á.

C¡

M=4L.336g Y=4L.OZ7qrt3
t = 7752.6'seconds q, = 23.250 coulomb

ú** (Hittorf) = 0-5267



KBr in 40.0018 vilater

cz

14 = 4L.579 g

t = 10019.3 seconds

t** (Hittorf) = 0.5245

M = 40.472 g

t = 9019.92 seconds

t¿F (Hittorf) = 0.4882
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APPENDIX 6.1 ( Cont I

Solvent Number 16,

¡l = 4L.920 c¡n

q = 23.657 coulomb

i = 2.3637 milliamps
t** (apparent) = 0.5239

Cell TAI

ct m
2

o.029927L 0. 0329814 0. 0332558 o.o299L75 0. 0301629

3

C: *3

KBr in 20.008t !ùater' Solvent Number 19, Cell TAI

ct c
z

c-
J

*3

0. o368795 o.0397382 0.0407s36 o.0368782 0. 037 82 06

M=40.472g v=4l.so2crn3 í=2.5916miltianps
t = 9019.92 seconds q = 23.368 coulornb t** (apparent) = 0.490I

ú** (Hittorf) = 0.4908

* Not corrected for presence of silver halide'

**
Solvent Number 19t CeIl TAIKBT in 20.O08? V'later'

ct c
2 ^2

C¡ *3

o.0366088 o.0394325 o. 0404401 o. 0366075 o.0375392

3 i = 2.5916 milliamps

ú"* (apparent) = 0.4875

^2

Y = 4I.502 crn

q = 23.207 coulomb

** Corrected for presence of silver halide.
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APPENDIX 6.2

Preparation of Silver Bronide

Silver Brq¡ride was prepared fron Unilab AR silver nitrate a¡rd

Unilab AR potassium brøride. Repeated washings of the solid followed

until ttre specific conductar¡ce of the supernatant liquor was constant.

Ítris solid was later dried in darkness to constant weight in a

vacuum oven at 5OoC, a¡¡d stored in a dark cupboard in an evacuated

dessicator over phosphorus pentoxide.
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APPENDIX 7.]

The

and KBr in DMF

Ce11

e of .À for
oMixtures at 25 c

1t
4 3Solvent

Number
Cx10 ôÀx10

KCl in solven

9

9

9

9

9

9

2I
2T

2T

2I

KCI

l-0

10

10

10

10

10

22

22

22

22

22

in solvents 10

ts 9 and 2l 79.7 4 and 79-942 water res ctivel

c

c

c

c

c

c

A

A

A

A

85. 3200

109.159

L29.702

L49.62L

170. 550

\92.7 33

331.511

394.967

598.664

847.640

45.6730

76.7667

103.455

TI9.L24

138.825

r74.O3I
286.899

37 1. 855

492 -553

637.324

876.O72

9L.626

91.0I1

90.546

90 -L46

89 -761

89.390

87.585

86 -927

85.290

83.807

62-829

62.OL9

6L.467

61.188

60.867

60. 358

59.058

58.328

57.486

56.667

55.596

-2
4

3

5

3

-11
3

2

0

and.22, 6L.24s" and 61.24% wa|uet respect:Lve 1y

c

c

c

c

c

c

A

A

A

A

A

20

2

-¿

-9

-14

-L7

II
9

4

0

-4



Solvent Ce11
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Cx10

APPÐ{DIX 7. 1 (coriÈinued

4 3
ôÀxIO

Number

rCl ín solvents 17

17

I8
L7

18

T7

18

L7

17

18

l7
17

18

18

17

18

11

11

11

11

11

I1
11

and 18, 4O.03u a¡¡d 4O.07? water
42.954

42.352

4l.-349

4L-079

40.567

40 -254

40.oo2

39.779

39.631

39.570

39 -223

39.2L3

38.885

38.882

38.742

41.188

40.273

39.680

39.L2L

38.7 46

38.437

38.O47

cti

D

D

Ð

D

D

P

D

D

D

D

D

D

D

D

D

67.2991

95.8807

L6L.672

LAz.O84

228.560

258.673

287.064

312.893

329.757

338.620

384.574

385.088

432.292

434.2l-2

454.050

-7
10

-5
6

-6
7

-4
-4

6

-4

-4
2

4

6

5

KCI in solvent Il' 3I.35

c

c

c

c

c

c

15.7555

38.6133

58. 8221

82.1911

100 - 408

117.101

140.638

5

-9

-3
3

5

4

-6



Solvent
Number

KCl an so t11 20

II
t1
11

1I
11

11

11

KBr in solvents

13

t3

13

13

13

20

13

13

20

20

KBr in sol r15

APPENDIX 7.1

Ce11

.0I8 water

13 and 20, 80"00 and.79.992

A30

(Con

4
CxlO

5.l-5569

8. 83366

L4-4L24

22 " 4007

3I.3608

47.5965

63.9483

46. 1108

73.670

ro7.240
L36.892

171.685

21.O.700

223.489

272 -77L

331. 986

497.L3L

44.4097

94.0779

L74.825

239.540

287.7L8

289.693

310.958

333.720

384. 685

tinued)

^

43. 390

42.919

42.494

4L.939

4L.427

40.670

40.o45

93-294

92-ALO

91. 570

90 -969

90.370

89.785

89.6L7

89.0r5

88.393

87. O10

ôÂx10

4

-1

-4
-2

2

4

-2

vely

c

c

c

c

c

c

water r
D

D

D

D

D

A

D

D

A

A

,8

-6

-3

-4

-3
6

2

2

0

-I

.24% water

15

15

I5

15

15

15

15

15

15

D

D

D

D

D

A

D

D

D

62.622

6L.52L

60.383

59.72r

59. 313

59. 304

59. 133

58.968

58,651

4

-4

-6
o

3

-3
7

9

-I0
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APPEßTDIX 7.1

4 3
SO lvent CeIl Cx10 ôÂx]-O

KBr

KBT

E 14, 40.672

D

D

D

D

D

A

D

D

14

t4
L4

L4

L4

'L4

L4

I4

64.837,4

J-O8.781

153. 097

207.934

277.647

299.34O

342.363

385. 21r

64.L828

r49.243

2l-5.469

293.259

349.242

366. 051

374.836

399 -7 40

442.346

43.456

42.7l-9

42.L53
,4L.596

4L-O25

40.867

40.584

40.326

2

;3

-t
0

1

3

0

-2

in solvenL L9, 20.

19

19

19

19

19

19

19

19

19

D

D

D

D

D

A

D

D

D

4r.974

40.069

39.069

38. 149

37.59s

37.432

37.363

37.L49

36. 804

2

-3
-I
I

-1
I

-1
-2
-3



APPENDIX 8"1

Kcl and KBr in DMF/water mixtures at zsoc 
(a)

!{ater
t by wt.

D n tr0 ¡¡o *c
c1K+

RBt0
BrII

+
R 1oo¡o

100.0

80. 0

79.4

6l-.2

40.0

31.3

20. 0

0.0

78-54 0.8903 73.5

74. 40 49 -6
2

o

5

2

3

8

7

9

34.2

30.8

L.252

1.176

1.187

I .348

1.56

I.927

3 .35

76.37 1.205 78.18 L.I77

47.5 L.228I
47.33

3L.67

2L.96

20'g

22.O 
3

55. r

T.2L9

I.284

I.49L

I.638

1.984

1.87

I.302

22.L r.478
6

23.7 1.845

r.9253 .6

L.273

1.337

1.339

L.443

I .650

1.783

2.008

2.724

74.

36. 7l_

I

I

2

2

I

7

3

6

I

I

42

01 23].69

60

56

49

4

50 24 Þ
(¡J
¡\)

.30

2.39 
4

2r. 
o

22.6r.87 
4

0.796

(a) This Research - valtres of À0*, I0"r-, l0c1-, D and n have been

presented in Chapter 7 of this thesis.



APPEIIDTX 8.1

KCI in /water mixture

methanol
t by wt. ¡o (a) D (a) n (a) .*, (b)

^l*
+

R I00
/D

20.2

40.2

60.7

(50. o) *

80.7

100.0

99.2

78.2

74.2

zs. ro 
(t )

91.5

100.78

69.2

s9.6

49.8

¿g. es 
(" )

39. r

sz.o¡ 
(e)

L.378

1.58

1.34

t. at, (t)

50.4

39.8

37 .6

38.06

40.8

52.40

1.180

1.303

L.622

1.632

1.960

2.872

L.445

1. 678

2.008

2.006

2.557

3 .065

0.508

507

(d)

0.506

(s) 
o. uoor 

(f ).

0

0

509

0.5068

Þ
(¡)
(¡)

I.O2

o.5445

*50 mole ?, (a) Reference 132), (b) Reference (43), (c) Reference (33)

(d) Reference (42) , (e) Reference (34), (f) Reference (41), (g) Reference I page 458



APPENDIX 8.1

r(Cl in ethanol/wa ter mixtures at 25oc

ethanol
* by wt. ¡0 þ) D (a) n (a) tr* (b) tr0

+
R

100/\I
K'

38.37

39. 9I

60.25

79.29

87.92

100. 0

57.822

s6.645

46.768

44.05

44.59

45 4ó')

55.5

55. r

43 .3

1

29.O

24.3

2.348

2.363

2.27,3

1.753

1.480

1.078

o.494

0.493

o.478

o-474

7

9

20.9

23 .55

L.222

1.242

1.656

2.239

{2. s3r)

3.228

1..802

1.815

2.309

3.021

3.448

4.115

28

27

Þ(,
È33

22.4

(e)

(d) (c)

(a) Reference (35) , (b) Reference (44) , (c) Reference (36),

(d) Reference (1) Page 458, (e) Lr
K1

0. 4905
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APPENDIX 8.1

tet'

to (a)
f

R'(b)
100

p (a) n (a) lD

Þ(,
(¡

10

20

30

40

7L.4

64 .1

56.9

4e.7

(a) eeference (37), (b) tþ (rcl) =- 0.4905



APPE\DIX 8.].

KCl in o-alan inelwa ter mixtr¡res at 2uo" 
(a)

MolaritY
o-alanine

0. 2500

0.5000

1.0000

1.5000

¡0

141.6r

133 .77

trg .56

106.00

(a)

(b)

(a) 
'

D

84. r

89 .9

101.5

113. t

n

0.948

r .0117

1.1587

1.3376

65.61

r.244

L.234

L-206

1. r78

69.75

66.O7

59.46

53.07

r.239

r.226

1.189

1.154

1.189

L.7L2

0.985

0 .884

lo** (b) i (b) Ào**("1 n+(c) looÆ

69 46

58.64

5r.99

Reference .29)

.þ (rcr¡ = o-4e05

til tþ (Kcl,/o-alanine,/water) ='.ii (rcllwater) + o'0068 (molaritv o-alanine)

Þt,
Oì



APPEìIDIX 8. 1

KCI in ß-alan ine,/water mi-xtures at 25oc (a)

Molarity
ß-alanine

lfl+ (b) I

R'(b) 100
¡0 D n lD

o.2619

o.6L92

1. 182 I
0. 8000

1.0625

L.2LL9

1.3176

J-.4531

L.4956

L42.42

132 .59

118.5r
128. 19

r21.39

r18. 14

115 .64

I 12 .48

11r.45

87.6

100.0

TLg.4

106.2

115.3

120. 5

t24.L
128 .8

130.3

0.9453

r.o29
1.1832

I.O754

1. 1481

I.L922
t.2248
1. 2683

1. 281-9

69 .86

65.04

58. t3

62.88

59.54

57 .95

56.72

55.17

54.67

r.2Ð.
r.224

1.191

I.2L2
1. 199

1. 186

1.180

1. 17I

1. 169

1.1,42

1.000

0.8375

o.94L6

0.8673

0.8299

0 .8058

o.7764

0.7675

Þ(,
\t

(a) References (28), (b) ot+
K

(rct) = 0.4905



APPENDIX 8.1

KCl in glycÍne,/water mixtures at 25oc

glycine
molarity Iro (a) D (a) n (a) ìþ (b) rþ tc) n+ (c)

/o
+

R (b) 100

0.258

o.475

0.73r
0.91_8

L.223

I.477
1.73Ò

2.009

2.242

2.51_3

2.626

2.748

2 .833

L44.7

I40.8
136. 3

133.0

I27.8
r23.4

119. 2

II4.5
J-10.6

106.1

L04.2

LO2.2

r00. I

84.0

88. I
94.5

98.8

L06.0

IL2.2

r18.5

12s.6

13t.7
139.0

L42.7

L45.5

L47.9

o.922

0.9s1

0.988

1.017

1.068

1. 113

1.116

L.220

I.27I
1.334

1. 361

I.391-

1.413

70.98

69.06

66.86

65.24

62.69

60.53

58.47

56.16

54.25

52.04

51.11

50. 13

49.44

L.252

t.248
T.24L

r.235

L.224

L.216

t. 205

1.196

1.188

1..t-80

1.178

1.]-75

1.173

70.79

68.73

66.36

64.62

61.90

59.62

57 .44

55.01

53 .01_

50.7:l

49.74

48.72

48.01

1.255

L.254

r.250
L.247

I.239
1. 235

r.227

L.22L

L.216

1 .211

1"210

I.209
1.208

1.191

L.L26

1.053

1.012

0.943

0.891

0.844

o.796

o.759

0.719

0.703

o.687

o.676

Þ(,
æ

(a) Reference (zt¡, (b) tf,*trcr) = 0.4905, (c) Reference (29) based on

tþ(rcr¿glycine/water) = ti+(Kcl/water) - (o.OO5 glycine molality) Reference (14)



KCI in

APPB{DIX 8.1

er

1.381

1.718

1.259

0. 959

o.824

0.678

esat2 (a)

t'l+ (b)

50. 37

29.O5

2r.73

21. 88

23.42

26.OL

¿
R'Ib) r007o

1.178

t.642

2.995

3.906

4.246

4.646

L.47L

2 .500

3 .906

5.464

6 .41-0

tetrahydro-
furan
B by wt.

15. 00

95

70.00

80. 05

85 .00

90.00

l\0

IO2.69

59.23

44.30

44 .60

47.75

53 .03

D

68.0

40.0

25.6

18. 3

15.6

12.6

n

49 P
t
\o

7.937

(a)

(b)



APPENDIX 8.I-

KCI in ac ter mixtr¡res at 25oc

acetone
t by rrb. no (a) D (a) n (a) (b)

100/o
KF

ÞÈo

20

30

40

50

L00

102. 14

e0.0

84.32

78.90

66.98

6r.04

54.6

48.2

zo.4zk)

1".308

1.353

r.327

L.224

o.:o¿o 
(")

50. I0

44-L5

4L.36

1.250

L.372

1 .493

1.730

3.348

1.493

1.638

r.832

2.O75

4;831

38

80

70

5
(c) (d)

(a)

(d)

Reference (3?), (b) tþ (r<cl) = 0.4905, (c) Reference (39)

Àþ based on l_0 = l0 fot tetrabutylammonium triphenyl-boroflouride

in acetone (39)



APPENDIX 8. ]-

I(Cl in d ioxane/water mixtures at 25oc

dioxane
r by w'8. lo (a) D (a) n (a) rþ tcl n+ (c) t* (b) lo** +

R

1. 235

r.432
t.632
1. 733

1.972

2 .186

2.4r5

100Æ

22.2

43.6

56.7

6L.7

69. 9

75. 0

78.8

100.74

69. 13

56.4s

52.32

46.26

42.34

39. 45

60.16

4]-.46

30.26

25.85

t9.32

15. 37

L2.74

1.330

1.803

L.977

1.991

L.928

L.844

1.75s

49-4L

33.91

27 .69

25.66

22.69

20.77

19.35

L.247

1. 340

I.497
l_.604

1. 873

2.I40
2.4L3

0.495

0 .459

0.450

o.454

o.466

o.480

0.490

49.87

31 .73

25.40

23.75

2r.56

20.32

19 .33

I.662

2.4L2

3. 305

3.870

5.176

6. 506

7.849

't

å

ÞÈ
H

(a) Reference (25¡, (b) Reference V7)

(c) tltrcrl = o.4eo5



APPEi¡DIX 8.2

Values of, 10 in glycerót/water mixtr.lres at 25oc

glycerol
t by wb. ¡o (a) D (a) n (a) t*+ (KCr) (b) tr0 ¡+

J.0.0

20.0

20.37

34.26

44.45

64.67

80.46

100. o

64.60

26

17.33

5 . 14¿.

0;2750

7s.6 (d)

72.e (d)

73.80

7 0.45

67.55

60.75

53.80

42.48

1.1s0 (d)

1. s37 (d)

1.561

2.520

3.e79

It.90
46.O

945.0 
'

0.502

0.509

0 .512

0.514

0. 510

o.476

60.0 (c)

47.6 (c)

48.0

32.9

23.2

8.91

2.62

0".131

95.62

4s

Þ
rs
N

(a) Reference (L2l , (b) Reference (46) , (c) Reference (10),

(d) Reference (14)



8.2

values of l0 l-n q1vcol,/water mixtures at 25
oc

¡o (a) D (a) n (a) t*+ (b) tr0
K+ethylene g1Ycol

È by wt.

23.34

45.91

80.09

92.26

96.95

I00.0

89. 05

5s. 13

20.50

13.145

10.939

9. 693

7L.60

65.60

51.85

45.65

42.90

40.75

1.630

2.799

7.962

L2.43

151. 4

L68.4

o.496

0 .50r

0.498

0 .480

o.468

0 .458

44.2

27.6

10.21

6.31

5.L2

4.44

Þ
rÞ
(¡J

(a) Reference (11) , (b) Referencó (45)

ì

I

I

I

I

I

i



Values of I0 i-n 20 and 0t

APPB{DIX 8.2

se and 10t -water

added
com¡ronent,

t
by v¡8. D (a) n (a)

^orc 
þ)

sucrose

mannitol

IO

20

10

73.66

76.20

77 .),2

1.699

1. I79

1.192

46.I

59.7

58.6

Þ
rÞ
È

(a) Reference (fa¡, (b) Refèrence ,(10) and (50)
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CONDUCTIVTTY PROGRAMS

PROGRAMS UNASS, PITTSV2 A¡ID PITTS

The procedure used in these programs for the computation of Âo,

a and, where applicable Ka from the input values of Â and C has

either been outlined in Chapter 7 or reference to the literatufe

has been made therein.
As ma-r¡y systems as desired may be processed per run but after

the last card of the final system a bl-ank card Brecedes the EOF card'.

Input Data

(A) PROGR.AM LOAOKA

Computes Â

Card I
a and. Ka with the Fuoss-Hsia equation.

FORMAT J.O2 - System identification - any combination of alpha-

betic or numeric characters up to 78 columns may be used.

Card 2

FORMAT I04 - the symbols have the foll-owing meanings:

N = Nurnber of data points.
D = Solvent dielectric constant.

ETA = Solvent viscosity in poise.

T = Absolute temperature.

eK = Approximate Âo.

AR = Approximate ion size in å.

PKV = Approximate association constant.

Cards3-àN+3
FORMAT 106 - A value of C, expressed as CXIO

ponding .4. value per data card.

4
a¡rd its corres-

PROGR-AIvI LOAOKA to be used in conjunction with SUBROUTINES SUBQC,

SUBENE and SUBG2.

(B) PRoGRÄM TTERA

U

For each input value of a from a band of values of. a a value of



A46

Âo and Ka is computed from the Fuoss-Hsia equation'

Card I
As PROGRAM LOAOKA.

Card 2

As PROGRAM LOAOI(A - quantity AR of this card is ignored in

PROGRAM ITERA.

Card 3

FORMAT 71O wherein¡

AI = the initial value of a.

DA = The increment in a.

A2 = The final value of a in the series of the input
values of this quantitY.

Cards4+N+4
As PROGRAM LOAoKA for cards 3 + N + 3.

SUBROUTINES - as LOAOI(A.

(c) PROGRAM UNASS

Program computes Ao and ø with the Fuoss-Hsia conductivity

equation for Èhe non-associated case, i.e. Ka assumed to be zeto.

Input Data

As PROGR-AM LOAOIG - PIq/ of card 2 is igno:red.

SUBROUTINES - SUBQC and SUBENE.

(o PROGRAM PITTSV2

Program computes Âo and a with the Pitt.s conductÍvity equation.

Input Data

As PROGRAM UNASS.

SUBROUTINES - LAIVICAL, S1T1 ANd SUBENE.

(E) PROGRAM PITTS

Program computes Â

Input Data

o 
and ø with the Pitts conductivity equation.

Card I
As PROGR.AM LOAOKA.
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Card, 2

FORMAT4:NTDTETA'TandECo(nco=9r)definedascard2
of PRQGR.AM LOAOKA.

AtandA2areestimatedboundswithinwhichtheionsizeshould
lie.

Cards 3+N+3
FORMAT 5 - AS FORMAT ].06 Of PROGR.AM LOAOKA.

SUBROUTINES - DELTA, S1T1 Afid SUBENE.

OUTPUT

The principal output of each program is as follows:

LOAOKÀ

Âo, its standard error o[\o, a., its standard error oø, Ka, oKa

a¡rd the standard eiror of the fit of the e:çerimental À-c values to

the Fuoss-Hsia equation - o. AIso the deviation, ôÀ, between

experimental Ä and that computed from the theoretical eguation is

also given for each Ä-C Point.

ITERA

For each input value of a output consists of 1\o, o^o, Ka¡ oKa

and. o.

UNASS

ôÂ and o.

PITTSV2

.As UNASS.

PITTS

Lo, e, o a¡rd 6/\. oÂo and oa aÍe not compuÈed by this program'

ol\o , a,, oaÂo,



c
c
c
c
c

aaaa

aaaaa

aaaa

r 00
lc

PROGRAM L0A0KA ( INPUT'OUÏP[,T )

PROGRAM ADAPTED FROII4 R.L.KAYÉS FUOSS HSIA PROGRAM
PROGRAM ITERATES FOR LÂMDA 0 r A ZERO r $ ASSOCIATION C0NST.

pRoGRAM TREATES DATA FOR ASS0CIATED CASE oNLYrl{+j+{r+rlrlnnnrln{t*{1rlöjt

COMMON C(30) rQ(30) rG2(30) rCG(301çFZ (30) rVF(30) rFM(30) rBCFM(30) I
l0C(30) çOL (30) rFMI (30) TBCFMI (30) rQCI (30) rOCP(30) çTDT(30) rDQt3O) ç

ZDLO(30) rSODL(30) rSG(30) rPKN(30) rD00(30) rhrT(30) rR(30) rBARM(30) r
3DEN(30) r0P(30) rttK(30) t
4Dr AA' QZ r FKAP ç ALPHA r BETA r El çEZ c J

PRINT I O

FORMAT ( IhI )

SYSTEþI IDEI'iT IF ICAT ION
IrÈ
@

c
c

c
c

c
c

F I PST DATA CARD G i VES. READ TO2
I Û2 FORMAT. (78H

I

READI 04 ç lti r il ç ETA r T r QK. APr PKV
I C4 FORMAT ( I5rFll.Cr5Fl0.0)

TF (N.EQ.O) GO TO 7OO

c
zlo
2tt
t?4

PRINlT 2lt
F0r'MAT ( IHrl. +ASStjClATfD ELFCTTTOLYTË{å)
PF I NT I24
FCPMAT ( II-10 )

I



$s$$$$$$$$$s$$$s$$sç$$$sss PROGRAM LoAOKA CoNTINIUED $SS$$$S$$S$$$$$$

c
PRINT IO2
PRINTI24
PRINT ll? çDTETA rQK t PKV r T r AR

I lZ F0RMAT (ZZH DIELECTRIC C0NSTANT-FB.2r I lH VISC0SITY=Fl0.6r l2H INITI
IAL 0Z=FR .lrl çZ?H INITIAL ASSOCN C0NST=F8.3r I3H TEMPERATURE=F8.2çl?
2H INITIAL AA=F8.3/l

85 READl06ç (C(J) r0(J) rJ=ìrlrr)
I 06 FoRMAT ( 2F I 0.0 )

PRTNTTI9
719 FORMAT ( lH0"+ I\PUT DATAn)

PRINTTIT
717 FORMAT (IH 3Xr7Hti]000 C.6XrlH0r/)

PRINT7l8. (C (J) r0 (J) rJ=Ì rN)
7t8 FORMAT (Fll .4rFlt).3)

PRINTI24
c
c

Qtl=28 0.195/D
C BEGII'r C0MPUTATION HtPE

64q FL0N=N
DT =D*T
s.ÖPDT= S0flTF ( f-)Ï )

l.rLPH/r= S?04t0. / ( 5eF(DTnDT )

fIETA =B?.50I / ( ET A t¿SARDT )

E I =2 ,94??El? / (DT ++13 )

t2=0.1+33?9t.P,/ ( (ÛTËDT ) rltT A )

TA=sr.ìRTF(6,0+fl)
F K AP =5 0 . ?,9 1+/ S0'l tl T

^41 
QZ l=QK

ÞÈ
\o



$s$$$$$$$$s$$$$$$$s$5,$s$5$ PR0GRAM LOA0KA CONTINUED $$$$$S$$$S$$$$$$

ó50

652

653

649
65t
200

t96
tç7

610

504

NX=0
MI=0
AA=AR
NX=NX+l
IF (PKV 165?ç(¡49 r65I
DO 653 J=lrNl
G2(J)=1.0
CG(J)=C(J){'1.0E-4
C0rt1I NUE
G0 T0 610
PKV=0.1
D0 200 J=lrNj
CALT SUBG2 (TAIPKVIMI çSGiRDTçOO)
IF(Ml-10)6l0r6lürI9ó
PRJ\!T 197
FOAMAT (:]6HNO CONVERGENCE IN GI AF ]EF¿

GO TO IC'"

Þ
Ulo

l0 CYCLES )

c
c

513
lÌt

ñ,t = lì
M2=0
QZ=0K
AI=AA
AP=l.005nAA
t4=M + I
CYC=¡,t
IF(M-10) 52Lrr5l3r5l3
PRTNTIIT
FORMÂT ( I HO ç *I.JO COI\VEITGENCE AFTER I () CYCLES# )

G0'10 t00



$$$$s5$$$$ $ $$s $$ s$ s$ s$ s s$$

c
5?0

3?

33
3

PROGRAM LOAOKA CONTINUED SS$$$SSSSSSSSS$$

D0 33 J=l rN
CALL SUBOC
FMI(J)=FM(J)
BCFMI (J)=tìCFM(J)
QCI ( J) =0C ( J)
AA =AP
cALL Sr.tB0C
QCP(J)=0C(J)
TDT (J) =0 1¡¡ +G2 (J) nBCFMI (J) -G2 (J) nFMI (J) ''tQZ

D0 (J I = (?00. 0/AI ) n (OCP (J) -0CI ( J) )

AA=A Ï
OZ=l .00511Q2
CALL SIJBOC
OL(J)=QC(J)
O7.=Q7l1.005
DOO (J) = ( ?.tr\.A/07 ) {'(QL (J) -QCI (J) )

PKV=1.015{-PKV
CALL SUtsGZ (TArPKVrMlrStlRDTçOQ)
IF(Ml-lû)32.32.ì9ê
CALL S|.JEOC
OP(J)=QC(J)
PKV=PKV./1.n05
Dl( ( J I = (?Cil. I /Þ<\t ) ra (QÞ (J) -CCI ( J) )

SUl,tll=C.0
SUN'l12=0 .0
Sl.rò'll3=ff.C
SU,\-ll4=0.û
S[,rt422=0. C

SUt..2j= 1.0

H
H



s$$$s$ss$s$s5$$s$$ss$$5$$5 pROGRAM L0A0KA CONTINUED SS$$$$$$$$$$$$5$

SUM24= 0 . 0
SUM33=0.0
SUM34=0.0
D0 50 J=lçN
SUMI l=SUMI I +DQQ ( J) nD00 ( J)
SUMI 2=SUMI 2+D00 ( J) nDQ ( J )

SUMI3=SUMl3+DQQ (J) nDK (J)
' SUMl4=SUMI4+D0Q ( J) nTDT (J)

SUM22=SL)t4??+D0 ( J ) +tD0 ( J )

SUI'r23=SUM23+D0 (J) 
'?DK 

(J)
Sl-.rM24=SUM24 +00 ( J ) r'TDT ( J )

StJM33=Sl143.l+Dt( (J) ttDK (J)
50 SUM34=SUþ134+DK (J) l+TDT (.1)

DE T=SUM 1 I {? ( SUM 2? JrSUM33- SUM 23 l1SUMZ 3 ) -SUt"l t 2rr ( SUr"t I 2l+SUM33-SUt4 1 3*5gM 23

I ) +quMl 3* ( StlMl 2r+st.,pl23-slJr''tl 3ì1suM22 )

DET0=SUMì4{.(st.JÀ4?¿{-suM33-suMz3ìf stJt/23)-SUt'4I2#'(StJM24'1suM33-SUl'123tsUl*43
I 4 ) + Sl lM I 3+ ( StJlvr2 3*51 lfi24-suM22r1sUM34 )

DFT A=SUM I I rf ( SU\424.r15tJ1"r33-SUM2 3r1S[JM34 ) -SUM I 411 ( SUM ì e+sUM33-SUM I 3nSUt'42

I 3 ) +St'M13r1 ( Stli4I 2+SUM34-SUl'!I 3*SUfl?4 )

DETK=SUMI I-r (StJ,.,r22+g¡M34-SUM23+tSLJM24) -SUMI2rt (SUMl2ttSUM34-SUMl3ìrSPMz

I 4 ) + SIJ M I 4 n ( SIJ ¡/ I 2 r' Sir Fl 2 3- Sl.l h4 I 3 r¿ S UM 2 2 )

0(]jZ=DET0/t.)[T
Q Z=Q7 +DQ7
!ìrL A={)ETAl[,ìf T

AA=AA+l)LA
DLK=DETK /TIT
PKV=PKV+DLK
Pi? INIT I l8 ç CYC I 0LA ;DQ7-rDL (

tIs foRMAT(lL.fh trT cYcLE F?,Ûrl2H DELTA AA =F7.atl?H DELTA QZ =F7.4rl
l3H IIELTÀ PxV =Flrì.4)

Þul
N



sss$$$$$$$$$$$$$s9$$$$$$SS PROGRAI'4 L0A0KA CONT INUED $$$$$$$$$$$$$s$$

IF (PKV) 320 t320 '3213?0 PKV= (PKV-DLKl /2.0
PRINTII9

tl9 FORMAT(I0Xr23HPKV NEGATIVE TRY PKV/21
321 DO 702 J=lrh!
7A2 CALL SUBG2 (TÂTPKVTMI TSQRDTT0Q)

l-10)703r703ç19ó
A ) 329 c3?9 I 330
AA-DL AI /?.0
Í l?0
AT ( 2I] X T 2lHAA NEGAT IVE
o 504
AESF(DLA/AA)
SA-0. 0n0 I ) 331 I 331' 332
0 504

TRY 
^A/?l

c
c
c

331 B=56t).31l (ùtrAÂ)
FBJ=EXPF (El / lFlf'é:l)
PKCON= (2 .523E-3 ) lt ( AA++:l) +EXPF ( [ì )

SMSQ = 0.
SPìDL=0.0
DO 74I J=lçl'j
CALL SUEOC
DL01.J)=0C(J)-A(J)
SMnL =SMflL +{-rL0 ( J )

SQ¡L (J) = r-r|-0(J)'-+?
701 SI4SO = SMS{ì + S0DL(J)

r?EÂL = N

r20

703
3?9

330

332

Þul
t¡J

IF (M

IF(A
AA= ¡

PRIN
FORM
GOT
TSA=
IF (T
GOT



$$s$$$s$$$s$$$$$$$$$s$$$$$ PRO6RAM LOAoKA CoNTINUED $$$$s$$$$ss$$$s$

QUOT=SMSO/ ( PEAL-3.0 )

SIGMA = SORTF(OUOT)
SG ( NX ) =S IGMA
AII=ABSF(SUMll)
ALZ=ABSF (SUMl2)
A t 5=ABSF ( SI.JM l3 )

A22= ABSF ( SUf.l22 )

423=ABSF ( SUM23 )

433=ABSF ( SUM33 )

SGO=S I GM A+SQRTF ( ( A?2* A33-A23n 
^231 

/ DET )

sGA=S IGMATlSORTF ( ( A I I+r433-A I 3nA I 3 ) /DET )

SGK=SIGMAnSORTF ( ( Al I +t A??-A l2r1Al2) /DEÏ )

S=ALPHAÈ'02 +BETA
E=E I +QZ-E?
PRINTI?4
PRINTII6TBçFBJTPKC0N
FORI.lAT (I II.r BJERRU}¡-8=FIO.3TIOH \âJITH FBJ=FI2.3rI IH AND PKCON=FI2.3)
Ptl It!T I l7 r ALpFtA' !IETA r Sr ll cEZ çt
F0pMAT (8H ALP*lA =t-7.4r5HBETA=F7.2c311 $=F7.2ç4H El=F6.3ç4H Ez=F6.?ç

l3h E=î7 .? I

PR T NT l2¿+
PRTNTI24
FoRMAT(THI".6X..*C* çT?Xç,*CG',rIIXrT+TiAMMA*ç4Xr*ACT SQUITT5Xç+Q EXPT+r6X

2çrfO CALCã'r6X rÈQ DASirìr)
PRINTI?7 ç (C ( J) çCG (J I cG? (J) rF2 (J) r0 (J) c0C (J) rDLO (J) rJ=l rN)
FOeMAT ( I X r Fl I . 6 r 4X r F I I . 9 t 4Xr F7 .5 ; 4X. 1fJ .5 s4X ¡F 8.4r4X ç F8 .4ç 4X,r F3.4)
PPT[]'TT?4
PRINTI t4 r0Z r SGl! AA ! SGA I P(V r SGK

FCeMAT (271-r IiIr\lIl'ìIZ-iNG y4¡rJES ARF AZ =Fl0.3r4H pr'4 F5.3r9H AND AA =f
l7.jç4H P^"1 tr5.3c/c./rI7X'l"r¡r Ai'lù P(V =Fl0.3r4H PM Fß.3)

t
rÞ

58t
l1ó

ll7

126

| ?.7

I t4



$$s$$$$$$$$$ss$$$s$s$$$$$$ PROGRAM L0AOKA CONTINUED $$$$s$$s$s$s$$$$

PRINTI24
PRINTI23TSIGMATSMDL

123 FoRMAT(25FI STANDARD DEVIATION =F6.3II8H WITH SUM-DELTAS =F6.3)
PRINTI24
PRINT50C0rQ0

5000 F0RMAT ( lH0 ( nBJERR[Jþl CR I T DIST=+ r E1 4.7 )

PRINTI24
PRINTI25

| 25 F O R M A T ( 5 5 H * + * + ü. ìr l¡ ¿¡ lr tf rt i+ lf ió .tr t1 J! .tf ü {1 lr l1 Jr .l$ il lr lf t+ n lr t¡ ì1 .lt lt lt lt -)t rr lt Jr l+'lt +t l¡ tt ,t ìt s lr lt + .l$ l$ lt lt )

G0 T0 100

7OO CONT INUE

E Í\r f.,

Þ(¡
(¡

c

c

c



c
C....
C.....
c

PROGRAM ITER A(INPUT'OLJTPUT)

R.L.KAYS FUOSS-HSIA PROGRAM ADAPTED TO CALCULATE LAMBDA ZERO $

KA GIVEN FIXED VALUES OF A ZERO

COMMON C (30 ) r0 (30 ) rG2 (30 ) çCG (30 I çF?(30 ) t VF ( 30 ) rFM (30) rBCFM (30) I
tOC(30) rOL(30) rFMI (30) çBCFMI (30) rQCI (30) rOCP(30) rTDT(30) tDQ(30) I
ZDL0 ( 30 ) I SODL ( 30 ) rSG ( 30 ) rPKN ( 30 ) rDAQ ( 30 ) I h¡T ( 30 ) r R ( 30 ) rBARM ( 30 ) r
3DEN (30) r0P (30 ) rDK (30) r
4Dr AA ç0ZrFKAPr ALPHATBETA rEl rEZr J

PRINT
FORM AT

FIIIST DATA CARD GIVES SYSTEM IDENTIFICATION
READ I O2

t 02 FoR14AT ( 78H
l)

READI 04r NirDçFTA. T I 0K r AR t P6Y
104 FORMAT ( I5çFl 1.0.5F1C.0)

IF(N.EQ.O) GO TO 7OO

2IO PRINT 2II
2ll FORMAT (IH0r+ASSOCIATED ELECTR0LYTEn)

PRINTl24
I 74 FOPMÁT ( I HO )

c
c

t 00
l0

tc
nHL)

c
c

c
c

Þ(¡
Ol

c

c
C.... Al INITIAL VALUT OF f¡7!:.RO r DA I\CRIMENT IN A A? FINAL VALUE. OF



$$$s$$s$$$$$$$$$$$sss$5$$$ pRoGRAM ITER A CONTINUED s$$$$$$$$$$$$$$$

READTI0TAI çDAra2
7l 0 F0RMAT ( 3F5.0 )

c

112

PRINT 102
PRINTI?4
PRINTll2rAlrDArAZ
FORMAT ( tH0 r *INIT IAL A+ ç?XrFl 0.4ç?Xç* INCRIMENT IN Aâ c2X r Fl 0.4r 2Xç|r

2FINIAL VALUE OF Afr2X'FIO.4)
PRINTI l0 TDTETA rQ(r PKV rTrAR
F0FM AT (?ZH DIFLECTRIC CONSTANT=FE.2rllH VISCOSITY=FI0.6rl2H INITI

tAL eZ=FB .3ç/ ç??H INITIAL ASSOCN CONST=F8.3rl3H TEMPERATURE=F8.?çL2

?H INITIAL AA=F4.3/l
READt06r (C (J) r0 (J) rJ=l rN)
FOFMAT ( 2FI O. O )

PRINTTI9
FORMAT(lH0rf INPUT DATAn)
PR INT 7I 7
FORMAT ( lH 3Xr7hl C000 CróXr lHQr/)
PRINTTlSr (C(J) rQ(J) rJ=lrN)
FORMAT(Fll.4rFl0.3)
PRINTI24

tt0

B5
106

7le

7t7

718

00=l .1

I]FGIN COI'IPUTATION HERE

640 FL0N=N
D T =D+T
S0RDT= SORTF ( DT )

ALPHA =g?fr40û. / ( S0PDTTÞDf )

BETA =A2.501 / ( ET aÈSORDT )

Þ
Ul{

c

c
c



$$$$$$$$S$$s$$g$SsS$t;$q$sÌ: PROGRAM ITER A CONTIN(Jb-D 9s$$5S$5$5S$$S$s

64L

E I =2 .94?2El 2/ ( DT nr13 )

E2=0.43329E8./ ( ( DTüDT ) nETÂ )

TA=S0RTF(6.0¿tEl)
FK AP=5 0 .294./S0RDT
PRK=PKV
AA=A I
0Z I =0K
AFTER EACH ITERATIOf.i WTTT A VALI.JE OF A

THE INPUT VALUE FOR NEXT ITERATION
PKV =PRK
NX=0
Ml=0
NX=NX + I
IF (Pt(V1652 r649ç651
D0 65-1 J=l rN
G2(J)=1.0
CG(J)=C(J)¿tl.0E-4
CONT I NIJE

G0 TO 5l'
PKY=1.1
D0 700 J-l ril
CALL SUBG2 (TAçP(Vrr'/1 çS0i3Tç0u)
IF (Ml-l 0) 6l n ról¡i' I qá

PR INT I 97
FORMAT(3ÉTHNO COf']VERGEI!CE IN GI ÂFTEP IO
GOTOI

ZERO RESET ASS. CONSÏ. TO

cYcLes )

c
c

aaaa

aaaaa

650

65?

653

649
651
200

lcó
te7

Þul
@

c
c

6t0 M=0
M2= 0



ss$$$$$$$$9$9$qì$5S$,$1jS$¡s5 piìoGRAi.4 ITER A CONITINtJED $s5,s$s$$$$$$s$$$

s04

5t3
111

s20

33
3

QZ =0K
AI=AA
M=M+l
CYC=M
IF (M-c) 520r513r5I3
PRINTIII
FORM AT ( I H0 r +NlC CONVERGFT\CE AFTER

GOTOT
c

5 CYCLESIf )

(J)*tìZ

D0 33 J=)et,l
cALL StJg GC

Fl"lI(¡¡=Ft4(J)
BCFMI (.J)=trÇFt"t13¡
CJCI(J)=aC(J)
TDT (J) =iì (J)+G2 (.J) *Frc;FMI (J) -G2 (J) {'FMI

Aa=¡Ï
O1=l .0 C,c',tGtZ
CALI- StlBcC
0L(J)=QC(J)
QZ=Q ¿¡l.l{:->
DfJQ (.J) = (?i)': .t'/,17 ) r'{ ((iL ( J) -r)Ci (J) )

Pl'i\.r'=l . n lcrlPKV
CALL SULIG2 (T{rt'\Vei"1l rSrlt?D'IçQti)
IF- (t''1-l I ) 32 ç 3? ç I Çr
CALL SI,IFAC
0P (.1) =0C ( J )

PK',r=ÕKV f I .',05
DK (J I = (?0i1.,J /P<\t) +f (Qp (J) -QCI (J) )

SU¡4Il=0.0
SUI\r I ?=l "()

Þ
Ul
LO



$s$$$$ss$$$$$$$s5$$s9$ss$$ PROGRAM ITER A CONTINUED $$$$s$$$ss$$$$$$

50

I t8

320

rt9
321
7 0?-

7C3
330

33?

SUM I 3=0 .0
SUM22=0.0
SUM23= 0 . 0
D0 50 J=lrN
SUMt 1=SU¡¡ I I +D00 ( J) nD0A ( J)
SUMI 2=SUMI 2+DQ0 ( J),'tDK ( J )

SUMI3=SUMl3+DQQ ( J ) nTDT ( J )

SUM22=5¡14?7-+Dl( (J) rlDK (Jl
SUM23=SUM?3+T DT ( J) nDK (.j )

DET=SUM I I JrStJM22-SUM I2¿rSUM l2
DET0=SUM I 3+Sll,!422-SUM t 2'r'SU¡423
DETK=Sl-lM I I äSUM?3-SUM I 2+¿SUM I 3
0tlZ=DET0 /DEÍ
Q|=QZ +DGIZ

DLK=DETK /UlT
PK V=PKV + DL K
PR II.JT I I B ç CYC I DL'<' DOZ
F0FMAT ( l0l-{ ¡T CYCLE F?.1ç l2H

?t
IF(PKV)320'i20c32I
PKV= (PKV-DLK]. /?.:,
PRINTI I']
FOPMAT (IOX¡23HPKV N[-GATIVE TRY
D0 7XZ J=l'òr
cAl-L suBrì? (TA rr(VrNal.StìQDTrQt.ì)
IF (Ml-l C ) 703r 7t1-1. ] Qt,

C0t tT I \jllE
TSA=ABSF lD+7 /t:l I

1F (TSA-0.000^q) 3J1.33I '3-12
CrC TO 504

ùÉ,LTA PKV=17.4¡l?.1 DELTA 0Z =F7.4çl

Þ
oro

ar,v /?l



s$$$$$$$$$$s$$$5$Ssqs$$$$5 PROGTìAlii ITER A CONTINUED $$$$s$5$$5$$S$S$

c
c
c

331 B=560.3?,/(D+rAA)
FBJ=EXPF (Bl / (Btt+3)
PKCON= 12.5231-3 ) n ( AAr+Ë3 ) nEXPF ( B )

S¡4SO = 0.
qt4DL=0. C

D0 711 J=l.N
CALL SUBOC
DLO(J)=0C(J)-e(J)
SMDL=SMD[-+DLQ (J)
SeDL (J) = flLe(J){-r$?

7Cl SMSO = SMSO + SGDL(J)
REAI.- = N,

ou0T-si4so/ ( Rt, ÅL-3. C )

SIGMA = SeRTF (0t.llT)
SG(NX)=SILì''¡A
All=AtsSF(Sljt"lll)
A?-?=ABSF ( StJì'1¿Z )

SG0=S I Gr¡ A"-SQkT F ( A7'? /t'tl-T I

sGK=s IGrolA+isoFìT ( A I I /iFr )

PÊItrT 1 2Ê r tì7 c S3C r PHV 
" SGr

ì28 FOt-ìÈi AT(lHîçJr'LA',"itil-j/. 1 .'c?\çFlr). -sc2r'tF5'3c4Xr'*ASSf\l '
?ç?_Y.F5.3)

SGA={j.0
S=¡1t-t-ìtAì+02 *FF fA
f =F l'*q7.-7.2
DpINTI?t+

5Ë I PRTNjT I I6 r B ç F- J c i:(C01"'

Þ
o\
H

COñST"*ç7N¡F10.3



i¡
,¡

li

I

$$s$s$$ss$s$$ts$s$s$s$$ss$ PROGFìAM ITER A CONTINUED $$$s$5$$$$$$s$5$

IIf,FoRMAT(IIHBJERRUî"|-B=F]0.3ll0Fli.lITHFBJ=FI2.3ll].HANDPKCON=F12.3)
PR INT I I ? I ALPHA ç FìETA r S ç F-l çE? çl

I l7 FORMAT (8H ALPHA =F7.4r51-TBETA=F7'?ç3H s=F? '?ç4H F-l=F6'3r4H l?=F6'?¡

l3H E=F7 .21
PRINTI24
PRINTI24
PRINTI l4 rQZ rSGQç AA rSGA'PKV rSG

I I4 FORMAT (2711 MINIMIZIruð VALUES ARE 07 =FIO'3T4H PI'4 F5'3T9H AND AA =f

l7.3r4H p¡'r F5.3 ç/s/'llx'toH AND PKv =Fl0'3r4H Pl"1 Fg'3)
PRINTI24
PRINTI23TSIGMAçSMDL
FORMAT(25H STANDARD DEVIATIOI'\I =F6'3çI8H t^/ITH SUM-DELTAS =F6'3)

FãåH+ËÇþ+ârr{-rrrl{+*+¡*ìr.**n+r,**ìr+rr;¿**r1.r?-*.nr.'ì+.,fr.l+ttJâü+ir+ltliìitt+lltl+ltttttlr,..'ìr'Í'É.** 
)

PRINTI24
PRTNTI24

I AA=AA+!lA
IF (AA.LE.A2) G{) TO 641

ì26 Fãåil1+?ÎHCr6Xç+c*çr2x;*cG#rrlxrìTGAMMAËr4Xr*ACT S0r*r5xr*Q EXpT*r6X

2 c +O CALC+ ç 6X I *Q DASHrå )

PRINTI24
PRINT |?7 ç lC ( J) , cG ( J l cG? ( J) rF2 ( J) .Q ( J) l0c (J) l DLQ 1¡¡ '.1=1rN)
FopMAT(lXlFIl.6l4XrFIl.9ç4X,F7.sr4X.FJ.5q4Xlf.-8.4r4XçF8.4ç4XrF8'4}

123

125
Þ
o\
N)

c

t?7

700
GO TO IOC
CONT INUE
ENN



PROGRAM UNASS ( INPtIT ' 0UTPUT )

c.,.. FUOSS HSIA EOUATION R.L' KAYS PROGRAI4 FOR THE NON ASSOCIATED CASE

IOC ( 30 ) reL (30 ) r Ft¡I (30 ) r PCFMI ( 30 ) ¡ QCI ( 30 ) rQCP ( 3r) ) r TDT ( 30 ) rDQ ( 30) ç

ZDLO(30) çSODL(30) çSG(30) rPKt!(30) rDOQ(30) r\rlT(30) rF(30) rBARM(30) I

3DtN(30) rOP(30) rt)K(30) rFM(3C) TBCFM(30) rTDT(30) rDO(30) I
4Dç AA ç 0Z I FKAP I ALpHA t BETA r El çE? ç J

coMMoN c (30) rG (30) rG2t:o LCG(30) çF 2 (30) rVF (30) rFM (30) rBCFM (30) ç

IOO PRINTTO
IO FORMAT(IHI)

PRINT ?13
213FORMAT(1H0.|.1.'l0i'JASSoCIATEDELECTRoLYTE.+t)

READ I f}2
PR]NT IO2

t0? F0RMAT (78H
1)
PIJINTI24
FUtr14AT(IHÛ)
READI 04 I fl r [J r f TA I T r QK r At¡ r PKV

F ORMAT ( I5 çl'I I .0 r 5F I0.0 )

IF(Nl.EQ.0) Go IO'lû0
PK\/=Q. fl
PRINTTIq
FOF,t"1AT(1Htç+ If\PUT DATA?1)

PPTNTI24
pRINTI ì 2'DçETA' QK r PKVrTç Ae

FOPM Ar (??-H D I[-LË.CTR lc ctlNstAhlT=F b.2ç I I H VISCOSITY=F I 0'6r l2H INITI
ìAL Q7=F8.3r / ç??F INITIAL'rSSOCttt CONST=FB'3ç I3H TEf'IPERATURE=F8'?çl?

?H INITIAL AA=F4.3/\
!ìEADl06. (C( J) 'O(J) tJ=ItN)
F0pMAT (2Flo.íl)
PRT¡.IT7I7
FORMAT(lH 3Xr7H1 i0Cû C'6XrlHQr/)

Þ
o\
UJ

1?4

l0â

719

ì t2

85
106

1t7



$S$$$$$S;$S$S$t$SSf,s¡S$$S$s PROGRAi"I UNASS CONTIf\iUED 1)$$S1ÈS$$$5$SS$$$$

PRINTTlSr (C(J) rQ(J) rJ=lrf!)
718 FORMAT (Fl l.4rFlC.3)

c
640 FL0N=N

DT=D+T
SQRDT= S0RTF (DT)
ALPHÂ=82 0400 . / (S0RDTr'DT )

BETA =82.50I / ( ETA nSQRDT )

E I =2 .94?7.8I? / ( DT*ìt3 )

E2=0 .43l.29F s / ( (DT{'DT ¡ +6TA )

TA=SQRTF(6.4*EI)
FKÂP=50.7-94/S0RflT
ç¿ 1 =OK
Ìrl X=0
D0 1653 J=Iç\
G2(J)=l.C
CG(J)=C(J)+l.tìL-4
l¡\=AR
NX-NX+I
M=0

0l=eK
AI_AA
ÂP=1.ft!5-;tÉ.4
M=M+ ì
Çf Ç=r;1

IF (M-L0) t52ti' l :2tì c l 5I -J

PÊIÎ'Jrlll
FOpt"{l\l ( Ir^1f rr:'rrifJ c'JHvfeGFNcS
GÇ: Trl li)0

1000

I ó53

t650

Þ
Or
¡Þ

l5) 4

ì5ì3
rll AFTE'J T E l'.¡ CYCLESf')

c



$s$s$$$$s$$$$5$S$S$inSt,s$ï PROGRAM UNASS CONTINUED $S$S$$$S$$$SSS$$$

152 0

tc33
lc03

I niî

D0 1033 J=lrN
CALL SUBOC
FMI ( J) =FM ( J)
BCFMJ(J)=BCFr.,((J)
0CI(J)=0C(J)
AA=AP
CALL SUBOC
QCP(J)=0C(J)
TDT ( J) =0 ( J ) +62 ( J ) r¿8CFMI ( J) -GZ ( J ) llFM I ( J) ltOZ

D0 ( J I = (200 "0 / AII * (QCP (,J) -0CI (J) )

AA=A I
0Z=1.005r1Q2
cALL STJAAC
CJL(J)=0C(J)
Q7=Q7l1.0S5
DQo ( Jl=l?00.û /a7)* (aL (.J) -1.ìct (J) )

SUMII=C.C
SUMt2=0.0
SUM I 3=0 .0
SUM22= fl. 0

SlJl",!23=0. ü

Du lF5n J=l.ir;
suM I I =SLtM I r +[-rìQ ( J ) i'rlQr] ( J )

sUr,/ I 2=StJ¡,! I ?+i;Ci,] ( J ) +Dil ( .J )

Sl¡¡¡ I -ì=S[JM I j+f:,1.1 ( J )'rTrJT (."1 )

SU¡¡22=SlilM22+)O ( J ) *'f-rii ( J )

StJ[ì23=SUl'123 +t,r1 (.! ) it Tl-)T 1,,
DET = SlJ¡4 I I *Sl,fl ??--3L p1 i ¿ + St lr¿ I 2
D E T 0 = S Ll V I 3 -râ S t l.,l ¿ ? - SU r.1 ì,? -;¡ S |t.] ¡.,1 2 3

CliT A=SUl'¡ I I'* qtjr'2 
-î'qU:1 ì 2-:'',;lll¡ I3

Þ
Oì(¡



$$$$$$$$$$s$$$$$s$$qs$s$ss PROGRAM uNAss coNTINUED n$$$$$5SSSSS$$S$$

DO7=DETO /DET
ç7=Q7+D0Z
DLA=DETA/DL-T
AA=AA+l)LA
PRINTI2t çCYCTDLATDQZ
FORMAT ( l0H ¡r-õvct-r î2.Ðç 12H DELTA AA =17 '4çl?H
IF ( AA ) l-"29' 1329 ç I 33C
AA= 1 AA-DL Al /?.0
PRINTT2O
FORMAT(lH0ç* AA l'IEGITIVE TaY AA/?*l
G0 TO 1504
TSA=ABSF ( DLA,/AA )

1F (TsA-0.i1001 ) i33l I l33l I 1332
G0 T0 150á

B=56f.37l(L'+1AA)
FÊJ=F- XPF ( E ) / ( rì';1{'- 3 )

PKCOr.t= ( 2.5?--ìf -3 ) +f ( AAr¡ã1) ¿f E xPF ( d )

$iv$Q=ù. tl

SMDL=0. e

DO tTCl J=lrf'l
CALL S[JIIßC
DLo(.J)=QC(J)-'(.J)
S PI ll L = S M I'r L + r') 1,. l ¡ ( J )

SfrOL ( J ) =Dl-() (.J )-:"*:
SV'SA=Si.i q(ì + S,1LìL ( .J )

9EA[-=rrl
Ql-J nT=SMSr\/ (a iÅr.--,-. -¡ )

s I Gf,{,\=_erlQT É ( rlt lrlT )

sG(fJX)=SICi',I,

DELTA 0Z =F7.4)r2l
I 329

I20

1330

I 332
c
c
t33l

l70l

Þ
Oì
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$$$$$$$$$$S$$$$$$S!irîS$ï..$:ì trROGPAivr lJNlaSS CoNTINUED $S$$$$SS$SS$Ss$S$

rl6
rt7

t29

t 3f)

l2ß

t23

t?5

All=ABSF(SUÀ¡Il)

^2?=ABSF 
( StJfr22 ¡

SGO=S IGMA#S0Rf ( A I t /DET )

SGA=SIGMA+SORTF ( Al l/DET)
S= ALPHAn0Z + BET A

E=E I +Q7-l?
PRINTI24
PR INT I I 6 r B r FBJ r PKC0lrl
F0RMAT (1lH RJERR(JÞr-g=f I0.óç I0h t'/iTll FBJ=FI2.5ç IIH AND PKCON=F12.5)
PRINTI l7 TALPHA çBfTArSçF I rE2rE
FORMAT (7H ALPHA F9.5'5\BËTA F9.5.3h S F9.4ç4t1 FI F9.4ç4H L? F9.4ç

I -JH E=F9.4 )

PRIt\lTl24
PRTNTI29
F0Þ14AT (lHt, rr+Xr*C1t.6Xç+f XP. LAMtji)A*r6Xr+LAM'-'tDA CALC#r6X;*LAMtl0A DAS

I t^{*')

PRINjTl3lç (C(J) rQ(.-l) crJC(J) çDL(l(J) çJ=l rN)
FL)RMAT ( I X'Fl 1 .4 t 4]XrFl r.-r. 4 c4X*F10. 4t4v,rFl0.4)
PR TNjT I2E I OZ ç SG0 r AA I St'A
FOpMAT ( I H{\ t råM I Nl I ur IZ INC' VALUES ARt OZ +çF I 0.3 I ?X r*PMlt iF5. 3r 2Xr*AND

I A{- ç F7.3 r 2X r -FÞ¡¡l-ìå ç Fi.,.3 )

Prì I t\ìf I 2_l . _q I GÞi A q S Yr-)L

F0PMÂT ( lHC.+STAND¡\Ê'U DEVIT\II0iir ';t.F'1.3ç?Xr*l¡,ITH SUM OF DELTAS *rF
16.3)
PRINTI25
FCPMAT(tr'10('tg CHnCFíS Ar^rAY CTAPS ALL 0VIE FìEll H0VËa+)

Þ
Oì{

C

c
G0 T'l ln0

700 COr'JTINI(-lF
rhjD



PROGRAM PITTSV2 ( INPTJT t OUTPLJT )

COMMON 0(30) reC(30) r0CI (30) rQCP(30) ç0L(30) rDo(30).D00(30) rDLO(30) I
ZSODL (30) rTDT (30) rC(30) rRC(30) TKAPPA(30) TTERMI (30) TTERM2(30) TTERM3(

330)rSG(30)ç
4JrAA cQZçRZTTERM4

REAL KAPPA
c..... FuNDAMENTAL C0NSTANTS 5EE FUOSS$ACCASCINA ELECTROLYTIC

C..., CONDUCTANCE PAGE I95
c::.. REFERENcE E.pITTs ET Al TRANS. FAR. s0c.65r849r ( Ie69)

IOO PRINTIO" IO FORMAT(IHI)
PRINT 2I3

Zl3 FORMAT (lH0çfNo\ASSOCIATED ELECÍRoLYTE..PITTS EoN. VERSIoNAn)
READ ].02
PR INT I O2

IO2 FORMAT (78H
t)
PRI¡.JTI24
FORMAT(IHO)
READI 04rN rDr fTA I T rQK r ARTPKV
FORMAT ( I5çFl l.C. 5F10. 0 )

IF (N.EQ.O) GO TO 7OO
PKV=0. C

PR TNTT I 9
FORMAT(IHl).+ I\PUT DATAIT)'
PRINTT24 :

PRINT I l2 TDTETA rGK rPKV çT ç AR

FORMAT(22H DITLTCTRIC CO\ISTANT=FB'2rllH VISC0SITY=Fl0'óç
IAL OZ=FB .3,/ t??r' IIiITIAL ASSOCN CONST=F8.3çl3H TEMPERATLJR

2H INITIAL AA=F8.3/l
READT 06r (C (J) rQ (J) I J=l rl'¡)
FORMÂT (2Fi¡].C)

Þ
Ol
æ

t?4

104

7le

I 12

l0ó

IzFf INITI
E=F¡,?ç'1.?



$$$$$$$$$$$s$$s$$s$9$s$s$s pRoGRAM plrrsv2 coNTINUED s$$s$$$$$5$$55$

111

718

640

j

1650

t504

PRINT7l7
fOnf'rAT (1H 3X r7Ht0000 Cr6Xr lHQr/)
PRINTTIEç (C (Jt tQ (J) rJ=l rN)
FORMAT(Fll.4rFI0'3)

c

C.....
C....

FL0N=N
AR=AR+ I .0F-s
DT=D+T

R2=R00T ?
CALCI.,,LATE TFRMS OF PITTS
R2=I.414?L36
D07I=l rNl
c(I)=C(I)rsI.0E-04

(DT)

TERM4= ( 9.815777*F -br¡DT I IET A

ËäÄlil?,rr0.*.1.5.$.5.$.$.$.5.$.s.1ó.$.5.$.$.$.$'s,.{'$.$.$.$.$.s.$s.
2'$.!F r$.'S.$.S'S'' +' SJf )

ç/ l=0K
\X=0
AA=AR
NX=NX+l
1.,( = 0

QZ=OK
[[=AA
AP=l '0r15+Ad

EOUATION INDEPENDENT OF LAMBDAO AND A

Þ
dl
\o
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S$S$$$$$$$S$S$$5'$4s5$S5$$$ PROGrì4r"1 PI TTSV2 CONTINUED S$$$$$$$$$SS$5$

l5l 3
Itl

I s20

tr,33
tc03

M=M+l
CYC=M
IF ( M-t 0 ) 1520 r Ì52Ûr I5l3
PRTNTI I I
FORMAT ( IH0 I *NO CONVERGENCE AFTER

G0 T0 100

DO 1033 J=1çN
CALL LAMCAL
OCI(J)=QC(J)
¡4=A p
CALL LAMCAL
OCP(J)=0C(J)
TDT(J)=Q(J)-QCI (J)
AI=AI{'l.l-'ltÈ
DQ(J)=(200.0 /tIttt (ùcP(.r)-(lcI (J) )

ÂI=AI{rl.0f--q
AA=A I
QZ=1'00-q{'OZ
CALt- LAMCAL
OL ( .J ) =OC (.1)
0Z=07/1.005
DIJO (J) = (200. C/i't|) & (r'rL (-l) -OCi (J) )

Sltt"t 1 I = t . rì

SUMIf=0,r1
s|iJú13=0.!
SUf'42 ?-=^ . C

SLj¡.423=û.0
D0 lir50 J=lri';
SrlLrl I -StrMl I +í-,QQ ( J )'*í)i.ril ( J )

TEN CYCLESIl )

c

Þ\¡o



$$$s$$$$$$$$s$$$û$$$$s5bS$ 
pRoGRAM pITTSV2 CONTINUED $$$$$$$$$$$$s$$

SUMI 2=SUM I 2+DQO ( J )'tDQ ('J)

SUMI 3=SUMI 3+DtlQ ( J) '+TDT 
( J)

SUM22=SUl'1??+OQ (J) t$00 (J)
I 050 SUM23=SUM23+00 (J) +TDT ( J)

DET=SUM I I {'5UM22-SUM I 2nSIJMl 2
DET0=SUM I 3's StJM ? 2 -SUM I 2-i-SUM23

DETA=SUM t I ttSIiî'il23-SUM l2ìtSUM l3
D0Z=DETQ /DEI
ç7=Q7+DQZ
llt- A=DET A /Dlf
DLA=llLA+l.çE-t-l
AA=AA+DL À

PRINTl2l.cYcçDLA rDQZ
l2t FOpMAT(l¡¡..rAJ CyCLE; ¡l2.Cr2Xr*DELTA AA*rEI4.7ç?l"r*DELTA QZnlÉl4'7

?l
tiRI¡JT2C.il¿rr AArQZ

2004 FOFMA.T (l H0'*À4fr rFI4'1 ç?XrëQ7* cf-l4'7'
PRTI\T3
IF (AA) ì 329 ' I -a29' 133iì
AA= ( AÂ-llL þ\ /2 "i
PR INf l2t)
Füpt"îAT(1i'1C,i? ¡'a I.TFGiTIVE TRY 

^A/?*)G0 T0 l5 0r,
TSA=a.lsF (ÛLA,/ '\À )

IF (TSA-0.0ili-ì 1) 1.'l3l ç 1331 " 1332
GLr TLr ì"504

AA=AAr¿l.tËq
E=56 A.31 / (a"r a.Ll

Þ\¡
H

I 329

ì 2n

r33t

r 332
c
c
r33l



ss$$$$$$$$ssî$$$$$$,(sgs$s5 PROGRAi,i PITTSV2 CONTINUED $$SS$$$S$$$$$$$

FBJ=EXPF(B),/(Bnrr3)
PKC0N= l2 .5?38-3 ) n' ( AAnÌ'3 ) nE XPF ( B )

AA=AA+ I . 0E-8
SMS0=0.0
SMÐL=0.0
D0 l70I J=lrFJ
CALL LAMCAL
DLO ( J ) =0C (.J ) -O ( J )

SMDL=SMDt-+DLG (J)
soDL (J) =DLQ (J) {r'2

I 70 t Sl'4SQ=grvlgQ+SQDL ( J )

RE AL=N
OU0T=SM5Q/ (R5AL-2.0 )

S Ï Gl'44=S0RTl" ( Ol.J'Jl )

SG (NX ) =S IGr1,4
All=AtlSF(S{.lMIl)
A?-l = þtl SF ( Stllt't 2 2 ¡

SGq=sIGl'14+SQRT ( A L t /DET )

SGÂ=S I Gl.t¡+56pTF ( A I i /DET )

AA-AAnl.îFi
PF T 

^JT 
I 24

PP I I'iT I I Á . P r FHJ r PK(-.0¡l
lló F0rrttAT(llH rrJ[:a*'Ut/-E=Fìt"6ç10¡ i^iITH FiJJ=F12.5çlIH AND PKCON=F12.5)

PÞTi\IfI?¿+
PR Jt\jT 12q

129 F0Rl''lÂT(tr-rii'4Xç+C'Þr9X.+F¡P. L-Ai']ll-)A+?r2Xr+LAl.4t1ÛA CALCTl¡6Xr*LAI4BDA DAS
'! r]ji " o v . ÞK APÊ â.rs )
pkll'.tTl'ì1 ç (C (J) .l (-l) r0C (J) çDLl ( J) çirAPPA (J) rJ=I rN)

I 30 trOp¡¡AT ( I r r Fl ô. r- . ìx r Fl D,.q s5A tl I lt.4r +X r F I 0 n+ r 8Ä sl_I4 .1 I

Þ{
N



$$$$$$$$$$s$$$$$$s5$s$$$5$ PR0GRAt'4 PITTSVZ CoNT INUED $$$S$S$$$5S$S$$

PRINT l?8 çQZ r SGO r AAr SGA
128 F0PMAT'( lH0 r+MINIi"lIZIt'JG VALTJES

I A+ r F7.3 r 2X r +PM* r F5.3 )

PRINTI23TSIGMA'SMDL
I 23 F0R¡4AT ( tH0.t*ST¡NDAr'ìD llt:VIATI0N

16.3)

ARE AZ ðçFl0.3r2Xr*PMlrF5.3r2X;{AND

*rF6.3r2XrsWITH St-JM 0F DELTAS *rF

Gu To t00
7 OO COI.IT I NUã

EN!])

c
c Þ{(,



PHOGRAM PITTS ( Jr'iPUT t0UTPUT )

couptoNc(50) rRc(50) rECisot rK(50) rH(50) rAA(50) rG(50) rB(50) TDELCALc(5

z0) rDcAt-cAt (50) TDCALCAz(50) TDELEXPT(50) çDC(50) çDcc(50) rDEV(50) rEcc(

350)rDIV(50)'
? ArNrEC0rR?

EVAI.UATIOI\ OF LAMBDA O AND ION

E TRANS. FAR' SOC'66r693r (I970)
Y IE CASE OF I t I ELECTROLYTE
SS $ ACCASCINA MONOGRAPH

REAL K

100 PRINTI
I FORMAT ( } I-II )

C.... N= NO. DATA pTS. r ECO=EST, LAMBDA 0 Al*A2=INITIAL ION SIZE VALUES

c...., ETA = SOLV. VISCOSITY [= s0LVENIT DIELECT ' C0NSÏ'
PRINT4O

4û F0RMAT ( I H0 rdUt\iASSOCIATED ELECTROLYTE. . o . . . o.. o o.PITTS EOUAT IONr+)

F?EAD4rNrDç ETA r T I IC0t AI' Az

4 FOPMAT ( I5rF'! I.3r5Fl0.il)
IF (N.q0.0) 60 T0 700
Pf{INT20rETôrL)

ZO FOtrMAT ( IH0,+SOLVINT VISC0SITY *rF9 .7;2Xç*DIF-LECT. C0NST' {rF6'3)
PRINIT2IçFCr.l'AlrAZ

?l F0RMAT(1H0.åINITIAL LArraDÂ C '*rl-Ì.3ç?xr*L0'uJER LIÞ1 A *t|5.?ç2y-sþ

IuPPER LiMiT OF I\PUT A *rF5.2)
READ5T (C(I ) rfC ( I I I I=l rfi)

q FOPMAT(?FII.!)
PRINT?4

?t+ FOp¡4AT (lH0r'ìr ICìr'rrj C + r4XtJtLÂMBDA*)
pt-rlÀiT"-ìr (C(I) 'EC(l) çI=l çhl)

?3 FORMAT ( lX rFQ.4,?t4ç18'41
Al=Al+¡1.08-e
A2=A2.Íl .0F_-8

Þ{
Þ



$$$$$5$$$$s$s$$$$$$$s$$$$s 
pRoGRAM pITTS CONTINUED ss$$s$s$$$$s$$5$$

C....
C....

C....
C....

c oaalaa

7
C... t
C.....

l5
c
c

Cr..t
C.r...
C....2

aala

aaaaa

AOLD= (AI+A2l /2.
ioe¡qrIFIERs KTHTAATGTB As.usED
õÁlCur-¡re FAcroRs TNDEPENoENT

IN ABOVE REFERENCE
OFECO$A

DT=D*1
R2= ROOTZ
R?=l .414?L36
CALCULATE KAPPA K

D07I=l rN
c(Il=c(I)ü1.0E-04
RC(I)=SORT(C(I))
K(I)=(5.0?94?2Eg'nfi
H(I)=(5.56c35¿E-4+

CALCULATE PITTS

c(i))/s0RT(DT)
K(I')/(DTltRC(I))
A '...IE AA Þ{

ulAA(I)=H(I)¿1(R2-1.)
c ( I ) = l?.94413?E-5ltDT{'H ( L l /ETA

B(I)=3riH(I)r¡H(I)
ITERATE FOR ECO $ A-M IS ITERATI0I'¡ COUNTEP

M=0
OSTDEV=0. Û :

å;îl.AI rGtvEN AisEco'.cALc DIF FERENcE

fõn EACH VALUE 0F THE LATTER

CALL DELTA
DcALcA2TGIVENAz$EC0.'cALcDIFFEREN¡cEBETl|lEENLAMf-lDA
DELEXPT....f)I;;ÈPEUCE i]ETIdETN ESTIMATED LAMBDA O AND

OF I. AMFDA

D0ßl=l rN
DCALCAL ( I ) =DELCôLC ( I )

A= A2

BET"¡JEEN LAMB0A 0

O $ LAMBDA
EXPER IMENTAL

I



$$S$$$SS$$S$$5$$,cqisiì:,$SS$'û PROGRÀM PITTS CONTINUED S$S$$$$$$S$$5$$$$

c

CALL DELTA
DOgI=l çN
DELEXPT(I)=ECO-EC(I)

9 DCALCAZ ( I) =DEL.CALC ( I)
O .. .. SOLVE FOR DELTA$F CALCULATË NEId

p=q=l=ll=Q.0
D0 l0I=lrN
TOP=DCALCA2 ( I ) -nELEXPT ( I )

tsOT=DCALCAZ ( I ) -DCALCAI ( I I

R=R+ ( TOPIBOT )

T=T+ IIOP/ (B0T'rt-r0T) )

S=S+ 11.678nT)
t0 U=U+ (1./ (BCT.t1B0T) )

RN=N
BOTT=RN+U- Sr+ S

DEL = ( RNJf T-Ê rf S ) /Lr 0T T

F=(R+U-SrlT)/BOTT
AtrlFT'r= A7. + lA I -42 ) rtF

ECO=EC0 + DEL
.... TEST FO!ì CÜNVERGEIUCf

A = A ltjF'¡1

CAL,L DEL T å

StiFV-Sn5L=1. C

r)tjlll=]r\,i
DC(I)=IIELCALC(I)
nCC(I)=EC0-fC(I)
DË.V ( I ) =rlCC ( I ) -DC ( I )

DIV(I)=DEV(I)
'SLIEV=SDFV+tEV(I)

tl[V(T)=aúS(DFV(T])

VALUE FOR LAMBDA O $ A

Þ{
ol



$$$ss$$$$$$$$$s$$s$$$$s$s$ PRoGRAM PITTS CONTINUED $$$$$$$$s$$s$$$$$

ll SOEL=SDEL+ (DEV ( I)tlDEV(I ) )
AMEAN=SDEV/RN
STDEV=SORT (SDEL/(RN-Z. ) I

C.... FOR F.IRST ITERATION MEAN OF INPUT VALUES OF A PARAMETERS

C.... USED FOR ESTIMATING DELÏA A

DELA =ANEhr-A0LD
PRINTSZTMTECOç DEL

SZ FoRMAT (lH0rr+ITERATION +ç!2r2Xr*LAI{BDA 0 +rF8.4ç?ll rrDELTA LAMBDA 0

?*¡?xrFg.4)
PR INT2ó ç ANEtd.r DEL A r STDEV

?6 FORMAT ( I XrÕAr r El 4 .7 ç?irIoELTA A*rE 14.7rZXr*ST. DEV' OF F ITårFl0'5)
PRINT ?7

2TFoRMAT(IH0IIÍENDoFREcoRDFRoMITERATIoNENDoFREcoRDFRoMITERAT
TATION END OF RECORD".*)

TEST=ABS ( 0STDEV-STDEV )

IF(TËST.LT.O.OOI) GO TO L2
Al=ANEh/+ I ' flF*-9
A2=ANEW- I .08-9
¡9¡þ=ANEW
IF(M.GT.l0) G0 T0 100
M=M+1
OSTDEV=STDEV
G0 T0 15

I? PRINT ?8
àg FgRMAT ( I H0 r4x r *cÞ r 9x r ÌRooT cn r4x r +LAMBDAII r4x r *cALc+ ç4x r *DIFF* )

D0 ?5 I=lrN
ECC ( I ) =ECO-TIELCALC ( I )

?5 PRINT4ETC(I) rRC(I) rEC(I) rECC(I) çDIV(Il
4A FORMAT ( I XrFl0.8r2XrFl0 .8ç2XçF7 .3ç?Xçî1.3r2X çF 6.41

¡¡E¡r=ANEuittl .0Eg

Þ\¡\¡
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$s$$s$$s$$$$s$$s$$$$$$s$$$ pRoGRAM pITTS CONTINUED $$$$$5$$$$SS$$$$$

30

3t

900

32

700

DEC0=DA'NEtrl=0 .0
PR INT30 r ECO ç DECO I ANEW r DANE h/

FORMAT(lH0T{TLAMBDA 0 +rF7.3r+ STANDARD ERROR

zZE *çF7.4rs STANDARD ERROR *rFó.41
PRINT3I r STDEVT AMEAN
FORMAT(IHOçIISTANDARD DEVIATION *¡F6.4ç* SUM

MEANS=S/Rill
RNN=SORT (RN )
SES= ( STDEVIIRNN ) /SORT ( BOTT )

SEI= ( 1.0/RN) + ( Rlrj*MEANS.lMEANS),/ (B0TT)
SEI=STDEV,IT (SORT ( SEI ) )

PRINT900çSESTSEI
FORMAT ( IH0 rnSESr+ rEI4 .7 ¡2X r*SE I*r E14.7 )

PR INT32
FORMAT(IH0ç+ $$S5$ HERE ENDETH THE (6400+l)'TH

?IR SYBIL $$S$Sü')
G0 TO 100
CONT INUE
END

*rF6.4rÕ+++++ION SI

0F DELIAS *rFó.4)

LESSON FROM ORACLE P

Þ{
co



c
c
c

c
c

SUBROUTINE SUROC

SUBROUTINE TO CALC. EOIJIV. COND'

COMMON C (30) rQ (30) rGA (30) rCG(301 rFZ (301 rVF (30) rFM(30) rBCFM (30) I

loc(30}r0L(30)IFMI(30)IBCFMI(30)IQCI(30lrQCP(30tlTDT(30}rD8(30)r
zDLo ( 30 ) r soDL ( 30 ) ç sG ( 30 ) rpKN (30 ) r DQo (30 ) rt{T (30 ) rR (30) ¡BARM ( 30 ) r

3DEN(30) r0P (30) çDK(30) I
4D r AA r0Z ç FKAP T ALPHATBETA rEl ¡E?ç J

B=56C.37l (D+AA)
CR=CG ( J )

SORC=SQRTF ( CR )

Y=FKAPI A A{'SQRC
SVF=0.000473nCR# ( AA'tn3 )

VF(J)=l.o+SVF
w=0.7071
X=Y
CALL SUBENE(XTENE)
TZ=ENE
Pl=1.0+X+0.qr'XlrX
P2=1. 0 +W'r+X + 0 . 25+Xr¡X
P3=l . c+w+tx+Û . I óÉ 7r+X *X

P4=?." 0+PZk ll. I +X ) rt ( I. 0 +X )

P5=2.0sP3#P4
P6=0.4576/ (e4l't?3l
X=(1,0+t¡l)+Y
CALL SUEENf ( X ç Ërr,tE )

T I =ENE
X=(2.0+r,l/)råY
CALL StJtsE'NE (X' AT\IT)

Þ\¡
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$$$s$$$s$$$$$$$s$$$s$$$ SUBRoUTINE SUBSC CoNTINUED $$$S$$$$$S$$$$$$$

T2=ENE
x¿X/?.7071
TR I = ( 7. 0rT2+ P I rlT I -4. 0+P I rP?lûl Zl / ( 4. 0{+P4 I

.XSQgX!X
PM2=-9 . O / 4. 0 + 9 .O*W / ?. 0 + ( -7 .O / l?.A+7 .A*Y / 3. 0 ) rX + ( I . O /?4. 0 + 7. 0rl/l 2.

t0)rxso
BF?3=Pt42 /PS

' AL8=8 .0n8F23 +2 .0 /P4+p5
TQp=I . 0+ ( 9. 0{1|,J/I . 0 +0 . 5 ) nx + ( l{ + | . 0 / 24. 0' nxs0
BQT=PZIP3å(1.0+Xl
RATIO=T0PlBOT
BM I =4.0{tRATI0
BMz- (4.0r+(1.0+0.75*X) )/(P3n(1.0+X) )

ALGV=(16.0+6.0r1hjo(7.0+l0.0rlw)ìX+(3.0+4.011td)*xsQ)/(48.0{1P2*(1.0+X)+
I (1.0+X) )

TF2=-8.0l+ALGV-4. 0{tTRl +4. 0/ l3.0nBrúPZrs ( I.0+X) )

TF I --¿+, 0iTRl-AL8+Blt{ I /B+Br4?/ ( 8{rB ) -?.0 / (B*{t3 )

FNEG=-ALPHA{tS0RC +E Il1CRJ1TF I -EznCR *T F 2 /Q7.
F¡,i(J) = ( 1.0+FNEG) /VF (J,
BCFM (J) =BETArf SCIRC{+FM (Jl / ( I . Q+Y )

0C (J) = (G2 (J) ) n (QZ¡+FM ( J) -BCFM ( J) )

RETURNI
END

Þ
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c
c
c
c
c

SUBROUTINE SUBENE (X IENE )

SUBROUTINE FOR CALCN OF NEG.EXPONENTIAL INTEGRALS

.. . . . FUOSSSACCASCI NA r ELECTROLYT IC CONDUCTANCET INTERSCIENCE I 1959
r.... PAGES lsQ T0 153

CON = -LOGF(Xl-0.577?2
FN= 0.0
FAC = 1.0
T0T =0.0
ONP = -1.0

30 FN=FN+ I .0
FAC = FACiIFN
0NP = -1.0+Xr+0NP
FNTH = ONP/ ( FN¡¡F AC )

TOT=T0T +FNTH
TRM=ABSF ( ( I .0E4) nFNTH)
ABT=ABSF (T0T)
IF ( ABT-TRM ) 30 r 30 ç40

40 ENG=CON+T0T

C..... WHEN USED h,ITH PROGRAM PITTSV2 THE CARD IMf,IEDIATFLY BELOW

ENE=ENGäEXPF ( X )

C..... MUST BE REMOVED FPOÞI TI.'IS ROUTINE
Cf++$+{'lt+lt+Jtt$#rÁtt+lllfltitltra##l¡f.rt+-)?{tttJtlfJlltl¡{t+lllt?$ltltr¡*lf'l+ltltltlåìtltlfifJSlt#ìtJ¡*ltltltllJtlilllllfll+

RT TURN
END '-

Þ
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SUBROUTINE SUBGZ (TATPKVTMI tS0RDTTQQ)

SUBROUTINE TO COMPUTE GAMMAIGIVEN ASSOCN CONST

..... FUOSS$ACCASCINATELECTROLYTIC CONDUCTANCETINTERSCIENCETI959 P.9?-3

(30) ro(30) rG2(30) rCG(301çf?(30) rvF(301rFM(30) rBCFt'.l(30) I
L (30) rFMI (30) rBCFtlI (30) r0CI (30) rOCP (30t rTDT (30) r08 (30) I
SODL (30) rSG(30) rPKN (30) rD00(30) rt{T (30) rR (30) rBARI'I (30) I
0P (30) rDK (30) r
FKAP r ALPHA rBETA rEl rE2 r J

CK=C(J)nl.0E-4
TAU=TA*SORTF ( CK )
Gl=1.0
Ml=0

198 Ml=Ml+l
IF (l'lt-l 0 ) 203 r 203r I 99

I 99 RETURN
?A3 SRG=SORTF (Gl )

TOP= (4.?O 132E6 ) / ( SORDTT*+3 )

B0T=(50.294)/(SORDT)
SRC=S0RT ( CK )

FZ (J) = (TOPTeSRCnSRGr / ( I.0+ (80Tr15.0ltSRC+SRG) )

FA (J) =EXP (-2. 0{tFZ (J) )

VAR=PKV+CK+F2 ( J )
IF (VAR-O.03) 204ç205ç?05

ZO4 G2 (J) =1.0-VAR+2.0Jl(VAR*tlr2) -5.0n (VARl++3)

GO T0 ?06
?05 G2 (J) = (SQRTF ( I.g+4.0*VAR)-I. 0l / l?.0{rVAR)
?06 t¿q16=ABSF (Gl-G2 (J) )

COMHON C

l0C(30) rO
20LO (30) r
3DEN(30) r
4DTAATQZç

c

Þ
@
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c

c
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$ss$$$$$$$$$$$$b$s5$$ $ S SUCROUTINE SUBGz CONTINUEO $$$$$S$55SS$$$S$$

2Dlç202ç?0?
?a?

20 t

THE
ABOVE WITH
SËT TO 5,0

IF (TESTG-O. OOOO5 )

Gl=G2 ( J )

G0 T0 198
CG(J)=CKr¡G2(J)
RETURN
END

ACTIVITY COEFFICIENT IS COMPIJTED IN
THE DEBYE-HUCKEL EQIJAT I ON bJ I TI-i THT

RouT I NF SìJBG2
I ON S I ZE TERt¡

L I STED
çA)

Þ
@
(¡)

IF CO¡,1pUTAT ION irirITH THE DEBYE-TtUCKEL LIMIT ING LAW IS DESIRED

THF ASTERISKED CAED IS gXCHAhIGED FOFI-
F2(J ) = (-2.0'rlTAU++SË'G)

FOR coMPUTATION L,JITH TI-tE IIEBYE-HUCKEL EOUATTOf\J [rITH A SET TC)

THE BJERRIUM CPITICÂL DISTANCE r00r
F?lJ) = (TOPttSRCrlS?G) / ( 1.0+ (tl0T{+(JO{'SRCrâSRG) )

FOP ITEI]ATËN A I.f . A OF THE ACTlVITY COEFF ICTENI
EOUATED TO AND ITEeATFD lllITI-' a nF TFE FUOSS-HSIA EOUATI0N ThE

FOLLOhJING CARD IS USEI] IN SU!¡G2
F?(J) = (T0F+1SiìCrlSkçl / ( I .0+ (B0TnAA+lSRCr¡SRG) )



c
c

c

,SUBROUTINE. LAMCAL
coMÈtoN oi¡ol rec(30) çocI (30! rocP(301r9!!391:99119) rDOQ(301rDLo(30) t

esoDL,(30) rTDT (30irc(30) rRC(30) TKAPPA(30t TTERMI (30) rTER!'12(30.) TTERM3(

3301 rSG(30) '4IrAArOZrR2rTERltt4
.,.,.. BASED ON EOUATION 16 OF PIITSTE. TABORTB.E. AND DALYTJ'r
..... TRANS. FAR. SOC.;65r 849 I (1969 )

REAL KAPPA
Y=KAPPA(I'*AA
Vl=v+l.o
yp2=l+R2

.... CALC-ULAÍ E VALUES OF SI $ YIl ( I+Y)
cAtL slTl(YrslrTl)
FI-82-(IERMI (l)/Yll
l2=YR?*2 .414?l36nY I
F2=l.O- (TERM?(fl /F?l
F3=02+Sl -T t*TERM4
F3=TERM3(I){F3
OC(I)=Fl*F2-F3
RETURN
END

Þo
rÞ



suBR.urINE DELTA 
50) rAA(50) rG(50) rB(50) TDELCAL.(5COMMONC(50) rRC(50) rEC(50) rK(50) rH( 

CC(S0) rDEV(501rECC(201 çDcALCAI (50) TDCALCA2(50) TDELEXPT(50) rDC(50) rt)
350 l rDIV (50 ) I
2 AçNrEC0rR2

C..... SUBPROGRAM CALCULATES DIFFERENCE (LAMBDA O - LAMBDA(I) FOR EÂCH

C..... VALUE OF I GIVEN AN ESTII.,iATE OF ION SIZE AND LAMBDA O

REAL K

D0l I=l rN
Y=K(I)nA
Yl=Y+1.0
YR2=Y+R2

C..... CALCULATE VALUES OF SI $ TIl (Y+I )

CALL SITI(YrSIrTl)
C..".. CALC LAMBDA 0 COEFF'¡r"tF3

Fl= (AÂ ( I )*RC (ll I / (YlrfYRZ)
F2=F(Iì{lC(I)rlsI
F3=ECQn(FI+F2)

C..... CALC G CO€FF....F4
l4= 11. /Yt Ì- (FllYl ) - (H ( I ) nRC ( I ) nTl )

l4=G(I)rlRC(I)nF4
DELCALC(I)=F3+F¿+

I CONTTNUE
RE TURN. ENI)

Þ
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SUPPOLJTI\!E St Tl (YrSlrTlYl)
C.... SURPRI)GRAI"1 CALCI.,ILA.IES ST $ TI / (I+YI SEE PÏTTS
C..... A?11ç43rI95.-ì. FOP Sl ..'EQN' 3'99 FOR Tt

R2=1.414?137
YBI=Y'äl.7A7lÛ67
YF.7=Y #2.7 0 7l 067
YR2=ir'?+Y
Y R 2 2=YR 2+Y a?
Yl= 1.î+Y
YIS=Yl+Yl
FY=fXP(Y)
Y2 =Y* Y

EYtll=EYÐ(YÊl)
EYÊ?=f XP (Y'ìz¡
T0P= 7 .-l?79??¿+ + ( Y tt5.7.4?e4I | +?tiYz
T'¿oi\.1 I =T,.'P,/ ( 9. ¡,i'.Y I S¡-YR22 )

X=\
cALL- StlqF-\,E' (Xr f[rr)
E I Y--ENJI--
Tr-ot12=ÊY / (q .lì?Y I )

TFpM )=TF-pl,i2ìtL- I Y

T[ aM]= ( 9. E9q4q-tÉ {'L \î.?-, / ( I6. 'ir+Y I S{'YRZ )

PRoC. ROY. SoC.
EQN ' 3.58

Þ
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$$ss$s$$$$$$s$$$$$$$$s$ su*RourINE Sr Tr C'NTINUED $s$$$$s$$$5$$ss$$

C....

X=YB2
CALL SUBENE(XrËNrE)
E I BETA 2=ENE
TERM3=TE RM 3nE I BF T Aa

lEp¡,t+= (R2+FYB t ) / ( I 6' 0*Yt ìtYR2 )

X=YB I
CALt St'BENE(XrEl'rE)
EIBETAì =ENE
TEPM4 = TERM4T+EI?ËTAl
S I =TERM I -TERMZ +T ERM 3 + lERM4
ðÀlcularE PITTS TIl ( l+Y)
TEFMI=3.0/ (4.0+YR2)
AX= ( 4.?4?-641 I {EY3 l ) /YR2
AX=AXr'EIBETAt
AY=?.0+*EY*tfIY
AZ=3.0/8.fr
TERM2=AX-AY
TERM 7=A7 'tTEPM2
Tl=TFRMI +TfR''12
TlYt=fl/Yl
PETURNI
END

i

Þ
@
-¡



A88

REGRESSION PROGRAIVIS

PUTT AND DODO3

Progranrs fit a data set to polynomials of the form

y=P'+Qtx*Rt*2+s'*3

by the method of least squares.

PROGRAM PUTT

This program fits a data set to first, second or a third order

pollmomial - a potynomíaI per data set'

Coefficient Pr is evaluated by the program'

INPTIT

Card 1

FORMAT 1 - The order of ttre polynornial, J, and the number of

data pointsr NO.

Cards2+NO+l
FORMAT 2- A value of x a¡rd y Per card.

Card +2
Next system or bla¡rk card before EoF'

Oi]TPUT

The coefficients of the polynomial, their standard errors, ttre

deviatíon between input and calcutated y for each data point and

the standard error of the fit of the data to the polynomial.

SUBROUTINES . INVERSE ANd TERR.

PROGRAM DODO3

This program fits a data set to second, third and fourth order

polynomials - a nominated order per daÈa'set.

Coefficient Pr is fixed.

INPT.]17

Card l-

FORMAT I - The order of Èhe potynomial, J, the nr¡mber of data

points, N, and the coefficient Pr, r!üIERc-



A89

Cards2+N+1
FORMAT2-ASPUTT.

CardN+2
Next systen or bla¡rk card before EOF'

OUTPUT

AS PROGRÀT4 PT'ÍT.

SUBROUTINES - IN\IER-SE and YERR.



c
c

PROGRAMPUTT ( INPUT ' 
OUTPIJT )

DIMENSION X (50) rY (50) r A ( I0r l0) rB ( l0) rc ( t0ç l0 ) rco ( t0) çYY (50) rZ (50)

J IS THE ORDER OF POLYNIOMI AL

NO IS TI-'E NUMBER OF VAI-UES OF X AND Y

READITJTNO
FORMAT(IltI2)
IF (NO.EO.C) GO TO 90
READzT (X (I ) çY(I) rf=lrNO)
FORMAT ( ?F I f).0 )

PRINITIOO
FORMAT ( IHI IIlPRI¡IT OUT I]ATA BEFORE PROCESSING BEGII'IS{)

PRINTIOI
FORMAT ( lH0 r3Xr+X ( I ) nrTX r*Y ( I ) n)

'PRINTl02 r (X ( I ) rY ( I ) r I=l rNO)
F0RMAT(lt|ç2814.7)
PRINTl03.JrN'I0
FORMAT(lH0ç+0RDF.ì OF POLYNOMIAL = +rIlr4Xr+N0J OF VALUES Ofr X AND

+Y = *r12)
CLEAR ARRAYS A AND B

D04L=l r I 0
D04K=lrl0
C(Lr6¡=$.0

4 A(LrK)=0.0
D05NIX=l r l0
C0(NIX)=0.0

5 B(NIIX)=0.0
FILL LOCATION B(I)
D06I=l rN0

6 B(l)=B(I)+Y(I)
FILL REMAINI-ìER OF APRAY B

JK =J
D07M= I r JK

20
t

?

t00

t0l
r02

r03

Þro
o

c

c

c



s$sss$$$$$$$$s$$s$$$$$$,$s$ PROGRAM PUTT CONTINUED $S$$$$$$$$$$s$s$$$

1

C....
C....

tl

t?
C....

t3

C....

50

C....

60

':o
90

D07I=l rN0
B(M+l I=B (M+l ) + (X ( I )n{+M)ttY ( I}
JS=J+ I
F I LL ARRAY A BY RObJS

FILL ROhl A(lrK)
A(lrl)=NO
JL=J
DOIZJO=I rJL
D0t?I=l rN0
A ( I rJ0+l ) =A(I rJO+I l + (X (I )ÐnJO)
FILL ROI{ A (?çK}
JK=J+ I
DOI3J0=l rJK
DOI3I=l rrtlO
Al?çJO) =A (2rJO) + lX ( I ) ì+JO'
IFIJ.E0.l) G0 T0 200
FILL ROri, A(3rK)
JK=J+2
0050J0=2 r JK
D050I=l çN0
A ( .l ç JO-l ) =A (3r JO-l ) + (X ( I )*râJO)
IF (J.EQ.2) GO TO ?AA
FILL ROW A (4rK)
JK=J+3
DOó0 J0=3 r JK
D0ó0I=lçN0
Ãi¿; jo-e ) =A (4 ¡ Jo-?) + ( x ( I ) r'ËJo)
CALL INVERSE (AçRrCrC0rJS)
CALLTERR ( X I YrCOç C 9NO r Jr JSI YY I S)
GO TO 20
STOP
ENI)

Þ
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PROGRAM DO
DIMENSION
REAL INTERC
PRTNTIOc)
FORMAT (IHI T* INPUT DATA Ë)

READ I 02
PRINTIO2
FORMAT (78H

)

READI rJrNr INTFrìC
FSRMAT(IlrI2rFl,l.0)
IF(N.EQ.O) GO TO II
JS=J
READ2ç (X ( I ) rYI ( ¡ ¡ t l=J rl'r)
FORMÂT ( 2F I û.0 )

PFTNTIcÌl
FOeMAT(tH0trtVALl,laS 0t x $ Y'ìESP.#)
PRTf\lTl03ç ( X ( I ) çY I ( I ) t I=l rN)
FOIìMAT ( 2X ç E l 4.7 ç ?¡ IFI4.7I
D03L=l ç l0
D03K=l r I 0
C(Lr()=0.0
A(LrK)=0.0
D0+K=lrlC
CO(f)=0.C
s(K)=0.t1

003 ( INPUTç0UTPUT )

X(50)lY(50)'A(t0ll0)rB(I0)rC(l0lI0)rC0(I0)lS(I0)rYI(50)

l0
r00

l0?
?

I Þ(o
N

2

t0t

103

3



$s$$$$$$$$$$$s$5$$$$ss$$$s PROGRAM D0Lro 3 coNTINUED $$$$s$$$$$$$$$$s

4 B(K)=0.0
DOsI=I rN

5 Y(I)=YI(I)-INTERC
K=2lrJ
DOóL=2 r K

DO6I=lrN
6 S (L) =S (L) + (X ( I ){lr+L)

LL =J
DOTK=1 rLL
D07I=l1\l

7 ä (K) =B (K) + (X (l ) n*K)r+Y (I)
A(1rl)=S(2)
A(1ç?l=A(2rl)=S(:¡)
A(2r2)=S(+)
IF (J.EQ.2) GO TO 5(]

A(3rl)=A(lr3)=S(4)
A(3ç21=Ã(2ç3)=5(5)
A(3r3)=S(6)
IF (J.Ee.3) G0 To 50
A(4.1)=A(1r4)=S(5)
A(4ç?l=A(?q4l=S(5)
A (4ç'l ) =rt ( -1'4 ) =S ( 7)
A(4ç4)=S(8)

5t'r CALL INVEPSE (/\.BrCçCO;JS)
CAt-LYEPe (X 'YI 'CorCrtrçJçJSr INTE-lC)

G0 TO Il:
I t ST()P

ENN

Þ
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l0)rB(10)
NERAL INFORMATION MANUAL

UTER SYSTEI'1S
ALTO TCALIF0RNIA rt'l'S'A'

þIBER r l9ó5
CALLMATRIX ( I rNr I r 0rHr l0rC! l tf+l ) I l0)
CALLMAT-RIX ( I rNr I r 0 rC ( I rN+l ) I I 0rBrl0)

RETURN$END

B
È



SIJBROUTI\IETERR ( X rY rC0rCçNr Jr JS çYY I STEFi)

DIMENSI0N X t50 ) ry (50 ) rCO ( l0) rC ( l0r I0) rFRED (50) rERR (50) rVARC ( l0) rST
nERCO ( l0 )'YY (50)'S0Ë ( l0l

.... ESTIMATE TFIE RESIDUALS "t ERR(I).
IF(J-2)8r9rl0

I D04I=l rN
4 YY (I )=C0 (l ) +C0(2)nX ( I)

GO TO lt
9 DOsI=IrN
5 YY ( I)=CO ( I ) +Ctl (2)+tX ( I ) +C0(3)11 (x ( I) +¿+21

GO TO II
l0 D0óI=lrN
6 yY (I)=CO(I ) +C0(2) *X ( I ) +CO(3)ts(X( I)r¡Þ2) +CO(4)lt(X(I)n+3)

PRINTII3
FORMAT ( 1Ht,î .4X r #x ( I ) + r [4X r f Y ( I ) + r I +X ç +YY ( I ) # I I4X rrËRR ( I ) n )

D02lI=lrN
ERR{I)=YY(i)-Y(I)
PiIII.!TI 1+,X ( I ) IY ( I ) IYY ( I ) IERR ( I )

FOPMqT ( I Xra (Ë14,7 I 5X ) )
Sk=0.0
DO??I-l '|\l
FRED 1 [ ) =ABS (tRR ( ll ) *+? 

"
SR=5P+FREt) ( I )

R=i'l-JS
cAt-cIJLATETHEVAeIAl.'ICE.tVIAESTIþIATEDRESIDtJALS.oERR(I)

c

2T
r l4

??

C....

Þ
\o(¡
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$$$$$$$$$$$5$$$$SS$$$$$ suBRouTINE TERR CONTINUED $5$$$$$$$$$$$$$s$s

VAR=SR/R
PRINTII5tVAR

It5 FORMAT(IH0TfESTIMATED VARIANCE VIA RESIDUALS = *rEl4.-ll
STER= (VAR) ++0.5
PRINTII6;STER
FORMAT ( tH0r+STANDARD ERR0R OF FIT .. (EST. RESIDUALS) =' *çE14.7)
CALCULATE THE STANDARD ERRORS OF COEFFICIENTS
PRINT50I rR
FORMAT(IHOII+NUMBER OF DEGREES OF FREEDOM FOR T TEST = +IF3'O)
PRINTI I8
FORI'1AT ( lH0 r5X r TC0EFF ICIENTn r 7X r*Sf . ERR. 0F C0EFF.* r7X r+T TESTn)

0023L= I r JS
VARC(L)=VAR¡rC(LrL)
STERC0 (L ) = (VARC (L) ) tl#0.5
S0B (L ) =C0 (L) /STERCo (L )

PRII'JTl I 7 r L ;CO ( L ) TSTERC0 (L ) rS0B (L )

FORMAT (tH0ç3Xr Il r2XrEl4.7 q4X'rEI4 '7 ç1)t rEl4'7)
RETUENSE NiJ

I 16
C....

501

ll8

23
I 17

Þ
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SUBROUTIT!EYERR ( X rY rC0 rCrNr Jr JSTTEfì)
C..... SUBROUTINE EAR FOR FIXED INTERCEPT LEAST SOUARES

DIMENSI0N X(50) çY(50) rCO(lû) rC(l0rl0) rFRED(50) rERR(50) rVARC(I0) rST

C....
{TERCO ( I0) rYY (50) rSOB( l0)

ESTIMATE THE RESIDUALS ... ERR ( [ ) .
IF(J-3)Br9rl0
DO4l=l rl',r

YY ( I ) =TEP+C0 ( I ) *X ( I ) +CO(2) n (X ( I ) lt#z)
G0 TO tl
D05I=l çN
YY ( I ) =TER+C0 ( 1 ) +¡X ( I ) +Cn (2) + lX ( I ) 1rtt2) +C0 (3 ) Ë ( X ( I ) ì1lr3)

G0 TO tl
D06I=l eN
YY ( I ) =TER+CO ( I ) rtX ( t ) +Çfl (?l * I X ( I ) rÊ-Þ2 ) +ÇQ ( 3 ) tt ( X ( I )'nn3 ) +C0 (4) + ( X ( I ) nn

{'4 )

PRINTi I3
FOFìMAT ( I H0 ç4X ç')rv ( I ) +r l4X r #Y ( I )'ttr I +X r *YY ( I ) * r 14X ç *E RR ( I ) rt )
DO2IJ=tr\J
ERR(I)=YY(I)-Y(I)
PRJl.lTll4rX ( I ) rY ( I ) rYY ( J ) rIPF ( I)
FTJPMAT ( I X r a ( r-14.7 r 5X ) )

SP=0.0
DO??I=ll rl'..r

FxfD ( I ) =AFS (eaR ( I ) )'*+¡2
SR=SP+FrF-Ü ( I )

l')

I
4

9
5 Þ

\o
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l0

ll
ll3

?l
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$$s$$$$$$$5$$$$$$s$ss$$SUBRoUTINEYERRcoNTINUED$.c$$$$$$$$s$$$$ss$

JR-JS
R=N-JR

C.... CALCULATE THE VARI¡',r.lCE .' VIA ESTIMATED RESIDUALS " ERR(I)

V AR=SR/R
PRINTI l5 ç VAR

II5 FORMAT(IHOI+ESTIMATED VARIANCE VIA RESIDUALS = *T814'11

STER=S0RT (VAR)
PRINTII6TSTER
FORMAT(lH0n*qTAr"-¡ARD ERR0R OF FIT " (EST' RESIDUALS)=

PRINT500rTEl¡
FORMAT (IH0r+ INTERCEPT = $çF10.ó)
CALCI.lLATE THE STANDARD ERRORS OF COEFFICIENTS
PRINT5OI.R
FORMATilH0T.FNLT!1RE-R OF DEGREES OF FREEDOM FOt{ T TEST =

PRINTIIs
FORMAT ( lH0 ç5X r+COEFFICIENTTf TTXT+ST'
D023L=ì çJS
VARC(L)=VAR*C(LçL) l

STERCO (L ) =SQRT (vARC (L ) )

ERR' OF C0EFF.*r7Xr+T TESTI' )

SOP (L) =CO (L),/STERC0 (L)
23 PRINTI l7 rLçCO (L) I STERCO (L) tS0i3 (L)

I l7 FORMAT ( 1¡10 r 3X r I I r ?X qil+'? r4X ;E 14'7 r 7X r El4'7)
RETUTìNSEND

000000000000000000c00c END 0F REC0RD

I

I lf)

500
C....

sûl

llfì

*eEl4.7)

*rF3'0)
Þ
\o
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PROGRAM ROOTEQ

This program, written by D.E. Mulcahy

concentration data to the Root equaÈio"**

squares.

TNPUT DATA

*, 
fia" a set of density-

by the method of least

Card 1

FORMAT 20

N = Nu¡nber of data Points
l,I = An option par:ameter which is equated to zero or r:nity-

If M = I in conjunction with the upper and lower linits together

with the increment defined on card N + 3, then values of d are com-

puted at nominated values of C with the evaluated coefficients of

the Root equaÈion.

A = The densitY of the solvent'

Card 2

FORMAT l-:O2 - System identification.
cards3+N+2

U = Concentration.

Y = The density of the solution-
CardN+3
If M = O, the next syste¡n or a blank card before EoF'

IfM=1
FORMAT 23

HI = Initial value of Èhe concentration range in which

corçuted density-concentration data are desired.

ST = Increment between points in this range.

IIA = The upper l-imit of the range.

CardN+4
AsN+3witt¡M=o.

OUTPUT

The coefficients of the Root equation, their standard errors,

* Reference ø7) Chapter 5; ** Equation.5.2 of Chapter 5.



AIOO

the standard error of the fit of the density-concentration data Èo

the Root equation and the deviation between elçerimental and

computed values of the density for each data point. If the option

M = 1 is exercised, then the computed value of Èhe density at each

nominated value of concentration is also printed out.



PROGRAM ROOTEO ( INPUT TOUTPUT )
TRATION DATA TO EOUN. OF W.C.ROOT
ECTROLYTE SOLNs. 3RO. EDN. PAGE 358
RAMETER I,I=I FOR ROUNDED VALUES OF

ENSITY OF SOLVENÏ

DIMENSION U (30) rY (30) rX (301 çYC (30) rDEL (30) rz (30)

10 READ 20rNrMrA
.2A FORMAT(21?çFI0.0)

IF(N)Il'llrl2
T2 PRINT 2I
?I FORMAT ( I HI )

READI r)2
IO2 FORMAT (78H

I)
PRINTI02
PRINTI00TA

t00 F0pMAT (lH0r+SOLVENT DENSITY = *rF8.6)
f=f=Ç=$=J=!= 0

24 READ 2?ç lU(I) rY (I) rI=lrlv)
22 FORMAT(2FIc).O)

D04I=l rN
x(I)=SQRT(U(I))
Z(Il=Y(I)-A
E=E+X(I)+{r4
F=F+X(I)n*5

ÞHo
H



$$$$ss$$$$s$ss$5s$$$$$$$$iì pROGRAM ROOTEQ CONTINUED $$$$$$s$$$$$s$$s

G=G+X(I)rt+¡6
S=S+Z(Il#X(I)å'{'2
T=T+7.(llf.X(I){''¿3
v=\/+7lI\ttâ?.

4 CONT INI.JE
l)= (S*F-T.r¡El / (F rÍlr2-FÌ'G)
B=(S-D+F)/E
X XÎ.J=l"i

SD= ( V-R+,q-Dft11+t[/ (

SEn=S(lRT (SLt )

Sr:= ( V-R itS-D+T I "*G/ I

Sr-Ft=5qR1 1 ¡r ¡

Pr.ìflrrT I -l
FQa¡t¡\T (eûF1
PkIl'r't 1çFrD
FORMAT (2Fli.6)
PiiTl'rT le
FOp'"1AI (/ /_lnH
PRIf\jT l7çSEíìrqffr
FLrPI'iAT(2t--Ì5.4)
o¡1i rriT 1 5
FL1Rtl41 (//54lH

t)
SDEL=0.1
ìrt=f,1f.¡

( XX¡r-2. ) tr (E+G-F*#2) )

( x x\t-2. ) r1 ( ErtG-Flrä'2) )

c0ì co2

SEI S É.2
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$s$$ss$$s$$$$$$$s$$$$$$s$$ PRoGRAM RO0TEO CONTINUED $$$$$$$$$$SS$$$$

3

5

DOsI=l çN
YC ( I ) =[+Srl-¡ ( I ) +D* (X ( I ) ttrl3)
DEL(I)=YC(I'-Y(I)
PRINT 3çU(I) çX(I) rYC(I) çY(I) rDEL(I)
FORMAT (2Fl I .7 c?F l0.6rEl0. I )

SDEL=SDEL+DEL ( I ) *DEL ( I )

CONT INUI
SDEV=S0RT ( S0EL/ ( XXt!-3. ) )

PRINTI03TSDEV
FOPMAT(lHCr{STANDART DEV OF DATE = *t F10.7}
It (M) l0rl0r6
READ ?3'HlrSTrHA
F0Rt'4AT ( F9.7 sFl 0. 7 ç F I 0.7 )

PRINT Ió
FORM AT I / /4OH C RC DCAL
HO=SORT (HI )

Y0=A +Br+h0Jf +2 + Dìêl'10+Þ 1

PRINT 7çHIrHOrY0
FOPMAT(2Fll.7rF|û.6¡
HI=HI +ST
IF(HA-HI)9.R'ß
G0T0 I 0
CONf I NUE
E l'',rt)
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