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PREFACE

The mechanism of ionic mdtion in non-aqueous electrolyte
solutions is a problem which has not yet bsen satisfactorily solved,
Temperature and pressure coefficients of the limiting equivalent
conductivity permit calculation of activation parameters which help to
characterize the mechanism of the conductance processe. The purpose of
the present work is to obtain, over a wide range of temperature and
pressure, new experimental results to add to the small body of reliable
data now available,

The thermodynamics of the solvation of ions in non;aqueous
media has not been widely stuaied. Ion-pair dissociation constants,
which can be obtained from electrical conductivity measuremenfs of
electrolyte solutions, permit thermodynamic parameters of dissociation
to be calculated, These quantities offer a new insight into both the
nature of the ion pairs formed in non-aqueoué solution and the variations
in ionic solvation brought about by changes in temperature and pressure,

In connection with these studies in acetone, the work
described in Appendix I has been published in the following paper:

The effects of pressure and temperature on the structure of liquid

acetone, W. A. Adams and K, J. Laidler, Can. J. Chem. L5, 123 (1967).




IR I S e 4 T St T e s P A g

ACKNOWLEDGEMENTS

The author is grateful to Professor K._J, Laidler for thne
encouragement he provided throughout the éourse of these investigations,
Professor Laidler's versatility has contributed to an appreciation of
many different aspects of the work. Discussions with Professor B. E.
Conway have been of great assistance., Thanks are also due to R, Martin
for advice corncerning the apparatus and for many discussions of high-
pressure chemistry, Technical help was received from the University
of Ottawa Computing Center staff, the workshop staff of the Chemistry
Department, and three summer students who all gave generously of their
time, |

A National Research Council Scholarship and a Government of

Ontario Graduate Fellowship are acknowledged with gratitude,




- iij =
TABLE OF CONTENTS
, | ' . Page
PREFACE } i
ACKNOWLEDGMENTS | ii
TABLE OF CONTENTS iii
LIST OF FIGURES | vi
LIST OF TABLES | o vii
ABSTRACT 4. ; | X
CHAPTER 1

INTRODUCTION 1
1, General Introduction 1
2. Liquids 8
A General Introduction 8

B  Structure in Electrolyte Solutions 4 .10

C Some Properties of Acetone _ 1L

D Xeray Diffraction 1hh

E Effect of Pressure on Liquids ' 19

3. Solvation | 20
A General Introduction 20.

B Indiviaual Ionic Solvation 2l

C Ionic Solvation in Acetone : | 25

| CHAPTER 2

EXPEIRTMINTAL 30
1. laterials 4_ | 30
A Acetone ' . ' 30

B  Water 33

c Tetra-gfalkylammohium Iodides | 33

D Potassium Chloride 34



2,

3.

Apparatus

A Conductivity Bridge

B Conductivity Cells

C Thermostat

D High-Pressure Systenm

Procedure

A Preparation of Solutions

B Cleaning tnhe Conductivity Cells and Flasks
C  Filling Procedure

D  Measurement Procedure

CHAPTER 3

RESULTS AND CALCULATIONS

1.
2
3.
L.

5o

Equivalent Conductivity

Dielectric Constant of Acetone

Viscosity of Acetone

Concentration Dependence of the Equivalent Conductivity
A Kohlrausch Treatment

B Ostwald Dilution Formula

C  Shedlovsky E%trapolation Method

Thermodynamic Activation Parameters for Conductivity
A Volume of Activation,

B  Energy of Activation at Constant Pressure

C Energy of Activation at Constant Volume
Tnermodynamic Parameters for Ion-Pair Dissociation

A Gibbs Free Energy of Dissociation

B. Volume Change of Dissociation

C  Enthalpy of Dissociation

D Entropy of Dissociation

3k
35
Lo
k2
L8
L8
Lo

52

58
58
61

&

&

72

87
87
96
96
98
98
98

102

102




B

-V -

E Internal-Eriergy Change of Dissociation 102

7. Errors . | 110

CHAPTER L

DISCUSSION , ‘ 116
1. Conductivity 116
A ' Summary of Results 116

B Walden's Rule and the Limiting Equivalent Conductivity 121

C  Energy of Activation for Conductivity at Constant Volume, E,
~ and at Constant Pressure, Ep, and the Pressure Coefficient

of Conductivity 135"

D The Hole Theory of Liquicis and Transport Properties 139

E  Volure of Activation for Conductivity 15h

F Summary of Conclusions ' 162

2. Ion~Pair Dissociation 163
A Sumary of Results 163
B General Discussion | . 165

C Variation of Ky with Changes in the Ionic Radius 167

D  Fuoss Theory of Ion-Pair Dissociation v172

E  Summary of Conclusions 187 '
APPENDIX I ' 188

The Compressibility of Acetone

APPENDIX II . 209

Primary Results

APPENDIX III ' 215

Computer Programs

CLAIMS TO ORIGINAL RESEARCH 235

REFERENCES ' | 236




- Vi -
LIST OF FIGURES
Page

1.1 Sketcn of the acetone molecule based on the van

der Waals radii (a) perpendicular to the plane

of the molecule (b) in the plane of the molecule, 15
1.2 Experimental curve for liquid acetone at 18,5%1.50C

X-ray scattering intensity against sin(§/2)/\

measured by Danilov, Zubko, and Danilova (29 ). 18
2.1 High-pressure conductivity celle : 36
2.2 Atmospheric-pressure conductivity cell. 38
2.3 Solvent conductivity cell, 39
2.4 Photographs of the conductivity cells (a) high-

pressure conductivity cell, (b) atmospheric

conductivity cell, and (c) solvent conductivity

cell, il
2.5 Diagram of the high-pressure system. L3
2.6 Photograph of tie apparatus, Iy
2.7 High-pressure conductivity cell holder. L6
Lol Walden products in acetone plotted as a function

of ionic radii, ’ 123
L.2 Test of free-volume theory with the high-

pressure conductivity data of Brummer (119)

in N,N~dimetnyl{ormamide, 1L
L.3 Test of free-volume theory with high-pressure

conductivity data in acetcne, 145
bk Ao plotted against ™% at two pressures. 116
Le5 Semi-logarithmic plot of the pre-exponent of the

isochoric plots of 1ln o versus T™" against the

volume, 151
4.6 Volume of activation for conductivity corrected

for solvent compressibility plotted against

specific volume of acetone, 156
Le7 Logarithm of the dissociation constant

calculated from the Fuoss equation plotted

against the ion-size parameter, . 175




1.1 (a)

(b)

2.1
2.2
2.3
3.1
3.2
3.3
EN

3.5 (a)
(b)

3.6 (a)

3.7 (a)

(b)

3.8

3.9

3.10
3.11

3.12

- vii -

LIST OF TABLES

Enthalpy of Ion-Pair Dissociation of Some
Salts in Acetone Solubion Calculated from
the Data of Blokker (1 )

Energy of Activation for Conductivity at
Constant Pressure for Some Salts in Acetone
Solution Calculated from the Data of Blokker

(1)

Melting Points of Tetra-np-alkylammonium Iodides
Specific Volume of Acetone

Conductivity Cell Constants

Equivalent Conductivity of EthNI

Dielectric Constant of Acetone

Viscosity of Acetone

Experimental Onsager Slope, Sayn, and le_tﬂnc
Equivalent Conduct1v1tv at Atmospheric Pressure,

o}

Experimental Onsager Slope, Sewn’ and Limiting
Equivalent Conduc»1Vﬂty)j\

Theoretical Onsager Slope Calculated from the
Terminal Shedlovsmy Tteration for ! LehNI

Experlmental Onsager Slope, Dexp: and Limiting
Equivalent Conductivity,

Theorstical Onsager Slope Calculated from the
Terminal Shedlovsky Iteration for EthNI

Experimental Onsager Slope, Sexps and Limiting
Equivalent Conductivity, o, -

Theoretical Onsager Slope Calculated from the
Terminal Shedlovsky Iteration for E—PrhNI

Theoretical Onsager Slope Calculated from the
Terminal Snedlovsky Tteration at Atmospheric
Pressure

Limiting Equlvalent Conduct1v1ty at Atmospheric
Pressure

Limiting Equivalent Conductivity

Dissociation Constant at Atmospheric Pressure

Dissociation Constant

Page

3L
50
55
59
62

65

69

70

71

79

80
81
83
8L

T,




- viii -

3.13 (a) Least-Mean-Square Fit of Equivalent Conductivity

3.5
3.16

3.7
3.18
3.19
3.20

3.1
3.22

3.23

3.2k
3.25
3.26

L.
L.2
L3

b (a)

(b) Paramsters Calculatzd in the Shedlovsky Treatment

(b)

of EthNI to the Square Root of Concentration
of EthNI for the Final Iteration

Volune of Activation for Conductivity of

Me) NT Corrected for Solvent Compressibility
at "Different Salt Concentrations

Volume of Activation for Conductivity of

Et) NI Corrscted for Solvent Compressivility
at Different Salt Concentrations

Volume of Activation for Conductivity of
n-Pr) NI Corrected for Solvent Compressibility
at Different Salt Concentrations

Volume of Activation for Conductivity
Corrected for Solvent Compressibility

Volume of Activation for Conductivity
with No Correction for Solvent Compressibility

Energy of Activation at Constant Pressure
for Conductivity

Energy of Activation at Constant Volume for
Conductivity

Gibbs Free Energy of Dissociation

Volume of Dissociation Corrected for Solvent
Compressibility

Volume of Dissociation with No Correction
for Solvent Compressibility

Enthalpy of Dissociation
Entropy of Dissociation

Internal-Energy Change of Dissociation at
Constant Volume '

Qualitative Summary of the Conductivity Results
ialden Product at Atmospheric Pressures

Walden Product

Conductivity Parameters in Acetone at
Atmos~h2ric Pressure and 250C

Stokes Law Tonic Radius at 26461°C and
Atmospheric Pressure

86

89

90

91
92
9l

97

99 .

100.

103

105
107
108

111
117
118
119

12l




L.5

}-l»oé

Le7

L.8

h.9

Comparison Between the Volume of Activation
for Conductivity, Self-Diffusion, and Viscosity
and the Average Volume of Holés Estimated by
Furth's Equation

Qualitative Summary of the Ion~Pair Dissociation
Results

Ion=-Sige Parameter Calculatad from the Fuoss
Equation

Ton-Size Parameter Calculated from the Fuoss
Equation at Atmospheric Pressure

Average Ion-Size Parameter for Nine Pressures
Calculated from the Fuoss Equation Results
of Table L.7

Ion-Size Parameter Calculated from the Experimental
Volumss of Dissociation and the Pressure
Derivative of the Fuoss Equation

Ion-Size Parameter Calculated from the Experimental
Enthalpy of Dissociation and the Temperature
Derivative of the Fuoss Equation

Average Ion-Size Parameter Calculated at Several
Temperatures

159

164

177

179

180

181

183

185




ABSTRACT

The equivalent conductivitiés of tetramethylammonium iodide,
tetraethylammonium iodide, and tetra-n-propylammonium iodide in acetone
solution were determined at temperatures of 25° to SSOC, and ét pressures
from atmospheric to 1.1 kbar, The results have been analysed by the
Shedlovsky metﬁod. The limiting equivalent conductivities have been
interpreted in terms of activated complex taeory; the energies of
activation for conductivity at constant pressure’and at constant volume,
and the volumes of activation for conductivity, were calculated, The
hole free-volume theory of liquids has been discussed for different
solvent systems and found to give a satisfactory explanation for the
observed pressure and temperature coefficients of conductivity, viscosity,
and self-diffusion in several solvents. The magnitude of the limiting
ionic equivalent conductivity has been snown to depend in a critical
way on the ionic radius and on the relative stréngths of the ion;solvenﬁ
and tne solvent-solvent interactions.

The ion-pair dissociation constants determined from the
Snedlovsky analysis were used to calculate the enthalpy, the internal
energy at constant volume, the entropy, the volume, and the Gibbs free
energy of dissociat;on. The sign and magnitude of thesé parameters
over the range of conditions of temperature and pressure investigated
indicated that the free ions in acetone solution are extensively solvated
and that, depending on the conditions, solvent-shared or solvent-separated
ion pairs are formed,

The compressibility of acetone has been redeterminéd at
temperatures of 25° to 55°C, and at preséures from atmospheric to 1.1

kbar, The results have been fitted to the Tait equation, and values




e

of (@PVBT)V and of the internal pressure nave been calcu
capacity at constant volume has also been deduced as a T
and temperature, The variation of these and other deriv
has been shown to lead to conclusions about structural c

liquid,

lated, The heat
unction of pressure
ed quantities

nangés in the.




CHAPTHR 1
DITROTT STION

l. Generel Introduction

Experimental and theoretical ressarch on the thernodynanics

of electrolyte solutions hzas bsen devoted nainly to the problams of
ajueous solutions, However, water has many special properties which

divert attention frou those properties of électrolyte solutions which
are corvion to rmony solvent systems, but which are not obvious in a4ﬁeous
systams becauss of the uniyue hydrogen-bonded structure. Furthermore,
even in ajueous systems fau studies of electrolyte solutions have been
rficient range of tenperature, volume, ard presszure to
indiccte the complexity of the narametsrs which a e usually measured only
at 25°C and atriospheric rressure. icetone, an orsanic solvent caséble of

dissolving nzny ormanice ar nd inorzanic gzlts to a concentration which nemilts
¥ s he

G ———

tha neaszuransnt of the slsctrical con wduetivity to a reasonable srecision,
Was the solvent used in the prasent studies. icstons is razdily avclluble

in a form containing orly water as an impurity. The large comnrassibility

et
w
14
o
3
n
[s
=
r.-l
}-l-
ot
B3
O
L+
ct
,3"
'3
D
<0
jo7)
o)
(261

‘mz2kes a wide rance of volumes accessib
maintainiag very high pressures. 4t room tamperature and atmospheric

sressurdy acstone is closs to its bolling point { 56.2°C ) and would be

atie

i
Ui

exnacted to show fawer fecturzs of the short ran g2 ordsring charactsr
of different solvsnt-zolvent intaractions sgecific tolziven solvent than

1f the 1izuid studied were clos= to its freezing point, Tt is thought

that tha conluetivity behcvioﬁr of salts in acetone solutions in ths
ranze of tarparatuve from 23°C to 55°C and of Oressure from 1 to 1100 nar,

should refleat a pattorn which is cormon to meny solvant svstems,




Bloxker studied the conductivibies of LiCl, LiR-, IiI, fTaTl
3 ) ? 3

ct
w0
J-de
"
ct+
@
3
b3
[}
3
j&)
ct
Pt
H
[\1]
w

solvent in eguilibrium with the vapour was determined a
between 23° and 218°C in order to obtzin the equivalent corductivities,
The conductance of 1-4:1,8T was found to decreass with tiwe, This
obssrvatios was also mode in the present work for -3u T and 1% is
thought to be tha rasult of 2 raversas bis

triclkylonine and 2lkyl lodide are non-ionic products of the dscorposition
of tstraalklawioniwn iodide, Other difficulties exrperienced by Blokier
were the cerystallization of the more concentrated solutions of Lifl, Mal,
KI, and Calp s2lts ot higher tanpsratures, 3lokker 4i
limiting egquivalant conductivities or ilon-pair dissociation constants from

onductivities

Q

the concantration darzerndance of the observed eguivalent

However, a decrzase in the sjuivalent conductivity with temvsraturs ias
’ . 2y ' &

zir or triple-ion formation. Some results caleuluted from

P.va

ascribed to ion-;
these datz are showg in Table 1.1,

4 study of several sslte in acetonitrile (€ = 33,8 a2t 2597)
batusen 159 and 30° by Mine end ierblan ( 3 ) has resulted in zn onalysis
of the nmechanism of lon-nalr fomation 2nd conduchivity, and is sinilar to

-y

that undertaken for acetone solutions in the »resent work. Mine and “Jerblan
did not, housver, maasure ths conductivity 2s 2 function of pressure, The

sz2lts stulied vers LiCl0a, 7all0 4, KClO4, Ml1l0yg, CsClOy, 2nd 2E4NCL04.




Table 1.1 (a)

Enthalry of Ton-Tair Dissociation of Soms Salts in jcetons Solution

Caleulzted from the Datz of Blokker (1 )

(keel rmole™t)

Temparaturs (°C)

Salt 30 60 20 120 130 . 180 210
LiCl ~2.9 -10,5 ~13.2 -19.6

LiBr ~246 -2.0 -1.9 0.3 1.0 4.6 9.2
LiT -1.8 -0.5 -1.7 -1.1 -2.2 1.9 0,1
Mal -1.9 -2.0 -3.2 3.7 -5.5 ~7.4 -11.1
X1 -242 -2.8 -3.5 -4,7

_j::'A.m T.\TI _008 _0-8 "'112 "_105

Cal, sl =07 =08 =16 -4.7  -5.7 4.3

Table 1.1 (b)

Inarey of Activation for Conduetiviiv ab Constant Pressure for Some Salts

in icetors Sclutien Colenlatad fror the Dotz of 3lokksr (1)

(xcal mola-l)

0

Teuperature (C)

Salt 30 50 %0 20 150 180 210

ric1 L4 0.3 -0.8 1.9

LiSr 0.5 0.5 0.0  =L.7  =3.0 -5.5  -g.9
LiI 1.6 0.8 0.9 0.0  =0.6 =42 ~5.4
Nal 1.2 0.8 0u4  =0.4  =0.3  =1.5 2.4
KT 1.5 1.2 1.0 0.2

i-AnaNI 1.5 1,3 1.0 0.8

Calz 1.3 0.9 0.2  -0.2 -1.5 -2.9 —4.4
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for sach tenns
2. The enthalpy of ion-jair dissociation was estimated from T
AHd + 23p obteained in the f_ollo-fsing waye The tanperature dsgendsnce of
In(XzA 50, whick is the slope of the Ostwald dilution law plob of o\
againgt A_'l, allows the calculation of Aﬁd’ 2%pe This procedure is
discussed in Chopter 3, |

3« The enthalpy of dissocizbion is negative, the process is exothermic,
except for LiBr and Lil at higher tempsraturss whers the'Ep obtainad Yy
extrepolation is alnost certainly in error bscause tHers were insufficient

points to sxtrapolate to a concentration reglon of nsgligibls ion-pair

formatior,




All of the salts, with the sxesption of IL,NCl0,, were found to be
associated to ion pairs in acetonitrile, The fres-energy of dissociation

dissociztion iz exobhernic for LiCLO, ( 0.3 keal mole™

= -1 . . ,
(-1.57 kecal mols ~) and endothemuiic for KCl0, { 0.41 kcal riole

ions in the ifon-pzir fomuation process. The cation-anlon Interaction

produces a grecter nagative entrozy chonge for smaller cations. Tha

haat of dissociation bacoies mors endothermic =ith inersasing cation

joé ]
e
3
ct
=
[\
|
O
e
[$]
£
[
=3
w

slze, raflacting the wsakor cotion-anion interaction

formed with larcser cations, I: is concluded by iinc and .jerblan that

etonitrile, This vies is not thought

0

contzet ion zairs are fomied in a
to be correet, sines the entropy changes of dissociztion measursd were

not sufficiantly'neéative, about =20 e.u. would havs been more reasonable,
to corrassond to the productlon of two singly charged ions fron the neubra

0o

n pzir. The results obtained woulld airear to bs

(W
(o]

state of the contoct
roTe consistent with either a bolvnnt-ue; ratsd or & solvent-shared modsl
of the ion palr, Consid arations of the arxslicability of different models

of the-ion pairs formad in solution w11l be-discussed nmors fully in




the individuel ionic activztion paramebars ware estimgted., It is sugizazted,

)

e larzer ClOs, 3Zt.N , and COs ions underso translation in soluition withoud

-* *
r colvation laver, the smaller cations Ii 2nd Na with their

zrirery colvation solvent molacules. In the latter case, the rechanism
of the movesiant of the ions is determined by the solvent rolecules in

N + + . N .
the sescond solvatior layer. ¥ and R:' ions have o mechanism of ionie

nizration intermiedicts betwsen these tuo extranes.

Thare is a fundenental & Tficulty which has not vat been

{3

satisfactorily resolvad in connection with the activation theory cf

discussed by Tills | 5) a1@ ean be illustrated by the follouing analysis
which 1s carriad out for tarperziure changas, bub conld eguelly well have

25, The snergines of activetion for conductivity

o’
[
P
3
fu
O
>
w
L]

or preszure chan
at constant voluse, 'E.V, and 2t constunt prazsure, EP, are dafined by the

ejpuation

whera R iz the zag constund
T is the tauercture in X
_A is the 1initing eguivalent conductivity

0 R . : .
M\ and A © ure the 1initing ionic 2guivelent zonduetivitiss

+
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2 0 S e : :
WS e el 7wt the ILadtirg traisport nunbers Fop blee euhions wig

T el paraentors cull be geen to be ’flithﬂ enly ifT ¢, + ¢ r{r,z),

- )

in Tietoolee 7wt B oara clinple sune of the ioadc montribvbions,
¥

T ) FUTE [N . P e, S A - P T
oLl oLamrescnts of »otranscport numbars uooa funetion of to Qoratuzne
R e e ‘- 3T 3T - DA ] - 1\~ 4 b A -
deco g mrames gy cvedlohle this point can not be settleds Iouscver, by

ST LG @ eomdin of wultn whick contair a comon ion, the offant of
v veriotion dn thewulon or eakion can be asti-ited,

TLn ew prescibility of liguid acetone wus :nusured L the srroent
WL T Ul monditione 259 to 55°C wna 1 to 1100 bu;;' pracmre and scrv'zrui .

Chermiolmiia 1.1"0:"“1.1"‘ of ¢

O Lnnle nohilit, und io -9;;11* Torration to ba

Tho sondustivibies of the iodilde
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vTLr e LT e e, Tmal cLgnumenonts of Sl eones nbvotion

- St oT U e ogrivalont ceccebivity, the ion-gudv dieooiotion

e syeten were evdluutod, This Lopk is pasontal
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constants and the limiting eguivalent conduetivitiss were obtueined

as funetions of the temperaturs and bressure of the system. The
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esults wmiphasizes the importance
of molecular prosarties of the solvent. Ths structursl propertiss of
layad by solvent structure

in lonic solvation and the energsbics of solvsation in nop~agueous mediaz
< 3

are two aspects of prime irmmortance to the ?roblam of the mechanisn of

ionie mobility und iom-nailr formatiorn in acstone solution, For this

x
reason the next tuo sections of. this chapter deal with liguids znd
solvation, both from & sonehat genaral point of viaw, Unfortunataly,
there cre still far t60 few 2upsrliental themnochenicsl messurensnts
01 non~-ajueous slacirolyts solvant systens for it to be possivle to
make very riany gsnerglizations on theair bah aviovr. It is just this
uncersalnty as to what feztures are to b expacted and are saneral for -

all solvents, and what features are particular to & given solvent, shich

mekes the intersratation of mazsurarents of thie kind such zn intaresting

2o Lignida

A Goreral Imtroductio

The 1licuid state.possesses cheractaristics of both ths
Saseous aﬁd gclid states of matter. Unlike e erystalline solid which
is defined prinarily in temis of the orderly spacial arransement of
moleculss or ions extending ovar a fgerosconic region, the ligquid
displays a remularity of arran:ament of its molseulss ovar only
fer riolsculsar Aiometars, Ihis short-runge ordar 1s-not prassnt to the
sane extent In sases. Anothar critarion which eon be ussd to
distinznish betweon the guseons and 1i: wid stetes s the molscular

free path, “hsn thn rolaenlas serparate herond o cerbain distmee,




ore intveracvicn to tie next uithout Yeing influsnced by nei:hbouring

molecnlss. “hen ths dsnsity of a fluid, even above ths eriticsl point,
is sueh thot rolecules con not translate without heing inm the rangs of

interastion of z neizhbouring riolacule, it is ziors convenisnt to treat

glass

(8

A rather speciul elgss of ligquids sare the slosses.

1ost liguids exgerience when they freeze. Lccording o anz2il (7 ), ihe

1

rof liguide as ther anproach the zlass trunsition is due

D

C

confisurational restrictions to relzxation at hish density. On the busis
of exgerinmentcl work with ionie melts at low tsmperaturss, the liguid
state 1s visued by Jng2ll as being continuous throush the erystallizstion
tamperature and temiineting in o slass tronsition., A glass, tharefora,

m~

con be thought of as a liguid which, for the fire gecle of ths exneriuant

of interest, haz o nezligivle confirurctional entrony.
The 1liguid stcte 1s intemiediibe batueen thet of the cerystal-

line solid md the diluts scas. Ilodels shich atbewst to idaclizs

cerbuln faaturas of the lijuid state to enable the exnerinentsl prozerties
to be theorstic:lly sstimated therefore sxterd from the sxtromes cof

the latticé nodel to the kinstic nmodsl, Thare ars two othar mein

featuras %o b2 consider:d in progosins a nods
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wnetiner the intarmoleculzr forcas are suhericalls
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A theory vhich 1s based on a model neking use of a centrel forcs law

acting between hard-sphere molecules mey be zble to pradict the

fute
jo)
3
o
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|54
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3

2s such as ligu

of attraction for neighbouring nolecules. Ths choice of a modal to

[y
63

resresent a lijuid, therefore, depends on tYe nature of the molecules

constituting the liguid of interest and on the range of tampercbture and

pressure hich ars to bz studied. These conziderations define the oxtzant
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to,which the intermolecular forcas datermine the propertie

3 3tructure in Wlactrolyte Solutions

Recsntly ruch emphasis hes besn placed on the importent role

which the properties of the solvent ploy in determining the thermodimuiic
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attracted the creatast attention becouse of thair diologicel importance.
Satisfactory ex;lanations of ionic hvdration { 8 ), viscosity of a3 Juecus
electrolytes (9,10,11), mobility of ions in ajusous solution (12 ),

and sfTects of the variaotion of tha tamrparature and rrassure on viscosity

and elactrical conduetivity in agusous solutions (13,1L,15) have ennhasiz

the imrortance of the short~ranze forces of the ions which perturb the
bulk solvant struchurs in the inviadiate environment of the ion. The key
to this approach to slectrolyts solubions lies in an understanding of
ths structural nrovertizs of the solvant. - Theoriss of the structuré of
1ijuid weter are of such current inter;st thet mony excellant recsntly

rublished reviass are avallable. Sone of

ad




by Conuszy (16) in an extensivs eritical review of solvation znd stractural
aspects of electrolyte solutions.,

In this review attention is dirseted to some work concerned
with licuid=voter stiructurs by Falk and Ford (17 )e The infrarad spectrun
of HDO &t low concentrations in H50 and D50 was studied over a2 130° renge
of temperzture in order to svoid coiplications which occur in the saectrun
of pure HE90 or D;0. Thess difficultiss msKe a simple interprstation of the
épectru# éf H50 or DZO in terns of sither a mixture rodel or a continnum
model extrerialy difficult. XNo absorption which could be atiridbutad to non-
hxdrogen;bondeﬁ CI or 0D groups-was observed at even the highest temperaturs
of 130°¢, Since the vibrational spectrunm deteets speciss having z life-

L =13

tire a3 short us 10 seconds, the existence of free unhonded monoriey
water in the 1ijuid, even ot hizh temperaturss, is in doubt. There

1s thousht to exist a broad distribution of bond strengths extending
fron ice-like hydrocen bonds to the weak interactions batueen moleculss
in the vapour. The distribution shifts in the direction of lower bond
strenzths as the temnerature is raised. OF great interest would be a
similar study of the ‘pressure depondence of the infrared absorption of
HDO in solutions of Ho0 ana D50. The effect of pressure on the distrib-
ution of bond strengths could then be corpared with the effect of temp-
erature. The evidence reviewed by Conway (16 )vsupports the view of
Lennard-Jones and Pople (18) who considered that hydrogen bonds could
exist even if they were 40° to 50° non-linear, Any model which postulates
species to exist in 1iguid water on the basis of some groportion of
hydrogen bonds beinz either completely'broksn or fully forsed is, on the

ovidence zbove, bound to be rather arbltrory. The wide rangs of hydrogen
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bondad to non~hydrozen vonded T

2l energy of th
¥ ean have 2
axterncl

internsl nrassure

w4 A .
I&ol0s, estira

rroduce & structurzl rnodel of lijuid

Ford {17 ), indicate the weokness of

wshoud

such n exbent that rs

conditions of

a disruption of

ad by various workers in

ction of the uagter riolecules produces

sressure and tamnara

D)

by the addition of solu

.J,

zu.ch & lotbice., This

analo; hatween the nodel used to describe mghar cnd ths model of ice I
is not a cormon observation for lituids in ganaral, X1y ond nsutron
diffrection studles (6,19 ) indicate that thers is corig dazree of short—

range ordar in lizuids, Hovever, i

order found in cryst
-1izuid state.
flickering clusters of ica-1i
den (20 ), h=s been found in ths me

1lguid water by Ifysals (21 ).

a result of pressurs fluctuztions.
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betueen lizuids

Hildebrand (22 ), This is shoun by

the T=ruy scutbaring dus to tha

under nesarly idantic-l conditions.

liquids should

o+

talline solids thot is most choract
Tridenco thousht to indi
3 ugter,

asur

The turbidity is thouzht

is the absence of the long-range
c1t2 the non-oxistence

shich ars discussed by Fran
gitents of tho lizut scattaring of
to be entirely

4 good exaomnle of tha diffe

md s0lids his baen discussad by
the striking differcnces betueen
lijuid znd powdared foriis of gullium

For this reason the structural rmodel
not b3 z2xnaetsd to ressible the




crystalline solid gs much as the structural nodsl of liguid weter resanbles

The considerations abovs for uater are not presanved 2s an
atterpt to sun up the nmost acceptzble and reecens views as to the nature
3

of the structurs of liguid uater. The extensive reviow of Kevenzu (23 )

has indicatad the complaxity of this »robiam ang the larce nusbar of

nflicting intsrpretations to be found in the litercturs besgsd on ths
sarie body of expsrimentsl evidence. The object of this short discussion

of wabar structurs has besn rather to suwrsst the nesd for graat caution
when phenosena oeceurring in aguaous and no =ajueous solvents are to bes
conparad. Thers is littls justification for s: gneralizing conelusiong
basad on the results of exparimonts in ajueous media to non-ggueous nedis,
bacuuse of the grect structurcl differsnces bet.isen these Lio classes

of solutions,

There is @uiplse svidonce thot wharas strongly Girectional

]
\

interolecular foress are absanit, and the molecules are compact and

rhase »ill hzve a structurs of saxisws randonnass

in teris of ftha rudi_l istributicn funetion (2 ). 4s ststad by Hildebrand
and Scott {24 ), for such liguids, "There is no quasi-crystzlline or

lattic=z stiueture; thare zre no 'holes! of definite sicze or shane, no
’ ) el

diserste molaaular fregusnciss or velocitiss, and no distinguishable ! as-

ics of o polar 1ijuid

ct
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like' or *'so0lid-like! rolaculss", Ths charach.
will rasult froa a susornosition on the behoviour observad for normial
liguids, such s 0314, vhera the ﬂnfarwoleculzr forces are onTv London

forcas (disnarsion foress), of ths gpecizl bhehaviour duz to the jolar

o]
b
ct
o
Z
18]
I
G
=
]
£
2
£,

nreszure

- y .. ~am T T Stra - ~ o
aspects of acatone not dlscuszad thers 2ill be daveloned bslew,




Elastron diffrcction studies by Allen, Bousn, Subtton, and

Basticnsen { 25) haevs indieated the followingz bond lsncths in acetore:

~ “ mm= Q
C=0, 1.22+ 0,03 a3 22, 1.55+0.02 &; and C....0, 2,40+ 0,02 &, From
. ﬁr‘o'
thase bond lan_ths a 5-0-0 angle of 119.&+ 53 7, that uangle sxpectad for
2 - + kX 3 am e :
sp Dbonding, is czlenlzated. Zlactrostatic intaractions bet.ueen th

oxvezn and the methyl srours must be compensated by a stsric intera cu10n

betwaan ths pethyl srouss whieh l2als to g reurly perfect trisonal
olene structure for the molecula, Thess dimensions and the 0-C-0 angle
Ty thin tha tolsrunees listad, the szia as those given by Zzidlaer

( 56). he polacular redins is given by Zeidler as 2.8.4. This radius
corrzsronds to that detersined by Allen, Bowen, Sutton, sndé Bossiznsen
(25) for acatona In the gas phase.

An estiniste of the shape of the acstone rolacule haos baen
rizde by Jilson { 27) based on ths bond lengths and the van der caals
radii given by Jeuling (28). 1 sketch of this rodel 1s ziven in
Fizurs 1.1 shoving t0 visus: (a) o dirsction parpandicular to the plane
of the molecule, and. {b) « dirsction lying in the nlane of the moleculé.
The dipole noment whilch is shoun in this sketeh is seen to be buried
in the cenbter of the molscule. The shape is rouzhly spherical, but
not so srhericol thét prefer .pfie orientation would be ¢f no importznes

when the molaculas uere closs-nacked.

D  Xeroy Diffroation

Theras is in ths litsrature O“lj ons X=-rov Aiffrsction study
of liruid acstone. This work was published in 1949 2nd was done by
Danilov, Zubko, and Danilova (29 )., The data froa this X-ray expariment

were nrasentad in terris of the intensity of X-rays as a function of the




Figure 1.1,

Sketeh of the acetone molecule based on the van der iaalsg
radii (a) pervendicular to the plane of the molscule

(b) in the plane of the molsecula




(@)

(b)




sine of half of the angle between the Y-ray becm and the observed scat-
tering in the Debye-3cherrsr camera divided by the wave length of the

X~rays, sin 9': o Scattering intensity as s funcotion of sin%fz W1as

turs of 1 mol
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acebtona to 2.5 nolss of water at 13.5% 1,3°0, Although sreat care was

)

taken to elimincte background scattering from both the sample container

intensity corrsasponding fto & given vzlus of 51n8;’2 to better thon 3 %
fror tha gronhs n in the »apsr. To obtain structurzal inforuation
frow such inteasity curves 1% is highly desirable to convert thew into

according to Kruh {19 ), doess zivs < cruds astisg
dznsity noxira occure Tha convarsion of the intansit
distribution Mnection wos attzertad, dut the rvesultz indiczted tha
~the unesrtairty in the grisary intensity Jatz wonld rizke & czﬁlculation

LT 2NN

of the number of nacrsst n3igchbours by latagrating the distribhution

function ov:r the zeak corrasszonding to the avergze separation of first
reighbours uite anbigaous. This rasult is psrhups 1o be expectad in
vies of the conclusion of Fruh {19 ) that diffrsction ez wperinents ean

-

azcount w2ll for intraiolscular stnmtura of irolsaulag, but thot the

inter ratution of iatemioleculsr ordsring in terms of uniLuo structures
Tron Aiffrsehion exparicents 1s o fonmn of "wizhful wnulyzing's Rseantly,

howaver, TMarris and Clayton (31) have sucezssfully znalyzed the T-ray

diffraetion zattaras of lijuld F, =rd odbtelznad olaculer Iistribution



and the punba:r of molecules associzted with sach distanes wers caleoulaoted

differant ronces of sinfd/2 :ould hove on the molscular distribution

ths molseoular Aistribubion fPunction in the

rezion of intsowiolecular distances was ©ound to be larssly o result of
nacks in the intensity /2 . Ths ceetone intansity
function in Fi.urs 1,2 token from Danilov, Zubko, znd Danilova {29 ),

- . ’e - . . .
sinf)/5 20.1320.01 wiinh is analosous to the psak

D
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P
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o
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3hows one rzin

/220,128 0,01 found by Harvey {32) for lijuid ethrl alsohol

xr
.J

at =75°C and the cenks of sinf/2 =0.13%0.01 for liguid methyl gleohol
. qo . ,70 ~ A T ey Do TR 2 2 : Fa] T
at 257C and =75°C found by Farzver (33 ). Radial distribution funchions

constructed by Harvey for methyl and athyl cleohiol zive zlinost no structur:zl
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inforugtion sbout the nunhar of neishbouring nolecuIJS
of mnaaks wsag astoblished =t - distanes ot vhieh hydrozsn bonding botvovr

naishbourin: noleculés is prohabla, The acetone inbensity curve rossitbles
the 25°C nothanol intensity curve since it shows no indisation of a ;éak

betiean the main peils ot gin Q = 0,115 =2nd 0.37. LTiguld acetons and

-

-0 . .
methanol ot 25°C ar2 both far removad front their freazin

-
[

: points (-989C

for mathanol and -95.4°C for zcetone). Both liyuids would, tharefore,

be axpectad to shor only a small desres of order relativae to ths ordsr

S

found in wat=r a3t rmom tamnasraturs,
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Figure 1.2, Experimental curve for liquid acetone at 18.5::1.500
X-ray scattering intensity against sin(g/2)/ )

measured by Danilov, Zubko, and Danilova (29 )
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P, T 2
3 Solvotion

~ T ol + 2
A Zonaral Introdustion

The prasence of an ion in & liguid briags about local chanses

f121d with the solvant rolecules, 2nd dv the disrustion that the volune

of tha ion czuses in the nocking of the solvent molsculas, Tha ionie

mobility in solution zt inTirite dilution is intimately ralitad to the
extent of the intarzcetions betu the colvent cnd the ions, Tha degree

of casociution of un elactrolyts into ion puirs is determinsd to a

at the surfaeece of very lurss ions, the field is weak enough for the
surrounding solvant to be satisfoctorily considered 0 hive the sane
prozoerties as the bulk solvent, to 2 first asproximztion. Suall singly-
charged ions or smltiply-charsad ions interzet strongly with the solvent
to bind the nearast naighbouring solvent inolecules into a swharieal
shell ezlled by Beckuis (37 ) the primary solvation shell., The colvent
i:olecules not irmiediately naxt to the ion, but having their solvent pro-

perties souehzt wodificd by tha prasence of the sleectrostatic field of
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the ion, ars cornsidarad to ncke up the szcondar
The nunber of dessrees of freadom of tha molseculss in the

prinary solvation shall vhizh are restricted is not z constint for

(s
[
=

differant ions (38, 39 ). olvenu rolecules mey be sble to trapslate

surfuce of sove ions as well os e:.-_c.qznﬁing dith

(5]

tuo dimansions o the

golvant nolaculss in the gecondory solvation shell., TIn :zsnarel, the

a s L3 LI ~ e s . - A - pa - 4

naturs of the intersetion batuesn cabions und anions to thae solvant
;
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mirigtry of the solvend roleculas

Tze interaction enarzy bstusen an ion ond the 2iffaerant
solvert molaculas surrounding it varies considerably, The desizgnation
of the numbar of solvent rolecules involved in tota2l solvation or
specifically in either prisary or sscondary solvation is, therafors,
entirely dependant on the nature of the exparivient used to neasure the
solvation numher, The arbitrary nature of solvation numbers-has besan
pointed out by Var: all (L0 ), Nightingale (L1), Semoilov (L2 ), and others.

.,

To 1llustrate the ambiguous meaninv the guantitative estimetes thai have
been nade of hydration numbers, Verrall znd Samoilov gutharsd together sets
of ionic hydrstion numbers from different sourcses. These estimates varied
widely. The =ffsctive o ssignment of a specific number of solvent molecules
to an ion, sueh that the combined ion-solvent entity has a
existonce in the solution, is considersd by Sanoilov (L2 ) to resresent

@ Poor approxitation to the resl mechanizm of isnic quV ibion, Solvution

.

can be anglyzad

th

in temms of the affect the ion hus on tha free-saersy barrisy

uhleh zolvent nolacules must orsrcoms o undergo motion batwssn equilibriux
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positions in the 1igwide In such an analysiz, the noleeules

solvation shell ars thoss roleculas dth the grectest sersvurbation of the
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» zolvation resion is rade.
23 1ith sufficient ensryr exchenes with the ne*"hoourlng
solvent jolaculss gt a rate dotorsins 2y the frae-cnersy barrier. Soroilow

olvation uhieh

\l)

(42 ) has tntroducsd tha cancezt of positive and nazitive

Involves ths idsg of solvent exchange, Positive solvition occurs whsn the
solvaut rolaculas axcionge less rapidly ia th i rbeurhood of the ion

thein thay do in the mulk solvent, Tesative zolvoiion resulis from an




-22 -

enhznead rate of sxchanme of solvant #0leculas naur the ion relative
to the sxchange rats in the bulk solvant,

which corresgonds sufficiently u2ll 4o the ¢ rea ity" of ths thysicsl
systen of iozs in solution und yaot is ebill a:ienchle to ngbhenatical
trzatuent, Tha Born {Lh) eguation utilizes only the size of the ion
and ‘the naeroscopic dielectric constant of tha madiun *o caleulzte
the lonic fres enersy of solvation, Z}G;ia
4
2
Gyy= = (2:2) (1 -2/¢ ) (1.5)

where ¥ is Aroscdrots nurber

[N
[v23
ck

ne nuiber of chargas on the ion

£31

e 1s the slectronic charge
r, 1s the ionic radius in solution

i

€ 1s the dislactric constant of the golvant
This eguution nrsdicts the gorrset ordsar of nagnisude of the solvetion
frse ensrev, It also amphasizas the slectrostntie orizin of the
solvution frae enersr,” The Born eguation hué been modified by Laidlar

and Fegls (US) to obtain better agraenant '1th exparisent by takinz into

fact that the dislectric constent is a furction of the electrienl

£3
3
e
ol
o
3
ck
(424
i3
]

field of the ion, The use of the Born sjuction or the modified Born e: L ion

'« Desnoyars, Verrall, and
Comvicy (L6 ) havs commonted thet the difficulty with this tvos of trastmen

1s that the correet radius to hs usad in the integrotion 1s uncsrtain bec-uze
tha solvunt is considered to be o continuwsi nser the ion whers the molaoular

naturs of the sclvant is of rrinery iiportunce. Ths orvstal iorie radius
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CHAPTER 2

EXPERTMENT AL

1. ¥aterizls
A Acetons
The acetone was obtained commercially as either Fisher

Electronic Grade or G.C. Spectrophotometric Juality !Baker Analyzed!
Reagent Grads, Fisher acetons was used for the work with Me4NI and
Z64NI, while Baker acetone was used for the grPr¢NI nork. As is
discussed in Appendix I witﬁ respect to compressibility and specific
v$lume, water 1s the most serious impurity found in acetone, and_is
most difficult to remove., Although both grades of acetone were claimed
by the manufacturers to contain no significant imnurities other than
water, according to Thirion and Craven (62)‘a comnonly found cortsminant
is isopropyl ether. Using a cloud-point method suggested in this paper,
the isopropyl ether content of the Fisher acetone was estimated to be
less than 0,005% by weight.‘ The Baker acetone was not tested, but the
accompanying certificate 6f analysis indicated that the only signifiéant

apurity was water, present at 0,023 by welght. Removal of the small
traces of water vias accorplished by batch drying in stonpered flasks
with Linde 4 X.Molecular Sieves, in the form of 1/16 inch pellets, as
described by leeker, Critchfisld, and Bishop {63 ). These workers
showed that treated by this method,'aqetone initially containing 0,45%
by weight water, in 2.5 hours containedl0.007% yater, and'after 21
hours, 0.001% water, After using this proéedure, which was carried out

in a dry nitrogen atmosbhere inside a polyethylene glove bag available




comniercially from the IosR Company, Cheltenhem, Pa., U.S.A. ths acetonrs
vias distilled slovly throush a packed colwm end the middle frectien
collscted and storsd under dry nitrogen. The acetons was treated in a
dry nitrogen~fillsd glove bag as wers all the operations czrried out
in the preparation of solutions and the filling of conductivity cslls.

The removal of trace guantities of water was veriTied by two
independent methods. Tmmediately prior to.making up the solutions, the
purified acetone was combined into one lot and a sz anple tested for its
specific conductance in a specially desizned conductance cell with
large platinum electrodes. The resulis indicated a significant reduction
in the specific condﬁctance after tha treatment with molecular sieves.
Tois observation confirmed that the water content was reduced, based on
conductaonce studies of potassium iodide solutions using various grades
of acetone which ere done by Dipny end Huches ( 64). The Fisher
Zlectronic Crade acetons as purchased had z specific conductance of
5.9x1.0 ZYZ e ; after treatment just before it was used the specifie
conductances wers as follows: for the MesNI solutions, 2.08x10-€f2-1cm’1,
for the It4g7T solutiﬁns, 2.85x10"§fl'1cm"1. The Baker acetone, with an
initisl specific conductance of 8.00x10—652"lcm-1,-did not have as low
an initicl volue as did the Fisher acetone, After purification, just
befora the n-PrgVI solutions were prepared, the specific conductance
was 9.64x10’%§l—l

The sacond check fo* ace water was 2 series of nuclear
nagnetic resonance (n.m.r.) snrectra which wers run on sanpies of the

Fisher ccetone talen at different stages in the purification process.
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It has been reported by Muller (65 ) that in dilute solutions of water
in acetone the chemical shift of water is ~2.8 pep.m. from T.M.S., A
possible contaminetion of the sieve~dried acetone by diacetone alconol
was suggested by Muller to account for the appearance of a peak at

0.9 pepems from acetone and a peak at about ~C.5 p.perm. from acetone.
The positions of these praks were verified by scectra, obtained on
acetone doped with diacetone alcohol, in which it is proposed that the
0.9 pepomas peak is a methyl peak and the ~C.5 p.pem. peak a CH2 peak,
Muller also observed thet the largest impurity peak height was less than

1/3 .the peak neight of the ct3

satellites of acetone., The peak observed
at -2.8 pe.pom. is taerefore ascribed to water., This peak was reduced in
height relative to the G- satellite peak heights from 0.87, for the

untreated acetone, to 0.23 for the treated, Since the naturally occuring

13 is 1.11% (66), this indicates approximately  QO6%

abundance of C
water by weight in the treated acetone, This value agrees well with the
0.001% water by weight found in acetone sieve-dried for 21 hours b&
leeker, Critchfield, and Bishop (63 )« The percentage water hy weight -
in the acetone was esfimated as follows:

weight % water in acetone & 1.,11/2 x(0.23/2)/(1.00/3) x18/58

< w6

The bracketed numbers 2 and 3 take into account the number ef protens in
water and acetone respectively waich contribute to the absorption; 18
and 58 are the molecular weights of water and acetone, 1.1l is divided

by 2 because there are two ClB‘peaks, and the other numbers are explained

above, Contamination from diacetone alcohol, as suggested by Muller, was’




investigated by exanining an n.m.r, épectrum taken on the undistilleg
sieve~dried acetone., The peak thought to be due to the methyl group,
at 0.9 p.p.m. from acetone, was barely detectable from the background
in the distilled sieve~-dried acetone, but could be seen in the treated
but undistilled acetone. The pe2k at -0,5 P«pele from acetone, thought
to be due to CHé, appeared close to the water peak and was slightly
smaller than the water peak in both spectra. This trace amount of
diacetone alcohol was not thought to be significant for this work,

Other physical properties of the acetone that were measured.
are reported in Appendix I.
B Hater

The water used to brepare the potassium chloride solutions
required for determmining the cell constants of the conductivity cells,
was the same as that used in the CO"preSolbllltJ experiments descrlbed
in Appendix I.

C Detra-n-alkylammonium Todides

The tetrvmethylmmnoqiun iodide (Ke,NI) and the tetra-n-
?rOpylammonium iodide (grPr NI) were ZTastman Resagent Grado chemicals; the
tetraethylammonium iodide (=5 NI) vies obtained from the Columbia Organic
Chemicals Co., Inc., All the salts were dried for 24 hours or more
in vacuo at 60 to 100%¢ just béfore the solutions were prepared, The
salts vwere skislded from direct light as much as possible to orevent
decomposition, As well as detennlning the melting points of these
compounds, which are shown in Table 2.1_coﬁpared to literature vzlues,

1t wes thought advisable to determine the purity by another method.




Table 2,1 Kelting FPoints of Tetra-n-alkylammonium Jodides

Salt Yelting Point (°C)

This work Literature value Refsrence
MegNI 38010 greater than 230 ( 67)
Et NI 30321 decomposition 300 { 68)
n=FrgNI 277x1 decomposition 280 ( 69)

Using the Volhard method for iodide according to Kolthoff and Sandell
( 70), the percentage iodide relative to the theoretical amount of
iodide expected in the sample was found to be: for n-PrsNI, 99.6:+0.4,
99.3£0.3, and 99.1%0.6; for MG4NI, 99.9%0,2, The EtéNI was not tested
for percentaze iodide, These rssults indicated that the salts were
sufficiently pure and they were used without further treatment.

D Potassium Chloride

Reagent-grade potassium chloride was dried in vacuo at 110%
for 24 hours and then used to make up aqueous solutions for the
determination of cell constants without further treatment.

2. Apparatus
A Conductivity Bridaees

An RC;lB'conductivity bridge manufactured by Industrial
Instruments Inc., Cedar Grove, N.J., U.S.\. was used to measurs the
conductance of the solutions. The resistance in ohms or the electro-
lytic conductance in micromhos was read directly from six decade dials.
The bridge was based on an A.C; Yheatstone-bridge measuring circuit

with a ‘jagner ground balance connection ard had a two-inch oscilloscope




which was used as a balance detector, Capacitive balance was achieved
by means of ’;uilt—in variable capacitors and for high conductance cell
capacity, a capacity decade box was added externally across the cell,
The limit of error for this instrument vias stated by the menufactursr
to be 0,17 of the decade resistance reading over the range 500-50, 000
ohms, Two frejuencies, nominally 1000 and 3000 CeDeS. were supplied
by the generztor in the bridge. Since the éonductivity was found to
be frequency dependent, it was necessary to check these fregusncies
against a reliable frequency meter. A Freguency leter and Discriminator
Type 1142-4, manufactured by the General Radio Co., indicated that the
100C c.p.s. position gave 1045.5 CeDsSe and the 3000 c.p.s. position

gave 2890.0 c.p.s.

B Conductivity Cells

Hiph-Pregsure Conductivity Cells

Ten cells were constructed according to a design of Hills (71 ),
shown in Fig.2,]. Pressurs distortion of the c¢ell and resultant changes
in the cell constant ére avoided by a ring and rod arrangerient of the
electrodes, This typé of cell was tested by Ovenden (72) and found to
have a cell oonst:mﬁ independent of pressure over a range of 2000
atmospheres, Durable, metal-to-glass seals were produced by electrowelding
tungsten leads to the platinum electrodes and sealing the joint in the glass,
Advantage was thereby taken of the strqng mechanical properties of the
glass to tungsten joint while the solution was only in contact with platinum,

Only one cell out of the ten, made. in this fashion, devebned a lesk




Fizure 2.1, Eigh-pressure conductivity cell,
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at this type of seal in over one yeap's use. 4 plerced glass septum was
built into each cell as shown in Fig. 2.1, to isolate the portion

of solution surrounding the electrodes from movement of the pressure-
transmitting mercury piston. The cell constant was therefore indspendent
of the position of the mercury piston in the cell stem,

Atmospheri.c-Pressure Conductivity Cells

Three Shedlovsky-type cells designed for dilute solutions
were constructed as shown in Fig. 2.2 from 50 ml Frlenmeyer flasks. (73 ).
The solution between the electrodes could be removed and replaced by tilting
the cell back and forth. ihen this vas dorne, no evidence for a "shaking
effect", such as that fourd by Prue and Sherrington (74 ), was encounterad,
This was probably because the electrodes were not platinized and
adsorption of ions on the elsctrodes was therefore minimized, A double
seal was used to prevent loss of acetons from evaporation at high
temperatures. The outer joint, shown in Fig. 2.2, was greased and the
cap held in position by two springs; In this way, a pressure of dry
nitrogen slightly greater then one atriosphere was kept over the irner
ungreased stopper. The cells were filleé almost compléetély with
solution to avoid héving to meke a concentration correction for the
acetone vapour in the dead space of the cell,

Solvent Conductivity Cell .

This cell was constructed as sho:n in Fig. 2,3 from a one-
liter flask and was fitted with a thermémeter. Large electrodes were
placed close togethsr to obtain a small cell constant, so that zn
accurate solvent correction could bs made. As in the two cells described -

above, the electrodess were not platinized, Fhotographs of the




Figure 2.2,

Atmospheric-pressure conductivity cell,
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conductivity cells are shown in Fig. 2.4,
C Thernostat

A 35-gallon container constructed from a 45 gallén drum wag
placed in a wooden box and insulated around the outside with verniculite
to reduce heat transfer. A light oil, DICI~N35, obtained from the
Imperial 0il Company Ltd., was used to fill the container as a therrostatting
fluid, The tempereture was controlled by an intermittent heating coil
turnsd off and on by a mercury micro~set thermoregulator, with a
range of 50 to 220°F and a gensitivity ofa:O.OlOC,combined with an
electronic relay, both of which were manufactured by the FPrecision
Scientific Co., Chicagg, I11., U.S.4i. A second heating unit whose input
could be adjusted by means of a variac, and a cooling coil of copper
tubing through which cold tap water was eirculated, were used to
obtain the optimum heating cycle at each temperéture. T™i0 heavy
duty induction motors were used to circulate the oil rapidly asnd
smoothly by meens of propellers. The top of the thermostat was covered
by plexiglass to minimize heat losses at the surface of the oil,

The temperéture of the thermostat was measured with two
thermoneters at each tempsrature., The four calibrated Beckmann thermo-
meters are described.in Appendix I. One of the two mercury-in~glass
total immersion thermometers, manufactured by the Brooklyn Thermometer
Co., Springfield Gardens, N.Y., U.S.4., was ugsed with the
appropriate Beckmann thermometer at each.temperature. The calibration

of these themiometers was carried out by the Division of Appiied Physics,




Figure 2.4.
(a)
(b)
(c)

-1l -

Photograrhs of the conductivity cells:
high-pressure conductivivy cell,
atmospheric conduetivity cell, and

solvent conductivity cell,
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National Research Council, Ottawa, N.R.C. Report No., APH 1341 and 1341/1.
These thermometers had an accuracy of +0,005°C, One was calibrated

at 25 and 35°C znd the other at 45 and 5500. The temperature in

the thermostut was constant to £0.01°¢C and variations throughout the
thermostat were less than tOCOIOC.

4 bead-type thermister of about.25,000 ohms resistance at
room teriperature was placed against the ingide of the top of the high
pressure vessel and cemented into position with epoxy resin glue. This
thernister was used as a probe in situ to determine when the temperature
had stabilized after compression or decompression of the system. The
thermister was able té withstand the pressure, although it may have
been protected somevhat by the coating of epoxy resin glue,

D High-Pressure System

A diagram of the high-pressure systém is shown in Fig. 2.5,
A photograph of the high-pressure equipment installed in the thermostat
also showing the conductivity bridee apvears in Fig. 2.6, The more
important components are described below. The high-pressure valves,
'tubing,and other fitéings viere obtained from one or other of the
two manufacturers of high-pressure equipment in Zrie, Pennsylvania,
listed below.

High-Pressure Vessel

A two-liter cepacity vessel, number OH-2000, manufactured by
Antoclave Ingineers, Inc., Erle, Pa., U.S.A., was modified by this
company to accept two electrical leads. The method by which the leads

were introduced into the vessel was to seal, with a ceramic material,




Ficure 2.5. Dlagram of the high-pressure systen,
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Figurs 2.6. Photogranh of the apparatus,
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0,030-inch kovar wire into a thin conieal nickel sleeve. This sleeve
was then force-fitted intc a 3/32-inch hole in the vesszl top which had
been coned to fit the nickel sleeve on the inside., The vessel was
constructed from 410 stainlecs steel and was equippéd with an "0" ring
closure. The working pressure of the vessel was 30,000 TeSel. at 250°F,
One of the elsctrical leads described above was removed
and in its place a ten-wire lead was instalied into the vessel.
Varnished copper wire, of smell enough diameter that ten wires could
fit through the 3/32-inch hole, was worked carefully back and forth
in the hole, while "Duro" epoxy resin glue, manufactursd by the
Joodhill Chemical Corpbration, Cleveland, Ohio, U.S.A., was run into
the hole and coated on the wires, ihen it was certzin that no zir
pockets remained in the hole, plugs were placed at each end to prevént
the glue from running out, and the leads were arrangsd so as not to
be in conteet with each other or the top of the vessel. ihen the glue
had hardened the arrangement was tested successfully to 30,000 p.s.i.
at room tempsrature with no leak and no change in the ten electrical
connections into the vessel. The Wwires on the inside and outside of
the top were connected to nine-pin octyl sockets. On the inside of
the vessel, the socket was connected to a nine-pin base on the high
pressufe conductivity cell holder into .hich eight of the cells
could be clipped and held in place by springs, as shoun in Fig. 2.7,
Or the outside of the vessel, the sockst was connected to a nine-pin

base, which took the leads through a shislded czble to a PA 1001
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Centre Lab rotary switch., From this.switch a coaxial cable lsd to the
conductivity bridge, A cormon ground was used for all of the conductivity
cell connections in the vessel, which itself was a ground for one of

the leads going from the rotary switch to the conductivity bridze. The
two extra leads into the vessel, to mzke up = fotal of eleven, were

used to connect the thernister to the rotary switeh and from there to

the bridze.

High-Zressure Zauges

A twelve inch, 0-30,000 Pes.i. bourdon tube gauge was
obtained from the Haise Bourdon Tube Co., Inc., Newton, Conn,, U.S8.4.
Th; gauge was calibrated by the manufacturer and found to be accuraﬁe
within 0,15 of the full scale reading. 4 second bourdon gauge was used
to check the calibration of the above described gauge as outlined in
Appendix I,

A smaller bourdon gauge, the Marsh Gauge No. 100, was
obtained from the Steam and Industrial Equipnent Ltd., zuebec, P.3.
This gauge was used as an indicator when reducing or augmenting the
bressure with the hand bressure generator, In this vay, a rapid
change in pressure wwas avoided whaen the valve separating the pressure
vessel, the hand pressure generator, and the oil reservoir was opened,

Comnrassors

The hand pressure generator was a 5% ml capacity unit
obtained from the High Pressure Equipmoﬁt Co., Zrie, Pa.,, U.S.A. The
design-of this generator was tha saue 2s theat described in Appendix I
essibility measurements,

in connection with tha ConnT

&
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Pressure could bs raised guickly by neans of an electrically
driven, hydraulic corpressor, No. 486-2245, manufactured by the msrican
Instrument Co., Silver Spring, Karyland, Uus.A..

The pressure transmitting riedium was'Duo Seal Puﬁp 0il
obtained from the Telch Scientific Co., Skokie, Ill., U.S.A.

3. Procedure

A Prewaration of Solutions

Acetone Solutions

The dried salt was weighed on a balance enclosed in a dry-
niﬁrogen-filled polyethylene glove bag and carefully placed in a
rreweiched 500 ml volumetric flask., Care was teken to carry out this
operation in subdued light. Flasks of solution were kept covered with
aluminum foil., These precautions were necessary to prevent decomposition
of the salt which was detected by a slight yellowing 1f the salt or
solutions of the salt were exposed to strong light. Afber esight
portions of salt were welghed into the flasks, these were filled in
another nitrogen~filled glove bag, with the dried acetone whose
conductivity had jusf been measured in the solvent conductivity cell.

The flasks were then. stoppered and a polyethylene sheet wrapped

around the top and held in place by an elastic band to preclude
evaporation of acetone or contamination of the solution by atmosphsric
moisture., The flasks were then weighed to the nearest 0.1 g and the
vacuun-corracted mass of the solutions calculateds The molar ccncsntration
of the solutions at differeﬁt temperatufes and pressurss was calculated

on the basis that the density of the solutions was the same as that of
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rure ccetone given in Table 2.2. The flasks in which the solutions were

salts, which were hsrd to dissolve, especizlly lealNI, could be stirred

with magnetic stirrars, To ensure full solution of each salt, the eizht

ot

{2
-
[y
=
o]

repared golutions vizre sbored overnight, while being stirre

o]

Fotzssium Chloride Solutions .

These solutions were made up by weight and the molar concens
trations calculated as Tor the acetone solutions.

B Cleaning the Conductivity Cells and Flasks

Volumstric flasks were treated with warm cleaning solution,
and then rinrsed with tap water, distilled water, double distilled
water, and finally spectrosrade acetone. They were thén éried with
compressed dry nitrogen, stoppered, and stored in a glove bag until

used,

Conductivity C=lls

The cells ﬁere filled vith nitric acid and placed in z beaker
of boiling woter, After this trsatment thay were rinsed ﬁith distilled
water. Vaber was s@uirted into the narrow stems of the high-pressurs
ce2lls from a polyethylene wash bottle, The polyethylens bottles used
in the filling erd rinsing of the high-pressure ¢ells were seasoned
by being stored ssvsral months while containing double~distilled
vater which was changed periodiczlly. To =nsure the complste rinsing of

istilled wuater

[o))

the high-pressurs cells, a device was constructed in which




Pressure
(bar)

1.0

137.9
275.8
413.7
551.6
689.5
827,.4
965.3

1103.2
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Table 2.2

Specific Volume of icetone

-1
(ml g ™)

Temperature (°C)

26.61 35,00
1.2778 1.2938
1.2577 1.2726
1.2405 1,2546
1.2254 12389
1.2120 1.2250
1.2000 1.2125
1.1890 1.2018
1.1790 1.1910
1.1698 1.1815

45.01
1.3137
1.2899
1.2699
1.,2528
1,2378
1l.2244
1.2124
l.éOl4

1.1914

54.83
1.3341
1,3078
1,2861
1.2677
1,2516
1.2375
1,2248
1.2133

1.2028




could be circulated continuously through the cells, The cells were

rinsed overnight before being used Tfor conductivity mezsurements.
After this rinsing, the cells were subjected to the same procedure as
was used to prsypare the flasks,

C Filling Procedure

The clean high-pressure cells were placed in a glove bag. The
eight solutions prepared the previous day were taken from the refriger-
ator and placed in the glove bag for transfer to the cells, one at a
time., A omall seasoned polyethylene vottle, one of eight, was then
f£1lled with solution and the appropriate cell was filled through the
stem with that solution, The filled cell was then inverted stem down
into a small cup of triple-distilled mercury, and the complehe unit
then carefully clipred into the cell holder., “hen all eight high
pressure cells were filled énd clipped into the holder, the cell
holder containing the cells was placed into the high-pressure vessel,
the electrical socket connections made through the top of the vessel,
and the retaining ring screwed dowun,

Enough solhtion was preparsd so that fresh solution could
be used to fill the atmosrheric cells at each of the four tempsratures
at which measurements were made. These cells were also filled in a dry-
nitrogen atmosphere in a glove bag, Three solutions could be eguilibra-
ted at the same tine in atmospheric pressure cells in the thermostat

while being riaintained under nitrogen pressure.
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D LKeasurement Procadure

Freguency Dependence of Resistance

As suggested by Jones and Bollirger (751, Qhere there is a
danger thzt platinum-blacked electrodes might catalyze an undesirable
reaction in the solution, or if dilute solutions are beine studied,
it is better to use untreated platinum electrodes for conductivity
measurerients, However, when smooth platinum electrodes are unssd to
measure the i.C. resistance of solutions, it has been found by Jores
and Christian (76), that the resistence decreases with inereasing
fréequency dus to the frejuency dependence of electrode processes,

The true ohmic resistance of electrolytes is independent of the frequ-
ency &t audio frequencies, beczuse the Debye-Falkenhagen effect | 77),
associzted with ionic atmosphere relaxation, occurs to = significant
extent only at radio frequencies ( 78)., an extfapolation to infinite
frequency of the meassurad resistance of the electrolyte-filled
conductivity cell, azainst tﬁe appropriate function of freguency in
the audio frequsncy range, should allow the sxtraction of the trus
électrolyte resistance, Rt‘ In acidic agueous solutiouns, Jones znd
Christian ( 76) found that their results for bright nlatinum electrodes

could be expressed by the equation

%
-2

R = Rp+ kf ‘ (2.1)

where Ry is the true electrolyte resistance, independsnt of f
Rf 1s the resistance of the ceil at frequency f
T is the frequeney and k is a.coﬁstant
In a study of the electrodeposition of cdpper at solid electrodes,

Boekris and Comwzy (79 ) have found linear Plots when the resistance




for the electrode reaction was taken to be an inverse-square-root

function of the freguency. As suggestea by Robinson and Stokes (78)
hovever, such a frequency dependence as is given by equation (2.1)

is not alwsys found. For example, it has been shown by Nanney and
Gilkerson (80 ), that the dispersion of conductivity of tetra-n-butyl-
ammonium picrate solutions in benzene and substituted benzene mixtures
of low dielectric constant, is not a simple function of freguency, but
probably reflects ion-pair relaxation effects,

Experiments were undertaken using a wide-range oscillator
which was celibrated with the frequency meter described earlier in
conﬁection with the conductivity bridge. A VWheatstone bridge,
utilizing a General Radio frequency-discriminating null detector, was
used to measure the resistance of the high-pressure and the atmospheric-
pressure cells over a range of frequencies. Temperature was controlled’
at 25,0%0,1°C by imrmersing the cells in an o0il thermostat, For both
type of cells, the most linear plots of measured resistance, Rf, as a
function of rrequency, over the range of 0.7 to 10 kilocycles per
second, were obtained using the inverse-square-root function as in
equation (2.1) above. When one of the high-pressure cells was lightly
platinized, the frequency dependence of the measured resistance was greatly
reduceds With aqueous potassium chloride solutions it was found that the
extrapolated resistance, using equation (2.1) with results from the
unplatinized cell, gave very close to thne same conductance as tnat

from the platinized cell. The frequency dependence of the
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resistance of =cetone solutions was of. the same order as that of the
ajqueous potessium chloride solutions, aprroximately 1% of the measured
resistances. A smell freguency correction was therefore anplied using
ezuation {2,1) and the measured resistances at the two.frequencies
supplied by the conductivity bridge., The resistances listed in Appendix
IT are those measured for both fregquenciss at all the conditions of
temperature énd pressure studied for each set of concentrations for

the different salts,

Cell Constants

The conductivity cells were célibrated according to a
procedure sugsested by Lind, Zwolenik, end Fuoss {8l). These workers
derived the conductivity equation which was thought to best represent
the data for agueous potassium chloride up to about 0.0l molar at
2500. Zach conductivity cell was cleened, filled, and the cell
resistance neasured at 25.00°C. Using the specific conductance
of the solution calculated from the equeation in the above reference,
and the measured csll resistance, the csll constent was oﬁtained
by multiplication. This procedure was repeated until the average
deviation from the mean for three or more separate determinations
was found to be less than 0.2-0.3%. The cell constants were assuried
to be independent of pressure and temperature. The results of these
measurerients are shown in Table 2.3 along with the average deviation

from the mean associzted with each cell constant,




Table 2.3

Conductivity Csll Constants

Solvent Cell

Atrmospheric-Pressure Cells

High-FPressure Cells

1.

2.

1.

2.

3e

5

6e

7.

8.

(cm—l)

0.01992(0.00003)

0.2935(0.0001)

0.2772(0.0004)

0.2257(0.0004)

0.2998(0,0001)
0.2830 (0.0003)
0.3165(0.0001)
0.3110(0.0009)
0.3170(0.0002)
0.3%54(0,0002)
0.3018(0.0003)

0.3154(0.,0005)




High-Pressure Conductivity Measurements

ol

The cells were filled with solution, elipped into the cell
holder, and this unit connected to the bridge ter it had been fitted
into the high-pressure vessel; resistance measurements of the set
of cells and the thermister were then made until no variation with time
was found. This condition indicated that the solutions were at the
sarie temperature as the thermostat. After agsembly and testing as
described above, six cells were functioring correctly and continued to
function throughout the four days required to complste a pressure study
of conductivity at four temperstures Tor each experiment reported,

The measurecrents proceeded from the work at 2 go.6l°C to
the work at 54,83°C on the fourth day with nine pressures being
studied at sach tempercturs. It required approximately one hour to
allou the temperature to return to a constant value after the solution
was compressed by 2000 p.s.i. This rate of tenperature change was noted
by measuring the resistance of the solutions at both frequencies, in
order cf decreasing concantration, and repeating this set of measurements
until satisfactory agfeement was found between successive sets of
measurements. The atmospheric-pressure resistances were redetermined at
several temparaturss after compression at a given temperature, to
ensure that ths resistances measured were reproducible and that it wa
safe to assune that no contamination of the solutions had occurred., The
terperaturs was then raised for the next set of readings the follouing

day. Some of these reneet determinations are shown in brackets in the




i
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tebles of :Appendix IT where all of the registznce measurements are
given for the solutions studied,

Atmosgpheric-Pressure Conductivity lieasursments

The atmospheric-pressure.cells were Tilled and clamped in
the thermostat beginning with the most concentrated solution and
working through the three cells in rotation to the least concentrated
solution. These cells vere left in the therﬁostat Tor approximately
one hour until they reached constant temperature, at which time the
resistznce at hoth frequencies was measured, Then the resistance of a
cell was recorded, another cell was put into the thermostat to eguil~
ibrate while the first éell wes rinsed several times with electronic-

grade acetone, dried with nitrogen esnd filled with the next solution.
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CHAPTER 3

RESULTS AND CALCULATI ONS

1. Equivalent Conductivity

A small frequency correction was zpplied to the resistance
measured at each preasure and tanpératnre, by assuming, as has been
discussed zbove, that the resistance neasured at two frequencies could
be extrapolated according to equation (2.1).  The specific conductance
was then caleulated by multiplying the inverse of the corrected
resistance by the appropriate cell constant according to the equation

-1
K_ = Rt X cell constant (3.1)

sp

A correction for solvent conductance was then applied by subtracting
the specific conductance of the solvent from the values of Ky, obtained
as descrided above., The concentrations of salt, in moles per liter,
viere then used with the corresponding (Ksp)corrected to obtain the
equivalent or molar conductivities according to the equation,

A = (Ksp)corrected xlOS/ (concentration) (3.2)
All of equivalent conductivities ars not recorded explicitly, but can
easily be celeculated from the resistances given in Appendix II and the
cell constants in Table 2.2, In Table 3.l are shown the equivaient
conductivities caleulated for EtéNI from the atmospheric cells and the
high-pressure cells at 26.6100,.as well as the results at 965.3 bar
bressure, To show the nature of the calculations in detail, the example
above will be used throughout this chapter as an illustration. The

solvent correction was small enouzh that it was not thought necessa
" (&)

to vary the correction term at different temperatures or pressures.
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Table 3.1

Ejuivalent Conductivity of It ,NT

Cells Temperature Pressure
(Fc)- (bar)

atmospheric 26.61 1.0
45,01

high pressure 26,61

Concentration
(mole 1-1)x104
11.25
9.729
8.770
6.589
5,746
3.341
3.292
1.068
10,94

9.463

Equivalent Conduct

(em?()

166.5
169.3
171.2
177.1

178.7

mole”

ivity
1y
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Table 3.1 (cont.)

Eouivalent Conductivity of Wt ,NI
PSEY

ture Pressure Concentration

Cells Tem ‘
(bar) (mole 17~)x10*

nnara
(°c)
high pressure 45,01 1.0 v 10.94
9.463
8.551
3,250
3.202
1.039
26,61  965.3 12.19
10.54
9.505
3.621
3.567
1.158
45,01 11.97
10.35
9.328
3.554
3.501

1.136

Equiv u1ent Conductivity
(en“() tmole™1)
188.5
192.8

193.6

133.3
144.3
144.4

1583.7
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2 Dielectric Constant of icetone

v
)

The dielectric constants Tor the four temperaturss at

atmospheric pressurs wers calculated from an eguation given by Marvott
and Saith (82):
log1g € (T) = 10g)20.70 - 0,205 (T-25,00) (3.3)

. . o
This eguetion was satisfactory for the 26.61° and 35.00°C temperatures

. =0 . .
as given; howsver at 45,01° 2nd 54.85°C the caleulated dielectric constants

vere modified by a small nezative correction tem based on the exper-
imental value megsured by Grimm and Patrick (83), of 17.70
at 356.200, and that obtazined from eguation (3.3) of 17.87. This
correction term is chovn in the equation

€(T) = €(T)gquation (3.5) = 0-17 (T-40.00)/16.2 (3._4)
The values of the dielectric constant (d.e.c.) estimated at etmospheric
pressure are sho'm in Table 3.2.

There are tuo ezperimental investigations reported in the
litsrature on the effect of pressure on the d.e.c. of liquid acetone.
One of these investigators was Kyropoulos (8Li), whose measurements up
to 3000 ko en S at 500 kg an? intervels at 20°C, were fitted by
Cuwen and Brinklsy (85) to an ejuation of the form of the Tait egquation.
The results fitted t';qis ecuation guite well, the average deviation
between ths caleculated and ercpérimentsl d.e.c. being 0.08%, while the
maxinum deviation of the sarie was 0,19%. Thé temperature dsependence
of the d.e.c. as 2 function of bressure ﬁas rscently heen investigated
by Hartmean, Meumann, and Rinck ( 86) who have raported new d.e.c. deta

: o : s e
at 20, 35, and 50 °C at twelve pressurss betusen atmospheric pressure




Prassure
(bar)

1.0

137.9
275.8
413.7
551.6
689.5
827.4
965.3

1103.2

- & -

1AV

Tghle 3.

Dielectric Constant of Acetone

Temperature (°C)

26,61 35.00
20.54 18.75
20.98 20,17
21,33 20,54
21.65 20.87
21,94 . 21,17
22.21 21.44
22.47 21,70
22.70 21.93
22.92 22.15

45.01
18.78
19.26
19.65
20.00
20.30
20.58
20.84
21.09

21.31

R L R TR




and 1800 atnospherss. It was thousht that more consistent results
would bs obtained if ths dzta of Fyropoulos were not used to obtain
deesc, data at tha.conditions of interest. The =pnroach taksn iz one
of saverz) which were rsported on by Hartmann, Neumann, and Rinek

in ettempts to find 2 suitable emmiricsl formula to represent the
experinmantal d.é.c. dsta. The tamperature—dependent constant B(T),
from the Tait-sjuation fit of the compressibility data given in
Appendix I, was used to fit experinsntal d.e.c. data over & range of

pressure, to obtain a verying value of the other *constant! 4 which

appears in the equation

o

11 + 7
) €@ B(T) + »°

The A values were plotted first against pressure to obtein the values

of A at the pressures of interest. These A were then plotted agzinst
tanperaturs and a set of 36 values of A obtained, each rumber corres-
ponding to a condition of interest., Combined with the d.o.eo. deta
previously caleulated for zirosvpheric pressurs, the Talt constants B(T)
from the compressibvility data were used with the set of 4 values, to

calonlate the dielectric constants of aecstons Sihown in Table 3.2 by

3

neans of aeguation (3.5). As 2 test of this empirical method, the d.z.c.

-

was calculated from the direct £it of the exgerimentol dgta to the Tait
ejuation ot 689.5 bar pressure and 35.0°C =2nd compared with the d.e.c.

czleulated as outlired shove. The results agreed to 0.05%,




3 Viscosity of icetone

£t one =ztmosphsre pressure, the best viscosity data for
acetone over the rangs of room temperature to the boiling point are
those obtaired by Howard and Melllister (87 ). The viscosities at the
four temperaburss and atriospheric pressurs given in Table 3.3.wers

interzolated from a graphical trsatment of these.
- O &

ct+

h

o
(4]
=H
Yy
[0
<«

The only measurenents reported on. t of pressure on
the viscosity of liquid acetone are those of Bridguan (88). These
experiments were carried out at 30° and 75°C and Bridgman reports in
the paper the ratio of the viscosity observed at pressurss up to
12,000 atmospheres to the gtmospheric-pressure viscosity at 300C.
Unfortunataly iﬁ the pressurs region of interest, values of the ratio
are only given for 500, 1000, 2000, and 4000 striospheres. As a
congequence of this, it was necessary to find an equation which was
knoun to reproduce accurately the pressure and venperature dependence
of the viscosity of pure liguids. An ejuation which has often been
applied to the viscosity of liquids and has been discussed in terms of
the effect of pressure on the paremeters involved by Xuss (89), is

n =Cexp ( Byot/ BT ) (3.6)
whera C is a constant, T is the temperaturs in degrees K, and R is the
gas constent., If C is independent of temperature ard pressure and Eact
15 independent of temperature, then the viscosity,?](P), can be calculated

from the equations

17(P)=77° erf.ﬁ (gF) ' - (3.7)




Pressure
(bar)

1.0

137.9
275,.8
413,7
551.6
689.5
827.4
965.3

1103.2

Viscosity of Acetone

Table 3.3

(mg cm’lsec'l)

Temperature (°C)

26.61
2,968
3.272
3.590
3,894
4,191
4.459
4,727
4.976

5,235

35.00
2,756
3.030
3.316
3.594
3,866
4.116
4,358
4,602

4.840

45.01.

2,530
2,773
3.028
5,277
3.525
3.755
3.990
4.208

4.425

B ST e N NI ST B

54,83
2.325
2.541
2,768
2,993
3.218
3.430
3.648
3.851

4.050
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and

= 1
w6

However, when points were taken from the graphs ziven by Bridgmaan (88},

(3.8)

it uas found that the activaztion enerzy, I_ .., was not a linea
e qct)

(]
=
3
o
&
P
o
13

ui

of pressurs, so that C had to be considered to be a funetion of rressure. '
For the purposes of the calculation, T wag assumed to be independent

of the temreraturs at all pressures. This was found to be the case for

jry
o]

the viscesities reported by Heward and leAllister (87) at atmospher
pr?ssure. The pressurs denendance of 0t Was caleulated from the rasulis
of Bridgman using eguation (3.6) at szch rressure. i
pressure-dependent values of logiOC wers calculated from the SOOC

viscosity data. Graphical interpolation was then carried out to Obt“ln

o

a set of Eact and l°°10 at the pressures of interest. From this infor-
rmation, equation ({3.6) was used to calculate viscosities at all the
tenperatvres and pressurss of interest. These values were mult iplied
by the ratio. of ths atrogpheric viscosity of Howard and YVeAllister

to that of Bridsguzn at sach of the four tenreratures, to obtain the

Tinal set of viscositiss which are shown in Table 5.3.

4, Concentration Devendence of the Zouivalent Conductivity

A ¥ohlrausch Treatnent

The Onsager equation,which is a theoretically derived
exvression first suzgested by Kohlrausch (90 ) as an empirical

D

relationshin 01txnen[\und concentr ation,is

A - A -set (3.9)
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at zero concantroti on, bexb’ of the equivalent conductivitv plotted zs
& Munction of the sjuars root of the conesniration, is eclossly

approxinatsd by the exrression dus to Onsazer {91 ) siven below:

¥
o < -

[») 1.5 5
s= 8204x10°A, /l€n) " 4 s2.5 ’77’&"1‘ (3.10)
where € is the dialectrio constznt of the solvent
T is the teapersturs in deprees X
R . . -1 -1
and M is the v1scosity in 3 em ~ sec
If the exparirientally measursd Ops ager slopes obtzinad from the it

of j\ to tha square root of the concentration hed been found to be

close to those calenlsted from equation (%,10), then the conelusion

would have bsen that the salts ware unos ociated; The experinsntal

Onsazer sloopss of the three sz2lts studied at atmos spheric pressurs,

glven ir Teble 3.4, were obtained by lezst-niean~sjuzre (l.i.s.) fitting

of the equivalent conduot1v1ur data to squation (5.9) on en I.B.M. 350
coﬁputer. Table 3.4 also lists the limiting equivalent condvetivities

froin thess plots. The three ssetions of the t2ble renresent the data
obtzined fromu (a) t“e thh-“ sure conductivity cells, (b) ths ztioszherie-
pressurs corductivity cells, andl(c) the cosbined dute from both () wna (b).

PRI

This caleuloution .ag nerforaed on the conductivityr daba obtzined at hisn
or

rressuras &g wall, wnd the rasulis crs recordsd in Tables 3.5, 3.6, and 3.9.

T PR

The prozrazi for thig caleulation constitubes the first sart of %be Shedloveky
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Table 3,4

s_and Limiting Tquivalent

26,61 35,00 45,01 54.83
(a) Sexp A, Sexp Ao Sexp A, Sexp A,
HegNT 2168 222.5 2144 231.6 2446 253.2 2740 272.,7
h 4T 1484 212,9 1562 226.1 1878 250.0 2081 257,3

n~Fr,NI 1318 195.0 1487 210.2 1753 230.5 2108 251.8
MeghT 1888 218.8 2137 238.0 2455 2556.5 3085 276.8
Tt NI 1222 209.9 1442 225.6 1684 246,0 1888 265,0

w-Fr,NT 1188 193.3 1342 208.5 1570 227.7 1780 245.,7

MeyiI 2007 220,3 = 2208 235.2 2502 258.0 2925 275.)

Et&NI 1389 211.5 1499 225.0 1780 248,0 1981 288.2

p=Pr, 7T 1246 194,1 1405 209.3 1854 229.0 1934 248.7
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(a) Brperimentsl Onscrer Slons, 3.

units: Sg,

Lig T Tempercture (°¢)

Pressure

(bar) 26,451 35,00 45,01 54..8%
Serp Mo Sexp Ao Sexp Ao Sex» Ao

1.0 2165 222.5 2144 231.,6 24456 253,2 2740 S79.7

275.8 1620 192,2 1588 201,5 1839 219,56 2014 235.8
413.7 1415 179,8 1366 188,7 1537 208.5 1782 221.5
551, 6 1224 165,4 1285 179,0 1491 195,0 1878 210.8
689.5 1079 188,53 1166 169.3 1339 184.6 1550 200.%
827.4 964 149.5 1077 160.9 1237 175.6 959 178.1

1314 181.2

[Ta}
o
[&)]
[$N]
[bs]
<D
>
,—l
>
JAv]
L]
}a
(o]
3]
=
[
[$)]
C,
-
o
=
=
Y29
[4)]
[
(923
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1103.2 824 1735.3 920 146.2 1071 159.6 874 164,1

{b) Theorstical Onsezer Slone Caleulsted from the Terminal Shedlovsky

Tteration
1.0 716,5 769.0 854.0 945.2
137.9 batie 693.5 767.1 846.6
275.8 584.7 - 630,1 696.4 768.4
413.7 535. 4 577.1 638.2 703.6
551.6 493,6 554, 4 589.7% 65L1.1
689.5 458.8 497,7 548.4 606.1
827,4 428,5 465.5 512.6 549,65 .
955.73 403,53 437.8 4815 531.4

1103,2 380,1 415.3 454.2 4390,7
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Table 3.6

S—oxp’ and Limitine Zquivalent Conductivity,fo

3
2

units: Sg,, ((en Q'lzaole-l):«:(:nole l.'l)"%)
A, (cmgﬂ lmol:es

o T Temperature (°C)

Pressure

(bar) 26,61 35.00 45,01 54.83

Sexp Ao Saxp Ao Sexp Ao Sexp Ao
1.0 1484 212,9 1562 226.1 1878 é50.0 2081 267.3
137.9 1307 198.4 1375 210,2 1636 231.0 1816 247.8
275.8 1170 185.1 1230 196,6 1454 215.6 .1617 231.4
413,7 1045 1v3.3 1114 184,5 1290 201.5 1438 217.3
551,08 952 163,53 1036 174,6 1204 190.4 1330 204,9
689,.,5 863 153,8 955 165.,4 1087 180.0 11382 193.2
827.4 791 145.5 €35 157,3 1011 171.0 1115 183.3
955.3 7534 138,11 826 142,5 945 162.8 1081 175.5
1103.2 683 131.4 772 142.4 838 155.4 995 167.7
(b) Theoretical Onsager Slope Caleulated from the Terminsl Shedlovsky
Iteration

1.0 706.4 754,8 853.4 941.0
137.9 636.8 668.7 764,8 843.0
275.8 577.3 825.3 683.2 764.1
413.7 528.5 572.9 633.3 699.2
551.6 483,11 530.0 584.3 044,5
689,5 454.0 483.,7 543.4 598.1
827.4 424,2 452.0 507.5 557 4
95,3 398,7 434.2 476.7 524,6
1103.2 375.7 4081 449,24 294,5

.;




(a) Zmarimental On

sager Slone, Sa, &N

4 Limiting Tguivalent Conductiziiy,No

Pressure
(bar)

-1 -1 -1
units: Sy ((cm2S2 mole )x(riole 1 l) <)

-}
j\o , (cm25271mole)

738 134.5
€88 127.9

645 121.8

lawggt)

-

Tenperaturs (°C)

747 132.4

951 152.9 1092 165.4

898 146.0 10%0 158.0

(b) Theoretical Onsaser 3lome C:leulated from the Tarminal Shadlovsky

Ttaration
738.3

664.1

445,.8
418,9

394.9

820,3 912.3
73644 B17.3
668,7 740.9
611.4 577.8
568.0 625.0
526.4 581.2
491.7 542.3
482,53 509,3
435.9 430,2
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treatment described in part C of this ‘section and which is listed in
Appendix ITII., A detailed example of this calculation is given for

E‘téﬁl in part C of this section belou. The theoretical limiting

Onsager slopes czlculated from equation (3.10) for the three compounds
studied are also recorded in parts (b) of Tables 3.5, 3.6, and 3.7.

These calculations indicated that the ecuivglent conductivity data were
not a linear function of the sguare root of concentration sccording to the
relationship suzgestsd by eguation (3.9). The observed slopes were

more negative than thoée coleulated from equation (3,10)., This suggests
that there is_sorne ion associction.

B Ostuald Dilution Fommla

The fundamentel hypothesis made by Arrhenius (92) was that
the degree of dissociation,@ 3, is given by the relation
a.= A/7A, (3.11)
For the dissocistion of a weak 1-1 electrolyte, the Csihwald Dilution
law (93 ) follows from this result:
k=/® ¢ /A (A, - A) (3.12)
The apparent dissociation constant, K, and the limiting equivalent

-1
conductivity, _A_ can be obtained simultoneously from a plot of_A

0’

agzinstAc, 25 can be seen from a rearrangement of equation (3.12).
-1 ,-1, -1 -2
A =A-o +5 (A)) " xcA (3.13)
This approzeh involves two serious approximations in which the effect
of ionic interzctions are neglected. The Tirst is that equation (3.11)

should not involve Ao’ but the eguivalent conductivity of a hypothet-




-73 =

ically fully dissociated state for the. salt in question, at the

(O]

bl forj\. The second

furs

concentration of ions present which is rsspons
has to do with activity coefficients, which are not considered in
the Ostwald Dilution law formulation., The thermodynamic dissociation
constant for the ionization gf g weak 1-1 electrolyte is
e U4 ¢
Kg= ¥y (1-Q) (3.14)
where y, is the mean molar activity coefficiént of elesctrolyte
Ty is the molar activity coefficient of undissociated solute
The ratio of the activity coefficients, yf / NP is assumed to be equal
to one. According to Harnmed and Owen (9L ) at high dilutions of weak
electrolytes in aqueoué solution, or of strong slsetrolytes in solvents
of low dielectric constant, these érrors are smngll and almost compensating,
Some l.m.s. caslculations uers done on the computer, in order
to obtain, with equation (3.13), fough gstvimates of the limiting ejulve-
lent conductivity and the dissociation constant. These results are nob
reported since the calculations deseribed in part C do not involve
the approximations nentioned shove, However, the dissociation constants
and ejuivalent conducﬁivities obtained were very close to those
calculated by the Shedlovsky treatment. The same trends for different
salts and varying conditions. of tempsraturs and pressure were found
in the more eract method of Shadlovsky. The comment of Harned and
Owen (94 ) scems to be'justified for thess elesctrolytes in acetone, es

vizs suggestad above,
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C Shedlovsky ITxtranolation lethod

The Shedlovsky extrapolation method (95, 96 ) is an
iterative procedurs by which successively batter estimates of the
liniting ejuivalent conductivity are used to sstimate the ion-pair
dissociation constant, Kd’ It has been used by Sears, ¥ilhoit, and
Dauson ( 97) to determine limiting equivalent conductivities and
dissocistion constants of potaésium thiocyanate and tetra~p~butylemmonium
iodide ( n—Bu4HI ) in acetone solution at several temperatures with~
in the ranze 25 to -SOOC. It was also usad by Savedoff (98) on 2 number
of lithium and tetra~§:butylamnonium salts in acetone éolution at 25°c,

The Shedlovsky extrapolation method is outlinsd below and
the equations which appear in the computer program are discussed. The
program, listed in Appendix III, was written in Fortran IV (T) lanéuage
for uss on the I.3.}M, 360 computer at the Compufing Center of the
University of Ottawa. A subroutine program which made use of a method
of weighted least squares to fit polynomials of up to degzree fifteen
to sets of paired datg by a method outlined by Hildebrand (99 ), uas
ébtainsd from the Wational Research Council Computation Centre. An
empirical sjuetion dus to Shedlovsky (95 ), which is based on the
Onsager equation (3.9 ), is used to represent the conductivity of a
hypothetical electrolyte whichAis assunted to be campletely dissociated:

A=A - AN s &* (3.15)

The observasd conductivity divided by thaf calculated from equation (3,15)

is then set egual to the deszree of dissociation:




i
H
i
i
i
i
1
i

]

ag= W/AY + A/ 5 tgp)” (5.16)

A new variable, Z, is then defined by

z = 5 (\)A, . | (3.17)
After = set of equivalent conductivities and concantrations, for a
given condition of tempersture and pressure, have besn selected from
the vhole set of data for a given salt read .into the computer, the
calceulation of 2 set of Z values is cerried out by the progran with a
value of the Onsager slope calculated from eguation {3.10). The
liniting eguivalent conductivity chosen for this first itsration, is
thét obtained from the Kohlrausch treatment outlined in part A.
Equation (5.16) can be simplified by Substituting the new variable Z,

and the degree of dissociztion is then given by

Wi

z 14 232
....__+{ (= }
Q- (A/Ao) [ a 3)
A second new varizble is then defined in terus of Z:

1o .
5(z) = [“g“ +{l MC =k }2] | (3419)

f czlculated Z values to obtain a set

IOIL\I

o

The programiuses the first ssob
of S(2) from equation (3.19% Equations (3.18), (3.19), and (3.14) are

now comhined to obtzin

1 _ 2 o A:E s(2)
S PR NV W | (3.20)

This is rearranzad to faeilitate czleulctions as follows:

Astzr = A, - e N F 57 (3) (3.21)

Ka Ao

] 2 , (3.18)
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Before the final calculation, which involves a curve fit of As(z)

o
£

. 2,2 X .
as a function of ¢ v S7{Z) to obtain a new estingate of and
t o
a value of Kqs» 1t is recessary to evaluate the activity coefficients
¥, « The Débyo-Hickel formula for the activity coefficient in its

liniting form, which follous as equation (3.22), given by Robinson

and Stokes (100}, was used to caleculate the activity coefficients:

-
ot

= - = 3.9
logyg fae= A|le2|ad I (3.22)
here zy and z, are the chargss carried by cations and anions; for the
salts studied zl= 2= I
3 : FR 4o o 1 —-2 2
I is the ionic strenghbh defined as Ec (nlu1+ nzz,)) where nl and
n2 are the numher of cations and anions rasulting from the disso-
clation of one 'molecule! of salt of concentration ¢, and there-
fore I=c in moles per liter for the szlts studied,
Q4 is the degree of dissociation
4 is a constant for a given tempserature and pressure as below

A= 1.824 mole® 1% (deg K) (3.23)

1.8246x10%
(eTy o

The ion-size correction term which a2mpears in the denominator of the

Debye-Hiickel formula was neglected beczuss it is negligivle in
comparison to one, for the dilute solutions studied. The formula which
apvears in the canputer program is given by the equation
- .
yf = exp 1.5848:-:105@(dc)5 ] 1 (Z.24)
Tento

It should be notad that the molar activity coefficient is called for




- 17 -

in the equations dsrived in the Shedlovsky treatment ,» while equation
(3.22) repressnts the memn rational activity coefficient, f.. The two
activity coefficients are related by the following squation given by

Harned and Owen (101):

log £, = logy, + 1log { d ,c (nly- I.En}

a " 1000 d, (3.25)

ensities of the solution and the solvent

(%)

where 4 and do ars the

respactively

1.22 and Ev'il are the molecular weishts of solute and solvent

¢ is the concentration of solute

n is the number of moles of ions produced per nole of solute
For the solutions studied, d could be approximated by cl0 and the second
term in the brackets involvingz the concentration was negligible compared
to one, so that the two activity coefficients wers identical for the
present treatment,

After the quantiﬁi.es S, Z, 8(z), ana 3;2 were evaluatad, they_
were printed out by the computer. ThenAS(Z) was Titted ag & linear
2 42 2

function of ¢ Ty _A S (Z) and the intercept recorded as ths first
estimate oon; Xq é:lwlated from the slops -(KdAO)_l was also
recorded 2s the first sstimate of the dissociztion constunt. If this

naw - Qid not agree with th

(0]

estinate of 'A'o used for that itsration
to beatter than 20,054, ths new -A-o was used to recaleulate S, Z, S(z),

2
and Yp and the calculation of the Shedlovsky linmear fit repeated. The
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program was set to carry out this iteration seven times or until the
specified agreement was reached, Three iterations were usually required,

Table 3.8 gives the Onsager slopss calculated from eguation
(3.10) using the limiting equivalent conductivity ihich wag erployed
in the final Shedlovsky iteration. Parts (a), {b), and (c) represent,
respectively, the results obtained at atmospheric pressure wuith the
high-pressure cslls, the rosults of the atmospheric cells, and the
combined data from both sets of cells. Parts {p) of Tables 3.5, 3.6,
and 3.7 as mentioned above report the Onsager slopes calculzted from
equation ({3.10) using the j\o of the high-pressure results, again
for the final Shedlovsky itefation.

Table 3.9 contains the limiting eguivalent conductivities
caleulated by the Shedlovsky method at atmospheric pressurs from (a)
the high-pressurs cells, (b) the atmospheric-pressure cells, and (c)
the combined data from (a) and (b). The numbers in brackets in this
and later tables represent estimates which are related to the errors
in these gquantitiss, The meaning of these error estimates will be
discussed in section 7 of this chapter. Table 5.10 combains the
limiting equivalent conductivities calculated by the Shedlovsky
method &t high pre%sﬁres. Tables 3.11 and 3.12 are the analogous
tables of the dissociation constents obtained from the Shedlovsky
treatment.

In Table 3.13 ares recorded values obtained for some of the

quantities of the Shadlovsky treatment of the EtéNI s1lt, TFrom this
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Table 3.8

Theoretical Onsager 3love Caleculated from ths Terminal Shedlovsky

—-l —l - A
Tteration at Atnosnheric Prossure ((mn%), mole ~)x{mole 171)%)

Temperaturs (°C)

26,61 35,00 45,01
(a)
He T 715.5 769.0 854.,0
34T 706.4 764.8 853.4
n-Fr, NI 578.0 738.3 820.73
)]
Ye NI 714.2 778.3 861.9
n-Pr, NI 676.7 737,73 817.4
(c)
Me NI 715.1 7747 859.0
Bt T 704,9  765.1 850.9

n-Fr NI 67743 737.8 818.8

54.83

947,2

905.2

946,0
940.1

908.9

4
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Table 3.9

initing Tguivalent Conduetivity at itmosoheriec Prassurs

(c)
Me NI

r-Fr NI

(cm%{l'lmolenl)

26,61

213,3(3.9)
207.3(1,1)

190,6(1.8)

211,9(2.5)
205.5(0.4)

189,9(0,5)

212.5(2.1)
205,4(1.0)

190.2(1.0)

Tenperabure (OC)

35,00

222,9(3,4)
220.4(1.2)

205.1(1.6)

228,2(2.6)

220,6(0.5)

204,5(0.7)

226.,1(3.2)
220,6(1.2

204,7(3,0)

45.01

243.5(3.7)
243,0(1.7)

224.3(2,0)

247,7(2,9)
240,1(1.1)

222,8(1,0)

246.2(2.8)
241.6(1.1)

223,5(1.2)

54.83

261.8(3.9)
259,5(1.7)

244,4(2.1)

262,9(9,.4)
258.4(1.3)

240,1(1.8)

262,3(5.4)

259,0(1.5)

242,1(1.6)
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Table 3,10
Limitin~ Zjuivalent Conductivity

(cmzﬂ'lmole-l)

MeNI Tenperature (°C)
Pressure :

(bar) 26461 35.00 45,01
1.0 213.3(3.9) 222.9(3.4) 243.3(3.7)
157,9 198,0(3.5) 207.9(3.2) 226.2(3.4)
275.8 185,1(3.3) 194.8(2.9) 211.9(3.1)
413,7 173,6(3.0) 182.8(3.0) 199.5(2.9)
551.6 163.1(2.8) 173.5(2.5) 188.6(2.7)
689.5 153,7(2.5) 164,3(2.4) 178.9(2.6)
827.4 145.4(2.3) - 156.3(2.2) 170.2(2.4)
96543 138,4(2.1) 148.8(2.1) 162.2(2.3)
1103,2 131.9(2.0) 142,3(2.2) 155,0(2.1)
Bt NI

1. 207.3(1.1) 220.4(1.2) 243,0(1.7)
137.9 193.4(1.1) 205,1(1.2) 224,8(1.4)
275,8 180.6(1.1) 191,9(1.1) 210.0{1.3)
413,7 169.2(0,9) 180.2(1.0) 196.5(1.2)
551.6 159.6(0.9) 170.7(0,9) 185,4(1.7)
689.5 150.5(0.8) 161.8(0.9) 175.6(1.2)
827.4 142.5(0.7) 153.9(0,8) 166.9(1.1)
965.3 125.3(0.7) 146.3(0.8) 158.9(1.1)4
1103,2 128,8(0.7) 139.4(0.8) | 151,7(1.1)

54,83

261,8(3.9)
242,9(3.5)
227.5(3.2)
214,1(3.0)
203,7(3,0)
193.5(3.2)
173,7(2.1)
175.5(2.5)

160,9(2.3)

259.5(1.7)

1240,9(1.7)

225.0(1.8)
211.5(1.7)
199.5(1.7)
188.5(1.4)
178,6(2.2)
171.1(1.7)

163.4(1.7)




g:PréNI
Pressure
(bar)
1.0

137.9
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Table 3.10 (cont,)

Linitine Tquivalent Conductivity

(CL%SZ'lmole—l)

26,61
190.6(1;8)
177.4(1.7)
165.8(1.6)
155.9(1.5)
146,9(1.5)
138.9(1.4)
132,0(1.3)
125.5(1.3)

119,6(1.2)

Temperature {°¢)

35,00
205.1(1.6)
190,4(1.5)
179.0{1.9)
158.4(1.8)
158.8(1.7)
150.5{1.7)
143,1(1.56)
136.0(1.6)

129,7(1.5)

45.01

224,3(2,0)

208.3(1.8)
195.2(1.5)
182.9(1.5)
175.8(2.1)
164.7(2.0)
156,5(1.9)
149.3(1.8)

142,5(1,8)

54.83
244.4(2.1)
226.53(2.5)
211.4(2.0)
198,6(1.9)
187.5(1.8)
177.8(1.8)
168,2(1.7)
161,0(1.7)

153,8(1.6)
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Temperature (OC)

28,61 35,00 . 45,01 54,83
(&)
e NI 0.0028(0,0007) 0,0032{0,0007) 0,002%({0.0005) 0,0027(0.0005)
T 4T 0.0060(0,0004) 0,C062(0.0004) ©,0050({C,0004) 0.0047(0,0003)

n-Fr 7T 0,0084(0,0009) 0,0053(C.000€) 0.0050(0,C005) 0.0035(0,0004)

(b)
hie TT 0.0034(0,0C08) 0.0031{0,0005) 0.0028(0,0004) 0.0024(0,0011)
B NI 0.0079(0,0002) 0.0073{0,0003) 0.0052{0.,0004) 0.0058({0.0004)

n-Fr NI 0,0080(0,0004) 0.C072(0.,0004) 0.0051{0.CC04) 0.0055{0,0005)

(c) | '
Keg il 0,0031(0,0004) 0,0031(0.,0005) 0.0028(0,0004) 0.0025(0.0007)
Bt NI 0,0069{0.0005) 0.0053{0,0005) 0.0055(0,0203) 0.0052({C.0004)

n-Fr il 0,0072(C,C005) 0.0655(0.0005) 0.0036(0.0004) 0,0047(0.0004)




-8l -

Table 3.12

Dissociation Constant

Ne,NT
Pressure
(bar) 26,61
1.0 0.0028{C.0007)
137.9  0,0034(0.0009)
275.8 0.00358(C.0011)
413,7  0.0043(0.0013)
551.6 0.0051{0.0017)
689.5 o.oosa(o.oozi)
827.4 0,0055(0.0025)
965.3 0.0070(0.0027)
1103.2 0.0073(0,0029)
Bt N1
1. 0.0050({0,0004)
137.9 0.0067(0,0005)

. 275.8 0.0073(0.0006)
413.,7 0.0080(0.0007)
551.6 0.0086(0.0007)
689.5 0.0094(0,0008)
827.4 0.0100(0.000S)
965.3  0.0106{0.0011)
1103.2 0,0111(C.0012)

" (mole 171)

Tenperzature (°C)

35,00
0.0032(0.0007)
0.0038{0.0010)
0,0044(0.0012)

0,0053(0.0018)

0.0052(0.0015)

0.0057(0,0018)}
0.0060{0.,0020)
0.0064(C,0022)

0.0068(0.0025)

0.06;5(0.0004)
0.0069(0.0003)
0.0076(0.0008)
0.0081(0,0007)
0,0083(0,0007)
0,0088(0,0008)

0,0093(0.0008)

0.0095(0,0009)

0,0100(0.0010)

45,01
0.0029(0.0006}
0,0034(0,0008)
0.0039(0.0009)
0,0043(0,0011)
0.0046(0.0012)
0.0051(0.0015)
0.0054{0.0018)
0.0057{0.0017)

0.0059(0.0018)

0.0050(0,0004)
0.0057{0.0004)
0.0063(0.0005)
0.0071(0.0006)
0.0074(0.0010)
0.0081(6.0008)
0.0084(0,0009)

0.0088(C.0010)

0.0090(0.0010})

54.83
0.0027(0.0005)

0.0032(0.0007)
0.0037(0.0009)
0.0042(0,0010)
0.0042(0,0011)
0.0045(0.0014)
0,0125(0,0066)
0.0051(0,0014)

0.0104(0.0055)

0.0047(0.0003)
0.0054(0.0005)
0.0060(0.0006)
0.0065(0,0007)
0.0070{0,0008)
0.0078(0.0009)
0.0082(0.0015)
0.0082{0.0012)

0,0085(0,0014)
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Table 3.12 (cont,)

Dissociation Constant

Q;PT4NI

Fressure

(var) 26,61

1.0 0.0064(0.0009)
137.9  0.0072(0,0011)
275.8  0.0078{0.0013)
413.7  0,0084(0.0014)
551.5 0.0089(0.0016)
689.5 0.0093(0,0018)
827.4  0,0098(0,0020)
965.3  0,0102(0.0021)
1103.2 0,0106(0,0023)

(mole 171)

Temperature (°C)

55,00
0.0058(0.,0005)
0.0056({0,0008)
0.0068{0.0011)
0.0074(0.0013)
0.,0078{0.0014)
0.0082({0.0016)
0.0087(0.0017)
0.0089(0.0019)

0.0092(0.0020)

45,01
0.0050(0.00086)
0.,0057(0,0007)
0.0056(0,0006)
0.0066({0,0009)
0.0065(0.0012)
0.0068(0,0013)
0.0071(0.0015)
0.0073(0.0014)

0.0075(0.,0015)

54.83
0.0039(0.,0004)
0.0045{0.0006)
0.0052{0.0006)
0.0055(0.0007)
0.0058(C.0008)
0.0059({0.06008)
0.0064(0.0009)
0.00586(C.0010)

0.0087(C.0010)




Table 3,13

(a) Least-tean-Square Fit of Znuivalent Conductivity of 55 ,NT to

the Square Root of Concentration

atmospheric pressure cell data =t 26.61°C

1

A = (209.95:0.375)- (1299215) ¥ ;  Eg.=0,512

(b) Parameters Cslculsted in the Shedlovgky Treatnent of It ,NT for the

Final- Tterztion

Pressure Teonperature Pressurs
0
1.0 bar 26,61°C 965,3 bar

Conecentration Z s(z) 72 Concentrat s(z) xf

(mole 171)x10%(see toxt for ° (mole 1"1};234 %see text for units)
units)

11.25 0.102 1,107 0,902 12,19 0,094 1.0%2 0,910
9.729 0,095 1,100 0,908 10.54 0.088 1.092 0.915
8.770 0.091 1,095 0.913 9.305 0.084 1.087 0,920
3e34)L 0.059 1,061 0,943 3.621 0.054 1.055 0,949
34292 0.058 1.0860 0,944 34557 0.033 1,055 0,949
1.068 0,034 -1;035 0.987 1.158 0.031 1.032 0.970

45.01%

10.84 0,102 1,108 0,900  11.97  0.09¢ 1.099 0.909
.463 0,096 1,101 0,905 10,35 0,088 1.092 0.915

€.531 0,092 1,096 0,911 9.328 0,084 1.088 0,919

¥

3.250 0,060 1,061 0,942 3.554 0,054 1,055 0,948
20802 0.080 1.061 0.942 3,501 0,055 1.055 0.949

1.039 0,035 1.036 0.966  1.135  0.051 1.032 0,970




table the effect of temperature and pressure on the various parameters
c¢zn be noted,

To evaluate the computer program, the data obtained by Sears,
Wilhoit, znd Dawson (97 ) and Savedoff {98 ), were fitted and the results
compared with those reported in their papers. The agreement obtained was
within the error estimates of the program and the most probable precision
(see section 8), for both the limiting eq uivalent conduetivities and
the dissociztion constants. It was thought that this test, which
produced results agreeing with two independent treatments, indicated

thet the Shedlovsky computer program developed in this work was reliable.

5. Thapmrodynanie Activetion Paramsters for Conductivity

A Volume of Jetivetion

The ex *)oriment a] definition of the volume of activation for

jonic conductivity, as usad by Brurmier and Hills (102}, is

Avi- —-RI‘( aln)\‘i’) _‘i“ RT 3 (3.27

where ,Bj" the sothcrmJ solvent compressibility (calculated from the
Tait equation ond the results given for acetone in Appendix I )
0 : ' . s s cos
)\ is the liniting ejuivalent ionic conductivity

R is the z=2s constant in ml bar deg":L mole
Calculations to obtain the nressure coefficient of conductivity uere
made on the combined cotionic end anionie conductivities, which were the
observed guantities. 411 the zctivation peremeter caleulations in the

present section were done in this way sinez there are no transport

nurbers availashle for these salts in acetone. The ef'ect of this
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aprroxination will be discussed later,

In order to study the pressure coefficisnt of the interionic
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128 arplied to the squivalant conduectivities
measured at Tinite concentrations. Ths logerithms for & given tenverature
and concentration sere fitted to a secon@~order polynomial in pressure,

by the nethod of 1. m. s., 2nd the

to obtain the volumes of activation. Mo welzhbing factors were used in
thsse calculations. Tebles 3,14, 3.15, and 3.16 record the resnlts for

the three szlts studied,

The volumes of activation oaspd on the limiting equivalent

conductivity were calculated by the sams procedurs as those calculated
at finite concentrations. Teighting fzctors uere apnlied, housver, as

they wers throuchout the rest of the czlculetions wherever possible,
in order to nnke use of the errof estimates ganerated by the Shedlovslcy
progran. This aspect of the calculstions is discussed in section 7,
The results ars prasented in Tébles 3.17 and 3.18. The volumes in
Teble 3.18 are givén without the compressibility correction, to
indicate the nagnitude and pressurs and temveratura variation of this
term,

The results discussed in this section were obtained, with
23ption of Tobles 3.14, 3,15, and 3.16, by neans of a conputer
he same polynomial curve fitting subroutine

Frogran s the Shedlovsiy treatrment. This prozram has baen listed in
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Table 3,14

Volume of Activation for Conductivity of 112.NT Corrected Tor Solvent

Compressivility at Diffcrent Szlt Concenbrations (m1 mole_l)

Temgerature Pressurs
(c) (bar)
26,61 1.0

200

600
800
1000
35.00 1.0
200
400
600
800
1000
45,01 1.0
200
400
600
800
1,000
54.83 1.0
200
400
600
800

"1000

-3
Concentration et 1.0 bar and 26,61°C (mole 17T

4,468 4,201

8.77 8.64
8,67 £.56
8e41 7.03
8.06 8.01
7467 7.64
7.24 7.24
8,19 8.42
8.25 8,41

8.12 8.22

7.91 7.94
7.63 7460
7432 7.22
8.51 8.86
8453 | 8.74
8.31 8.38
7.97 " 7.90
7.56 7433
7.10 8.74
8.33 8,53
8.4% 8.64
8.29 8.42
7.96 8.06
7.53 7.60

7.08 7,11

2.807

9.27
9.13
8.83
8.45
8.01

7.54

9.03

8,87

7460
7.07
9.38
9.19
8.76
8.20
7.58
7.00

9,07

9,07

B8.75
8,27
7,70

7.10

x104
2.170

%.71
9.63
9739
9.06
8.68
8.27
9.15
9.02
8.71
8.31
7.84
7434
9.52
9,36
8.97
8.45
7.86
8.22

9.63

1,946

9,69
9.50

9.16

9.33

9.17

738
9.55
9,45

9.02

7476

7,06

1.724
10.19
9.75
9,35
8.76

8,12




Yolume of Astivation for

¥y of It W

I Corrzctad for

3olvent

rad 3 P ”
Counrass

ihility at Different S=21t fon

EY

Temperszture Pressurs
{bar)

(°0c)

26.61

35.00

45,01

1.0
200
400
600
800
1000
1.0
200
400
660
800

1000

600

800

1000.

1.0
200
400
600
800

1000

icentrations (ml mole—l)

. . - -1
Concentration at 1,0 bar and £6.619C (mole 17-)

9.00

8.25
7.74

7.18

9.729

8.97

7.46
9.20
9.05

8.71

8.28

9.79
9.17
8.43
7.61
6.75
9.03
9.11
8.86
8.47

7.98

x104
8.770  3.341
9.14 9.93
9.01 9.72
8.72 9.56
8.34 8.91
7,91 8.41
7.45 7.87
9.29 10,18
9.10 9.86
8.73 9.38

.27 8,77
7.75 8.12
7.18 7.43
9.77 10,49
9.51 10,19
9.01 9.64
8.39 8,97
7,70 8.23
6.96 744
8.97 10,33
9.04  10.18
8.80 9,71
8.40 9.09
7.91 8,37
7.39 7,62

3.292

10,02

9.77

1.068
10.63
10.28

9,77

10,64

9.14
8.26
7.34
11.086
10,72
10.06

9.25

7.41
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Table 3.16
AT, -— -
Volume of Activation for Corductivity of n-Fr,NI Corrected for

R R Y

Solvent

Comnressibility at Diffarent Salt Concentrations {(ml mole'l)

Temperzsture Pressure

(°c) (bax)

26.61 1.0
200
400
600
800
1000

33,00 1.0
200
4C0
600
800
1000

45.01 1.0
200

400

800

1000

200
400
600
800

: 1000

600 .

Concentration at 1.0 bar.and 26.51°C (mole 1-1)

10,67

9,14
9.00
8.62
8,20
7.73
7.22
9,07
8.93
8.61
8.19
7.72
7.21
9,38
9,22
8.82
8.29
7.69

7.05

8,70
8,85

8.68 -

8.37

7.95

7.51

8.118

8,80
8,34

7.84

x10%
5.783  3.647
9.67 9,96
9.42 9.65
9,02 9.18
8.53 8.63
7.98 8,02
7,41 7.38
9,67 8.96
9.45 8,95
9,05 8475
8.56 8.46
8.01 8.12
7.42 7,73
9.91 9,50
9,70 9,30
9,25 8.86
8.67 8.30
8.02 7466
7.32 6.98
9,59  10.38
9.56  10.21
9.21 9,72
18471 9.08
8.11 8.34
7,49 7.57

1.897
10,43
10,05

9,52

7.54
10.55
10.18

9.64

8,99

8.29

7.55
10,87
10.49

9.87

9,13

8.31

7.45
10.95
10.68
10.07

9.32

8,47

7.59

‘0.8600
10.31 |
10,02
9.58
9.086
5.48
7.87
10.55

10.17

7.28
11.15
10.79
10.11

9.29

8.36

7.41




Volume of Activation for

Table 3.17

on

e e N S T e
R T R R R

nductivity Corrected for Solvent

Fressure

(bar)

¥e 4NI
1.0

137.9

965,3
1103.2
i NI
1.0

157.9

Compressibility (ml mole

26,81

11.34(0.16)
11.03(0.17)
10,52(0,18)
10.16(0.20)

9.65(C.21)

9.,14(0,23)

(3]

8.59(0,25)
8.03(0.27)

7.45(0.29)

10,95(0.14)
10,71.(0.15)
10,37(0,15)

9.98(0.15)

2.55(0,18)

9.10(0,19)

8.62(0,21)

8,13(0,22)

7.62(0,24)

10.67(0.25)
10,40(0,28)
10,03(0,21)
9,59(0.34)
9,11(C,38)
8.60(0.41)

8.06(0.,45)

10.83(0,33)

10.56{0,37)

9.74(0.47)
2.26(0.52)
8.75(0.58)
8.21(0.53)
7.56(0.69)

7.,10(0,75)

_l)

2,33(0.43)
8.78(0,47)
8.20(0.52)
7.80({0.56)

6.959(0.61)

11.98(0,33)
11.60(0.35)
11.08{0.41)
10,45{0,45)
9,80(0.50)
9.09(0.56)
8.36(0.61)
7.61(0.56)

6.24(0.,72)

54,83

11.13(2.26)
11.15(2.74)
10.99(3.23)
10.72(3.73)

10,33({2,24)

W

10.06(4.75)

9,15(5,77)

8.69(6.,28)

11.81{0.26)
11.54(0.27)
11.09(0.28)
10.53(0,31)
9.90(0.34)
9.23(0,37)
8.53(0.40)
7.80(0,44)

7.05(0,47)




Table 3,17 {cont,)

Volune of ichbivation for Conductivity Corrected for Solvent

Comnressibility (ml mole™t)

Temparature (°0)
Pressure

(var) 26,61 35.00 45,01
g._—Pr‘lI-II
1.0 10.90(0. 20) 10.7%(0.30) 11.27(0C,39)
137.9  10.80(0.22) 10.55(0.34) 10.96(0, 47)
275.8  10.21(0.24)  10,17(0.%9) 10.50(0.49)
413,7 - 2.76(0.27) 9.75(0,44) 2,96{0.55)
55146 9.27(0,20) 9.28(0.49) 9.37(0.62)
689.5 8.56(0.35) 8.78(0.54) 8.73(0.89)
827.4 8.23(0.35) 8.25(0,60) 8.07(0.75)
965.53 7.58{0,39) 7.72(C.85) 7.39(0.83)
1103.2 7.12(0,42) 7.17{0.71) 6.59(0,90)

54.83

11.80(0,34)

11.05(0.41)
10,48(0.45)
92,84(0.590)
2.16(0.35)
8.44(C.50)
7.70{0.55)

6.95{0,72)
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Table 3,18

R

e e e e A
T R B B N AR SR R R

Volune of Activation for Conductivity with Yo Correcticn

Fressure
(bar)

551.6
669.5
827.4V
965.3

1103, 2

for Solvent Compressibility

(ml mole

..1)

Tenperature (°0)

26,61

13.43(0,10)
12.79(0,12)
12.15(0.14)
11.51(0.16)
10,.96(0.19)
10.22(0.21)

9,58(0.23)

8.93(0,25)

8,29(0,28)

15.03(0.08)
12,45(0.10)
11,89(C,11)

11.32(0,13)

10.75(0.15)

10.18(0.17)

9.61(C.19).

9.03{0.20)

35.00

12.90(0.18)
12.27(0.22)
11,54(0,26)
11.00(C.31)
10.57(0.35)
9.73{0.39)
9.09(0.43)
8.45(0,48)

7.82{0,52)

13.058(0.25)
12,43(0,31)
11,79(0.37)
11.18(0.43)
10.52{0.49)
9,88{0.355)
9.25{0.61)
8.61(0.67)

7.97(0.73)

45,01

13.50(0.21)
12,81(0.25)
12,11(C.%0)
11.42(0.35)
10,71(0.40)
10.02(0.45)

9.32(0,49)

8.62(0.54)

7.92(0.59)

14,57(0.24)
13,73(0.30)
12.88(0.36)
12.03(0.41)
11.18(0.47)

10.33(0.53)

9.48{0.59)

8.64(0.64)

7.78(0.70)

54,83

14,00(1.98)
13,47(2, 45)
12.93(2.,93)
12.39(3.40)
11.86(3.88)
11.32(4.35)
10.78(4,83)
10.24(5,51)

2,70(5,78)

14,75(0.15)
13,20(0,19)
13.05(0.23)
12.23(0.28)
11.39(0.30)
10.55(0.34)

9.72(0,38)

8.88(0.42)

8.04(0.45).




Table 3,18 {cont.)

Voluwie of .ctivetion for Conductivity with o Correction
Tor Solvent Ccunresaibility
(ml mole~l)
Temperature (°C)
Fressure .
(var) 25,61 35,00 45.01 54,83
n-Fr, NI

T 1.0 12.97(0.14) 13,02{0.23) 13.86(0.30) 14.72(0. 24}
137,9 12,35(0.17) 12,41(0,29) 13,09(0.37) 13.88(0,29)
275.8 11,72(0,20) 11.738(0,35) 12.31(0,44) 13.03(0.35)
413.7 11,10(0.24) 11.16(0.40) 11,53(0.51) 12,18(0.41)
551.6 10.45(0.27) 10.54{0,45) 10.75(0,59) 11.33(0,45)
689.5 9.84(0,30) 9.91(0,52) 9.97(0.66)  10.48(0.52)
827.4 9.21(0,34) 9.29(0.59) 9.19(0.73) 9.63(0.58)
965.3 8.59(0.37) 8.67(0.64) 8.41(0,81) 8.78(0.65)
1103.2 7.96(0,40) 8.05(0.70) 7.63(0,88) 7.94(0,69)




this

ssction, were incorporated into rogreai, the apororriate values

'd

being inserted for the constants. The input to this mrogram was such
as to accept, with only a slight rearrengsmsnt, the oubput of the
Shedlovsky progran, j\O,ZXj\ﬁ (the error estimate in f\o),'Kd, and
Z&Kd (the error estimats in Kd). The “Jalden products were also

caleulatsd by this progren.
J Frog

B fnarey of Activotion at Constant FPrassure

The energy of activation for conductivity at constant nressure

Bp= BT ( aw_nAo) (3.28)

The logarithms of the limiting egquivalent conductivities were fitted

to a first-order polynomial in tamperature by the l.m.s. method and

the tenperaturs cosfficisnte used to evalus t EP at different “reSDurvu.
The computzd results are reported in Table 3,19 for the three salts
investisated., 4s is the case for all of the tables which report thraze
results at atmospheric pressure, the first entry (a) refers to the

data from the atrmospheric prassure c2lls, the third entry refers to
those from the hizh pressure cells, and the second entry refers to ths
conlbined rssults,

c Ener.z of ictivation ot Constant Volume

The eneryy of activztion for con tivity at constant volunme

may be dsfined by

Ey = RIC ( aan_X_o) (3.29)
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Znersgy of ictivetion at Constant Pressure for Conductivity

Table 3.19

Pressurs
(bar)

1,0 (a)
1.0 (b)
1.0 (e)
137.9
275.8
413.7
551.6
689.5
827,.4
965.3

1103.2

Me4NI
1.58(0.05)
1.49(0,04)
1,48(0.11)
1.45(0.08)
1.47(0,07)
1.49(0,07)
1.55(0,05)
1.60(0,03)
1.23(0.20)
1.65(0.01)

1.41{0.15)

1.59(0.02)

1.60(0.05)
1.59{0.08)
1.55(0.07)
1.56(0,086)
1,55(0,05)
1.55(0.02)
1.57(0.02)
1.60(0.04)
1.63(0.03)

1.66(0,03)

. 1.63(0,01})

1.67(0.02)
1.73(0.03)
1.69(0,04)
1.68(0.00)
1.67(0.02)
1.69(0.02)
1.71(o.q2)
1.71(0.02)
1.73(0.03)

1.75(0.03)




AT

The logarithms of the limiting aquivalent conductivities were first

Titted to a third-order polynomizl in the nmolzl vo lume, at each of

the four tenperatures. Tuelve volumas were then chossn over the range
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volumes from the polynomial, These quantities were then fitted to a

zabted, and the logarithns of j\o calculated for thase

Pirst-order polynoimial in temperaturs for each one of the tuelve volunes
and mv was caleulated using equation (3.2 ). Computad results are
reported, for the three salts'studied, in Tabla 3,20,
S The 106vngr10 Farazrieters for Ton-Pair Digsociation
A Gibbs Free Inarsy of Diasooisticn
| The standerd Gibbs frpe -energy change of dissociation was

computed according.to‘the eguation

Asy = -3 1n Ky (3.20)

where the supsrscerint indicates that the guantity represents the
standard change
These results are given in Table 3.21.

B Volune Chahﬂp of Dissociation

The log vrithm» of the dissociztion constznts were fitted t
a econd~ordbr _polinomial in pressure by meons of a l.m.s. rethod, an
the first derivative evaluated at 2 series of rressures. These value
were usod in tha eqﬁation below to qalculate the volume changes of
dissociation

P———

. | |
AV = -z (azn K ) . e (5.3
‘ P

T

0
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Table 3.20

Inergy of Activation at Constant Volume for Conductivity

(kcal mole’l)

Volune of iActone 'IeéNI Eb Jrib Q_—P1'4NI

(ml mole =1) =
77.49 0.466(0,049) 0.523(0.132) 0.497(0.021)
76.30 0.377(0.068) 0.464(0,062) 0.508({0.015)
75.15 0.327(0.097) 0.424(0.056) 0.519(0.026)
74.22 0.308(0.104) 0.404(0.065) 0.532(0,029)
73.63 0,302(0,103) 0.399(0.083) 0.541(0,030)
72.76 0;301(0.096) - 0,400(0.087) 0.557(0,030)
71,96 0.304(0.090) 0.411(0,082) 0.575(0.031)
71.17 0.307(0.093) 0.432(0.055) 0.594(0,034)
71.14 0.307(0.,093) 0.434(0.054) 0.595(0.035)
70.42 © 0.308(0.106) 0.483{0.048) 0.615(0.041)
69.80 0.306(0.124) 0.496(0.045) 0.633(0.,048)
69.06 0.544(0,045) - 0.658(0,060)

0.297(0,150)
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Table 3.21
Gibbs Freec Energy of Dissociation
(kcal mole'_'l)
Temperature (°g)
Pressure
(bar) . 26,61 55,00 45,01 54,83
KeglT
1.0 (a) 3.285(0.109)  3.539(0.103)  3,724(0.101) 3.938(0,291)
1.0 (b)  3.434(0.083)  3.541(0.123)  3,724(0.,096) %4902(0,172)
1.0 {c) 3.492(0.142)  3.523(0,135) 3.694(0,130) 3.861(0,124)
137.9 3.333(0,155)  3.405({0,153) '3.592(0.145) 3.741(0,138)
275.8 8.321(0.167)  3.325(0.168)  3,515(0,153)  3.645(0.150)
413.7 . 3.241(0.178)  3.212(0.209)  3,445(0.164) 3.568(0.162)
551.6 3.146(0.202)  3.215{0.184)  3,405(0,168)  3.560(0,1€8)
639.5 3.068(C.216)  3.155(0.194) 3,336(0.181) 3.519(0.199)
827.4 3.001(0.226)  3.132(0.199)  3,302(0.185)  4.359(3.440)
965.3 2.956(C.232)  3.091(0.209) 3.267(0,192) 3.442(0.185)
1103.2  2,931(0,233) 3.057(0.2505 3.242(0,194) 2.975(0.347)
b NI ,

1.0 (a) 2.885(C.017)  3,009(0.023)  3,210(0.039) 3.361(0,042)
1.0 (b) 2.957(0.040) 5.osa(o.o4§) 3.279(0,035)  3,423(0,045)
1.0 {c) 3.,051(0.040) 3.,115(0.044) 3,347(0.048) 5Q491(o.045)
137.9 2.9381(0,046) 3.045(0.049) 3.267(0.048)  3,402({0.055)
275.8 " 2,981(0,053)  2.990(0.051)  3,202(0.050) 3.336(0.035)
413,7 2.874(0.048)  2.946(0.053) 3.124(0,055) +278(0.070)
551.6 2.852(0.052)  2.934(0,052)  3.106(0.083)  3.2353(0.077)
589.5 2.782(0,051)  2.900(0.054)  3,047(0.083) 3.163(0.073)
827.4 2.740(0.054) 2.866(0,055)  3.020(0.087)  3.132(0,123)
965.3 2.708{0,059)  2.842(0.057)  2,995(0.065) 3.133(0.038)
1103.2  2.579(0.062)  2.817(0.038)  2,975({0.073) S.lOB(Q.ldé)
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Gibbs Free ZInerey of Dissociation

- 101 -

Tabls 3.21 (cont,)

Pressure
{bar)

1.0 {a)
1.0 (b)
}.O (¢)
137.9
275.8

413,7

(kcal mole~l)

26,51
2.876(0.029)
2,934{0.050)
3.008(0.086)
2.935(0.091)
2.890{0,0%8)
2.545(0.105)
2.814(0,108)
2.785(0.114)
2.755(0.119)
2.730(0,124)

2.710(0,128)

Temperature (°c)

35,00
.3.020(0.034)
3.076(0.046)
3.145(0.065)
3.075(0,071)
3.053(0.102)
3.002(0,107)
2.968(0,112)

2.926(0,117)

2.907(0,121)

2.689(0,127)

2.872(0,131)

45,01

3.271{0.,075)
5.275(0.063)
3.171(0.084)
3.180(C.114)

3.150{0,113)

54,83
3.5386(0.061)
3.492(0.052)
3.608{0.081)
3.525(0.08%
3.438(0,077)
3.592(0,081)
3.356(0,084)
3,547 (0,087}
3.301(0.093)
3.280(0,098)

3.2865(0,100)
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Results ars given in Tables 3.22 where the solvent compressibility

LT 5

n 3.23, where it has not been = d.

[ N

pli

Q

correction has been applied, and

C Enthalypy of Disscciction

The stzndard enthalpy of dissociation was calculszted from the
derivatives at the prassurss for which the logarithm of the dissociation
constant was fitted to a first-order polynomizl in tauperature, Use

was nade of the equation

et et

(o] 2
AHy = R (aln Kd) (3.32
P
Results are presented in Table 3.24.

D Introny of Dissociation

The standard entrony change of dissociation wes ealculoted
from tha standard chences in the Gibbs free energy and the enthalvy
of digsociation for 211 the conditions of temneraturs and pressure,

according to the relation given below!
0 o} A
AsS = Ary -As (3.33)

T

Results for the three salts are presented in Table 3.25.

=N

3

on

{3

3 Internal-Tnerszy Chaans of Dissocl

[0
[N
=

The gtandard change in the internal energy of dissociation

i1s defined hy the equstion

2,5 -
Avg= = (aln :<:d) (3.34)




T ——

R

Volusie of Dissociabion forrectad for 3Solvent Jomwnrassibilibe

(1 mole~l)

&
=

-

—
(&
[
oG

1103.2

-21,0(1.0)
-19,2(1.1)
~17.5(1.2)

-15.9(1,3)

-14,3(1.4) .

"‘1257{105)

-11.2(1.7)

- 9,7{1.8)

-14,4(7,1)
-10.5(7.9)
- 6.6(8.7)

- 2,7(2.,4)

-20.8(2.1)
-18,6(2.4)
~16.5(2.3)
-14,3{3.1)
-12.6(3.5)
-10.7{3.9)
- 8.2(4.3)
- 7.6(4.7)

- 5,205,1)

-25.7(2,0)
-22,3{(2.2)

~19.1{2,5)

54,83
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T Disscziction Gorrsctead for Solvent Coripressibility

a1,
(1l rmelg™ ™)

Teunerature (°C)

ssure

) 26,51 35.00 45.01
~20,9(1.3) ~12,8(1.8) ~20,4(4,2)
137.9  -18.7(1.5) -17,7(2.0) -18.0(5.1)
75.8 -16.6(1.7) -15,7{2.3) ~15,7{6,0)
413.7  -14.5(1.9) -13.8(2.5) -13.5(5.9)
551.6 ~12.6(2.1) -12.0(5.9) -11.5(7.8)
689,5 ~10.5(2.3) -10.2(3.3) - 9.5(8.7)
827.4 - 8,7(2.5) - 8.5(3.8) - 7.68(9.8)
985.5 - 6.8(2.7) - 6.8(5.9)  -5.6(10.5)

1103.2 - 5,0(3.0] ~ 5,1(4,3) ~3.7(11.5)

i
i
1




B
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Table 3,23

R e D W i 2 e A BT PO e 0

Volurie of Dissociation witr No Corraction for Solvent Compraseibility

Pressure

{bar)

K64NI -
1.0

137,.9
275.8
413.7
551.6
689.5
827,.4
965,53

1103.2

BT
1.0

(nl nole )

Temperature (°G)

26.61

-30,5(1,8)

~22,1{3.6)
~20,0(4,1)
~17.9(4.5)
-15,7(5.0)

~13,6(5.5)

~19.7(0.5)
~18,4(0.7)
-15,9{0.8)
~15.5(0.9
-14,1(1,1)
-12,6(1.2)
-11,2(1.4)
- 9,9(1,5)

- 8,5(1,86)

35.00

"3107(300)

'27.8(3.8)

-15,6(5.2)
“12.7(6.9)

- 9,0(7.7)

~17.5(1.6)
~-15.28(2.1)
-14.1(2.5)
-12,4(2.8)
-10,8(3.3)
- 9.0(3.7)
- 7.2(4,1)

5.6(4.5)

3.9(5;0)

45,01

~28,7(1,1)
-25,6(1,4)
~22.7(1.7)
-19.8(2,0)
-18.9(2.3)

-13,9(2,5)

"1008(208)

- 7.8(3.1)

- 5,0(3.4)

-25.3(1,2
-22.5(1.6)
~19,6({1.,9)
~15.8(2.2)
-13.9(2.5)
-11,0(2.7)
- 8,2(2.0)
~ 5.3(3.4)

- 2,4(3,7)

54.83

-23.5(11.6)
-22,9(14,8)
-22.3(17,8)
-21.6(20,9)
-20.9(24,1}
-20,3(27.2)
~19.6(30.3)
—19.d(33.6)

“25.4(106)
’2015(1:9)
-17.5(2.3)

'1455(206)
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Mo Correction for

Fresoure
(o

-
I o)

AT

d.L)

n~fr NI
1,0

137.9

1103.2

(m1

-1
mole ~)

Tenperature (°C)

86,51

-1708(01 g)
-15,1(1.2)

-14.3(1.4)

- 7.,3(2.3)
- 5.5{2,6)

- 3.8(208)

55,00

=14,9(1.7)

- 8-5(5.1)

- 7.0(3.4)

- 3.7(4.1)

]
w
L]
(@]
-
1
-
o
et




W

Pressure
{bar)

1.0 (a)
1.0 ()
1.0 (c)
157.9

2753.8

Table 3.24

et

Anthaloy of Digsociation

{keal mole-l)

Y, NT Bt NI
-2.25(0.14) -2.21(0.24)
-1.43(0.25) -2.10(0,44)
-0.62({0.68) -1.87(0,59)
~0.62(0.71) -1.76(0.58)
~0.47(0.74) -1.65(0.62)
-0,64(0,94) -1.49(0.44)
-1.49(0,44) -1.52(0.22)
-1.82(0,34) -1.54{0.13)
~2,03({0,50) -1.63(0.19)
-2.25(0.09) ~1.87(0,10)

0.66(2,57) ~1,98(0,15)

_13__-131-41\1 I
~2.56{0.13)
-2.96{0.22)
-3.48(0,44)
~3.34(0,46)
-2.92(0,37)
-2.87(0.25)
-2.93{0.14)
-3.19(0.12)
~3.06{0,21)
-3,11{0.18)
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Tamperature (°0)

Pressure
(vaxr} 86,61 35,00 45,01
Me M1
T 1.0 {a) -18.5(C.8) -18.8(0.8) -18.8{0.8)
1.0 (b) =-15,2{1.1) -16,1¢1,2) -16,2(1,1)
1.0 {¢) -14.0(2.7) -12.7(2.6)  -12.8(2.5)
37,9  =13.4(2.9) ~13,1(2.8) -13.2(2.7)
275.8  ~-12,7(3,0) -12.3(2,9) -12,5(2.8)
413,97 ~12.9(3.7) -12,5(3.7) ~12,9(3,5)
551,6  -15.5(2.1) ~15.3(2.0) ~15,4(1.9)
€99.5  -16.,3(1.9) ~16,2(1,7) ~16+2(1.7)
827.4  -16.8(3.7) -16,7(3.6) -16.8(3.4)
965.3 -17.4(1,1) -17.%(1.0) ~17.3{0.9)
1105,2 - 7.6(9.4) - 7.8(9.1) - 8,1(8.7)
Rt 41T
1.0 {a) =17,0(0.9) -15.,2(0.9) ~17.0(0,9)
1.0 (v) -15,8!1.6) ~16.7{1.86) ~16.8(1,5)
1.0 {e) -16.3(2.1) ~16.1(2,1) -16.3(2.0)
137.9  -15.8(2.1)  -15.5(2.0) -15.8(2,0)
275.8  -15.3(z.2) -13.0(2.2 -15,2(2.1)
457 -14,6(1.6)  -14.3(2.6)  .14.5(1.6)
851.6  -14.5(0.9) °  -1£.4(0,9)  .14,5(0.9)

629.5  -13.7(0.6)  -13.,7(0.6)  .13.3(0.6)
827.4  -14.6(0.8)  -14.5(C.8)  -14.6(0.€)
955.3 -15,2(0.5) -15.3(0.5) -15,3(0.5)
1103,2  =15.5{0.7) ~15.5(0.7) ~15.5(C.7)

54,83
~18,9(1.3)
~16.3(1,3)
~13,9(2.4)
~13.3{2.6)
~12,6(2.7)
-12,8(3.3)
-15.4(1.8)
~16,3(1.7)
-19.5(13.2)
-17.3(0,8)

- 7.0(8.9)

-17,0{0.9)

-15.8(1.5)
~16.3(1.9)
~15.7(1.9)
-15.2(2,1)
-14,5(1,8)

-14.5(0.9)




Z )

W
o

Precsure
(bar) 26,51
n-Prail

1.0 (a) ~18.1(C.5)
1.0 (bv) ~18.7{0.9)
1.0 (e) -21.8(1.7)
137,9 -20,9(1.8)
275.8 -19,4(1.5)
413,7 -15,1(1.2)
551,6 =19.2{0.8)
639,5 -20,0(0.8)
e27.4 -19,4(1.1)
965.5  -19,5(1.0)
1103.2

T T M b ALt N~ AT S0
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Table 3.25 (Cont.

Introgy of Dissociation

-19,6(1,1)

-1 -1
(cal deg “mole )

Temperature (°C)

35.00
-18.1(0,5)
-19.6(0.9)
-21.5(1.86)
-20.8{1.7)
-19,4(1.5)
-19.1(1.2)
-19,2(0.8)
-20,0(0.8)
-19.4(1.1)
-19,5(1.0)

~19,6(1,1)

45.01

~18.2(0.5)

~19.6(0.8)
-21.5(1.6)
-20.8(1.7)
-19,5(1.4)
~19.0(1.1)

-19.2(0.8)

-19.9(C.7)

-19.5(1.0)
—19.5(100)

-19,7{1.0)

54,83
-18.1(0.6)
~19,7{0.8)
-21,.6(1.5)
-20.9(1.86)
-19.4(1.4)
-19,1(1.0)
-19.3(0.?)
-19.9(0.6)
~19,4(0,9)
-19.5(0.9)

~19,6(0.9)
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The lozarithms of the dissociation constants were first fitted to a
third-ordsr polynonial in the molal volume zt each of the four
temperatures, Tuelve volurmes were then chosen over the rangs of
rressure investigated, and the logarithms of Ka calculated for theze
volwies from the polyvnomial, These guantities wwere then fitted to a
first-order polynomial in temperature for each one of the twelve
voluwies and[XUg_was caleulated using equation (3¢34). Computed results
are raported for the three salts studied in Table 3 26,

In almost &ll of the results presented in the tables of this
chapter, en error estinate is given in brackets. These estimates

represent the rslative uncertainty of the results of a given calculation,

The equations upon whieh they are based. have basn incorporated into
the ceomzuter prozrans., The goodnsss of fit of opolynomials to any of

the ssts of data fitted in the computer prograns uwas estimated by the

subroutine from the fommle given belows
N .

B =r2, 2.9
RS [i= (isn5 )] 2 (3.55)

Where R is the residusl at the ith point
di is the wei:ht associated with the ith point
N is the nunber of points

X is the number of coefficients (for exanple K 1s four for a third-

dsgres pélvaonial)
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Tahle 3,26,
R 0.

Internal- torsy Chinge of Digsociztion at Jonsbant Volunia

..l)

(xcal riole

Volurs of Acetone e NI BY 4N n=Pr NI

(ml noiz™d)

77.49 -0,14(2,30) 0.27(0.43) ~0.21{1.05)
76,30 1.45(0,70) 0.10(0.28) -0.78(0.52)
75,15 1,92(0.35) 0.06{0,56) ~1.20{0.37)
74,22 1.74(0.88) 0.07{0.52) ~1.46(0,26)
73,63 -1,49(1.05) 0.07(0.60) -1,59{0.21)
72.76 1.07(1.14) 0.05{0,51) =1.77{0.17)
71.95 0.76(1.02) -0.01(0.39) —1.91(0.14)
71,17 0.67(0,75) ~0,14(0.25) -2,04(0,14)
71.14 0467{0,73) ~0.15(0.25) -2.05(0,14)
70,42 0.91(0.55) -0.35(0.16) -2,18(0,15)
69.80 1.42(0.89) . -0.60(0.11) -£2.30(0,18)
69.05 . 2.52(1.81) -1.01(0,10) -2.47(0,26)




The standard error in each coefficient was estimated by the eguation

belowv,

"
i

(Aai)g,j_s = Aii Z3rs (3.36)

vhere 1<i<X and A4 is the ith diagonal element of the inverse of
the natrix of the normal squations,
tlhere applicadle, weighting factors, based on the error

tio:

-

m

estimates of the limiting equivalent conductivity and the dissoci
constants gensrzted by the Shedlovsky program, were useds In the curve-
fitting by the subroutine, a convention according to equation (3.36)

was adonted:

Wy = (51!_; )2 (3.37)

where iy is the weighting factor for the ith point
Y; is the ith dependent variable in the set fitted

Z&Yﬁ is the error estimate in the ith ¥ sbove

This convention is similar to that sugzested by Young (103).
4As an example of how the error estimate was obtained, the

error equation for the wolume of activobion for conductivity will
be derived, This volume parameter was obtained from two separate
l.m.s. fittinzs., The first ?ind vias - in the Shedlovsky program,
to obtain sets of j\o for each temysroture at nine pressures, Zach
of thsse fits resultéd inea standard'egror, defined by eguation (3.33),

for each coefficient of the polwvnomial fitted, The error in the equiv-

alent conductivity at infinite ﬂilution,[&j\., was obvained dirsctly
o o] I
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from the stendard error in the intercept, This standard error was then

used to weight the dependent variable, lnj&o, in ths sscond-order

T = 2 3
5 (z&j{i) (3.38)

The result of this curve fitting was the polynomial

o
(%

lnj\o = a,+ a P +a, P (3.39)

where the sbvandard errorsin the coofficients are[&ao,ZSal, and[ﬁgz
The coefficient of lnjko with respect to pressure was obtained by

differenticting eguation (3.38):

( dlnA) = a5+ 2a,P _ (_3.40)
T

[¢3]
[
Y]
7
)
o
-
[—1
e
f

The exrror in this sloze was estimat

A (__.a1~~/&,:,)rh Asy + 2Naz Py 2 2/ (3.4))

-

Tre volums of activation as caleulated by substituting the slope
-given by equation (3,40) into eguation (3.27). The error in the volune

of activation was given by the equation

A%Vﬂ: RPALalnAo) . 2 rr AS (3.42)

2

The error in ths compressibility was estinated from the errors in the

exparinentel Tait constants as dpscrloed in Appendix I. ZError estimates

her paraneters wsre derived from similar eguations.

b2r oo vin an




The error estinates themselves represent the maxirum rossible
estimgted error since no factor was used to convert them to a probable
error, and positive terms were always taken in the error equations. The

itting procedure rssults in caleulated valuss for the Fitted

2
3
I
)

parameter which are mors reliable than any of the individual measurements
which go into the data set fitted by the curve. This statement is con~

firmed by a result derived by Young (103),
: : .

o

»

o= O/ X
n ‘ (3.453)

where g, is the standard deviation of the mean

o 1Is the stanﬁard deviation for a set of N points.
This standard deviation of the mean is usually described as the precigion
of the mean. Therefbre, to convert error estimates'given in tables to
the most nrobable nrecision of the measurementg, equation (3.43) is
applied and the result nultiplied by 0.674, To'iilustrate'this with
some examples, the volwis of activation error Calcuiated by equation
(3.42), would be reduced by the factor 0.574/3; the energies of activ—
vation end enthalpies. of dissociation errors would be reduced dy a
factor of O.67é/2; the limiting ecuivalent conductivities errors

1

mould be reduced by a factor of 0.674/6<, 0.674/8%, or 0.674/14%

'\;’)
depending on whether theyv vere based on the high-pressure cell dsta,
the atmospheric cell data, or the combined datz respectively; the
errors in fhe diszociation constant wduld be reduced by the same

factors as thoss in the limitingz equivalent conductivity. These

factors should ba considersd if the absolute relizbility of a




given nunber is beinz considered. Comparisons within the data

obtained in this work can be mads by using the program error estimates

in the tables 23 a guids to the rslative precision of the data.
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C=1=T

DISCUSSION -
=SS ASS

l. Corductivityr

Sunnory of Results

TOR 4

Taple 4.1 swuiarizss the conduetivity results prasented in
Chazter 3. The conduetivivy of u4aI, JVQ.I, and E;Pr4?~ in z2catone has
been found to have the follouing riein fexturss:
(i) Thé liniting equivalant conductivity deerscsss with the size of the
cation, ineraases with taupsrature, and dscrsasss with pressure (Tables
3.9 and 3.10}. 3Both the viscosity and the dlelectric constant of aczhone
decrecce uith fenzeraturc and inerssse with pressure (Tables 5.2 and 3.3).

and to

ineracse with pressure (qules 4,2 and 4.3
(111) The snargy of cetivation at constant pressure s greater shan the

£ + 3 &N FN -l ma
enargy of ackivation ot constunt wolume by about 1 keal niole (Tables 3.19
and 3,20). Both quantitiss increzse with the size of the cobion. The cnarsy
of activution ot constant volume increasss wiith decrsase in the volume for

L

4
(TCble S 20) .

Il"' iy

of ths rzressurs uvithin the pre cist

(iv) Tha volwizs of Zetivation are

(3951
15y

asurernants are inde

t

The enzrer of activa

11 to 7 1l mole

which hzs the largest cation, but decrsases for the other tuwo sa2lts

tion at constant pressure is independent
on of the measursrients (Table 3.19).
2ll positive, 2nd within the precision of

of the cation undsr 2ll conditicns of

ndant of vemnsrature,

when the zraessure is inersased
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 Table L.1

Qualitative Summary of the Conductivity Results

Increase in

Cation size Pressure

Parameter
j\_0 d d
Aomo 4 1
EP i NeCe
EV i n.a,
AVt NeCe’ d

i increase
d decrease
neCe no change

n.a. not applicable

Temperature

e

Neds

Nea,

NeCe

Volume

Nede

Ne3e




(a)
MehNI
EthNI
EfPrhNI
(b)
MehNI
EthNI
EfPrhNI
(c)
MehNI
EthNI

-1, N
n: Prh_I

Table U,2

Walden Product at Atmospheric Pressure

(g cm S]flsec'lmole'l)

Temperature (°C)

26.61.

0.633(0,012)
0.615(0.003)
0.566(0,005)

0.629(0,007)
0.610(0,001)
0.564(0.002)

0.631(0.006)
0.613(0,003)
04565(0.003)

35,00

0.6114(0,009)
0.607(0.003)
0.565(0.,00L)

0.629(0.007)
0.,608(0,002)

0.563(0,002)

6;623(0.009)
0.608(0,003)
0.564(0.003)

. L5.01

0.615(0.009)
0.615(0.00L)
0,568(0.005)

0.627(0.007)
0.607(0.003)
0.563(0.003)

0.623(0.007)
0.611(0,003)
0.565(0.003)

5L4.83

0.609(0,009)
0.603(0.00L)
0.568(0,005)

0.611(0.022)
0.601(0.003)
0.558(0.00L)

0,610(0.013)
0.602(0.00L)
0.563(0.00L)




Table L,3
Walden Product
(g en()LsecInote™)
Temperature (°C)

Pressure ‘

(bar) 26461 35.00 L5.01 5h.83
reult 1.0 00633(0.012)  0.614(0.009) 0.615(0.009)  0.609(0.009)

1379  0.648(0.012) 0.630(0.010)  0.627(0.009) 0.617(0.009)

275.8  0.665(0.012)  0.646(0.010) 0.611(0,009)  0.630(0,009)

113,7 0.676(0.012)  0.657(0.011)  0,654(0.010)  0.6L1(0.009)

| 551.6 0.684(0.012)  0.671(0.010)  0.665(0.009) 0.655(0.010)

; 689.5 0.685(0.011)  0.676(0.010)  0.672(0.010) 0.664(0 .011)

827.h  0.687(0.011) 0.683(0.010)  0.679(0.010) 0.63L(0.008)

965.3 0.689(0,011)  0.685(0.010) 0.682(0.010) 0.676(0.'0101)

1103.2  0.690(0.010)  0.689(0.010)  0.686(0.009) 0.652(0.609)
S 1.0 0. €15(0,003) 0.€07(0.003)  0.45(0.00L)  0.603(0.00L)

137.9  0.633(0.00k)  0.621(0.00L)  0.623(0.00L) o.612(o.odh)

275.8 0.648(0,00L)  0.636(0.004)  0.636(0.00L)  0.623(0,005)

M3.7  0.659(0.00L)  0.648(0.00k)  0.64(0.00L)  0.633(0.005)

551.6 0.669(0,004)  0.660(0400L)  0.654(0.006) o.6h2(o.006)'

689.5 0.671(0.003)  0.666(0.004)  0.659(0.00k) 0. 646(0.005)

827.L 04674(0.003) 0.672(0.00L)  0,666(0.005)  0.65L(0.008)

965.3  0.673(0.00) - 0.673(0.00k)  0.669(0.005) - 0.659(0.007)

1103.2  0.674(0.00L)  0.675(0.00L)  0,67L(0.005) 0.662(0.007)




Pressure

(bar)
E-Pr hNI

1.0
137.9
275.8
L13.7
551.6
689.5
827.L
965.3
1103.2

Table L3 (cont,)

Walden Product

(g em Sz.lsec-lmole°l)

26,61

0.566(04005)
0.580(0,006)
0.595(04006)
0,607(04006)
0.616(0.006)
04619(0.006)
0.62L(0.006)
0.625(0.006)
0.626(0.007)

Temperature (°C)

35.00

0.565(0.,00L)
0.577(0.00L)
0.554(0.006)
0.605(0.007)
00611(0.007)
0,620(0.007)
0.625(0,007)
0.626(0,007)
0.628(0.,007)

45,01

0.568(0,005)
0.577(04005)
0,591(0.00%)
0.599(0.005)
0.613(0.008)
0.618(0.008)
0.624(0.008)
0,628(0.008)
0.631(0.008)

5"". 83

0.568(0.005)
0.575(0.006)
0.585(0.,005)
0.59L4(04006)
0.603(0.006)

- 0.610(0,006)

0.616(0.006)
0.620(0,006)
04623(0.,007)
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from gtmosyheriz to 1.1 kber (T2blas 3.17 and 3.18).

B laldan's Rule and the Linitine Qmiivalent Conductivity

“Talden (10L) orizinally prorosed the amjirieal esuation

- -~

Ao77 o = constant (4.1)
whare 1\ the limiting equivalent conductivity for a civen

condition of tamperature and jressure

(5]

v

Mo is the viscoszity of thes solvent under .identiml condivions

The 'T'Faiden product h2s been caleculated by computer, zccording to equation
(4.1), and the results are rerorted in Tables 4.2 and 4.3. Tsbls 4.2 has
been divided into parts; (a) high-preszsure cell resﬁits at atmospheric
rressure, (b) atmospheric-cell results, and {e) the results obtainad from
a Shedlovsky treatment of the cambined (a) and (b) data. Pressurs is seen
to bring about ar inersase in the “glden product inm all cases.

The effect of prassure in bringing‘ab'out ar inersase in the

viclden products of iie,liBr, TaBr, n-Bu ilr, and "—B'¢4.’3:“4 mothanol was

found by Siinner znd Tuoss (105) to bascome less in the serias of saelts fram
Mo fBr waere the inerease was approxiviately 109 for zbout 1 ¥bar, to n"'PL.41. 3Fhy
Where no pressure effze et uas detscted. Skinner and Fuoss conclude that the

prassure dependencs of Aono Tor the first thres sclts above rmust be mostly

m
3
3
K3
&

r of the hramide io.ns, since the Valden product for n- u4_u'3x]14 is
Independent of prassure. Io: vever, this conclusion is based on results
ovtairned 2t ons tavperaturs only, 51°C, If the increase in the ‘Talden
product was nrinarily a pronsrty of th='a;;ion, then the behaviour

of tne .zlden zroduet as a functior of tamperature ah diffarent pressurss

would he tha sa.2 for salts ulth diffsrant cabtions dut a cowwion anion,
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“alden product zecompanying ‘a 30°C inersasas in the temnerzture is

aceentuntad by corgression $o a greater extent for the amaller cation,

R YU than for 5;?rg?’. Tae conductivity work of 3zars, filhoit, and

Dawzen {97 ) in acetons solutions at atrosvharie pressure indilc:ted that
the avercze Tialden product for =2u T, an iodide salt with a lerger cation

n the sate saries of salts studied here, was 0.545%0,001 ot tanparaturss

<0

0 . . . s
fronm 25 to -507Ce It follows from these considerations, that the ionic

radlus is one of the properties of 2 sclt vhich detemiines whsther or nob

its conductivity behaviour zs a functlon of terinerature and sressure can

i

be undsrstood solely in terms of the varistion of ths viscosity of tl

solvent,
To illustrats the relationship which exists bebussn the ionic

haen

-
n

radius and the limiting equivalent conductivity, Figu

-t
=

2 4.1 ha
construcfed Troii the conductivity data obtained in the present work :ﬁd
those taken fror the tabulation of literature lonie conductivities srovided
in Table 4.4{a). The ionic radii chose‘n for the tebrocllkvlamonium ions cre
thoce estiratad by Robiﬁson and Stokes (106) from nolscular volumes or
rnodsls; the other lonic radii, with the exception of tha GlOZ, pierots (Pi—),
and 03 lons ware token from Pauling ( 28). The €10, and Fi rodii were
takan to he the van der aals radii cnd the Nog a2dius was tcoken to be the
crystallographic radius. These values iere obtained from a eritical
coripllation of ioniec radii estimated by varlous nethods deseribed by Stern

and simis (107}, The soints eun be well represanted by tuo straight linss 2

and 3¢ The verticzl line which dividss A 2nd B corresponds o the rzdius of




clotted os 2 function of ionie

unmarked dzta are from Reynolds end Kraus {108)

Verticcl lines: G, corresponds to the rzdius of the acstons

moleculs, 2.8 A

D, corrasponds to ths eriticszl ionie radius,




35

O
o

(gecm Q 'sec'mole™)
N
(6]

2

‘0 o .
)‘-_i_-”l x10

20 |

2 3 4
lonic radius (R)
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PN . - o] R .
Stokes Taw Toiic Padius at 28,5170 and Atmosnheric Prezoure

eI Bt NI

Cationic 2,50(0,03) 3.00(0,01)
Aniornic 2.,24(0,04) 2.44(0,01)
Sun 5,24(0.09) 5.44(0,02)

Swt of crystollograshic

radii 5.83 6.16

n-PriKI

3,54(0.02)

2.47{0,02

5.01(0.04)

6.68

i
|
s




26). Ths noxinum in

H

. Q
ths acetons moleculs, 2.8 i1, estimated by Zeidle

the linitinz ejuivelent conductivity at chout 2.5 & is a striking illustration
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preswichly inberaet only wackly .ith the zcatone dipoles bscause of their
- it

. . . O
aith increasing redins excapt for gl which
irteracts more stronzly uith the acatone dijpoles than ths ¢

gusoniwa ions. ITons with suigller redii then cbout 2.3 &, which are

renrasented by line B, have dscreasing limiting ejuivclent gonductivities
as the ionic radius deerecs2se. This indisctes that these ions interuct

stronzly sith ths ceetone dinoles producing solvodinamic entitiss for which
factive redii ars identicsl to ions having the some Talden profuct on
[} P4
b + .
line 4. For exmiule, the solvated Li ion has cprroximetsly the some ..

+
effactive hrdrodynssie radius zs the n-Tr,7 ion, vhich is not solveted,

Nizhtingale (112), in construicting a plot of the erystzl rodil

varsus the hrdrsted radii of ioms in water, found a broad mirimum at about
— o . -
2.5 4. This miniaum corrssconds to 2 maximum in the alden preduct. There
o)
is 3lso a breck in this curve 2t about 1.3 & which roughly corresjonds to

J

the radiusg of =z '1eter molecule. Tha intarsratution of this feature of

{

such nlots is thot uhen tha radius of an ion z3proachss the sare valua
as the radivs of the solvent molecules, ionic transport can mors ezsily
occur by the same mechenism as that of the self-diffusion of the solvent.

If e sirmple ion-dipole interzetion is asswned to hold betueen

an ion and an acetone molecule, for sxample the ClO; or NOE ions which
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have approximately the sane radius as acg tone, i’; is possib lo to ezleulcte

2]
fo
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ot
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13
<D
13
4
)
et
[#]
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[
ot
[0}]
L]

the ionic radius beloy :hish the jon-dipole Inte otk

(]

thszn the heat of vagorizaticn at 2590, Follouing the procsdurs given

-
by Gurnsy (113) znd tekins the heat of vaporization to be 7.403 Xcal mols
. Banmi On
as caloulated from the neasurerents of Pemnington and Kove (11k) for 257G,
the eriticsl ionic rzdius con be estimatad. The distznee r hatusen the

canter of tha ion and the center of the r..i;,ola" vher the dipole axis is
orientad &lons the line joining the centers of the ion and the dirole
is glven by

(4.2)

-10 -18 23 16w
4,80710 +2,8510 ©5.024¥10 x10
203710° x4.134330°

5-16 A

where e is ths zlectroaic chargs
'u.is tha dipolae roment of acetone

oﬂ
A, is the hsat of vaporization of acatone at 25 C
0
R

o .
s ot 25 C end atmospheric presaure,

therefore, ihen ion:

‘,)

Tha r=divs of an acetons wmolsculs is about 2.3 5 hovw

~0

’..l
l)

radiusg of shoub 5.16-2.8=2.35 4 or

m

[}

gsolvztion by acstone rolecules can be sxrected. In a similar caleulation,
Fishtirgals (112) intaroretsd the broad minlmum in the nlot of the hydrated
rzd1i of cyusous ions cgzinst their crysbtal radii to indicate tha strong

. . , 9
hvdratior of ions dth radii less than chout 2.3 Ae

Jfalden zroduchs
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gracter axtant for ions which have mipinal eolvation at lou targeraturis.




wyater structurs =t hich tannarctures. This pornits a greater hydration

)

of these ions =t hizh terpserature, baczuss =t low terperziturs the ionf_
solvant intercetion is too wegk with resnect to ths solvent-solvent
intarcetion o bind the woter moleculas to the lons. Ths Jalden product

of ions near the moxinwa in Fizure 4.1 would therefore bs sxpected to
decrsase W th temperature., This result ues foﬁnd by Nightineale (112) for
those ions in agueous solution near the ninimum in the plot zlluded to above.

The brozdness of the minisun in this plot for water is related to the wide

=y f=4
grcts

rense of posslble intercetion ensrzies betusen water molecules, us

discusszed in Charter 1. In ccetone, the primary intsrmolsculzar interactions

are the dinole-dinola forces wauiech have an inverse cube depsndence on
the sesaration of tha inter=cting dipoles, The probabilivy distrivution

curva of intariolacular ensrcies is probzbly wmuch narrowsr than in watar,

s0 that the axtant of solvation, :nd hence the mobility, is strongly

derendant on ths ionic redins; the maximum In Fizure 4.1 is thus zuite sharp.

The effsct of nraessure on the Jzldsn product 111l clso be a strong

&

function of the ionic redius. In the paper discussed sbove, by Skinner

L
t of -

f
?P
b
=
v}
+

and Fuoss (105), ar inerscse was obssrved in the Talden produc

with pressure but not in that of p-Bu,lBFh,. This is probobly due to the

fact that althousch the n-3u4’.3+ ion is not solvated in either salt, and

pas
—

-2 g

inersacing thse pressurs bas little effsct on the degree of its solvation,
the 3r~ iop is someuvhat solvited at atsospneric pressure and the

axters of its solvation is decreaded by o-ressure. This would not be
4

.

N
N

the case for the BPh, anion vhich would bs expected to remain unsolvated




N . - : -2 s N 3
sures becwuse of its lzrge size. 3ince sn inereass with

: the wzldan products was observed for the three selts investigated

stive to the solvant-solvent inbteractions by comnression.

=lvsis of this intsraction can bs obv 4 by 2 consideration

of conductivity as o nroeass of ions moving bebtiresn eguilibrium pesitions
v & -4 &

of low free eneryy by a jump nmechanism,
The shove discussion could be extznded if tranmsport nunbsrs in
acotone .uere availuble ot other than 25°C and atmospheric pressurs. Oa

the assusption that the trensport nuwibersof r-Bu4HBEh are not a funciion

of sressure,

Falden p

4

Sikirnar aDl Fuoss (105) heve internreted the veriation of the

~odact ith wressure in terms of the dielsctric relaxation of the

or inerossing dielectric censtant, for all the lons trsabtad by this theorsr

exespt for n—Bug‘ and 3%h

. The Stokes radii of these ions wers indasendent

>

of pressura, Fouever, these results ars rot thought to be conclusive,

* ud » 2 1 )
especially for Ta and 3r , since the points extrapolated to a nagative

-1

rzdius for € "==0 { vary hich pressurs).

The decrezse in ths Stokes radii with pressure 1s the opzosite

to that exp

2ctad fromn electrostriction ccn,ldwr tions. JTons mizht be

—~actad to cecusa greater comprassion of s ent at hizh pressures vhaere

the lower vclwe of the systen is energetically mora favorabls, Eowever,

to counter this =ffact the atitractive intsmolsculor Pforces betisen acatons

rolaculas

difficult

/

-

[ @]

L]

re enhonced by prassure (n*eﬂdlv I)e It thersfors bscories #0Te
or cestone ..0laculaes to be ranovad from the bulk sclvant into the




solvation spherss of the ions. Since the .jalden products increass with
pressure (decrecss wuith tennerctura), a decrs:se in the sxtent of solvation
of the ions ith messurs (increased solvetion with temperature) is

suzzested. Fosever, it would zpgecr thot the many asswiptions involvad

in the dialsctric rslaxation tretmant ncke the rasults obtcired juite

uncertain,
The Stokes-lcw ionic rzdii were calculated from the Talden
; R ~ o~ o . L s
~products abt 26.61°C and atmospheric prsssure, on the basis of the

tronsport mwibers estincted by Reynolds and Kraus (108}, using the
ecuztion given by Robinson and Stokes (116):

r = 0.820 (4.5) .

wiere ry is the Stokes rzdius of the ion In
Tha resulits ars shbr.'n_ in Table 4.4(b). The Stokes radii increzs2 with
tha size of ths cations estirated by Robinson and Stokas (116):
ety 3.47 5 5, 4,00 & end neEnNT, 4052 8. Houever, the Stokes
radii in acetons ars 211 less than the sstimctes of the radii of the
cations., The averasze Stokes radius obtrzined for T of 2.4530.048. ig in
g00d azreeient with both 3avedoff (98 ), 2.40 g, and Bughes and Hartley
(117), 2.36 g.. The Stokes radius of T is greater then the crystal radius
glven by Gourarv and Adrimn (118 of 2,05 ?\ or by Pauling (28 ) of 2.16 ?‘1.
From these considerations it can be concluded that there is not
a permanent primary so lvafion shell which accompanies these ions as they
nove through the solution. If this were the case, the Stokes radius

would be expected to be mmch larger than the cerystal radlus as it is,

0
for exgnple, for I.i*. The crvstel radius of 11 45 0.60 4 gecording to




Pauling (28), caipared to the Stokes radius measured in acetons by
0

Savedoff (98) of 3.16 A

C Irer-r of ictivation for Conduchtivity et Constant Woluma, Ty,

and at Constant Prassurs, Tz, znd trs Frossurs Soefficisnt of

condustivity

{Dei7eT.) which encormnacsed a rangs of temgsroturas and pressurss sinmilar
to that enzloyed hers, 3nuin ner 11 125 discussad the intzrgretation of
& 3 &«

Ty and Tp with a visuw to geining an under standing of iimiting equivalent

conductivitre Tae cnzliyeis was bosed on the ar'tlvdna—co;,.‘olex theory

corductivity proposed by Stearn and Zyring (120}, in which it is assunad

Bruvisr hus made a caraful raview of suations sirilar to that of Stearn
and Tyring (120}, Too slizhitly &iffsrent cpprouches are slven by Glasstone,
Laidler, and Toring (121), The second trestitent, which has seen gpzlied

-

to proton transfer in hydroxylic solvents in this theoretical derivstion,
has been generclized by Rockrls, Kitchener, I,g;natov-:icz, and Tonlinson (122).

In connaction u:ith the elsctric conductar -\ of simple IOlu v elzctrolytes,
Bockris, Crool, 3loom, 2md Richards (123- have velaborated a theory uhich
separates the process of the ion junping bestweer equilibriwm positions and

the formation of a hole in the liguid., These asfects 14111 be discussed further
in coansction #ith the diffarence 'Jet:'.'eeh o4 and EP‘ In this disauszion,

the ejuction cdoztad by Brusmer (12)) and Brwrwier and Hills (125 Mich
diefsrs from the treatiant of viscosity end diffusion given by Flasstons,

+he denosinator of

~
[

Laidler, and Iyrming (126) »v o factor of siz in
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the pre-exgonsnt, .ill be amnloyed, Tha limiting ecuivalent ionie
corductivity 1is therefore asswied to be given by ths eazuation
2]
- L“‘ pv*)( - I -jT)
~ o 4 -
°= 15 ? L =P Pol i3,
A 5 |
1 ' (4.4)

whare =8 15 thse chargse of the ion

P is the Faraday coustant
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the tronsnission coefficient is assured to be unity

This ejucztion cam 2l

so bhe written zs
n -~
)\o _zsTF L e:cp(AS;/R) ,,Ln(-AT' / RT)
1% %% ° (2.5)

% . :

whers ASO and A\F, are the particl moler stonderd entromf and
enthalyy- of conductivity respsctively

On diffarenticting ajuztien (4.5) ith respeet to tanperzturs, first ct

constont prassure then ot conston volu.me, the Tollowing results are obt

TR, TG e

: Zp | (4.6)

nt
2 (oLl tAv )
2RT <—a'l‘ )V" °v

Ty - (.7)

it N P '
where (AUO)V is the partizcl rolar standard internzl enersy of
aebivetion for conduetivity zt constont volune,

thﬂ oth2r gentities have bsen definsd praviou s1y v

Dyuation {4.7) can be further sinnlified if it is cssuned that

ained;




o'V,

(%,3:_1._) is approxi..ately zero, so that :'V is identifi=d with (AU
Ip, hO'-:.!Xver, is a mors caninlex funstion involving the izobaric cosificient

. . \ =%
of expznsion of the solvant a2s well zs the enthalpy tem (AHO)P:

= (2/3) R + (AH*) : {4.8)

Q
since (a___) - (1/3) (’*ﬂ/’)

= ‘g" | (4.9)

has been sho'm by Brurmer and Hills (125) and Zvans and Polanyi (127)

&

that Zp and Iy are related 2s follows: o
o o
Bp-Z, = (r + F) A*f + {2/3) R T°a : - (4.10)
. (e PATH + (2/0) 2 10)

U ‘
whers ( 7 is the internal pressurs of the solvent T
A'o* is the partial molar standerd 7o Lune of activation for conductivity

“hen equaticn (4,5) is differentiatad ;zith respect tdO prassure at constant

C]
Ty
[0]
—H
fis
51
W
jnh

temparature, the partizl molar standard volums of activation i:

as shown earlisr in eguation (3.27):
)

- ‘ 3 )
- R 'r(aln )\i) . =-2 RT (g__:_:_) N (¢.11)
aP 7 r 0
Since ( lnl) = (1/3) (alnv)
P o Er o
: 3 4.12)
here Biu ne igothermal compressibi li+J of the solvent

equation (4.11) cun bz uritten as

- Q .
A7; = - 2T ( J:;X-) - e T ' (4.15).

T




wuations (4.3), (4.7), (4.2), (£.20), =nd (4.13) constituts the

&

thooratic2l frasework within thich the celeulztions of Chopter 3 havs

I5 is clear fron the nwiber of Qutho“-, who have recently

- . 41 - A3 o - - [N y n, -—r g

sirpler then the corrazponding constant-jprassurs paruveters, Tor exuiple,
"o , LS I, ) 3 - oo ~4 » RN e $dm S~
Wowitt wn? Tossercann (L33)Y, in a study of the kinetics of ihe associaticn

of ¢yclogen

voluoe,

N " as .
. - . E A ~ e +
W22TALS R0 COoTrresnlrndlng COlEual

aarkedly.  Tdelil tanperature
coaflicizat Zcr a Por the
caleulotion of the enaryy tha environ:

it eonstant

- R v o
for that sroesecs o

(.v’)

volume, the intemiolacular distances ramain essentially unchangsd as ths

teswarpzturs is varied; the sneryy of activetion at constant volw:e cn this

basis iz rsurazsantative of the proceszs itself and does not contolin a temn

by Tasaraiin wod Sockzis (131} and for 1ijuid viscosity by 3emdi (130%. It

1 B - . - 3 - Ve RS 3 s -~ - -~ 0y
iz w05t iLnsortant, housvar, to recognize thoit the sliplicity of conastuw ng-voluns




rarzzeters over constant-pressure peraneters reguirss that the solvent
has no taigercturs-gsnsitive stmctur-e. Tt has been shovm in the
compressibility study of acstone (sse Appendix I), that the heat capaclity
of acetone at constant volwie is 2 function of tempsrature, espocially
at smgll volumes, In acetoune, therefors, the cﬁnstant-volwﬂe parzneters
may not have this siwple and more dirsct interprestation. Relatsed to this
consideration is that the nuture of the mobile ionis srpecies nay hs g

function of teiire

&

8]

"
&
U]

reture at constant wvolums a 11 as ot constant pressurs.

Sclvent molecules ara less bound to sach other by dipole-dipols interzcitions

as the tenrieraturs is raised zt constent volums or at constant nressura,

E high

o0

Solvent moleculas are, therefors, nors aasily bound to:the ions
temzaratures, an effsct which causes curvoturs in the Arrhenius plots

at esithar constent pressure or constant w lune,

D The HNole Thezory of Licuids and Trangnort Proserties

m
o

The diffarence stween constent-volw:e znd conot_-’c- Tressure

paraneters cun be givan a physical interpretstion ir tem:s of ths hole

-

nodzl of liguids, It is first necesszry to justify the application of a

‘hole theory to liguids in genercl and %o acstone in particular. Fildshrund

and Scott (136} have presented several argunents arainst the reality of holas

-

of a moleculzar zize or ths use of the concept of free voluns to ccleulzte
themiodynanic properties of liﬂ_-li g, strassing thet "all licuids with
Toirly syrutetriccl moleculas possess egucl amounts of configurstionsl

entroyy under the conditions of comparison, a gituation cuite unlikelws
& - . Y Y

-

to exist if the roleculzr & sorder in then were leecs thaon naxinumn,

Ho.revar, thars nead bs no postulste of a pseudo~lottics structural nmodel

of the liguid stute for a theory of holes to be develojped., 3Bockris and




of liguids by Firth (138), suszested that the holes have sizas that

thermially distributed and thet thay arise fron: density _fluctuc-.tions in
the liguids Bruimer (119} hos suggsctad that the view of atis, Alder,
and Fildebrand (139), thab movemant of & nmolesculse oceurs by & wesksning
of the cure surrowndiag the moleéule, differs only senantic:=lly fro: a

hole nodel of the liguid vhers 2 hole is sunpos=d 0 ariss n=ar a

molecule by a dansity fluctustion. Fouever, thers is more then o ssantic
difference batwzon the two views. Hildebrand ond Swott (136) stmngly

coriputad trajactories of hard-schers molecules in which diffusion ig found

~

to oceur hy z process of raadom walk uith very smell steps. Tazzrajzn and

.

5tdiss of the self-diffusion in imolten szlts at constant

Jde

"‘O'-L\.L“ S (131) y ke

volwus, do not suiport a micro-jwip modal such as that descrihed zbove 2, OT

the rnodal of Swalin (1h1) in whiech snz2ll rendom movenenbds of about 0.1 A

of the diffusing species occurs, Thaeir obssrvations cun be bast intersreted

in terms of a hels model of ths lizuid. They suggest thet 2 liguid containing

A

.no holes of the size of tha diffusing nartieles should be considersd Tor

b
Y
cr
n

the szke of zrzunent. Sinee the diffusing narticle must open 2 hole o

-

oxn gize when it moves in such a liguid, the enerzr of zetivation at

conshant volwie would huzve to contain ths energy of hole fomution as well

]

as the ensrgy of activetion for ju:ping. FHouevsr, l gir results indicate
that the snercy of activation at constant volume is rueh less than the
energzy of zctivition at constant pressure (“_-‘,V ig about 15-207% of EP). This

indicatas thet = 2y doas not contain the ansrzy of hole fTormution. This

relation batucen BV and Ip 1s observed for conductivity in acetone a5 can -




9 and 3.20. These observations lend strong su'“‘o*"t
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to ths irportant part that holes in the liguid must xnlay in the mechonisn

of transport, They also sugport a hole model of the 1igquid state., Before

thought that further =vidence for the hole theory of lignids of simnle

The tenparaturs depsndence of the viscosity of liquids well
aoovze their melting points is adequatsly faceribed by the Arrhenius
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varies narkedly vith temperaturs at constant volwss. The nature of thig
taijerature dependence of viscosity was rot statad, except that the nature
_of the dezendencs wag indicatad to be & functiozn of tha voluna, Contrér‘r
to tha visu of Hildebrund znd Scott (136), thase observotions are thouygnt
to be bast intsrpretad by a rodel of the liguid state which svphosizes the
irpportance of frae wolw:e, I.fl the non-iirrhsnivs reglon, according to

ingell (7,142} and Duviss and Hatheson (LML), o free-volums paraneter

xpansion voluns
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(v—vo) where v is ths specific volume of the lignid at temssratura T and v




corresnonds to the thaorstieal gl::ss transition bemnerature where

v, = 0 and, thersfors, A — 0, D -= 0, ond 'r}-"a) o In the lizuid

range of a substance, a discontinuity oftsn oceours in the tasiperature
depandance of the viscosity -hich dividss .irrhanius beheviour from

D)

non-irrazrnius behizviour. According to
tzapsraturs ab which such a discontinuity is found should ecorresrond

to o sescond-order themiodynamic tracsition, In the tamperature ra Nge
viscosity is irrhenius. Hoiever, in a comnressed condition in this
temperature rengs, acstone shows sore evidsnea that the heet canasi ¥ oat
constant wvoluie, as a function of temperaturs, goes throuzh a rniniizil_un (see
Appendiz I}, This effcct would constitute o second-ordsr thermodimanic

trensition. It is, thersfors, thought thet at hish nressurss a free-volums

theory should descrihe the transport sropertie s ohserved in acehons.
The physicel mod=l trs:ted by Davias ond Matheson (LLL) involvss

FR)

fiolzculss have sufficient robuobional

(’u
}Jo
0
]
L+
ol
»

is reduced. In the Arrhonius v

freedom to reorientute ssveral times betwean translationsl Juins. FHovever,

in the non-rrhanius re Jon, reorientation betuzen translational Jumns
is hindered beczuse one or nore rotctionzl degraes of freedom are lost.
A moleculs nay nossess sufficient ensrzr to junp, but nay not be cuzpeblas
of jumping. Tt may lose ths ability to reorientzte itself in order to
nove into a position shere surroundisg noleculss have momentarily opsned
up sufficisnt free volwie. The viscosity of lijuids at hi _h pressuras
has been traatad by 2 free-volure formulation by Matheson (145).

Mneell ( } ststes thoet measursments of tha affect of nressure:
~—d -
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on ralaxation propertiss have not been in accord wiih Treg-volwie model

rredicvicns. This assertion uwas bazed on a statament hy

thot his conductivity rasults did not suznort the Cohaen

theory, iccordins to Zchan znd Turnbull,

coeffleciant, D, for free-volwre~limited trons;ort should v

constunt volune, The Hernst-Zinstein e 1 uation (1L47)

where A-i is the limiting equdilpﬁt lonie conductivity

Di is the limiting iomnic diffusion coefficient

F is the Foraday constant

Brusnmar (119)

cnd Turnbull (1L6)

the diffusion

Q
&

{4412)

relates tha diffusion coefficisnt und the liniting equivalen conductivity

for cases vhers the moving spseies trunslabs undsr ident

should be a linzur function of T a% caastont wolw u

vhers th2 process is free-voluie-limitzd., Brusmer (119)

several salts in DJILF., that j\ increasss with tarperat

o]

nder conditions

mors rapidly then Jith T2, Howsver, when thass data were plotted in

Fisur:

(U]

4,2 ot severcl volumes, they anupearad 0 he gnite

possibly ct hich volunss whers the »roesss wiovld not he
P je

be free-voluma-linitad, 4 sinilar nlot of the results in

shon in Ficure 4.3, Particularly for Et;NI and n=TrgNI

that the curveturs prasent ut large volure disapnears at
volu:2sz., Tha KeAﬂI resultz, lotted irn Tisure 4.4, do =z
plot of j\ azeinst 7% 'al coastant pressurs, in Fiurs

that Ile,NT behavas diffsrently from ths othsr two s=lbs.

linesr axeept

sxnected to
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Fizure 4.2, Test of free-volune theory vith the high-prassure

conductivity data of Brummer (119) in ¥ sF=divethylformaride,
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Fizure 4.3. Tast of frae-volume theory uith hizh-pressure conductivity

date in acetone,
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Fleurs 4.4, A




-1 -1
mole )

y (cma.Q,

n
o
o

imiting equivalent conductivit

L

N
o
(]

150

100

P=1 ATMOSPHERE

(o)

a A
o Me4NI
A B-PF4N|

) —
S/A/
" P=1103 bar
I | |
7.3 17.5 17.7 7.9

1.8l




thousut to be a result of The tempsrature-derendsat solvation elfect
discussad abova. & hole model of conductance will be used to interprat

the ohsarvztions in acehone.

ty ot constont
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ig zssumed 0 contaln a partial fres-snzrgy tern: for holse

v of zctivation Por

in the theory of conduectivity outlined belor., Appliccetion

of tha eguation given by YuzaTzjen and Boekris (131) for diffusion in

congtont-rrasgure conditions:
! = -"-‘*‘ o - 5*\fﬁr-| 4 =
j\o = constort x avp | (A3, + [&sj/;a B0 -([&-w,fzxgj,,‘¢ (~.15)
whare the subseriphs h cnd j reler to porareters of holes formation

and juip raspectively

Y

-,

This acuation is basad on the coneapt devasloped by Frenkal (1LW8) fox B
errstel Jefoets.  The number of holas par mole of liguid, [ in
egnilidriva with the numbsr of rolzculss »er mole of liguid is
civen by the relationship

N/ = axn( Z&?p’?”) _ (4415)
To obtsin syuation (4.13), ejuction {4.18) hos baen combired with a
probability fuctor, gxp(_élkﬁg/RT), whish prediets the probability of

-

a collision between g hols znd an ion, that is the probability for a

juip to toke place. Compariaon of squations (4,15) and (3.28) glves

-

EOI

Tp=
In tha fomul:fhion br Nasurajun. ¢ xris {131), (ZX" is

wrlttan 2s an aneryy of achivation for Jungin;, hutb it’is sraferable

%o urite it 25 2n enthalrzy of activetion fol’OWinw 3rueer {12).




- -$
o= T + (AT 4.18
Sy (A illv \A 347 (-.l_)
In order to identify =y with an energy associzted solely with the
Jusip procsss in lijuid trensport, it must be demonstratad thot (AU,)
-%
is nezlizivle conpared to (AUJ)V‘ This peint hos besn considersd for

the volume cf a liguid uith teupercturs
is lurgely a result of an incrsass in ths frese volume or the todal

- o ) (2.19)

T h 'n

<4
1
=
i
>
=3
oy
o
=
e

T

volurie of the holss

o
(]
[4 I AV)

whers vy rezressnts the most pronabl

Lo

T, 15 siven by ejuction {4,18)
.

2

ct

=3

and T2 are two tenneara

) & ures, T2>’Z‘l

It is ussurmed that v, is independent of terverzbure =t constant volune.
h
Corbining sguitions {4.19) and (4.18) and nobtinz that Tp = Tp is ,

2 1
Zrro at congtent volurie gives

e:cp(-AE-h/F{I') - exp{- :’-.‘vh,-"RI'l) = 0 (4.20)

This equztion implias tha 2 of exp(- A"f-h/ RT) with temderature
gt constant volume is zero. This is the swi.e as saving thet (AUh)v
is zero, which is the point in gquestion, Taersfore, if was aszune that

the riost proboble wolume of holes is not affectsd by a vuriation in the

e
w

terceraturs at congtant voluma, the ensrev of netivetion at constznt

volne, Iy, 277 be ezuatad to (AU
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with $he volume of activabtion, naremstser associated with conductivity,
A hole theory of liuids bosed one densi.ty fluctuations in the liaid
has been used by Sockris mnd Richards {137) to derive an eguation which
zives a rough corrslation betwecn the mslting point,Tm, at atmosp};eric
pressurs and AE for the viscous flow of a wide variety of ligquid geses,
hydrocarbons, simple organic liguilds, and fused szlts:

(AFn)p ¢ 3.74RT. . 4,21)

? -1
Tn2 predictsd enthalpy of hola Tomction ia acno--v is 1.32 keal mole

The diffcraances E“-?‘V at atmocvheric pressure, based on the recults in

T ane ~L - L et - aca 1 oy~ v
thras solts susmzeshs thal the zate procsss is baing ueasursd for sach

- - 3 b S A A 3 - - Fad . . .4
salt =nd thot this i indesd the enthalyy of hols fomuation in eguation

(4.17), (A% Yo The regults of Houard (1L9) in ieth nol soluticns eﬂ.s
port the viaxw that Jp-Ty 1s n2a arly indepsndent of the iornie

)

spacies as would b2 expected if it rspresented tha energy of hole fomztion,
I the trands in Ty are studied in Table 3,20, the usucl inerease
ith dscreesing voluis is found for n=rr NI acd 1‘54?:1. This inerease-
in T, is cssocicted with the enhancad solvsnt-colvent interzctions present
18n the solvant is mors dsnsely packed. In coztrast to the rasults

reyorted by Brurcer (119), Mmich indicuted that Ty was inversely

prosortionsl to the ion size, it wes found thot & Ty ineorscsed with the lon

size., Ths i'e, NI rasults apzecr to shou 2 dacrazse 1n Jlp with campression.
1g obsarvation susgests that condition-vuriablz solvation effects
associatal with snoller iong, 'hich are neur the peak of plois such as Ehat;

in Fiurs 4.1, would somewhet limit the ap-licebility of the sinple hole

L] ‘

theorwv, i0oavsr, in
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of the solvatioz binding, rslative to the solveni-golvant intsrection,
such that the ensrz of activotion for ths juuan process.is rsducad.

Trom the rasulsts of Ev as a function of volurms resported by Brwimer (119),

artisularly for K21, thers tha solvation should be ﬁost inportont,

mindaun
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The pre-exnonsnts of the Isochoric plots betucen ln_A.o and

-1
T, have been plotted a_2inst the volupz in Figure 4.5. The pro-

exnonant decressee ylth decrsusing volume throushout the ronge of

volumes ztudiad, axcent for =% I, which shous avidence of a ninimum at

-,

about 71 1l. The rasults nresented by Brurser {119) indicate that such

riinire ars prasent in 211 of the sz=lts he studied in DJILF. is is
indicated in aguation (4.5), there ars t+o unknowns in the pre-sxponent,
L, the jumn ‘_..i.*t.;nqe, and ASO, the nertial moler antropy of activeticn.
Sruner (119) has discussed the problen of estinating the pre-exponant.
A transmission factor included in this term has been assumed to be unity..
Bstinctes of the jump distanee, L, have been neds by 3numaer fIOh the ejnation
1/3

whers ¥ 1s the rolar volume of the lijuiad

W is Avozodro's nwaiber
Tith the L jzrametser caleulated froit e - suation (4.22), Bruwiar found thet
the éalca.'.l:ta-; entrosiss, han olottad against the voluna, parzllellad

the pre—e‘rﬁo’wnt ve5. volwie curves. The entropiss wers nesutive and

.»

had valuss fron 7.5 to 8.5 s.u, Vepubtive entropnies of activation

~

indicota that the getivatad state is norxs ordered than the initiczl stave.
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ayuation {4.22) is not thousnt to zive an adeguste sstinete of the

volurie dspendsnce of L, esnscislly since there are indications, fronm

ct

the volume dependancs of tha Dre-exgonant, that T rnay not be a monotonic
funetion of %he solvent volume., In a study of n.m.n. spin-laottice
relaxation tii.eg of protons und deuterons by pﬁlse methods in mixtures

of proton-containing and Mully deuteruted acetoze molescules in the liguig
state, Zeidler (26 ) has estinzted the self-diffusion ccefficient of

acstone, liolecular-Yinetic pro

Q

esg2s 1n the liguid were & scussad and
the reorientation tine, the‘jump-timé, and ths mezn Jumping distance
were caleulated, If this nean junp distance, eastimated fop acetone at 259¢
aéd etmospherie ressure to be 10.5 3, 1s taken to be ewuivalsnt to ths
-$
lonic jump distence, L, than [&So 1s estineted to ve -8.7 =.u. fron the
Pre=sxponent of cpation (4.5)., This Jump distance is $slichtly less than
tu0 molecular dizueters, wthien cartainly Jdoes npt suppors the microfjﬁmp
mechanism of transgort in liguids. In opder to Interpret a negative
entrozy of zetivation in conjunction witi the positive volunes of
activation observed {see Taéles 3e14-3.18), the voluie of activation

)

measured is conesidered to be largely daternined by the volune of hole

ct

fortiation in the liguid, which is a suantity that is indepandent of the
4 2 ps

speciss being studiad. This idea uill he Geveloped further iz the nert
section, In acetbne, in contrazt to the Tindings of Bmuu.ar (119), over
most of the volurz range studizd the entropy of activation is rore nesztive
for the smallar ions, This ohcervation is teken to indicate (i) the Sreater
orderiig irfluanzz of ths icns -rith largervch;rge to surface'area ratios,

-

end (ii) that larger ions preduce a

153

sreater d2gres of disruztion in She

[4

solvent Lhen the juny occurz. Ths reversal of the ion-s5izz trend obseryved N




by Bmuner (119) iz probably due to the solvaticor of K and ile,N .
The presence of sslvetion effects in the case of X is indicatzd by
+ 1 L Y4 + +

the decrsase in in the order e IT X , and E-Bu4N

MeCall, Douglas, and Anderson (150) have used n.m.rs spin-

echo technijuss to measurs the pressure and demperature dependencs of

3

self-diffusion in acctone. The energ of activation at constant pra-surs

~1
vlas 2403 kezgl mole  for the self-4iffusicn of czcetone., This value wes

found to be independant of temperature to withirn 5-10%, The energy of
-]
aetivetion for self-diffusion at comstant volume was 1.00 keal mole =,

Within the expezrinaental srrors of thase tuo enar

iZeal mole o This is the saue ult found in the acetone ccrductivity
wiorlce  Such u close sinmilarity in these voluss sugsests a cormon mechaniso

to both ioniec conduetivity and gelf-diffusion in acstone.
o

eguivalent coniuctivity has heen smphasized in the discussion of Figure

4,1, Cohen znd Turrbull (1LL48) hove made a similar corrslotion bebuwzen
the size of a diffusing specias with respect to the solvent molecules

and the rate of diffusive trutsports IF the species is sicller than, or
about the cane sizs a3 the solvent, but larger than ths avarage hole size,
then the diffusion procsss is controllsad by the rste ¢f self~-diffusicn of

-

the solvaent and such

)

specias will diffuss at tha sane rate as the colvent,

13

t

This cordition corrssgzonds to- that of ions with radii approuching
thot ¢f the solvant 'LOlu(".ll "In Tipure 4.1, cuch ions have a naxinun
*o  Sucller ions do xnov have a highsr robility, because

they are solvabads Larger soscios than th2 solvant molacules diffuse




er ions or ion=zolvent cOoni L lexes also

of the =ner:v cof cetivation for viscosity of liguid acetone at constant
voluwaz t0 the enerpy ab constunt pressure; this rabio ineresses wuith

decraasing volwrs fron 0.0 to 0.8, This inerecse is a result of an

~

, addition, onr the basis of a revisw of the viscosity date for many lijvids,

he coneluded thut, in peneral, Iy ig clways much less than I, excart

at very hivh pressures.. The enersy of sctivation for viscosity ab

congtzant voluwn2 for acstone is about 0.5 kezl mols s whersus ot

constant rpressure this ensrgy is 1,70 kezl mole —, These activation

recorded in Qubles 5,19 and 3.20. In addition, the Aifferance between
- - -1 ;
Tp and S Tor vi coslty, 1.2 keal nole 7, is aprroximately egzual to ths

i energr of holz Toruatien, 1,32 keol mole o Tiscosits as well as 3elfe

@ Tfusion ariear to depend on the sone molecular rrocesses as conductivity

in Jilute solution, The ncture of le fundanentel process ssens to be
! closaly reletad to the amount of free volwie in 4he srsten,

3 Voluria of schivation for Cenduetivity

The volurs of uctivation wzs ealeulabad with end -dthout a

corractlon Tor *he solvent comprassibility as shoun in Tebles 5.17 and

Se16. It can be sasn thet the voluse of astivabion ig more zositive
by ahout 207 then no corraction for solvent corzraeasibility is sunlied,

It is possibls to coizars bthe voliras of wetivobion for salf-diffusion




[

0

vaxen frot the litaraturs with the volwies of aetivut

for conductivity by using the voluss whieh hzve not besn corrscted for the

ility, The decrease in A7 Ath pressure is similar

-

b

solvent comnressinh
to the decrouses observed by Brurmer (119) in D....-., by Brumrier and
Fills (125) in nethanol and nitrobenzene, and by Ho:':ard (1119) in methanol
solutions. This decrease is related to the reduced Tree volume in the

solvent at hizh pressures.

The most striking observation in connection with the voluries of

activation is their ing spendence, within the sxperimental srror of about
1-2%, from the ionic species (see Figure 4.6)e This observation confirms
the results of 3Brummer (119), usirg D.iiF., that the vplu.vaes of activation
of n-BuyWri, Fey'Pi, FPi, KPi, and XBr over 10% range of volums, differ
by less than 107, Yeglecting IBr in this comporizon, the volumas of
activation are found to be identiecl $0 within about 5% Ths affect of

‘e orlsr of ragmitude as tho

g ot
effzct that different sized cutiors Lave on A~fo. K32 znd KFi have A

ju?)
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veluas vhiech Ji7fer 27 atout 47 at hizh volumes wnd bacoms alrost identiecal

when the systa: iz coanrassed by 1073, This inds ependence of A'f from the

naturz of the ifonic spscies has also bzen ohsa 2Tved by Brwaier =nd lls

(129 in nathansl and nitrobanzens solutions,
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rechanign for trencport in liguids. The Eresgure derivative

lvas the partinl devivatives of tha fres 2narzy of

I : -
» of hole fom ;c;-:ion,(%a: ) s A7, the wolums chanpe associated-

aith the juip procass, chd AT., the 1no3t zrobaodble voluma of the holes
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2 —

(ml rhole")

AV

| [

.15

.20 .25 .30
Specific volume (ml g-')

.35
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J1nand e e A at Pz 5
Juining ind ab thae Irzs-enaryy col Tesnactively
Ty, and Vt are the most probable w 4
Y Lo 630 LD 208U provadble volumss of the holes withoud
oo with an ion at the col in the fresmsrapm- iy
= =3 LHS APee-2rarsit surfacs
e+ A A*r* Ltoaan U
L2 Tax 5y LIATIMIIOTE, CIn S 2en b ¥ k
y 78, can DS sesn > ths sult of dis: i
; , %0 02 She rasult of distortion of
L3 -
b2 holss then the i RSISE) i i
> 20les vhen the ion jumse is distorsi 12 i
on Juize. This distortion voluwss is likely to ve
sitall.  Tn fast, sines the othas 7,
v~ — - ‘- - " - o7 S 1 P i ) i %
37%, sines the othar tem, AY,, in ewumzsion {4.23), is

Aiffarsncas obzsrvsd i - £ zbout i
eas oosnrvasd in AT, of zbout 107, indicate thut if there ig

volune ratio of ths ions,
he most =robs b m 1 25 1 i
The most probsble volusa of holes in a 1i;nid has hesn

theoraticallr dari by R :
ratically derived by Firsh {138), The modsl considers the holss

T onn o g Y =3 o 3 . Ny AT
to be unalorous to clusters of rolacules which are found in = danse

S28 0T vInou bt : mied 1 ne zeti i '
[ ooure  Foles are foruad by the zetion of irregulzr themig

- e md 3 -
movetient end cecording to Firth"nerform a kind of Brownisn moversnt?
, L a4 i iA<241 .

m ~S . 1 » - § L3
-2 31zes Oof the holes 2re variable, dith lzrgsr holes beconiing mora

= SLIN -

A V]t -3t h{ alsh el “-a-p-a?\:."- ) “ 7 !11‘*7,.:\ 5 'TT nt oo ¥y e
A 112 Y H 3 vO 3 S e so e 1. 1#) 1G]
‘L”ﬂ.l"“ - ALl veATATs UM o k [} -2 VEIly  SUn 1aln
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b 1A - : .
fe holes i connidared to bha Z continuwt which hos the sare surface
X 5 2 S S N4 vl oaldn " a.:

ct
@D
3
3]
ot
o
3
£
Ui
ct
=
o
o
=
1~
W
1=
e
5
=
e
Ty
.
H
13
-
J=te
o
D
¢t
1o
b

ne Loles, the vanour rressure is
assuwizd to b2 fhs swie o3 the naerescopic valus corrasgonding to ths

) =PIl T3
this model, Firth derived tha Squahion

2/.
; K = 3 -y A 9 24 s
( I g ? v L o-

(4.25)
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uhers v is the cverage volurs of a hole
P is the externzl nressurs
2, is the vepour pressurs of the liguid at tesiperature, T, =nd
pressure, F
O is the surface tension of the 711Lid
From atmoszherie pressure to zbout 1 kbar, for nbrm:l orgznic liguids
the first term on the right =2ide of sjuation (4.25) is much less then
the secord tomn, Therefore, the g uction can be writiten as

-

This is the rigorous szuction when o is sgual $o the gimosn »heric =»ressurs
(& d 4.0 ?

that is at the boiling point or, in generzl, when po suals ths external
bressurz.  Then the external nressurs is grester than Py ths volune

caleulatad by the use of equetion (4.25) is 2lizhtly less then vo. The

,_..
<}
@
3
(&)
i

most provabls molar volume of holes is, therefors, apnroximatsl v g

3

the ejuztion

N7 4.27
* ° Conpare AV;.( )

AT,
whars I 1s ivogadro's nuabsr. A test of this simple thesory is to/, s mj
‘ =4 ' . . cer
that AVJ- 1s @iall compared to A-fh caleulated by cquation (4.27), with the

:azsured volurss of activation for conductivity, self-

Pﬁ

ffusion, and
viccosity, Thiz cor;'..“v'arison-is nade in Table 4.5, The agre=ment botieen
Avh znd :’*J A’.T* ad AT Afor DI, Fey nitrobenzene, benzens,
cycloherana, and nitromethzne iz very goods The voluriss of activetsiorn

for 1sozantune shoy fuir screenent. Howsver, the lijuids acetone,

Cf agrsament can be irterpreisd in teriz of Lha Pollouing ideus,

-\
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Lizuid Dielactric  Surface
constant (27°C) _4
=0 - .
(25%0) (¢yne em )
acstone 20.7 23.2
metharcl 22483 21.7
water 78.54 ) 71.2
Dyi=dinethylfornanide 35.“f
3647
nitrotenzene 54,32 42.2
bincene 2.274 2840
crclohexans 2,015 2543
nitronathmmae 39,5 3363
isepentone 2 15,8
Refarances

& present wuork

be  lefell, Dowglac, und Anfneroon (150) ¢
c. Touard (1L9)

d,  Bozmdi (130)

s, Hills (T71)
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view of eguation {4,26). The zaditi T cbout 8.5 roles 5 (antroxinatelsy

a 1 molur zolution) of ¥al to zeatons incressss ths surface tension from
- 2 -l 3 2

24.0 t0 25,12 dmes e, Tals is olearly not a larga enoush change to

ths concentration, sussesting thot
the explanation for this effect should involve elactrostriction.

Coneentration-danendence

e studies of ths :o“"rﬂqsibilit}' of thase salds in
acsbone or like solvanis tould hely in tha understanding of this sffsch,

.

=% : . ; A » .
AT suzoasts thot the mejor 92‘21)'3‘11@1'{211!.‘0 o7 enaryy Iin the jump of an ion

is the work done in ths change in volu: me, AI y 2c2inst ths internal
rressur: of the liguid, 7 The intsrnal pressure of zcetone was caleulsoted
from the isothemnal corpressibdility of acetone and is reported in Appendix I,

Combining the experinental values of 7T and B for 40°C =nd atmospheric

pressure with the average measursed diffsrence Ep~ Ty of 1.18 keal mole

at atmospheric pressure, tae value of AVO* predicted by eguation (4,10)
l

is 12 m1 mo « Thiz is in excszllent agrecnent with the expsrinmentol

activation volunies of Tzble 3.17. Thersfore, the pressure depandence

of the linitin-

o

equivalent conductivity is seen to be largely a volune
Prozerty of the solvent. This follows becouse the intsernal pressure iz

the rate of chmge of the internzl eneryy of the 1ignid tith volunes at

T -Sor
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3 The volunz of astivabion for conductiv ity,
exporizantolly o be almost indeyendant of the ionic snacies, is_closely
related to the dlstrivbution of free volunie in the liwid, The distortion
volume chongs accomnanying the junp procass is snzll cemnared %0 the
most probzble volume of holes.

Activatsd-coiplex thoory offers a convanisant franework in terms of

m

which the teaiperaturs tnd nressure coeffic ients of conductiv Ly ezn be
interpreted. However, marxinum ins j t into the machanism of ionie
conductivity is obtained at the presant time when hydrodynzmice and

activatad-couylex theory are both used. There is a lack of a large

bodr of dato fros gressura and tanpsrature studies of conductivity

the condustivity results a2t 257C and atmossheric iressurs ars extesnsive
for maony solvents,

2. JTon-Fair Diszcaiation

A Surwiapy of Resulis

Table 4.6 summarizes the ion-ncir dissociation results
zrasented in dstail in Chapter 3. The ion-pair dissociation bshaviour
of tha threas tetrualkylanmoniwn halides studied hzs the following
general features:

A e——

(1) 211 of the g values incrsase uith pressure and decrsase with

teuperature (Tsbles 3.11 and 3.12).

(11) The T, valuss inerease in the ordsr Ve NI W6 VT2 n-Tr VT (Tables
- = ~ — 23
4,11 2nd 3.12).
. 0 . -
(111 The AG; a values zre agoout 3 keal rmola 3 thay decreace with pressure

and irerezse with taiperature (Teble 3,21).




=18} -

Table 4.6

Qualitative Summary of Ion-Fair Dissociation Results

Increase in

Cation size  Pressure Temperature Volume

Parameter

K4 i i d d

A GS d 4 i i

ZXHS 4 | NeCe n.a. n.c.
| [&Sg d i NeCe i

A d - d n.a. d

Avf1 i ‘i d i

i increase
d decrease

n.c. ho cnange

" nNea. not applicable
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0
(iv) Taz Af“d values deersass in the order Ie “*I> t,NI2 p-Fr
3e21).
-C = K3 . 3 3
(v) The AE; volues are negative { the dissociazticn procass is
. . 1 :
exotheriic), the vcluss being sbout =2 keal mols  (Tabls 3.24),

n -

(vi) T™e AT, values do not shou sny significant change with gressure,

[N

but tend to becoms more nesative in the ordar ils 4?11’ <Et41€I< p-Fr I

0
(vii) The A.’d values are strongly nezative wnd are independsnt of the

2rature; they becore mere nesgetive in tha ordar Le 8, T <% A‘TT<.‘:..-T-“5;\T—
‘.2341»?1 an ,Juq}ul' becoiie significantly larger

n~Ir 4T shou 1ittls or no inerezce with pressure (Table 3,25).

(ix) The AV velues are cll strongly nesutiva. Thoy tend o becane

o
4

+ s . - " 2o

the pressurs inersuzos (Tables 3.22 and 3.23),

43?1 L-Pr 2T (Table 5.25).
B Joereral NDizeunssion
A canzarisoz of the K, val btulned with the literature is

is given in Table 4.4(a) and the agreenent is uithin the experirental
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Osugl, Shimizn, and TaXizawe, (155) found thot the pressure

+2
dependence of the dissosiation in wabtar of [’JO(III) )] o,
g ¢
3 ~~flTT T + 3 Mo 3 1
to sive Co(IIT) (;;.;;3 5 and Cl, gave a positive wluma ahisngs
at low pressurss, the yzlusc besoming nsgative at hisher sressuras,

Fisher and Davis {156) hzve studisd the pressure dependence

A7, inersesss ¢

ion of 1230, in ajusous solutions, anl have found that
roi abont =7 to -5 nl mole T for an ineracse of 2000

Ty s a 1 Mg elIMe And ok ar aneand Seynyan 3
2g pregsure. The pressurs and teperature denenimee

&

RPN L 2T T T PR | FENRUI N onos PR P 1y 3 n epremoh B &L
of t™3 themiodynarie narcrshers of lon=-321r Ioruiation in water ure nob

22 as vhwse found in acstone, bub tha sntrozy and voluns changes

C Jaristion of X, with Chances in the Tonic Redius

It is

not possible to give an adeguate intsrpretation of the

different Kd values solely in terms of the electrostatic interactions

between tre cation and the anion using the erystallographic radii, This

can bs inferrad from the solvaticn effects observed inp the ionic-radius

dependence of the limiting eguivalent conductivity. 7hen the ionic

radius fulls below a certain radius, the value of which will denend on

the tennerature

and pressurs of the solvent, the ion bacomss solvabad

- - B 3 - n - -~ s 3 ) -
te2d on the baciz of an elsctrostatic trsor
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more zolar solvants. In the contact ion pulrs it was.sugnested that

held in an smpandad orbitol sinilor to the elsetren in mebso
solutions,. This kind of orbitczl explains the Ifrejuency dsuéndence of

the absor tion band on the radius of ths cation.

X3
3
@
O
&)
13
u
g
(O]
14,
Q
=
3
2

Tz dioxans ard 1,2-dimethoxyathane, z nev

whan avas Lo 7%= s EI ) . -t ~ ot At
whan exesgs betrasliylamroniur estions (3t¢r » BrPmN s, and p=3u,N )
were addad to io0dids solutlons. This observation was not muds in

benzene or carbon tebraechiorida. The new band was found to hs senszitive

On the bagis of these

cnd the new band in 1,2-

obzervitionz, ths noin bond in dioxzna

LIRSV TR PN ~ % E y ooy o vy, PR -
dimmathoxrathone uare zserined to scelvent-szzarcted ion prirs. The nagk

due vo solvatad iodids ions is pits teipercture-sansitive in polar

solvents, zo that bend

the class of lon pzirs thought Lo bs tha rost coimon in solveuts of low
bulk dielectric constants but lurge Aioolz niomants. Tn zolvent-shared
ion puirs, the electron iz thought to be transferrad to a shared,

field-orisnted, zad rnolarized solvant wolecule., The solvent shell

fol}

surrounding the lon pair is distortzd froa sphirical to axial syimetrv,
The nost Lrportant result of this work, in temis of the present studies,
is that it .as suggested that a solvsent such as acetone should cocntoin

lon pairz of tio claossas, class (11i) and elass {iv),

Recently, Griffiths =nd Scarrowr (158) hewa prasented spactro-

Eatn EAN. W AR A

seopls evidonen thet lon-pair intsractions zre iurortant in zesbtone
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solutions of a seriss of alkV1‘m‘on1un broiiides, Tha Ehr: i ] ratio

3 ES

of the ultra-violet spectrun of iodides iona in vzrious orzznic solvents

has be

[0

an studied by Criffiths and Jijeyanayaks (159) up to-zbout 200 bar
pressure and 300°9C. It was found that the charge Sransfer to solvent

spectrum vas sensitive to ths ter*ﬂ“utare and pressure. Solvents with

dieleetric constants greuter thuan 23 are expected to contain only solvent-

~ - P apes - oy o ~Tam i P . 1
solvents ars erpeebed to contaln solvant-shared ion poirs as well, It

is most intaeresting, thersfore, that the dislectric comstant of acstone

increizeés fro.n about 20 to 2§ at 26.5°C when the pressurs i1s raised from

one atmosphare o 1.1 kbar T
The sclvabicn of the ioiids ion in acetone is sxgected w0 ©e

d
[T}
5]

(%

snretrical, even in the lohi gairs atz, if the dislsctric constant is

o

such 28 to proaibit .the fornction of szolvent-charad ion peirs. The

neasured viluzs of the tamperzturs dependsnce of the agbsorption noxinunm

-

position over & wicle tenpsrsburs ronzs agree with the correlation pradicted

P

(in ceetorns this corresrponds to lou prescurss and tenmzerstures graatsr

8, ses Table 3.2) the spectrum becomes cabion-dspendsnt. This

is intsrarsted as an indication of the formation of solvent-charad ioo

: N . ~ r SN - 3 o
he hasis of a study of band shag:s, ths exelted orbital of
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fron the cantsr of o cotion, The sqauation, usin

(&S]

concantration, thot hus hesn derivaed on the basis of this wmodal by Tuoss,

Ep = 5000/ 4777 2 sxn ()

(4,28)

[¢]
N
——

I3

3

je}

S

a is the ion~-size ncreiister
2, and z, ore the numbar of chargss on the eations and anions

lislectric constant

|.J.
"
ot
=
D

T is the tv-;:"v.;:e*:ature,voK

Tt has bsen pointed cut by Robinson and Stokes (78) that, for 2 given,

L

salt, the tenyerutures dezandence of KF, the dissociation constant
pradisted by ths Fuoss sguction (4,23), reduces to the fom
In Kp=zd - 3/ (€ T) (4.29)
— [ .y 5
1n (3000/¢mrir a )
2
/(x a)-

Hamann, Pearce, and Strmuss (16l) hove derivad ths follosing ecuation

iz
G
H
o
.
e
t

e

n
)

@

=
P
f2e
(&)
=3
[

s based on the sressurs dzpenisnce of ll’lKF rredictad fron the
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Thls siuztion holds if the contzet distance iz rot a function of the

for b, and conbining

. . . -0
with eguation (3.31), =zives a theoratical eyuation for Avd:
(=3
AWz -2 52000 ( ) + RT3 (4.31)
a € T

The enthalpy of dissociation con be caleulabed fron ths
Fuoss theory by taoking the termperature darivetive of anF, defined by
that the ion-size

e~uction (4.29) zt constant pressure, and asswiing

& =3

raraseter is independent of temveraturs:

Substituting the result above, for the derivative in ejuution {35.32),

AI—I i3 darived in torms of the Tuoas theory to zive

-2 2
A . T4lzzl e Je’ I"l?fz,,l,
- -— 192-— = + — 1 LT— ~
ag? o7 L. €3 (4.33)
e
A corputer prosrat was written vhich ceiceulzted the dissociation

constunts fron squation {4,29) “or walues of the ion-gize porometer

0
fron 0.05 to 10,00 4, .for the thirtv-six conditions of tamnaraturs and

-

rressure studied. This program is listed in Appendiz IIX. Caloulations

to obtain the dissoeiation comstants at 25 C and atmospheris pressure
ot | 0

fcr ion=cize para rs from 0,05 to 20,00 i were also coinpleted,

Sizilar calculaticrns wers dene at the nine temperatures fram 25 to

O . N ' o '
=307C shick .cre usad iz the work of 3ears, filhoit, and Dawsen (97),.

The lon-sizz pzrareters required to it ths experinentsl dizsseiation

Ep on the lon-size norsnetsr is sho'm grashieglls

-~ m e 3 L3 e 3 BRSP4 el &
resrasanictlve conditions in Pizurs 4,7, The ion-szize narcceters vhich
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Figure L.7. Logarithm of the dissociation constant calculated from

the Fuoss equation plotted against the lon-size parameter.
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Table 4.7

Ion Size Parameter Calculated from the Fuoss Zquation

Me4NI

Pressure
(bar)

1.0°

137.9
275.8
413,7
551.6
689.5
827.4
965.3

1103.2

1.0

137.9
275.8
413.7
551.6
689.5
827.4
965,3

1103.2

26461

3.27

3,27
3.27
3.27
3.31
3.34
3.36
3.36

3.33

3.84

3.82

3.78

3.78

" 3.75

3.75

3.75

3.74

3.71

()

Temperature.(°C)

35.00
3.41
3.42
3.42
3.46
3.38
3.37
3.35
3.33"

3.31

3.95
3,92
3.89
3.85
3.77
3.75
3.72
3.68 -

3.67

45.01

3.50

3.42

" 3,40

3.37
3433
5;33
3.30

3.28

3.26

3.88
3.83
3.79
3.80
3.72
3.72
3.68
3.64

3.60

54.83
3.51
3.48
3,47
3.45
3.37
5.5
(2.53)
3.28

(3.84)

3.96
3.91
3.86
3.82
3.78
3.78
3.75
3.67

3.63
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Tabie Le7 (cont.)

Ton Size Parameter Calculated from the Fuoss Zouation

o
(4)
Tempsrature (°C)
Pressure
(bar) 26.61 35,00 45,01 54.83
n-Pr NI
¢ 1.0 3,91 3.90 . 3.88 3.82
137,9 3,89 3.87 3.82 .75
275.8 5.85 3,79 3.69 - 373
413.7 3,83 3,75 3.72 3.67
551.6 3,79 3.72 3.61 3.62
689.5 3,75 3,68 3.57 3,54
827.4 3.72 3.65 3.51 3,52

965.3 3,70 3.62 3.48 3.48

1103.2 3.65 3.57 3.43 3.44
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54.83
3.51
3.96

3.82

3e45
4,17

4,14

3.42
4,08

3.98

.3.46(0.04)

4,07(0.09)

Table 48
Ion Size Parameter Calculsted fr.om the Fuoss Fnuation at Atmosvheric
Pressure (2)
Temperature (°C)

26.61 35.00 45.01
3.27 3.41 3.50

3.84 3.95 : 3.88

3,91 3.90 3.88

3.39 3.40 3.4l

4,13 4.14 4.09

4,15 4.12 4.03

3.54 3.40 3.41

3.97 4,05 3.98

4,04 4.02 3.98
3.55(0.05)  3.40(0.01)  3.44(0.04)
3.98(0.12)  4.05(0.08)  3.98(0.09)
4.03(0.10)  4,01(0.09)  3.97(0.06)

3.98(0.13)
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Table

+10

Jon Size Psraneter Caleculated from the Ixperimentzl Volumes of

Dissocistion and the Pressure Derivative of the Fuoss Eouation

Pemperature (°C)

(2)

Pressure

(bar) 26.61 - 35.00

MeéNI
1.0 2.61 2.76
137.9 2.55 2.82
275.8 2.50 S 2,91
413.7 2,44 3.06
551.6 2.40 3.29
689.5 2.35 3.65
827.4 2.30 4.27
965.3 2.25 5.54
1103.2 2.21 9.35
Bt NI

1.0 3.69 4,36
137.9 3.64 4,39
275.8 3.59 4,44
413.7 3.53 4,51
551.6 3.48  4.61
689.5 3.42 4,75
827.4 3.37 4,97
965.3 3.31 5,30

1103.2 3.26 5.85

45.01
3.44
3,45
3.48
3,53
3.62
3.76
4.00
4,40

5.16

3.78
3.82
3.90
4.02
4.20
4.49
4,96
5.81

773

54.83

4.21
3.93
3.62
3.30
2.97
2,63
2.28

1.92

4.11
4.13
4,19
4.28
4.43
4,68

5.10

5.88

7.67
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Table 4.10 {cont.)

Ton Size Parameter Calculated from the mxpverimental Volumes of

Dissociation =2nd the Pressure Derivative of the Fuoss Egquation

Pressure
(bar)

n-Pr NI
4 1.0

137.9
275.8
413.7
551.6

689.5

827.4

965.3

1103.2

(8)
Temperature (OC) -l
26.61 35,00 45,01 54,83
3.98 4.56 . 5.5 4,31
4,02 4.60 5.22 4.38
4,08 4,64 5,31 4,52
4,17 4,71 5.42 4.71
4.28 4,81 5.58 5.02
4,45 4,94 5.81 5.53
4,70 5,14 6.16 6.44
5.10 5.45 6.74 8.46
5.76 5.95 7.80 " 15.9
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Table /.11

Ion Size Parametzsr Cslculated from the Exzarimental Enthalny of

Dissociation and the Tamperature Perivative of the Fuoss Eguation

| : )

Temperature (°C)
Pressure :
(bar) 26.61 35.00 45,01 54.83
le, NI
1.0 8.55 11.9 16.5 22,4
137.9 8.00 11.0 ~ 15.2 20,2
275.8 9.07 C12.7 17.8 25.8
413.7 5.74 8.30 11.8 16.0
551.6 2.15 3.20 4.60 6431
689.5 1.53 2.38  3.52 4.91
827.4 1.21 1.98 2.99 4.24
965.3 -0.96 1.64 2.56 3.70
1103,2 -2,84 -5.13 ~8.19 -12.0
Et NI
1.0 3.19 4.42 6.20 8.36
137.9 2.84 3.90 5.39 7.18
275.8 2.60 .66 5.10 6.84
413.7 2.48 3.50 5.09 6.92
551.6 2.11 3.15 4.53 6.22
. 689.5 2.09 3.26 4.82 6.73
827.4 1.52 2.47 3.74 5.30

965.3 1.16 - 1.99 3.10 4,47

1103.2 0.96 1.73 2.77 4,05
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Table 4.11 (cont.)

Ion Size FParameter Czlculated from the Experimental Fnthalpyv of

Dissociation and the Temperature Derivative of the Fuoss ITquation - -

Pressure
(bar)

n~-Pr NI
= %o

137.9
275.8
413.7
551.6
689.5
827.4
965.3

1103.2

Q)
Temperature (°c)
26,61 35,00 45,01
1.69 2.35 : 3.30
1.48 ' 2.04 2.82
1.46 - 2.05 2;87
1.28 1.85 | 2.62
1.09 1.62 2.34
0.87 1.36 2,01
0.81 1.31 1.98
0.69 1.19 1.85
0.60 1.07 1.72

54.83

4.45

3475

3.85

355

3.21

2.81

2.81

2.67

2.51
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Iable L.12

Average Jon Size Paramneter Calculated at Several Temveratures
a2,

(R)

(a) Values based on the experimental volumss of dissociation and the

pressure derivative of the Fuoss equation

25.61
'1e4NI 2.40(0.13)
Eb 4NT 3.48(0.14)
n-Pr, 7T 4.50(0.56)

Temperature (°C)

35.00 "45,01°

4.18(2,01) 3.87(0.55)
4,80 (0.47) 4.75\1.22)
4.98(0,44) 5.91{0.82)

54.83
3.26(0.83)
4,94(1.11)

6.59(3.55)

(b) Velues based on the experimental enthalpy of dissociation and the

temperature derivative of the Fuoss equation

26,61
bie NI 3.82(4,09)
Et NI 2,11(0.72)

- p-Pr, NI 1.11(0.471

Temperature (°C)

35,00 45.01

5.35(5.64) 7.43(8.04)
3,13(0.85) 4,53(1.06)
1.65(0.42) 2.39(0.51)

54.83
9.96(10.95)
6.23(1.30)

3.29(0.61)
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Compressibility apparatus.,
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Figure I.2,

Photograph of the compressibility apparatus,
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Figure I.3. Compressibility data plotted according to the Talt equation

at four temperatures.




|
04 06 08 10

Pressure (kbar)




T T B ST N N TR DA £ S

- 19} -

Table I.1

Constants Obtained by a Least-Mean-Square Fit of Compressibility

Data to the Tait Equation

T (°C) 26,61 35,00 . 45,01 5483
B (bars)  7h5(1L) 710(1L) 627(1L) 572(1L)
¢ x 10% 93L(11) 927(11) 920(10) 916(11)

i
| il




008T°T lelt T 68LT°T S9°. (50°0)2z°g (22°0)66°L 000T
S6LT*T 9lagTet (80°0)€9°L (oz*o)tieL 006
€99T"T L206T*T (L0°0)00*L  (6T°0)58°9 008
. LS6T°T 8286T°T (90%0)2n*9 (8T°0)22*9 004
N 602 T 6902°1 (90°0)69°5  (LT°0)S5°S 009
: | MLTe*1 T6T2°1 SHT2T 2lon (50°0)06°11  (9T°0)28°K 005
UETAAR 61922°1T (70°0)0T*H "(STU0)Noh oof

(S9T) eTeam (59T) sTesm
Azcﬂv uew3p tag pue 99TMBN  Maom quessad (9T) uvewBpTag pue 93™eN  Nxom quasaad (sexaydsouqe)
Aﬁlm Tw) wEnHo> o13To0edg NOH X QOﬂmmmhmEoo | sanssaag

0, %92 ' saeqaoM snoTaep Aq PeUTEqqQ) U080y JO SeUmTOp O1J 1090g DB suoTssaxduion

2¢'I oTue]




2°8s1

2°621

-196 =

(991)

sMmeapuy pue ‘preqany €aefag

(€°6)£°29T
(0*6) gnT
(2°9)2°9¢cT

(M°l)s et

(89T) weyaeq pue KoToresg

(59T) otesm pue q3May

(S*0)L°s2T

Awoa X Hlmamsmmospmv

(€°M)6°MST
(9°€)s°6€T
(T°€)2°82T
(0°€)6°¢ceT
(8°2)8°6TT
(6°1)9°291
(L°T)2 gnT

(Meoneect

(f1°1)8°921

daom quassad

€°I 8T1qe]

dJnssexy OTIoUdsouly 4e ou0je0y JO A3 TqISsedduoy TeWIaYq0ET

0°0§
0°of
0°0¢
0°se
0°02
£8°ns
TO®S1
00°s€
°92

(00)




- 197 =

Fre:1 eguations (I.3) 2nd [T.4) it can ve shoin that

] |
(8%), . (-g-%)Po (1-1%) +or { (Biz)-(:j;o) (‘3‘)} (1.5)

quantity ¢ the loft-hand side diviced by 7° 15 the isobaric expanzivity, q
,

Sineca
-3, 3,

L AN ] . -5 PO N %, - b “a DS 3 - S %
iv rollous thal the themal-prassure .cosfficimt 0r) iz Siven by
T

7

The intaruul sre-zurs of a lizuid, or, i defined ca ( 8 ) ,

0l 3 4 da o -~} -y <
wnere U is the internsd amermgy, 14 is civen by

T gz I
e (&)t - i
T v
It con therefore be recdily culeulated using squetion (I.3).

e work of (dbron «nl co-icrkers (171,172) nas suggestsd the

follouing intsryretstion of the variction of ina internecl pressure of

CECr A

[®]

liguide sith the volume .rd the temse
divided into a contribubtior, U(T) uhich dapends on'ta:':z;:erature but rot
on volure, az gbtractive enersy, Ua’ _.nl a regulsivs en3ryy, U_:

U=T{T) + Ty + U, | | (I.10)

1 Ve =3, . .- PR s
Differsntiction at conat.ont tonzorature with reszect to volume sivas
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Figure I.L, Plot of internal pressure, T, against molal volume of

acetone at four temperatures.
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Figure I,5. Plot of log:LO 7Ta against loglo(molal volume)
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Table T.L

Least-lean-Square Zstimates of Slopes of 77 and T, with respect to

Temperature at Several Volumes

Yolune ). ( _a_%_a)v_
(ml mole™t) (bar deg=l) . (bar deg‘l)
75 =3.7(3.0) O 9.50.2)
7h _ -2,1(3.0) 9.6(043)

73 ~12(3) : 8.5(0.3)
72 -22(k) 741(0.3)
(AN =31(k) 6.3(0.L)

70 -41(h) 5.1(0.L)
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Table I.5

Least-liean-Square Estimate of the Exponent, m, in Equation (T,15)

at Four Temperatures

T (%) [ d1ozi0( )7 \
\ g logoV /y

26,61 =l 61(0.02)
35.00 ~4,11(0.02)
45,01 -2,93(0,01)

5)-1.83 -1038(0001)
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Figure I.6., Plot of heat cépacity, Cy, against molal volume at four

temperatures,
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APPENDIX IT

Primary Data

(a2) Resistance extrapolated to Infinite frequency (())

High~pressure cells

Me) NT bar) 26 Temperature (°C)

1. Pressure (bar) 26.6L 35.00 L5.01
1.0 376L.42 3609.73 3385.16
137.9 3925,82 3740.72 3517,16
275.8 1098, 67 3893.16 3659.31
113.7 h272,35 LoSh.95 3800, Lk
551.6 150,40 4215.85 3949,87
689.5 639,95 4379494 109111
827.h 4827.93 4518.38 L2hy .66
1103.2 5203.07 4883440 4552,08

2.

1.0 3815.01 . 3657.8L 3L29,23
137.9 398k, 70 3798479 3571,
275.8 159,99 3957449 3716.10
413.7 11335.92 123,46 3862.03
1 551,6 151337 14288.01 o1k, 82
827.4 14890, 64 h629,12 4312,79
96543 5075.73 - L801.15 L7147
1103.2 5274497 4971435 11628, L5

o
1.0 5940,18 5707.85 5336.17
137.9 6222,78 59LL, 5k 5573.98
275.8 6512, 60 62034 7k 581L.26
113.7 6805.75 é475.58 605kh.1L
551.6 7103.13 6745,01 6304.83
89,5 7L25.1l 7018.97 €5h1.92
827.1 776,10 . 7298,21 6788.83
965.3 BokL6. 65 7575450 7047, 68
1103.2 8365.9L 7850.36 7301.08

5 1.0 7780055 7486495 6983430
137.9 8170.L1 7811l.22 7310.15
275.8 85664 3L 8165, i2 7637445
hlB. 7 . 89660 hs 8527 . hB 7961. 73
551.6 9377.01 8888,17 8295,38
689.5 9813.86 9250431 8613.L6
827,14 1023749 9622,86 894,08
965, 3 10638.8 9995, &l 9281.81
1103.2 11062, 10362,k 9619.38

6o .

1.0 ‘ 88l1.63 8562.53 7998.75
13799 9292099 ‘ 89)47026 . 83800h5
275.8 9743475 9360.23 8760434
113.7 10200.5 97784.65. 913L.63
© 55146 1066h.6 10196.9 9520.11
689.5 11184.8 10620.6 9888,05
827.L 11661.0 11047.6 10268,5
965.3 1213103 11475.9 10661.0
1103.2 12629.8 11899,2 11048,3

54,83
3215,91
3339.76
3462,90
3592,9L
3725,13
3854416
1,058,53
1135.13
h308.&

3260.06
3388.L46
3515,.69
3649.1a.
3785.47
3925.54
ioh.6éh
4207.72
L407.88

505k, 62
5273,26
5485.88
5708, 81
5914.12
6L37.25
6538.1l
6598489
6956486

6617.02
6919.54L
721148
751L4.15
7796, 41
8105. 74
868L.76
8701.25
9221,21

7591.36
79L6.01
8286, 31
863L.01
895L.81
9269.27
10030.2
10003.5
10636.6
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Me) NI (cont,) Temperature (°C)

7o Pressure (bar) 26,61 35,00 h5.01 51,83
1.0 9015.25 8677463 8106.79 7681.12
137.9 9487.01 9076476 8L97.26 80L6.05
275.8 9957.87 9499.86 8885.15 8397.22
413.7 10442.9 9927.95 9267.60 8752.33
5516 10949.0 103562 9659.88 9078427
689.5 11457.6 - 10789,3 10039.9 oh2l L5
827.L 11944.0 11222,5 10429,3 1017L.7
965.3 12415,3 1164.8 10827.5 10143.1
1103.2 12908.2 120910 11224,9 10797.7

Et, NI

1,h 1,0 1839,.82 1745.99 1643.10 1577.69(1586.69)
137.9 1917.60 . 1824.73 1722,19 162,15
275.8 2008. 38 1905.76 1797.11 1711.20
3.7 2099.49 1992.07 1872,85 1780,52
551.6 2187.33 2077.08 194943 1852,3L

, 689.5 2283.86 2158,96 2025.77 1922.18
827.L - 2376.9L 22L0, 6L 2102, 70 1999. 61
965.3 2171.89 2327.50 2182.29 2069.42
1103.2 2568,70 2h17.73 2261.13 211,37

2,

137.9 1601.71 1547.22 143h.11 1362.93
275.8 1676.48 1590.15 1494.,08 117.L7
4i3.7 1751.64 1660.,22 ~ 1555,26 1h72.17
551,6 1825,29 1729,52 1617.%0 1529,53
68945 1903.13 1796472 1679.70 1585.27
827.L 1980,09 1863.01 1743026 16h6.7h
96503 ©2058.97 . 193L.85 1807.L6 1702.70

. 1103.2 2138,27 2007.77 1872,32 1760,23
1.0 . 21128k 2005, 60 1882,59 1795.98(1795.98)
137.9 - 220L.,85 2097.71 1971.90 1871.11
275.8 2310,68 2191.73 2057459 19L9. 37
3.7 2L16,81 2290,83 21uh 02 2027.33
551.6 . 2520.86 2388.53 2232,91 2108.23
689.5 - 2630,.8L 2483, 51 2319.98 2187.11
827.k 2738.83 2576035 2409.43 2273.39
96543 2849,82 2677.15 2499.55 2352,31

) 1103.2 296L,73 2779.95 2590,57 2L32,90
1.0 53964 37 514,15 L1805, 6L 1565.38(4570.38)
137.9 5665.11 5409,08 5065.09 1,786,56
275.8 5958.1L 5675451 5312,32 5012, 69
113.7 6253.15 5951,21 5555,70 ° 5235,06
S51.6 6538.59 6221,98 5800, 67 5Lél.28
689.5 68LL.59 68l 36 éolls. 20 5683.63 -
827.L 748,16 67LL.65 - 6288,63 5920,35
965.3 7456473 7019,.62 6536,15 6139,97
1103.2 7765, 74 7299.95 6783.L6 6363.05




Et) NI (cont,)
T+  Pressure (bar) 26,61

1.0 Lolko,11
137.9 5186,80
275.8 5L57.54
13,7 5727,07
551,6 5990407
689,.5 6269417
827.k 65hle 3L
965.3 682,04
1103.2 7102, 68
8
1.0 14889.3
137.9 15662,2
275,58 16518,8
h13.7 17389.8
551.6 18214,3
639.5 19112.6
827.4 19967.3
965.3 -2081L.1
1103.2 21675.8
n=pPr) NI -
T. 1.0 181,18
137.9 1924,98
275.8 2014.93
13,7 2102.03
551.6 2195.08
689.5 2239,59
827.4 2377.38
965.3 247078
1103.2 2567.10h
26
1.0 2220,73
137.9 . 2325,08
275.8 2437.52
3.7 25145, 32
551.6 2660, 68
689.5 . 2777.12
827.L 2885,21
965.3 3000,52
1103,2 3118.11
e
1.0 3325045
137.9 3489.30
275.8 3662459
113.7 3829.33"
551.6 006,28
689.5 185,12
827.4 4352,51
965.3 L4529, 6L

1103.2 L7101

;1 -

Temperature (°C)

35.00
4698, 69
Loko,17
5182,31
5433.10
5680,78
5920437
6155.73
6i07.93
6662.,09

14167.3
14932,5
15698.6
164185,3
17280.6
17994.8
18721.0
19481.9
20272.0

1744.98
1826,08
1908,2k
1987.02
2071.48
2153,08
2235.17
232L,78
2l11.99

2102,38
2204,03
2306,12
211\0&- 52
2508, 62
2609, TL
2710.56
2821,16
2928,20

31Lk, 35
3303.2k
3462.23
3613.58
3774407
3930.06
086,25
4255.05
Las.2h

L5,01
14388,31
L622,83
L8438, 62
5070,85
5295,23
5517.16
5740, 6L
5965,52
6191,39

13130.0
13893.4
14600, 6
15291,3
15979.1
166621
17338.)
158023.4
18702.L

16Lk.78
1716457
1792.23
1867.08

194k, 68

2021,72
2099498
2174 L7
225,32

1978493
2067.02
2160,51
2251,22
23L6,36
2439, 65
2534, 76
262,50
27211

| 2952,98

3092,82
3239,17
3380.56
3527.86
3668.93
3814.93
3955.03
1103.52

o8
7ok

14389.07
Lé01,86
1,810.33
5023.77
5231.09
5452,26
5656, 59
5863.97

12433.2
13075.5
13723.9
14350.8
14987.9
15693.5
16268L,7
16860,2
17469.2

157477
1639.91
1706,02
18L7.02
1918,18
1989.32
2059.92
2133.28

1880,92
1960.66
20L0,56
2126,21
2211,
2297.20
2382, Ll
2L68,L5
2555,0L

2799.11
2926.75
3054.10
3186.70
3318.54
3L5L.LlL

1 3583.42 -

3716.17
38L49.37
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n-Dr NI (cont,) - Temperature (°C)
bPressme (bar) 26.6L 35,00 L5.0L 5k 83
1.0 531L.68 5076.81 L760,L2 1504459
137.9 5590.56 5345, 60 5002,20 4727.32
275.8 5872, 62 5530407 5247.8L Loh7.31
b13.7 6L46,53 5782,63 5486.17 5170.28
551.6 €433.09 U3, 69 5622,76 5393.06
689.5 6721.L5 6296,29 5857.76 5615.29
827.4 6993.56 655047k €092,27 5837.12
965.3 7279,50 6820.05 6318,17 6057.95
1103,2 7571.22 7083, 66 6555.47 6280, 34
To :
1.0 1005k, 6 9Lé7.25  88LO.62 8322.58
137.9 10602,0 9996, lils 931L.54 876L.0L
275.8 11162.1 10509.7 9794, 91 9192,31
413.7 11703.h 11010,8 10255,9 962, 17
551.6 12268.3 11525,9 10715.7 10049,
689.5 © 12838.7 12024.9 11180.1 1oh7u.
827.4 13370.6 12522,5 11641,6 10894, 6
965.3 ~13932,0 1305k, b 12082,5 11312.)
5 1103,2 14502, 6 13570.1 12547.7 11731.2
1.0 213L48.0 20034.3 18583.9 17382,2
137.9 22536,k 21169.L 19602,2 18322,8
275.8 23732, 22215,1 2061L,1 19230.1
b13.7 2L896,1 23283.8 21587,0 20134.6
S51.6 26089.1 2L366,1 - 22L;86,0 21020,6
689.5 27281.9 2511.6,2 23448,8 21892,9
827.h 28l17.6 26465, 5 2Lh02,6 2276,,5
96543 29598.5 275568 25322.8 23613,

1103,2 30795.9 28628.6 26275,6 276,17




Atmosvneric~pressure cells

Solution Salt

number
1.

3e

»

Se

To

Me hNI
EthNI
n-Pr LLN I
e hNI
Et bN I
n-Pr L;N I
He hNI
Et )-LN I
n-Pr)NI
Me hN I
Et hNI
n-Pr) NI
Me ).LNI
EthNI
n-Pr| NI
Me hNI
EthNI
EfPrhNI
MehNI
EthNI
n-Pr hNI
MehNI
Et ).LN I

E—PruN I

26,61
3662.96

1781.85
178L31
3708.70
1479436
2142,33
3930.56
192,18
18L7.L8

"5547,02

1954.82
3082.98
6733. 67
2698426

3460.28

6026, 34

" 363k.12
3608,82

863L.16

L7675k -

9729, 69
131hh.1

©13207.9

13860.2

- 213 -

Terperature (°C)

35.00
31167 . l!.O

1689,L9
1691.97
3512, 61
1L03.79
2030.57
3727.03
1838.94
1746, 69
5253.27

1852.99

291L. 7L
63h2.46
2555407
3270.94
569641l

3L33.67

3407479
81L42.60
L536.90
9185, 60
12395,7
12458.8
178240

45,01
3277.37

1601,32
1598.72
3322,56
1327.50
1915,51
350L. 65
1728,98
16L3.93
Lok7.32
1757.08
2707.28
5958.04
203,57
3080.49
5355.L0
3207.37
3193.17
7667.67
4258, 47
8597.55
116L1.2
11687.8
16625.9

5h.83
3110.71

1523.21
1521.L8
315k.61
126L,Lk
1821.18
329L.1:6
1639.31
156150
4711.08
1666452
26018l

2290,0L “

2916, &0
5038.30
3038.04
3013.80
7275.85
Lols.25
81L6.76
11018.9
11028,0
15663.3 |
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(b) Concentrations of acetone solutions at atmospheric pressure and 26.61°C

(moles 11)xiok

High-pressure cell Salt
Me) NI Et) NI n-Pr) NI
1 L. 1682 9.7287 10,669
2 4,2011 11,250 8,118k
3 3.0912 . 6.5892 7.6156
N 2,8066 | 8.7703 5.783k
5 2,1695 5.7h62 L.7770
6 1.9456 3,302 R
7 1.72L3 3.2916 1.6966
8 1.0707 1,068 0.8000

Atmospheric-pressure cells in the order 1,2,3,1,2,3,1, and 2 were filled

with the eignt solutions listed above starting from the top.
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APPENDIX ITII

Shedlovsky Program

List of Abbreviations

TEMP

PRES

DIELT
VISCY
TAITB
TAITC
AMBDA
CONC

ONGSL
SHEDL
YARVON]
AMBIN
SAMIN
DICON
SDICO
HET AM
SHEA
VOLAM
SVOAM

‘HEATK

SHETK
ENTPK
SENPK
GIBEK
SGIEK
VOLMK
SVOMK
ACOF2
SAMBI
DEG

temperature (°K)

pressure (bar)

dielectric constant

viscosity (g cmLsec™l)

B constant in the Tait equation (bar)

C constant in the Teit equation

equivalent conductivity (emlf{)~lmole-1)

concentration (mole 1-L) 1

Onsager slope (cm?§{)Llmole-lx(mole 171)2)

Shedlovsky constant

Z variable in the Shedlovsky treatment

limiting equivalent conductivity (em?{) ™ mole=L)

standard deviation in AMBIN

dissociation constant (mole 1-1)

standard deviation in DICON

energy of activation for conductivity at constant pressure (cal mole"l)
standard deviation in HETA{

volume of activation for conductivity (ml mole™l)

standard deviation in VOLAM

entnalpy of dissociation (cal mole'l)
standard deviation in HEATK

entropy of dissociation (cal deg™tmole=l) -
standard deviation in ENTPK

Gibbs free energy of dissociation (cal mole
standard deviation in GIBEK 1

volume of dissociation (ml mole ™)

standard deviation in VOLMK

..]_)

_molar activity coefficient squared

standard- deviation in AMBIN
degree of dissociation

i
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2o Program to calculate conductivity and ion=-pair dissociation parametsrs

List of Abbreviations

AMBIO
SAMIO
SPVOL
AMBIL

SAMIL
DICOO
SDICO
DICOL

SDICL
GIBKL
SGIKL
HETKO
SHEKO
ENTKO
SENKO
ENTKL

SENKL
MOVOL
ANLO
HETKV
SHEXV
VIAMO
SVIAO
VIAM1
SVIAL
DICVO
HEDIV
SHEDV

limiting equivalent conductlv:Lt\zr based on the high-pressure cells
standard deviation in AMBIO (em“()=imole~ )

specific volume (ml g=1)

limiting equivalent conouctluty basad on the atmospheric-pressure
cells (cmzﬂl' mole™l)

standard deviation in MMBIL

dissociation constant based on the high-pressure cells (mole l'l)
standard deviation in DICOO

dlssocmtlon constant based on the atmosoherlc-presswe cells
(mole 171)

standard deviation in DICO1

Gibbs free energy of dissociation (cal mole
standard deviation in GIBK1

enthalpy of dissociation based on the higa-pressure cells (cal mole
standard deviation in HETKO

entropy of dissociation based on the high-pressure cells (cal mole"l)
standard deviation in ENTKO

entropy of dissociation based on the atmospheric-pressure cells

(cal deg~lmole-l)

standard deviation in ENTK1,

molal volume (ml)

logarithm of the limiting equivalent conductivity at constant volume
energy of activation for conductivity at constant volume (cal mole™ )
standard deviation in HETKV

Walden product based on the higan-pressure cells

standard deviation in VIAMO

Walden product based on the atmospheric-pressure cells

standard deviation in VIAML

logarithm of the dissociation constant at constant volume

internal energy of dissociation at constant volume (cal mole™l)
standard deviation in HEDIV
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3.
Program to calculate ion separations based on the Fuoss equation for
the dissociation constant

List of Abbreviations

SEPEX ion separation (X) a
DICTE dissociation constant (mole 1 )
other abbreviations identified above




DTLATICN

MPLLO) DIELTLO)Y,
S
!

() cow

D
Je

1
PE

-
[ ada¥
e
wo
[=TE Y
! QQ
NN —
—~D
N+ LY
Q-
| O
Q= )
Q0
PO - l
oOON—~ |
| Db I
i

X{(3601,TE
I
B

£

CS/7360 BASIC FOCRTRAN IV

(360),SCP

8
M

RR{3€C) ,ARGU

1
1

ks S 2
]
(i

Q0 o~
C)f-"*CX
- el
+ OONL
COCw~TW
~) e 2N
D o i e L O~ [2]
e X T N~
M=~ 0 0 X0

-~

' 10
JTEMPLJ)LDIELT ()

!
i
[

OO O N
——r QL] e N
Rt P RS TUAR N TN N o V]
- @MY e et bt et (O ) 2D e e
N Ot QO | s o (o o F
LW~ s\ P O S U ey e I R Y
W YD b 0 (e L D e b =2 D
PN RS P A I L L LD
= QW OO O X W= 000w 2L
QC.‘.LJQ:UIZJCJ"(V)<"J.>‘-U|;ZUU.L‘_Q’..LLJ
— |
QOO NN AT i O M= 0N MU
QL QQONONTAVUOONL)
QOO UNNISEMP~ 000
NN AP TS e e

|

f
NMITOO SN0~ M TN D~
COVOOQOUAr et o —
CODTOVLVIDODOLOVD0O0
OO0V ILOOOOOLOLVD
'.‘,'IQ.'O"]'I'!IQ
V1NN NN NINNNIUIINNNNY)

‘ |

!
0

CN
€0
J
10
E

1
i

LEVELC lJduLe€é

L

S.CCC1




1.

3.

L.

- 235 =~

CLAT¥MS TO ORIGINAL RESEARCH

Measurements of the temperature and pressure coefficients of the
conductivity of three tetraalkylammonium iodide corpounds in acetone
solution have been made,

A Shedlovsky procedure has been used to analyse tne conductivity
results to obtain the limiting equivalent conductivity ard the ion-
pair dissociation constant as a function of temperature and pressure.
The conductivity results have been interpreted in terms of the
activated-complex theory and correlations between viscssity, self-
diffusion, and conductivity have been made using a hole taeory of
liquids,

Thermodynamic parameters of ion-pair dissociation, including the
internal energy at constant volume, have been calculated and the
ion pairs formed in acetone shown to be solvent-shared or solvent-

separated depending on the conditions of temperature and pressure.
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