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Abstract 

Data were obtained at 298.15 K on the apparent molar volumes of 25 

electrolytes in N-methylformamide, formamide, propylene carbonate, acetonitrile 

and water by using two sizes of dilution dilatometer over a wide concentration 

range and by vibrating densimeter for liquid sulphur dioxide solutions. These 

results are discussed in terms of additivity, conformity to the Debye-Hiickel 

limiting law and ion-pairing. 

Of the bulk of the dilatometry data only electrolytes in acetonitrile showed 

any significant deviations for the Debye-Hiickel limiting law. These anomalies 

were attributed to ion-pair formation so association constants and volume changes 

on ion-pairing were calculated by two different fitting procedures for eleven 

electrolytes. To test this purely volumetric method of evaluating association 

constants a similar fitting procedure was used on aqueous MgS04 data for which

reliable association constants and some volume change on ion-pairing information 

is available. The results show that the association constant and ion-pairing volume 

change were comparable with literature values. 

The design and operation of an expansimeter specially adapted to measure 

the apparent molar volumes of electrolytes in non-aqueous solvents at 

temperatures from 0
°

C to the solvent's normal boiling point is described. The 

results for electrolytes in N-methylformamide (0
°

-125
°

C), forrnamide (25
°

-l00
°

C) 

and propylene carbonate (0
° 

-150
°

C) were explained i n  terms of 

structure-promoting and structure-breaking solutes. For the "common" salts, the 

limiting apparent molar volumes decreased as the temperature increased indicating 

solvent structure-breaking. However, the salts with an organic cation or anion 

showed some solvent structure-promoting properties. 

The isothermal compressibility was determined for these solvents over the 

temperature ranges of interest (0
° 

-150
°

C) by a specially designed piezometer. The 

limiting apparent molar volumes of the electrolytes were shown to be linearly 



related to the temperature dependent solvent isothermal compressibility, as in 

water. This important observation was discussed in terms of the relationship 

between the solvent's isothermal compressibility and pressure dependence of the 

dielectric constant over temperature ranges exceding 100 degrees. 
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1, General Introduction 

1.1 Introduction 

The main thrust of the experimental work on which this thesis is based is 

directed towards securing information on the way in which electrolyte apparent 

molar volumes vary over a significant range of temperature in non-aqueous 

solutions. The solvents' isothermal compressibility increases with increasing 

temperature, and this is known for water to cause through enhanced 

electrostriction a distinct trend in limiting apparent molar volumes toward more 

negative values. Measurement of the solvent isothermal compressibility over the 

same temperature ranges will then permit the assessment of the functional 

relationship between apparent molar volumes and isothermal compressibility at 

widely varying temperatures. The basic quantities sought at various temperatures 

then are limiting apparent molar volumes and isothermal compressibility, but it 

will be necessary particularly in solvents of lower dielectric constant to give due 

attention to the complications of ion-pairing and to assess whether ion-pairing 

constants can be evaluated from volumetric experiments alone. 

Chapter 1 sets out in a compact form the basic terminology and essential 

operational equations for the physicochemical background of the experimental 

study, including application ofDebye-Hi.ickel theory to electrolyte apparent molar 

volumes in both full dissociation and in ion-pairing circumstances. 

Chapter 2 describes the apparatus and experimental techniques used to 

obtain the apparent molar volume as a function of concentration and temperature 

and the experimental determination of the isothermal compressibility. Chapter 3 

deals with the 25
°

C results; the data analysis of the acetonitrile results to detennine 

association constants is described in Chapter 4. The effect of temperature on the 

apparent molar volume at infinite dilution of solutes in three solvents 

(N-methylformamide, formamide and propylene carbonate) is investigated in 

Chapter 5. Chapter 6 discusses the demonstrated linear relationship between the 

2 



apparent molar volume at infinite dilution and the isothermal compressibility for 

selected electrolytes in three solvents over a wide temperature range. 

1.2 Partial and Apparent Molar Volumes

When a salt is dissolved in a particular volume of solvent the volume change 

may be positive or negative depending mainly on the salt, solvent, temperature and 

concentration. This volume change is related to the electrostriction of the solvent 

caused by the individual ions of the salt. 

The partial molar volume of an electrolyte, V 2, may be described 1 as being

the volume change upon adding one mole of electrolyte, n2, to a certain volume of 

solution sufficiently large so that the concentration effectively remains unchanged. 

This is represented by the equation: 

where Vis the total volume at constant temperature T, pressure P and n1 moles of

solvent A more convenient quantity to measure is the apparent molar volume <l>v,

which is defined as: 

T and P constant 

where Vis the volume of solution containing n 1 moles of solvent and n2 moles of

0 , 
electrolyte and V 1 1s the molar volume of the pure solvent The apparent molar

volume is represented in terms of solvent and solution densities (p0 and p 

respectively) by the equation: 

c!>v = [1000(p0 

- p)/mpp0

] + M2IP (1) 

where m is the molality of the solution and M2 is the molecular weight of the 

electrolyte. 

3 



1.3 Concentration Dependence 

The Masson Equation2 (equation (2)) is a valuable empirical relation, that is 

0 

often misused, to determine the apparent molar volume at infinite dilution <l>v .

The apparent molar volume is proportional to the square root of concentration cl /2

and Av is the experimental slope that varies mainly with electrolyte, solvent and 

temperature. 

<I> = <I> o + A c 1/2
v v v . (2) 

Redlich and Rosenfeld3 have calculated the theoretical limiting slope Sv, by 

applying the Debye-Hiickel limiting law for activity coefficients to determine the 

concentration dependence on <l>v· By differentiating the limiting law with respect

to pressure the theoretical slope is obtained: 

Sv = k ro3/2 (3) 

N = Avogadro's Number e = electronic charge 

D = dielectric constant KT= isothermal compressibility 

and ro = 1121\z? 

vi is the number of ions of species i and charge 2i formed by one molecule of

electrolyte. The increase in <l>v of electrolytes as concentration increases is

attributed to the screening of electrostriction by an ion as a counter ion approaches. 

Equation (3) predicts a constant slope for an electrolyte of given charge type in a 

particular solvent at constant temperature and pressure. 

4 



In some systems it is necessary to represent <l>v in terms of the ionic strength

I, rather than in terms of c 112 . This is especially important for systems where 

ionic association is significant Using the relationship 

I 1/2 = c 1/2 rol/2

where c is the concentration, the Debye-Hiickel limiting law for apparent molar 

volumes becomes 

<I> = <I> 
0 + krol 112

v v (5) 

The theoretical slope is greatly dependent on the charge type of the 

electrolyte for a particular solvent, temperature and pressure as shown by the ro 

values in Table 1. 

Tablel, The variation of ro (equation (3)) with varying Charge Types.

Electrolyte Charge 

1: 1

2:1 

2:2

3: 1

0) 

1 

3 

4 

6 

0)3/2 

1 

5. 196

8.000 

14.697 

Owen and Brinkley4 used the extended form of the Debye-Hiickel equation 

for activity coefficients to make allowance for a finite ion radius instead of a point 

charge, in the Debye-Hiickel volume limiting law: 

5 



CJ= 3(rlr3 [ 1 + rl - (1 + rlr 1 - 2ln( l + rl)]

= Ba co112c112

= Ba 1112

(6) 

a is the "ion size parameter", KT is the isothermal compressibility and Kv is an

empirical parameter that is evaluated from the experimental data. The isothermal 

compressibility, KT = (c)In V /c)P)T, is itself a function of pressure, but over the 

range of pressures considered here (a few bar) there is no need to distinguish 

between the zero pressure limit of KT and any practical assessment of KT. 

Equation (6) is a simplified form of a more complicated version of the 

extended Debye-Hiickel volume equation. To make equation (6) more convenient 

to use, it can be simplified even further to 

(7) 

This form will be used for the analysis of the acetonitrile data in Chapter 4. 

1.4 Application of Debye-Hiickel Theozy to Determine Association Constants

The extended form of the Debye-Hiickel volume limiting law can be used 

for the determination of association or ion-pairing constants. Deviations of 

experimental <i>v from the Debye-Hiickel equation can be interpreted as the

formation of ion-pairs in solution with no higher association forms. 

The equilibrium constant for the formation of ion-pairs 

6 

,+. = ,+. 
0 

+ kron 1112 + 1/2K C 'l'y 'l'y V V 



is given by 

where [ ] denotes the concentration and YX represents the molar activity coefficient 

of species X. In this thesis where the association constant is determined only for 

1:1 and 2:2 electrolytes, equation (8) can be simplified to 

(9) 

where a is the fraction of free ions and Y± is the mean molar activity coefficient of 

the free ions5

log Y± = -A lz1 z2l I l/2 /(1 + B a I 1/2)

A= l.8246x106/(T D)3/2 

(10) 

(11) 

(12) 

ci is the concentration of the� ions and the activity coefficient of the ion-pair is

assumed to be unity. An iteration procedure must be used to determine a from 

equation (9) for a given value of KA-

When two oppositely charged ions come in close proximity of one another 

and become ion-paired, the ion-pair becomes a neutral species, i.e. no nett charge 

and is taken to cause no electrostriction of the solvent. The way in which this 

affects the observed apparent molar volume <l>v, relative to the apparent molar

volume of the free ions <l>v<ions), as calculated by equation (7), is represented by

Young's Rule6

<l>v = a <l>v<ions) + (1-a) <l>pair (13) 

7 



where <f>pair is the apparent molar volume of the ion-pair.

1 .5 Temperature De_pendence 

The study of the temperature dependence of the apparent molar volume at 

infinite dilution for various electrolyte types (classical electrolytes, 

tetraalkylammonium salts etc.) provides an insight into the ion-solvent and 

solvent-solvent interactions. 

There have been numerous studies (see references 1 and 7) on the 

0 

temperature dependence of <f>v for electrolytes in aqueous solution mainly over the

temperature range o· -50 °C, the outstanding exceptions being Ellis's studiesB- 12 

where <f>v
O 

of 1 : 1, 2: 1 and 1 :2 electrolytes were measured to 200°C and Rogers et.

a/_ 13 who measured <f>v of concentrated NaCl solutions over a similar temperature

range. Measurements above 200°C are confined to aqueous NaCl solutions14-15.

Studies of the temperature dependence of cl> v 
O 

for electrolytes in

non-aqueous solvents are confined to that of Gopal and coworkers16-23 who 

determined <f>v 
O 

mainly for tetraalkylammonium halides in N-methylacetamide16,

propylene carbonate 1 7, formamide 1 8, dimethylformamide 1 9,

dimethylsulphoxide20, N-methylpropanamide21 and ethylene carbonate22,

usually over the temperature range 35° -80 °C.

0 

The partial molar volume of an electrolyte at infinite dilution, V , can be 

divided into separate contributions 1

8 



0 

V = V czyst + V disord + V caged - Ve (14) 

where V czyst = the crystal partial molar volume 

V disord = the disordered or void space partial molar volume 

V caged = the caged or structured partial molar volume due to 

hydrophobic groups on the electrolyte 

= the electrostriction volume 

0 

The change in <l>v as temperature is raised is usually discussed in terms of

an increase in V disord and V caged and an increase in Ve· To summarize the

0 0 

above literature results, <l>v for the tetraalkylammonium halides increases and <l>v

for the classical electrolytes decreases, after an initial increase, as the temperature 

0 

is raised for both aqueous and non-aqueous solvents. The increase in <l>v for the

R4NX's is generally explained in terms of an increase in structure (i.e. V caged) of

the solvent around the electrolyte and the decrease in <l>v
O 

for the classical 

electrolytes is explained as an increase in electrostriction (Ve> of the solvent.

0 

1.6 Relationship of <l>v JQ..KT

As mentioned previously, Eilis's study on the temperature dependence of 

0 

<l>v is the only major source of data in the range 75° -200°C. For all of the

. 0 

electrolytes studied, there is a maximum in <l>v generally in the vicinity of the

temperature of minimum isothermal compressibility of water (46.5 °C). Ellis 

9 



0 directed attention to the curvilinear relationship between �v and the specific

volume of water at various temperatures. 

Drude and Nemst24 developed an equation for the electrostriction volume, 

where ions are treated as charged spheres in a continuous dielectric medium, 

which was subsequently modified by Benson and Copeland25 

(15) 

where Q = (1/D) (olnD/oP}r 

Hamann and Lim26 observed that at 25°C �v 
O 

for several salts in water,

10 

glycol, acetic acid, ethanol and methanol are directly related to the solvent 

compressibility. 

Bottomley and Glossop27 plotted Ellis's data of �v
O 

for 17 salts against the 

isothermal compressibility of water over the temperature range 75 ° -200°C. The 

majority of electrolytes showed a very good linear relationship with differing 

slopes for 1:1 and 2 :1 electrolytes. This confirms the significance of KT in 

equation (15) and suggests that the partial derivative (olnD/oP)T, and n-1 are

constant or proportional to the isothermal compressibility of water at various 

temperatures. 

Few �v
O 

data over a wide temperature range are available for common salts 

0 

in non-aqueous solvents. In this study cpv was measured for numerous salts in

three solvents over all or the major part of the temperature range 0° -150°C, more 

than fifty electrolyte -solvent systems in all. 



Chapter 2 

Experimental 
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2, Experimental 

2.1 Introduction 

There are seven different techniques of measuring the apparent molar 

volume of solutes. Four of these: the pyknometer, buoyancy float, magnetic float 

and the vibrating densimeter measure the density of the solution directly and allow 

cl>v to be calculated by equation (1) whilst the others: dilatometry, ultrasonic

vibration potential and pressure transducer techniques measure cl>v indirectly.

These techniques have been reviewed previously28,29 more specifically for

aqueous solutions. 

The techniques used in this thesis to measure cl>v are the vibrating

densimeter, dilatometer and for temperatures other than 25°C the expansimeter 

which enables solution densities to be measured over the temperature range 

0°-150°C. 

Before reporting the results (Chapters 3 and 5) the necessary.rather detailed, 

consideration of equipment and technique is set out below. 

2.2 Difficulties in Measurin� 9>v

When moving from water to non-aqueous solvents for the study of cl>v of

electrolytes, certain difficulties arise. Apart from the careful handling of the 

solvents required to prevent moisture uptake and the safety aspect,great care is 

required in the temperature control. Table 2 shows some relevant physicochemical 

data of the solvents of interest to this thesis. For example the common 

non-aqueous solvent acetonitrile has a thermal expansivity five times and an 

12 



Table 2, 

Some Physicochernical Data of Solvents relevant to this Thesis. 

Vapour 

Solvent pressure

(bar) 

S02 (25
°
C) 3.90 

NH3 (25
°
C) 10.03 

H20 (25
°
C) 0.03 

H20 (200
°
C) 15.54 

MeOH (25
°
C) 0.16k

AN (25
°
C) 0.12 1 

PC (25
°
C) 0.00011 

NMF (25
°
C) 0.0003g

F (25
°
C) 0.0007g

Isothermal 

compressibility 

(106bar-1)

146 (at 220K)a

1671 

45.25 

87J 

124.8f

106.6e

48±3C

59±3C

41.lm

Thermal 

expansivity 

(106K-1)

1983b

25061 

257.21 

13801 

1195h

134oc,d

888c

g73c

749m

MeOH = methanol, AN = acetonitrile, PC = propylene carbonate, NMF = 

N-methylformarnide, F = formarnide.

Obtained directly or calculated from the data in ref. 30 unless otherwise stated : 

a=ref. 31, b=ref. 32, c=calculated from the results of this study, d=calculated

from the results of this study and ref. 33, e=ref. 34, f=ref. 35, g=ref. 36, 

h=ref. 37, i=ref. 38, j=ref. 39, k=ref. 40, l=ref. 41, m=ref. 14 

isothermal compressibility more than two times that of water at 25
°
C placing much

greater demands on temperature control and greater importance on the pressure 

corrections. For temperatures where dilatometry is not used the precision is 

13 



reduced by the necessity to measure the solution densities to calculate <l>v·

In addition to studies where <l>v and KT were studied in parallel for

solvents with boiling points� room temperature some special attention has 

been given to an alternate style of investigation at 25 °C on solvents with normal 

boiling points � room temperature, thus extending the measurements into 

regions of comparatively high solvent compressibility. 

There are only a few common solvents suitable for this purpose: ammonia 

and sulphur dioxide are obvious choices provided that certain technical difficulties 

in their manipulation can be overcome. In addition to the mechanical problems of 

working with precision apparatus at pressures well above atmospheric, the much 

greater thermal expansivity of sulphur dioxide and ammonia relative to water at 

25 °C places severe demands on the required temperature control. Simultaneously 

the applied pressure needs to be measured to within 0.2 cm Hg to obtain a density 

precision of better than 1 in 105. 

2.3 Methods Used to Detennine <l>v

2.3.1 Densimeter 

The densimeter measures the period of vibrations ('t) of a glass U tube 

containing the fluid where the second power of the period of vibration is 

proportional to the density of the fluid (p ). The constants A and B in the equation 

are determined by calibration with two fluids of known density. The 

determination of <l>v at 25°C and atmospheric pressure requires the measurement of

the solvent and solution densities for use in equation (1).

14 

0 



15 

Apparatus 

The densimeter consists of two sections: the Anton Paar OMA 602 HP 

Measuring Cell and the Anton Paar OMA 60 Oensimeter. The measuring cell was 

kept at constant temperature by pumping temperature controlled water along 

insulated plastic tubing at a rate of 6 litres minute-1 by a 'CP' l lB (Mono Pty Ltd)

pump. The temperature of the 95 litre water thermostat was held to ±1 mK by a 

Precision Temperature Controller PTC-40 (Tronac Inc.). The temperature of the 

circulated water was measured by a Hewlett-Packard 2801A Quartz Thermometer 

near its entry point to the measuring cell. The electronics system for the measuring 

cell was roughly thermostated at about 20°C by using a Vortex BW pump, which 

had a flow rate of 600 cm3 minute-I, to circulate water from a 100 litre water bath 

maintained to ±1 K. 

Calibrati.on 

The densimeter was calibrated with liquid water and gaseous nitrogen at 

both 76 and 532 cm Hg total pressure, for use in the relevant density 

measurements. First, high purity nitrogen was purged through the densimeter. 

Oensimeter and barometric pressure readings on static samples were taken to 

consistency and the purging repeated until two similar sets of measurements had 

been taken. An additional 6 atmospheres pressure was applied and after several 

minutes when thermal equilibrium had been achieved, densimeter, room 

temperature, barometric and manometer readings were taken. For the water 

calibration, a 75 cm3 stainless steel pressure vessel was attached to the densimeter; 

distilled, degassed (1 minute) water was poured into the vessel and allowed into 

the measuring cell. As for the nitrogen calibration, a set of readings were taken 

and then the process repeated until two consistent sets were obtained. The water 

was then pressurized and measurements taken in the way described above for the 

nitrogen calibration. An estimate of the hydrostatic head on the water sample was 

also made. 
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Kell's42 data for the density and compressibility of water was used to 

calculate the water density at the measured pressures. The density of nitrogen was 

calculated using the second virial coefficient -5.42 cm3 mor 1 at 25°C 43. These

densities were used to determine the value of "A" at atmospheric pressure and at 

532 cm Hg pressure in the equation below. 

Using "A" and either the water or nitrogen density and 't calibration equations are 

obtained for atmospheric pressure and 532 cm Hg pressure. The error on each 

density measurement is 5x10-6 g cm-3. 

For solutions and solvents with boiling points above room temperature the 

densities were measured at atmospheric pressure in much the same way as when 

water is used for the calibration. For sulphur dioxide which boils at -10°C the

solution must be pressurized at all times. 

For liquid sulphur dioxide 

In outline the procedure differs little from a standard determination of a fluid 

density with any vibrating-reed densimeter except for the special problems in 

manipulating the solutions. 

A stainless steel pressure vessel of 75 cm3 capacity and containing a known 

weight of electrolyte, was loaded gravimetrically with some 45 cm3 of purified 

liquid SOz. The resulting solution was transfered by pressurized liquid mercury 

into the vibrating-reed section of the densimeter at a nominal temperature of 25°C

(known within a few millikelvin) and at a hydrostatic pressure some 10±2 mm Hg 

above the balancing nitrogen pressure. The density determination followed the 

usual procedure for vibrating-reed densimeters except that the reference 

calibrations were undertaken on nitrogen gas and liquid water at the working 

temperature and total pressure of 5320±2 mm Hg. 

Figures 20-24 in Appendix I show schematically the apparatus for 
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purification of SC>i, its storage, the overall layout of the densimeter system, liquid 

so2 solution transfer equipment, and the pressure measuring equipment and

connections. 

Very full details of all operations, safety precautions, reduction of data, and 

the necessary corrections are given in Appendix I. 

2.3.2 Dilatometer 

This is an accurate technique for measuring apparent molar volumes at low 

concentration. The procedure involves successive dilutions of a known amount 

(nz) of an electrolyte in a concentrated reference solution from a burette section

into a bulb section, which initially contains pure solvent, and measuring the 

volume changes (� V) in a calibrated capillary. With prior measurement of the 

apparent molar volume of the reference solution <l>v* (by densimeter) the apparent 

molar volumes of the diluted solutions can be determined by 

The dilatometer experiments, particularly, require large quantities of 

solvents which were generally prepared and purified batchwise and are subject to 

some variation in impurities depending on the source. The absolute values of 

apparent molar volumes of solutes are sensitive to differences in density between 

solvent and solution, so care was always taken to measure the solvent's density 

immediately prior to making a reference solution or using it in the dilatometer. 

The solvent densities in Chapter 3 show the rather large variations of density 

found in these batchwise working conditions, not selected values for exceptionally 

purified samples. Note that in dilatometer work the trend in solute apparent molar 

volume is independent of the value assigned to the reference solution, and 

similarly any minor deviations from the assumed exact quadratic relationship 

between density and densimeter reed vibration period is inconsequential except for 
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precise absolute determinations. Care was taken to exclude moist air in all 

manipulations, but detailed studies would be needed to test whether or not traces 

of moisture have disproportionate influence on the values obtained and whether in 

these solvents density is measureably affected by the level of dissolved air. Traces 

of water or solvent used in crystallization of the solid electrolytes may add a 

further uncertainty. 

Large Dilatometer 

The large dilatometer and its method of use are described in detail by 

Glossop28,44, though for aqueous solution work, and will not be repeated here. 

The only change in the large dilatometer apparatus is that the side arm (near tap) 

was extended upwards into a vertical position so that it could hold some of the 

solvent under study to assist re-setting the level of solvent in the measuring 

capillary (see Figure 1 in reference 44). 

(i) Loading: Before use the dilatometer was cleaned by rinsing with

acetonitrile or acetone three times and then dried by admitting air many times via 

the needle valve. The solution was loaded into the- burette by syringe, the 

dilatometer thennostated for 30 minutes, the bulb rinsed three times with solvent, 

about 20 cm3 solvent and 35 cm3 Hg added to the bulb (solvent was added first 

so that no air was trapped underneath the Hg) and then the bulb was filled 

completely with degassed solvent via a 1 litre syringe which was pressurized with 

air. The capillary side arm was filled with solvent by applying and releasing 

slight pressure on the top of the capillary. The Teflon valve was screwed home 

and after about 1 hour the level of solvent in the capillary was adjusted to 3-4 cm 

below the reference mark. Dibutyl phthalate was used in the sidearm for the 

MgS04-HzO run only due to its miscibility with organic solvents. The 

dilatometer was thennostated overnight before any measurements were taken. 

(ii) Performing a Run: The initial measurements before the first injection
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are (a) the solvent meniscus and reference marks of the dilatometer capillary side 

arm, (b) the burette Hg meniscus and reference mark and (c) the solvent meniscus 

and reference mark of the dummy dilatometer which is used to partially 

counterbalance the effects of slight temperature cycling in the thermostat Once the 

injection and mixing had been performed, the dilatometer was allowed to stand for 

30 minutes for thermal equilibrium to be attained. The solvent meniscus can be 

seen slowly cycling up and down in the two dilatometers so at least two sets of 

readings of the solvent meniscus were taken and later averaged. 

(iii) Corrections to Vol ume Change: The dummy dilatometer was a

necessity to compensate for the sensitivity of the large volume of solvent to 

residual temperature and atmospheric pressure drifts in the working dilatometer. 

The application of gas pressure to the side arm capillary allows the determination 

of a separate correction for the compressibility of the solvent and the dilation of the 

dilatometer due to the change in the hydrostatic pressure head during the course of 

a run. This correction was 0.0498 cm/cm acetonitrile head, 0.0420 cm/cm 

propylene carbonate head and 0.0370 cm/cm dibutyl phthalate head in the H20 

study. A correction for the evaporation of acetonitrile out of the capillary was 

determined by measuring the evaporation rate of acetonitrile at different levels in a 

0.5 mm I.D. capillary and fitting a polynomial that satisfactorily represented this 

data. The evaporation of propylene carbonate out of the capillary is negligible due 

to its low vapour pressure (0.053 mm Hg at 25°C)45. The estimated error for

each experimental point is ±0.030 cm on the cathetometry reading. <l>v, m 112 and

c 112 were routinely calculated from the usual formulae by a BASIC program. 

The systematic errors described previously28 are applicable to the 

non-aqueous solutions. 

Small Dilatometer (Figure 1) 

The prime advantage of using the small dilatometer over the Anton Paar 

19 



Burette 

Fi�ure 1. Small Dilatometer (Scale: 0. 70) 
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densimeter in the range (c112=0. l -0.3 moll /2 dm-3/2) is that a single sample of

solvent and solution is manipulated throughout. Certain problems of dilution 

technique or of sample variability are thereby circumvented. There also is the 

advantage of speed and cost economy. 

(i) Apparatus: The small dilatometer is a modified version of the one

described by Bottomley and Scott46 used there for volume changes on mixing of 

binary liquid pairs, and here slightly adapted for determination of electrolyte 

apparent molar volumes. This version (shown in Figure 1) does not require large 

corrections for the mercury head in the measuring capillary. 

As with the large dilatometer the measuring capillary (0.05085 cm I.D. 

precision bore) is attached to the bulb (volume= 49.75 cm3) so that the level of 

solvent in the capillary·is measured. The burette consists of 1.5968 cm I.D. 

precision bore tubing in the 10 cm working section. The capillary C was 

especially long to reduce the size of the correction for the evaporation of 

acetonitrile during the course of a run. No dummy dilatometer was needed. The 

small dilatometer was clamped at tap T 2 (it is important to avoid mechanical 

distortion of the bulb or burette sections) in the same thermostat used for the large 

dilatometry runs. The bulb contents could be stirred by a small Teflon coated 

stirrer bar enclosed in the bulb. 

(ii) Loading: The dilatometer was cleaned before use by thoroughly rinsing

with acetonitrile or acetone three times and dried by many small pressure 

reductions. Approximately 10 cm3 of solvent was syringed into the bulb 

followed by 25-26 cm3 of a known amount of Hg. The dilatometer was then tilted 

to ensure that there was no air or solvent trapped in capillary D. The burette was 

freed of any solvent either by evaporation or syringe. The solution was added to 

the burette via syringe and when capillary tip A was covered the dilatometer was 

tilted to remove air from the capillary tip and to fill the lower 0.5 cm of the burette 

with mercury so that the mercury meniscus will be in the cylindrical section at the 

start of the run. Tap T 1 was screwed into place once the burette was filled. After 

21 



thennostating for 30 minutes the bulb was rinsed three times with the incoming 

solvent via syringe to remove any traces of the solute. The bulb was then filled 

with degassed solvent and when air had been removed from capillary C by 

applying and releasing pressure, tap T 2 was screwed into place. After

thennostating for a further 30 minutes the solvent level in capillary C was adjusted 

to about the level of the reference mark. 

(iii) Performing a Run: The dilatometer was allowed to equilibrate

overnight before the initial readings were taken. These are burette and capillary 

meniscus and reference marks and the barometric pressure. An injection was 

performed by unclamping and then tilting the dilatometer within the thermostat 

until the desired amount of solution had been injected. The solution in the bulb 

was then mixed either by swirling the dilatometer, causing the mercury in the bulb 

to "slosh" and mix the contents or by rotating the stirrer bar for one minute using a 

horseshoe magnet mounted beside the bulb. After thermostating for at least 20

minutes the next set of measurements were taken. 

(iv) Corrections: The application of gas pressure to capillary C enabled the

hydrostatic head correction to be determined as 0.0038 cm/cm acetonitrile head, 

0.0014cm/cm propylene carbonate head, 0.0018cm/cm N-methylformamide head, 

0.0015cm/cm formamide head and 0.0015cm/cm H20 head. A correction was

also required for the change in barometric pressure during the course of a run. 

This was calculated from the isothermal compressibilities of Hg30 and the solvent

to be 0.0045 cm/mm Hg for acetonitrile, 0.0021 for propylene carbonate, 0.0026

for N-methylformamide and 0.0020 for formamide and 0.0020 for H20. A

correction, similar to the one for the large dilatometer, for the evaporation of 

acetonitrile was applied. Over the entire run this correction amounted to about 

0.030 cm which is 0.6% of the average volume change. No dibutyl phthalate was 

used with the water and the evaporation rate was assumed to be 1/4 that of 

acetonitrile. During the course of the run this amounted to 0.008 cm or 0.27% of 
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the total volume change. For propylene carbonate, N-methylformamide and 

formamide the evaporation rate was assumed to be negligible (vapour pressure of 

N-methylformamide is 0.2 mm Hg at 25 °C)36. The estimated error for each

experimental point is ±0.020 cm on the cathetometry readings. BASIC programs

were used to calculate <l>v, cl/2 and m 112 from the usual formulae.

The systematic errors are similar to those in the large dilatometer runs. 

2.3.3 Expansimeter 

The expansimeter (Figure 2) is a device based on that used by Ellis8-12 to

measure the densities of aqueous solutions at temperatures up to 200°C and at a 

constant pressure of 20 atmospheres, here modified to measure solution densities 

below the solvent's normal boiling point. It permits the measurement of the 

expansion when a fluid at fixed pressure is progressively heated from 0°C to 25°C, 

5o·c, .. . 15o·c. 

Apparatus 

The expansimeter consists of a stainless steel pressure vessel of 78.48 cm3

volume connected to a glass mercury-reservoir of approximately 80 cm3 by 1 

metre of stainless steel microcapillary tubing (0.159 cm O.D., 0.076 cm I.D.) and 

9 cm of stainless steel tubing (0.318 cm O.D., 0.216 cm I.D.). A glass capillary 

(0.05 cm I.D.) from the base of the mercury reservoir enables mercury to flow 

into a glass weighing vessel. 

The stainless steel vessel is filled with solution and can be moved from the 

25°C water thermostat to an ice-water bath or the high temperature thermostat. 

The stainless steel microcapillary tubing connecting the solution vessel and the 

mercury reservoir is used because of its flexibility and low internal volume. This 

capillary is connected via a Swage/ok fitting to the stainless steel tubing. The 

larger bore tubing always remains below the water level in the 25°C thermostat so 

23 



Thermometer 

A 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 
Main 

0 
Cage 

Outer 

Cage 

- - - - - - - - - - - - - - - - - - - - - - - - - - - -·-----....._

I Thermostat 
' Probes 

Quartz 
Thermometer 

Vermiculite 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

25'C 

Solution 

0 

Fieure 2. Expansimeter and High Temperature Thermostat (Scale: Approximately 0.25) 

E 



that the only solution not thermostated is 0.45 cm3 in the stainless steel capillary

and that would not vary in temperature during a run by more than 3
°

C. The larger 

bore stainless steel tubing fits snugly into the glass tubing at the top of the glass 

reservoir and was held in place with Araldite which proved to give a strong 

air-tight seal that did not appear to be affected by the solutions. The glass mercury 

reservoir contained about 10 cm3 of the solution being studied above

approximately 70 cm3 of mercury. The mercury reservoir was originally filled

under vacuum. As the solution vessel is heated the solution expands forcing 

mercury out of the reservoir and into the Hg receiving vessel. 

The solution vessel originally had screw threads sealed with Teflon tape at 

each end. During solution loading it was found that as the vessel was being filled, 

air bubbles would get trapped in the threads and so the ends of the vessel were 

modified by silver soldering stainless steel plugs with sloping inside rims so that 

no air would be trapped. The vessel is sealed by screwing a grub screw down 

onto a 0.397 cm diameter (5/32 inch) ball bearing which formed a seal on the rim 

at the opening of the vessel. 

The expansimeter resided in a water thermostat which was maintained at 

25
°

C by a Precision Temperature Controller PTC-40 (Tronac Inc.) to ±1 mK and 

measured by a Hewlett-Packard 2801A quartz thermometer. 

High Temperature Thermostat 

For temperatures above 25
°

C the solution vessel was placed in the high 

temperature thermostat (Figure 2) which consisted of a cylindrical aluminium 

block surrounded by vermiculite and two concentric heating coils mounted on 

heavy copper "cages". The vessel could be placed into a cylindrical hole in the 

aluminium block which contained silicone oil to provide a heat conducting fluid. 

An aluminium collar was placed on the shoulder of the solution vessel to keep 

vermiculite out of the silicone oil. A small aluminium block was screwed in place 

over the vessel as a safety precaution. 
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A booster heater underneath the main aluminium block is used to heat the 

thermostat quickly. The main cage consists of Pyrotenax heating cable wound 

around the inside of some copper sheeting. The thermostating is controlled by a 

Precision Temperature Controller PTC-40 (Tronac Inc.) which provides fine 

temperature control to the aluminium block. The outer cage is Heat-by-the-yard 

tape wound around copper sheeting. This provides coarse temperature control and 

is always set 1-2
°
C above the aluminium block temperature.

Thermocouple A is used to aid setting the PTC-40 controls and 

thermocouples B, C and D were used to determine the magnitude of any 

temperature gradients. The temperature of the aluminium block was measured by 

a HP 2801A quartz thermometer. 

Re-/oadi.ng 

To empty the solution vessel, first a beaker of mercury is placed under the 

glass capillary tip at E. The solution vessel is taken out of the water bath and 

placed in a beaker of hot water. This forces mercury out of the glass capillary and 

then the mercury beaker is raised so that the glass capillary tip is immersed in 

mercury preventing any small air bubbles from entering the mercury reservoir. 

The solution vessel is then clamped upside down above the level of the mercury 

beaker. The screw and ball bearing, sealing the opening of the vessel, are 

removed causing mercury to siphon from the mercury beaker and up the stainless 

steel capillary to within a few centimetres of the solution vessel. The solution has 

now been forced out of the mercury reservoir. The solution in the solution vessel 

can be removed by syringe. 

The new incoming solution is degassed and about 15-20 cm3 is syringed

into the solution vessel which is then pressurized (about 1 bar) to force the new 

solution into the mercury reservoir. When the pressure is released mercury again 

siphons from the mercury beaker forcing from the reservoir new solution which is 

removed by syringe. This process rinses the apparatus. Another 20 cm3 of



solution is syringed into the vessel and as previously, about 10 cm3 is forced into

the reservoir under pressure. The mercury beaker is then moved away from the 

glass capillary tip and the pressure on the solution vessel released. The solution 

vessel is now filled by syringe, sealed with a new ball bearing, placed in the 25
°
C

thermostat and the mercury receiving vessel is placed under the glass capillary tip. 

Performing a run 

After allowing the system to reach thermal equilibrium (45 minutes but 

usually left overnight) the mercury receiving vessel was weighed. Weighings were 

taken over a period of at least 36 hours, sufficient time to allow any air bubbles to 

dissolve. After each weighing the solution vessel was placed briefly in a beaker of 

hot water to force any air out of the glass capillary tip. An added feature of this 

procedure is that the convection currents inside the solution vessel will aid the 

dissolution of any air bubbles. 

To obtain measurements at 0
°
C the solution vessel was placed in an

ice-water bath and allowed to reach thermal equilibrium (1 hour) with intermittent 

manual stirring of the ice-water before the Hg receiving vessel was weighed. Two 

readings were taken 10 minutes apart to ensure that thermal equilibrium had been 

attained. 

The solution vessel was then returned to the 25
°
C thermostat and after

thermal equilibrium had been attained a measurement was made to determine if the 

receiving vessel returned to its original 25
°
C value.

For temperatures greater than 25
°
C the solution vessel was placed in the

high temperature thermostat. The booster heater is used to bring the thermostat to 

approximately the correct temperature which is then stabilised by minor 

adjustments to the PTC-40 main cage controls. When a constant temperature had 

been maintained for 90 minutes two weighings were made, again 10 minutes 

apart. On a 78 cm3 sample the volumetric errors do not exceed ±0.003 cm3,

better than 4 parts in 100,000. 
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After measurements at the highest temperature had been made the 

temperature of the high temperature thermostat was raised about 1-2
°

C by the 

booster heater to remove any air bubbles at the glass capillary tip. The solution 

vessel was then removed from the high temperature thermostat, allowed to cool, 

then placed in the 25
°

C thermostat and after equilibrium was reached a weighing of 

the Hg receiving vessel was made to determine if any decomposion of the solution 

had occurred. Measurements were usually made in the following order: 

Day No. Temperatures Overnight Temperature 

·c ·c

1 25,0,25 50 

2 50,75,100 100 

3 100,125,150 25 

QR 

1 25,0,25 50 

2 50,75,100,125 25 

so solutions were kept at only a maximum of 100
°

C overnight 

Corrections to volume change 

Some minor corrections to the observed volume changes are required in 

addition to the vacuum correction of all weights before the density of the solution 

can be calculated. A correction must be applied for the extra mercury pressure 

head on the solution due to the change in height of the mercury in the glass 

mercury reservoir. During the course of a run this amounted to about 1 cm and to 
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this the change in the corrected barometric pressure was added. The 

compressibility of the solvent, determined by piezometer (see later), was used for 

this correction. For a change in the pressure head of 1 cm Hg between 25°C and

150
°
C the applied correction is equivalent to about 2x10-6 g cm-3.

The expansion of the glass vessel as the mercury pressure head changes, 

which amounts to 0.0026 g of mercury for lcm Hg pressure change and the 

compressibility of mercury (70 cm3) and solvent (10 cm3) in the mercury

reservoir are other minor corrections. 

The stainless steel vessel's volume is: 

VT= VR (1+3a (T-25))

where VT is the volume at temperature T
°C, VR is the volume of the vessel at 

25°C and a is the linear thermal expansion coefficient of steel (l.62x10-5 K-1 ).

Calculations 

Using the above corrections and knowing the solution density at 25°
C and

the weight of mercury delivered, the density of the solution at a particular 

temperature can be calculated. 

To calculate <l>v for each working temperature (usually a few centikelvin

from the nominal 50°, 75° ..... 150
°C), the density of pure solvent at each 

temperature is required. This was obtained by measuring the density of the 

solvent with the expansimeter and fitting a third order polynomial to the data so 

that a value for the solvent density at the same temperature as the solution density 

measurement can be obtained. The coefficients for the polynomials are given in 

Chapter 5. For a solution that was made with solvent of a slightly different 

density the difference would be taken into account when using densities obtained 

from the polynomial equations. 
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The <l>v values calculated for the exact temperatures (e.g. 49.974°C) can be

corrected to the desired temperature (i.e. 50.000°C) however this correction is 

0 

almost always insignificant. The limiting value, <l>v was determined by a linear

extrapolation of two <l>v measured at concentrations m l /2=0.3 and 0.6

(mol kg-I ) 1/2 for 1: 1 electrolytes and m112=0.26 and 0.5 (mol kg-I )1/2 for 2 : 1

electrolytes. 

Precision 

The weight of the Hg rece1vmg vessel could be measured with a 

reproducibility of ±0.002 g which corresponds to ±2x10-6 g cm-3 in the density. 

The temperature of the 25°C thermostat and the ice-water bath can be held reliably

to ±1 mK which corresponds to ±lxl0-6 g cm-3 in the density. The temperatures 

along the aluminium block in the high temperature thermostat as measured by 

thermocouples B, C and D were always well within 50 mK of each other however 

convection currents in the silicone oil surrounding the solution vessel and of the 

solution itself would reduce this temperature gradient to less than ±5 mK which is 

equivalent to ±sx10-6 g cm-3 in the density. The mean residual of the polynomial 

fit of the solvent densities was approximately 6x10-6 g cm-3 or less. After the 

completion of a run a second measurement at 25°C was taken and the maximum 

difference in weight between the start and finish of a run was 0.03 g of mercury

which is equivalent to ±3xio-5 g cm-3 in the density. It is likely that any

decomposition would be only at the top one or two temperatures because when a 

solution was left at 50°C or 100°C overnight the weight of the Hg receiving vessel 

remained unchanged. 

The errors given in the results are for ±2xio-5 g cm-3 in densities for

temperatures 0°-l00°C and ±4x10-5 g cm-3 for 125°C and 150°C for propylene

carbonate and N-methylformamide and 5x10-5 g cm-3 at 100°C for formamide.
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2.4 Difficulties in Measurin� KT 

As part of the study of the relationship between 4>
y 

and KT it is necessary to 

know the isothermal compressibility of the solvent under study over the same 

temperature range. As with apparent molar volumes at infinite dilution, there are 

very few data on the isothermal compressibility of common solvents, other than 

water and ammonia, at temperatures away from 25 °C and virtually no data at

temperatures greater than 50°C. For some organic solvents there is no

compressibility data at all. 

To measure the isothermal compressibility it is necessary to (i) have a 

known volume of solvent at a constant temperature, (ii) measure the applied 

pressure accurately, (iii) measure the volume change accurately, and (iv) allow the 

heat due to compression of the solvent to dissipate before measuring the volume 

change47. Considerable care is required to achieve all of these requirements, with 

additional complications in the temperature control when one wishes to measure 

KT at high temperatures. 

2.5 Methods Used to Detennine KT 

2.5.1 Densimeter. 

The densimeter was used to measure the densities of some solvents at 25
°C

and 1 and 7 atmospheres pressure and the equation 

KT= ca1nv1aP>r = ca1np1aP>r = c11p ><op toP>r

was used to calculate the isothermal compressibility. The mercury manometer used 

for pressures greater than atmospheric is shown in Figure 23 in Appendix I. 

Procedure 

The solvents were degassed and then placed in the 75 cm3 stainless steel 

vessel used in the water calibration. A constant value of the density at atmospheric 
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pressure was measured and then an additional 6 atmospheres pressure was 

applied. A steady value for the density was obtained, the pressure was released 

and another reading at one atmosphere was taken. The pressure was measured 

(H) on the 4. 7 metre mercury manometer. This reading was corrected to o·c

(Hcorr) by the equation:

Hcorr = 0.9987 H(l-l.814x10-4T) (cm Hg) 

where T is the average temperaure of the mercury column in degrees Celsius. 

Precision 

The largest error is in the measurement of the densities. It is important to 

know the difference in densities at 1 and 7 atmospheres pressure and two 

calibrations are required; the error correspondingly is rather large. Not only is 

there an error in the measurement of the density of the solvent but also in the 

calibration of the densimeter. Again, the absolute density is not important but it is 

most important that the change in densimeter reading is correct. The estimated 

error is ±2xrn-5 g cm-� .twice the error for <l>v determination where errors in the

calibration are not critical. 

2. 5.2 Piezometer

Apparatus 

The piezometer (Figure 3) used to measure the isothermal compressibility of 

solvents in the temperature range o· -150°C consists of a glass vessel, which 

contains the fluid under study, inside a stainless steel pressure vessel which had 

an interchangeable viewing tube (either glass or polycarbonate). The glass vessel 

consisted of a cylindrical bulb and a long glass capillary, the top 8 cm being 

precision bore (0.1585 cm I.D.). This vessel was filled with solvent and a slug of 

mercury occupied the top few centimetres of the capillary. When the pressure is 

applied, both outside and inside the glass vessel, the solvent is compressed and 
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the volume change is measured by the movement of the mercury in the capillary. 

The pressure vessel consists of two sections, the lower section formed from 

a stainless steel tube and the upper viewing section. These two sections can be 

bolted together forming a seal on an 0-ring in a groove around the outside of the 

stainless steel tube. The viewing tube is held on to the two brass sections by an 

0-ring about 0.5 cm from each end of the tube forming a gas tight seal. An 0-ring 

at each end of the viewing tube provides a cushion against excess tightening of the 

four tie rods which holds the two brass sections in place. A 5 cm length of GLC 

tubing protruding out of the top of the viewing section, was connected to the 

nitrogen pressure cylinder and 0-2000 k:Pa Budenburg pressure gauge, via nylon 

tubing. 

Loading 

The glass vessel is completely filled with degassed solvent via syringe. If 

the compressibility is to be measured at o·c, the vessel is placed in an ice-water 

bath and when thermal equilibrium has been reached about 0.2 cm
3 

of mercury is

placed in the "bowl" at the top of the capillary. The glass vessel may be slightly 

warmed so that some solvent will "bubble" past the mercury. When the vessel is 

cooled again, mercury is drawn down into the capillary. The pressure vessel, 

containing about 20 cm
3 

of propylene carbonate, which acts as a heat conducting

fluid, is precooled in an ice-water bath before the glass vessel is placed into it. A 

brass disc is placed over the shoulder of the glass vessel and the space above the 

disc is filled with vermiculite. The viewing section is then bolted into place and 

approximately 100 k:Pa pressure is applied to the piezometer. For solvents where 

the 0
°
C measurement is not made, the procedure described above can be

performed at room temperature and once the viewing section has been bolted in 

place, the piezometer can be placed in a water bath at about 25.5
°
C for about 30

minutes. The temperature of the water bath is then lowered to 25.000
°
C, drawing

the mercury into the piezometer capillary. 
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Performing a run 

When using the piezometer it is important not to lower the temperature by 

more than 1-2
°

C at any stage otherwise the mercury will be drawn into the bulb. 

Toe solvent is therefore loaded at the lowest experimental temperature. 

When the piezometer has attained thermal equilibrium the height of the 

mercury meniscus relative to a reference mark is measured over a period of at least 

10 minutes before an additional 600 kPa of nitrogen pressure is applied. 

Measurements of the mercury meniscus were then taken for at least 40 minutes to 

allow the heat to dissipate. 

After the volume change measurement, the pressure was reduced to 

approximately 100 kPa and the temperature of the piezometer raised to 

approximately 0.5
°

C above the next desired temperature. For temperatures above 

25
°

C the piezometer was placed in the high temperature thermostat. The 

temperature of the piezometer was allowed to drift down to the working 

temperature, so that mercury is drawn into the measuring capillary, and then 

stabilized near this temperature. When thermal equilibrium was attained (30-40 

minutes), the measurements could be repeated as above. 

Calculation of KT 

There are a number of minor corrections that are needed before the 

isothermal compressibility is calculated. 

(i) A correction for the temperature change of the high temperature

thermostat, which has almost adiabatic operating characteristics, due to the heat 

release caused by the application of pressure. As the solvent is pressurized, its 

temperature is raised and this heat must be allowed to dissipate if the isothermal 

volume change is to be measured. The temperature of the high temperature 

thermostat can be raised by as much as 0.01 ·c from its original temperature and 

this rise is measured precisely with the quartz thermometer. This correction was 

determined from the known densities of the solvent and never amounted to more 
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than 2% of the volume change. 

(ii) A correction for the compressibility of bulk glass is required. The glass

vessel is made up from about 30 cm3 Pyrex glass and is compressed about its 

midline. From the data given by Katti and Shi148 and extrapolated to 0°C and 

150°C a correction that never exceded 2% of the volume change was applied. 

(iii) A correction for the linear expansion of Pyrex (3.25x10-6 K-1) is

required to account for the volume change of the glass vessel at each experimental 

temperature. 

Precision 

The precision bore capillary was calibrated by measuring the volume change 

for a known increase in pressure with water in the piezometer at both 23.852°C 

and at 25.000°C. The known compressibility of water42 was used to calculate the

dimensions of the capillary. The accuracy of this calibration is estimated to be 

±0.5%. The estimated error in the measurement of the change in the mercury level 

relative to the reference mark is ±0.010 cm which is 1.5% of the smallest 

measured mercury level change. The error in the pressure difference is ±10 kPa 

which accounts for 1.6% of the pressure difference.

The isothermal compressibility of methanol at 25.000°C and water at 

75.377°C was measured to test the accuracy of the piezometer. For methanol at 

25
°C the value obtained, (126.0±3. l )x l 0-6 bar-1, compares favourably with

literature35,49 values 124.8x10-6 and 126.3x10-6 bar-1. The value for water at

75.377°C was (44.9±1.l )x lo-6 bar-1 which is within error of the interpolated

value of 45.65x10-6 bar-1 obtained from Kell's42 data.

36 



Chapter 3 

Results at 25
°

C 
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3, Results at 25
°

C 

3.1 Introduction

In the experimental study of the relationship between the apparent molar 

volume of a solute at infinite dilution and the solvent compressibility over a wide 

temperature range it is desirable first to measure the concentration dependence of 

4>v at 25"C to determine the linearity and hence the applicability of the linear

0 

extrapolation to 4>v from the expansimeter results. Useful information is also

obtained on the solvent-solute and solute-solute interactions at 25"C. 

In this chapter the concentration dependence of 4>v at 25"C in the five

solvents N-methylformamide (NMF), formamide (F), propylene carbonate (PC), 

acetonitrile (AN) and liquid S02 is reported. As well as varying solvent types

these solvents cover a wide range of dielectric constants and isothermal 

compressibility. Appendix IV gives details of solvent purification methods and 

the raw data of all densirneter and dilatometry results are tabulated in Appendix V. 

3.2 N-methylformamide

3.2.1 Introduction 

The major reasons for choosing NMF as a solvent is its high dielectric 

constants (182.4), boiling points (l80.S°C), high solubility of common 

saltsS,SO,Sl and their low association constantsS2, providing a wide choice of

electrolytes to study and enabling a more reliable linear extrapolation to infinite 

dilution in the temperature studies. 

There is no literature data on apparent molar volumes of electrolytes in 

NMF. However,.densities of sodium and potassium chloride and bromide 

solutions at 25
°, 35

° and 45
°C are available53 but only those of the most 

38 



concentrated solutions are accurate enough for q>v to be calculated.

This section aims to provide <l>v 
O 

data for electrolytes in NMF at 25
°C to aid

0 

the study of the relationship between <l>v and the solvent's physical properties.

3.2 .2 Results 

Density 

The density of NMF at 25
°C obtained was always between 0.99907 and 

0.99923 g cm-3 . Some literature53 -56 values for the NMF density are 0.99842, 

0.9976, 0.99854 and 0.9988 g cm-3 . These vary from our values by at least

3xio-4 g cm-3 but this difference would have little effect on <l>v
O 

when the solvent 

and solution densities are measured together. 

Dilatometry 

The apparent molar volumes of 25 electrolytes and 1 non-electrolyte in 

NMF were determined by dilatometry at 25
°C. As can be seen from the linear 

plots of <l>v vs m 1/2 (Figure 4) a linear extrapolation is satisfactory for determining 

0 • 0 

<l>v from the small dilatometer results. The summary values of <l>v and Av are

given in Table 3. The error in <l>v
O 

is estimated to be ±0.1 cm3 nio1- l and in Av 

±o.04 cm3 kg112 moi-312. 

0 

The value for q>v for Nal given in Table 3 is an estimated value. The 

density of a 0.28 mol kg-1 solution was measured and <l>v calculated to be 38.28 

cm3 moi- 1. A dilatometry run was not performed because as soon as the Nal 
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Table 3. Experimental q>v 
O 

and Av for Solutes in NMF at 25 °C.

Salt q, 
0 

( cm 3 mor 1) bv Av (cm3 kgl/2 mor3/2) b 

Li Cl 17.72 0.51 

NaCl 22.74 0.01 

KCl 30.70 0.38 

NH4Cl 36.14 1.38 

BaCl2 36.51 1.98 

NaBr 27.64 0.16 

KBr 36.33 0.55 

�Br 41.35 1.41 

E4NBr 170.51 0.39 

Pr4NBr 241.36 0.09 

Bu4NBr 310.51 -0.44

Nala 38.3 a 0.0 a

KI 45.62 1.49

NaN0:3 33.48 0.48

KN0:3 41.35 0.70

NH4N03 47.10 1.25

NaSCN 42.83 0.06

KSCN 50.54 0.60

NH4SCN 54.50 0.91

NaCl04 46.80 -0.15

KCl04 54.64 0.87

[Co(en)3](Cl04)3 266.2±0.3 8.6±0.6

NaCF3S03 82.41 -0.27

KCF3S03 90.55 0.35

Mg(CF3S03)2 143.08 2.98

Ba(CF3S03)2 156.06 2.01

Mesitylene 140.39 -0.01

a=see text 

b=errors given in text unless otherwise stated 
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solution came in contact with mercury a yellow colour quickly formed indicating 

the formation of 12, Since the slopes, Av, of all sodium salts except NaN03 are

close to zero a value of <l>v (obtained by densimeter) even at m l /2=0.53

mol 112 kg-112 would be a reasonable estimate of <l>v 
O

• 

The results in Table 3 show the general trend in increasing slope with ionic 

choices Na+ , K+, NH4
+ and Bu4N+, Pr4N+, Et4N+ and ci-, Br-, r. The

values of <l>v
O 

for the solutes are relatively high, mostly higher than <l>v 
O 

of the

solutes in water by several cm3 moi-1.

Table 4, Comparison of Literature and Experimental <l>v for some 

Electrolytes in NMF at 25°C.

Salt 

NaCl 

KCl 

NaBr 

KBr 

ml/2

mol 112 kg-112

0.29936 

0.29307 

0.63542 

0.55664 

0.45115 

0.31268 

0.44709 

0.29502 

<l>v (expt.) 

cm3 moi-1

23.0±0.5 22.74 

29.3±o.6 30.81 

27.3±o.2 27.74 

27.6±o.2 27.73 

26.9±o.3 27.71 

26.6±o.5 27.69 

36.l±o.3 36.58 

37.2±o.6 36.49 
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An alternative source of information is the density data of Feakins and 

Lawrence53 which was used to calculate <l>v of sodium and potassium chlorides

and bromides at 25
°C. The results are given in Table 4. Values for m l/2<0.29

mol kg-1 are not given due to the high errors at the lower concentrations. The

errors quoted are for the stated uncertainty in the densities of ±5xrn-5 g cm-3. 

The interpolated or extrapolated values obtained from our results presented in 

Table 3 are given in the last column for comparison. The biggest difference is that 

for KCl with a <l>v difference of 1.5 cm3 mor l ; however, the other results are

comparable with our results. 

The trifluoromethanesulphonate salts (triflates) were used because of their 

high thermal stability and resistance to oxidative cleavage57 . These qualities are 

especially important in the temperature studies of PC solutions. Howells and 

McCown57 have reviewed the chemistry of the triflate salts. 

For the calculation of the Debye-Hiickel theoretical slope for NMF at 25 °C it

is necessary to know the pressure dependence of the dielectric constant. There is 

no information available, however estimates of (alnD/aP)T can be made. One

method58 is to assume (ainDtaP)T is equal to the isothermal compressibility, KT

(see Chapter 6). This would give a value for Sv of 0.66 cm3 kgl/2 mor3/2 for

1:1 electrolytes in NMF at 25
° C. Another method59 is to use the equation:

(c)InD/c)P)T = [(D-1)(2.974+0.257D)(3.81Dr1]KT

This gives a value of 120x l o-6 bar· 1 for (c) l nD/aP)T and Sv= 1.65

cm3 kg l/2 mo1-3/2. The average experimental slope for all 1:1 electrolytes in 

Table 3 is 0.58 cm3 kgl/2 mor3/2 and for 2:1 electrolytes the average slope is

2.32 cm3 kgl/2 mor3/2 which is 4.0 times the 1:1 value (theoretically this should

be 5 .2 times). The slope of 8.4 cm3 kg l/2 mor312 for [Co(en)3](Cl04)3 is 14.5

times the 1:1 slope; theoretically this should be 14.7 times. This seems to indicate 



that the value of 0.58 cm3 kg 1/2 moi-312 is a reasonable estimate of the 1: 1 slope

in NMF at 25°C. 

The result for the non-electrolyte mesitylene (1,3,5 trimethylbenzene) 

shows that as expected the experimental slope, Av, for an uncharged species is 

zero. 

Table 5. �<l>v 
O for Ions in NMF, H2o and AN at 25°C.

Ions �<l>v in NMF 

Na+-u+ 5.0 

K+-Na+ 7.9 

NH4+-K+ 4.9 

Br--Cr 5.2 

r-Br- 10.0 

CF3S03-r 44.5 

CF3S03-NOf 49.0 

SCN--NOf 9.2 

Cl04--ScN- 4.0 

Ba++-Mg++ 13.0 

Et4N+-NH4+ 129.2 

Pr4N+ -Et4N+ 70.8 

Bu4N+ -Pr4N+ 69.2 

� cm3 mor l, a= Ref. 7, b = ref. 60 

-0.33

10.23

8.84 

6.88 

11.51 

6.7 

8.42 

8.7 

131.26 

65.32 

61.22 

1.4 

10.9 

4.4 

15.3

8.2 

71.6 

68.3
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Apparent molar volumes of salts in NMF appear to be additive. The 

average differences of salts with a common ion are given in Table 5 . The 

0 

differences in <?v in water and acetonitrile are also included in the last two

0 

columns. These show that the ion size affects <?v differently in different solvents

with no obvious pattern. 

3.3 Formamide 

3.3 .1 Introduction 

Formamide (F) is a protic solvent with a small molecular size and high 

dielectric constant5 (109.5). As with NMF its high dielectric constant, solubility 

of salts and its wide liquid range make it a good solvent for temperature studies. 

The apparent molar volumes of salts in formamide have been studied 

previously18,61-67 but mainly for m112 > 0.3 mo1112 kg-1 12.

3.3.2 Results 

Density 

The density of formamide at 25
°C (measured by densimeter) was always 

between 1.1289 and 1. 1296 g cm-3 which agrees with literature68,69,61 values

of 1 .12914, 1.1291 8 g cm-3 and 1.13030 g m1-l. 

Dilatometry 

The apparent molar volumes of 10 electrolytes in formamide at 25
°C were 

measured by dilatometry. Figure 5 shows that there is a good linear relationship 

45 

between <?v and m 1 /2; the linear least squares extrapolation values of <?v
O 

and the· 

experimental slope Av, are given in Table 6. The errors are ±0.1 cm3 moi-1 and

0.08 cm3 kgl/2 moi-312 respectively.
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Table 6, Experimental �v and Av for Electrolytes in 

Electrolyte 

NaBr 

KI 

KSCN 

KCF3S03 

Et4NBr

Pr4NBr

Bu4NBr

Bao2

Ba(CF3SOJ)2

[Co(en)3](004>3

Formamide at 25°C.

� 
0 

(cm3 moi-1 )*v 

28.34 

50.20 

54.82 

92.90 

173 .75 

242.50 

310.76 

37.76 

158.65 

285.57±0.06 

*Errors given in text

0.63

0.42 

0.41 

0.12 

0.41 

-0.74

-0.97

2.68

1.12

5.3±0.4

The non-electrolyte rnesitylene was not studied because it is immiscible with 

forrnarnide at the required concentrations. When the two barium solutions were 

being studied the mercury in the small dilatometer burette remained as small 

droplets for several hours enabling only 3 measurements for each solution during 

one day. 

Literature <l>v 
O 

data at 25°C are available for NaBr, KI, Et4NBr and
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Bu4NBr. The values in Table 6 for NaBr and KI match Gopal's62 results, which 

were determined from measurements at cl/2>0.4 mo1 l/2 dm-3/2, of 28.00 and 

50.75 cm3 moi-1 respectively to within 0.6 cm3 moi-1. The results given in 

Table 6 are expected to be more reliable because of the lower concentration range 

studied. Gopal's67 Cl>/ (determined from Cl>v data in the range .c
l/2 = 0.1-0.6

mo1 l/2 dm-3/2) for Et4NBr and Bu4NBr in formamide at 25°C are almost 2 and 3

cm3 mor lhigher than those in Table 6. Della Monica·s61 cl>/ value for Bu4NBr 

at 25°C of 317.0 cm3 mo1- l also disagrees with our value,lbut by assuming 

0 additivity (the difference in cl>v between r and Br-),and that their value for Bu4NI

is correct (it agrees with Gopal's18 value),one deduces that cl>v
O for Bu4NBr 

should be approximately 311.3 cm3 mor 1. 

48 

Dunn63 has calculated the Debye-Hiickel theoretical slope Sv, from

physical data as being 1.104 cm3 dm3/2 moi-312 (1.174 cm3 kgl/2 mor312) for a 

1: 1 electrolyte in formamide at 25°C. The experimental slopes for NaBr, KI, and 

KSCN in Table 6 average 0.49 cm3 kgl/2 mor312 with the slope for BaCI2 being 

5.47 times this value (theoretically 5.2 times). These slopes are not consistent 

with Dunn's slope for KCl which is in excellent agreement with the theoretical 

slope. 

Values of Cl>v
O for salts in formamide at 25°C are generally about 5

cm3 moi-1 higher than the corresponding value in water but generally about 5

cm3 morl lower than salts in N-methylpropionamide70. 



3.4 Pro.pylene Carbonate

3.4.1 Introduction 

49 

Propylene carbonate is a dipolar aprotic cyclic carbonate with a dielectric 

constants of 64.4 at 25
°C. Some other properties5,71 of PC are: viscosity, 2.530

centipoise; density, 1.19965 g cm-3 ; freezing point, -48.8 °C ; boiling point,

242
°C. The systematic nomenclature45 for PC is 4-methyl-1,3-dioxolan-2-one

and the structure is 

Due to its high dielectric constant (relative to some other common 

non-aqueous solvents) many salts45 in PC are not significantly associated. 

Tetraalkylammonium halides appear to be unassociated and of the alkali metal 

halides, only LiCl and LiBr appear to be associated. Alkali metal trifluoroacetates 

however, do appear to be associated. 

Measurements of apparent molar volumes of electrolytes in PC at 25
°C are 

limited to the work of Zana et. al. 71 and Dack et. al. 12. The work of Dack is 

0 

limited to two concentrations for each electrolyte and the <l>v values have an error

of ±1-2 cm3 mor 1. Measurements between 35
°C and 70°C have been made by

Gopal et.al. 17 on R4NI's (R= Et-Pen, Hept) and Kl, Nal and Lil·H20.

3.4.2 Results 

Density 

The density of our PC ranged from 1.19913 to 1.19950 g cm-3 at 25
°C.

Some literature valuesS,72-75 are 1.19965, 1.19966, 1.19942, 1.19990 and

1.2004 g cm-3.



Dilatometry 

0 

Eight electrolytes were studied by dilatometry. Values of <?v and Av 

determined by linear least squares extrapolation of the large dilatometer results are 

given in Figure 6 and Table 7 along with any literature results for comparison. 

Table 7. 

0 

Literature and Experimental <?v and Av for Solutes in PC at 25°C.

Solute 

PqNBr 236.20±0.06 

Bu4NBr 304.36±0.03

Bu4NBF4 324.64±0.03

KSCN 44.31±0.03

NaCF3S03 74.23±0.04 

KCF3S03 82.37±0.04 

Ba(CF3S03)2 136.8offi.11 

[Co(en)3](Cl04)3 247

Mesitylene 139.95±0.03

llni1s.:. a = cm3 mor 1 

A b v 

-0.8±0.8

0.2±0.2

1.0±0.4

4.7±0.4

3.7±0.6

3.3±0.6

27±2

58 

-1.1±0.2

Lit71$ o v 

235.64 

304.17 

b = cm3 kgl/2 mor3/2

Lit.71 Av 

2.45 

1.00 

The errors quoted for our results are the absolute error limits of the linear 

least squares extrapolat ion taking into account the error of the reference solution. 
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These errors do not take into account the curving of the apparent molar volume at 

very low concentrations. The C?v 
O 

value for [Co(en)3](004)3 was obtained from

a free-hand extrapolation of the small dilatometer data points. The large 

dilatometer results were not used because an increase in C?v was repeatedy

observed as the concentration decreased for m 1/2 < 0.045 mol 112 kg-112. A

possible explanation for this effect is that some water was absorbed by the PC as it 

was being loaded into the bulb of the dilatometer (this is a slow process, about 2 

hours, due to the rather high viscosity of PC) and so during the dilatometry run, 

as the concentrated solution is being injected into the bulb, there is preferential 

solvation by water. Only the mesitylene large dilatometer run showed any similar 

effect. 

0 

The C?v values obtained for Pr4NBr and Bu4NBr agree with the values of

Zana et.az.11 within their limits of accuracy of ±l cm3 mor l . The values for the

experimental slope, Av are lower than those of Zana and the C?v values diverge

from theirs as the concentration is decreased. A dilatometry run was attempted on 

Nal in PC however the solution appeared to react with the mercury. The 

dilatometer can act as a concentration cell with the concentrated solution in the 

burette and the dilute solution in the bulb connected by Hg. In the case of Nal in 

the dilatometer a precipitate formed as soon as the solution came in contact with 

the mercury during the loading process. 

The differences in C?v
O 

between the pairs Pr4NBr, Bu4NBr and 

NaCF3S03, KCF3S03 are 68.2 and 8.1 cm3 mor 1 respectively which is within

error limits of Zana's values of 69 and 6. 9 cm3 mor 1.

Due to the limited solubility of most common salts and the reactivity at 

higher temperatures of some salts in PC it was decided to focus on the 
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trifluoromethanesulphonates (triflates) which have a relatively high solubility in 

PC and are stable at high temperatures. 

The dilatometry results for KSCN, NaCF3S03 and KCF3S03 in Table 7

give values for Av between 3 .3 and 4.7 cm3 kgl /2 mor312 . The theoretical value

of the Debye-Hiickel slope, Sv, cannot be calculated because the pressure 

dependence of the dielectric constant of PC is not known. By assuming58 that 

KT is equal to (cHnD/c)P)T an estimate of Sv = 2.8 cm3 kg 1 12 mo1-3 /2 has been

made 71 . Using our own value for the PC compressibility (see Chapter 6) we 

have also obtained a value of 2.8 for the theoretical slope. The higher slopes for 

KSCN and the triflates may suggest that they are associated to some extent: not 

much more can be said until precise measurements of the pressure dependence of 

the dielectric constant have been made and a precise value of the theoretical slope 

calculated. 

Using Zana's values71 of cp/(Na+)= -6.4 and cp/(K+)= 0.5 cm3 mo1-l, 

the values obtained for <?v °(CF3SOf) are 80.6 and 8 1.9 cm3 mo1-l which are

averaged so that <?v 
O 

(Ba++)= -25 .7 cm3 mor 1 is calculated from the experimental

results, rather close to the value in water76 of-24.1 cm3 mo1-l. Other ion 

apparent molar volumes deduced from the PC measurements and Zana's data 71 

are SCN-= 43 .8 and [Co(en)3]3+= 103.3 cm3 mor l . 

The experimental slope obtained for the Ba(CF3S03)2 large dilatometer run 

is (27±2) cm3 kg l /2 mor3 /2 which is much greater than the theoretical value 

which should be 5 .2 times the slope for a 1 : 1 electrolyte. Therefore it appears that 

Ba(CF3
S03)2 is significantly associated at 25

°C. The approximate slope for

[Co(en) 3](Cl04)3 is about 20 times that of the 1 :1 electrolytes whereas 



theoretically it should be 1 4.7 times. This may also indicate some ion-pairing. 

Values for the association constant in PC at 25
°C, as determined by 

conductance studies 77 , are 3.1 and 2.4 dm3 mo1- l for KSCN and Bu4NBr

respectively and so are essentially non-associated 

An interesting point about the mesitylene value of c!>
y 

O 

= 139.95 cm3 mor l

is that it is 1.15 cm3 mo1-l lower than the corresponding value in acetonitrile 
\ 

(section 3.5.2). The molar volume of mesitylene at 25
°C as calculated from its 

density (section 5.2.1 ) is 139.37 cm3 mo1-l. The difference in C?v
O 

of 

non-electrolytes in various solvents is a possible area of further research. An

relevant paper on the subject of non-electrolyte volumes in solvents is by French

and Criss 78.

3.5 Acetonitrile 

3.5.1 Introduction 

AN is a dipolar aproti.c solvent with5 a low boiling point (8 l.6°C), medium 

dielectric constant (35.95) and rather high isothermal compressibility3 4 

(106.6x10-6 bar-1 ). It is an interesting solvent to study because of its polarizable

triple bond where both the positive and negative poles are accessible to both 

cations and anions60. 

3.5.2 Results 

Density 

The values for the density of AN at 25
°C obtained in this study varied 

between 0.77650 and 0.77660 g cm-3. This compares well with literature60,72

values of 0.77668 and 0.77660 g cm-3. 
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Dilatometry 

The experimental results for twelve salts and one non-electrolyte are shown 

in Figure 7(a) and 7(b). The Debye-Hiickel theoretical slope (1 3 .05 

cm3 dm3/2 mo1-3/2) is included in Figure 7(a) and 7(b) to illustrate the positive 

deviation of the experimental results. (Zana's60 value of 1 3.05 

cm3 dm3/2 mor3/2 for the AN Debye-Hiickel theoretical slope at 25°C will be

used on the graphs and data analysis to follow). 

0 

The experimental values for cl>v and Av, the experimental slope determined

by a linear least squares fit of the large dilatometer data, are given in Table 8. 

Table 8. 

0 

Experimental cl>v and Av for Solutes in AN at 25°C.

Solute cl>v
0 

(cm3 mor l) 

Nal 4.48±0.16 17.8±1.6 

KSCN 19.73±0.10 35.3±0.6 

NH4SCN 29.26±0.26 88.6±3.1 

Et.4NBr 140.43±0.11 21.0±0.8 

PqNBr 212.73±0.16 17.7±1.6 

BlJ4NBr 280.82±0.14 18.9±1.0 

E4NCl04 166.74±0.12 13.9±0.8 

Pr4NCl04 238.7±0.16 16.5±1.7 

Bu4NCl04 307.21±0.12 16.8±1.0 

Bll.4NBF4 307.21±0.11 15.7±0.7 

LiAsF6 44.22±0.10 17.9±0.5 

[Co(en)J](004)3 168.5±1.6 630±50 

Mesitylene 141.09±0.08 0.49±0.42 

55 



311.0 

309.0 Bu4NCI04 

s 
<"') 309.0 Pr4NCI04 
s 

307.0 

242.0 

240.0 

238.0 

F--�..a...a..._._..__......------.---..------------.---- Mesitylene 

139.0 

0.10 0.20 0.30 0.40 0.50 

Fiirnre 7<a), cl>v vs c112 for Solutes in AN at 25°C. Debye-Hiickel slope =

13.05 cm3 moi-3/2 dm3/2 shown dashed. 
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These values can be compared with values from the densimeter studies of Zana

et.az.60 (Table 9) who obtained <l>v
O 

by extrapolating from rather higher 

concentrations. For this reason it is expected that our values are more reliable. 

. 0 

For the first seven salts in Table 8 <l>v agrees rather well with Zana's

values (to ±0.3 cm3 mo1-l) with the exception of NH4SCN which they did not

study and Et4NC104 which is about 1 cm3 moi-1 lower than their value.

0 

Table 9. Literature <l>v for some Electrolytes in AN at 25°C.

Solute 

Nal 

KSCN 

Et4NBr

PqNBr 

Bu4NBr 

Et4NCl04 

Literaturea <l>v
O (cm3 mor 1) 

4.73 7.3 [72] 

19.74 

140.75 140.8 [79] 

212.48 214.7 [79] 

280.62 286.1 [79] 

167.68 

a = reference 60 unless otherwise stated. 

-6.4 [7]

Results for the non-electrolyte, mesitylene show that we are working at 

about the limit of the accuracy of the dilatometer for AN solutions. The results 

appear to be affected by the sensitivity of AN to temperature and pressure drifts 

especially at the lower concentrations. It is important that the initial readings of a
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dilatometry run are accurate otherwise all of the other points will be affected 

especially at the lower concentrations. This can be seen for the lowest point on the 

mesitylene graph. For some dilatometer runs the first two or three points at the 

lower concentrations show a decrease in <l>v 
O 

before there is an increase in <l>v
O 

with increasing concentration. The probable explanation is that the initial readings 

were inaccurate due to temperature drifts and it is not until the third or fourth 

injection (out of about IO injections) that this inaccuracy becomes insignificant. 

The dummy dilatometer does at least partially compensate for temperature 

instability though there is the possibility that the dummy may not "cycle" in the 

same way at different positions in the thermostat. 

Figures 7(a) and 7(b) show that the Debye-Hiickel theoretical slope, which 

appears to be reliably determined from the physical data, is not reproduced 

experimentally with any sort of consistency. These deviations from the theoretical 

slope are attributed to ion association with the NH4SCN and KSCN curves 

exhibiting association to a relatively large degree. The [Co(en)3](Cl04)3 curve 

shows association of an undetermined type. The above experimental results for 

electrolytes in AN will be examined further in terms of ion-pairing in Chapter 4.

Millero7 suggests that if experimental values of (dlnD/aP}r and KT are not

available for a solvent, measurements of <l>v at very low concentrations of 1: 1

electrolytes may be a faster and easier way of determining the Debye-Hiickel 

limiting slope. This does not appear easy for solvents with dielectric constants 

much lower than that of water (D= 78.3). 

The additivity law is obeyed between the corresponding 

tetraalkylammonium bromides and perchlorates. When moving from Et4N+ to 

Pr4N+ to Bu4N+ the average difference is 72.2 and 68.3±0.2 cm3 mo1-l 

respectively for both the bromides and perchlorates. In aqueous solution60 the 
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corresponding differences are 65.32 and 61.22 cm3 mor1 indicating differing 

solvent-solute effects. 

3.6 .LiQ.Yid Sulphur Dioxide 

3.6.1 Introduction 

Liquid sulphur dioxide has some interesting properties. One is that it's 

ionizing capabilities should.be limited due to its low dielectric constant80 (13 at 

25°C). However, there is evidence of strong solvation of anions and high 

solubilities of iodides and thiocyanates81. Though the results to follow are not 

extensive there may be scope for additional work now that a working procedure 

has been established. 

The only reported apparent molar volumes in liquid sulphur dioxide are 

those ofUosaki et. at.19 who did measurements on tetraalkylammonium bromides 

and iodides to concentrations as low as c 1/2 = 0.22 mol l/2 dm-3/2. It was

initially proposed to measure the apparent molar volumes of electrolytes in liquid 

sulphur dioxide over the temperature range 0°C to 50°C to determine the 

relationship with, the compressibility of the solvent at each temperature, and to do 

this for different electrolyte charge types. For ac.curate limiting apparent molar 

volumes, measurements at lower concentrations are required (cl/2<0.25 

mo1112 dm-3/2).

A vibrating-reed densimeter was used to secure the required densities of the 

liquid sulphur dioxide solutions under a nitrogen pressure of 6 atmospheres . 

. Considerable effort was applied to solving the problems of quantitative transfer of 

these solutions and in achieving adequate precision. Although much published 

physicochemical work, especially conductance measurements, bas. been done on 

liquid sulphur dioxide solutions reports of precision density studies are very rare 

in this solvent so an extended account is given here and in Appendix I to guide 

other investigators. 
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3.6.2 Results. 

Density 

In this study a value of 1.3683 g cm-3 was obtained for the density of pure 

liquid so2 at 7 atmospheres pressure. This compares with the value of Eversole

et. a/.32 of 1.36887 g cm-3 at 25°C, International Critical Tables40 (1.369 

g cm-3), Handbook of Chemistry and Physics30 (1.3669 g cm-3 ) and the value 

obtained by Uosaki et. a/.19 of 1.3719 g cm-3. All of these literature values are 

for densities at orthobaric pressure (3.90 bar at 25°C). 

Densimeter 

The apparent molar volumes for two electrolytes, Me4NBr and Bu4NBF 4, 

and a non-electrolyte, acetanilide (CH3CONPh), were measured at 25°C. The 

results are plotted in Figure 8. As can be seen, acetanilide exhibits the usual 

behaviour for a non-electrolyte in that «l>v is independent of concentration. The

three <l>v values measured for Bu4�F 4 lie in a straight line but the measurement

of <l>v was not attempted at a lower concentration where errors in weighing and

(p0-p) would significantly affect the results. The Me4NBr results indicate that at 

the lower concentrations (ml/2 < 0.1 moll/2 kg-112) <l>v may decrease rapidly.

This is expected for electrolytes in solvents of low dielectric constant where most 

ionophores are ion-paired at all but the lowest concentrations. Values for «l>v from

this study for Me4NBr are up to 5 cm3 morl higher than those ofUosaki et.a/.19 

who did not measure «l>v at concentrations less than c 112 = 0.28 or greater than
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cl/2 = 0.55 mol 1/2 dm-3/2. As can be seen from the present results it is possible 

that their value of <l>v
O 

= 28. 7 cm3 mol-1 is too high. However, it should be

remembered that from this study the cl>v at the lowest concentration has a large

error. A value as high as 23 cm3 moi-1 for cl>v
O 

is within the limits of cl>v error.

One consistent feature of these results and those of Uosaki et. al. is that the slopes 

for cl>v versus c 112 for Me4NBr are approximately the same at the higher

concentrations. 

The densities of liquid S02 solutions of KSCN have been previously32

reported at 10, 15, 20 and 25°C. The errors in the measured liquid densities are 

quoted as ±lx10-4 g cm-3. Apparent molar volumes can be calculated from these

densities and the resulting values at 25°C are plotted against rrt112 in Figure 8.

These results show a sudden decrease in cl>v (not shown in Figure 8) as observed

for Me4NBr however the precision of these values, especially at the lower 

concentrations, is questionable. 

The results obtained for cl>v
O 

suggest that liquid S02 is very subject to

0 

electrostriction. Table 10 lists the best estimate of cl>v for KSCN, Me4NBr and

Bu4NBF 4 in liquid S02, the next most electrostrictive common solvent

acetonitrile, and water. 

Values <;>f cl>v 
O 

in liquid so2 are 50 to 90 cm3 mo1-l lower than the

corresponding values in water and about 40 cm3 moi-l 1ower than in acetonitrile. 

This qualitatively follows the suggestion that electrostriction is dependent on 

solvent compressibility. 
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Table 10, 'Pv
O 

(cm3 mor 1) in various Solvents. 

Electrolyte 

KSCN 

LiquidS02 

�-20

�23

272 

Acetonitrilea

19.7 

307.2 

a = see section 3.5.2, b = additivity (Reference 7) 

44.7 

114.3

319.8

The apparent molar volume of N 2 in liquid S02 was also determined in this 

study. After measurement of the solvent density of a particular sample of liquid 

S02 a N2 solution was made up. This was achieved by removing the loaded 

pipette from the densirneter, applying 5.8 bar N2 pressure to the pipette, shaking 

to achieve solution equilibrium and then reattaching the pipette to the densirneter 

and measuring the liquid density. Using the data of Dean and Wallis 82 for N 2

solubility in liquid S02, the apparent molar volume of N2 in liquid S02 was 

found to be 38.3±0.4 cm3 mo1-l. The molar volume of liquid N2, calculated 

from its density83 at 77 K is 34.6 cm3 mo1-l. Literature84 -85 values for the

apparent molar volume at infinite dilution ofN2 in water at 25°C are 35.7±0.4 and 

32.8 cm3 moi-1. Other literature data is cited in reference 86.

Problems Linked with S02 as a Solvent

It was found that making reliable measurements of 4>v in liquid S02 was a
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difficult and tedious task. Not only was the handling and purification a 

demanding task but because of its low dielectric constant most electrolytes have 

large association constants which limit the amount of useful information in relation 

to 4>v
O 

that can be extracted at the concentrations studied. The following 

difficulties were encountered during the course of these experiments: 

(i) Keeping the liquid S02 pressurized at all times and making sure that

there are no leaks in the apparatus. The densimeter, its elements and thermostat 

facilities were located in a normal laboratory (not the fume cupboard) so due 

attention to personal safety was a prime consideration. 

(ii) Keeping the densirneter free of dust and grease. Liquid S02 is a good

solvent of grease so any grease present will affect the density values. Tiny metal 

fragments were detected to come from the GLC tubing. These small particles 

could lead to spurious densimeter readings. Some of the taps in the apparatus 

seemed to develop leaks possibly due to small particles damaging the tap seatings. 

(iii) Care was needed to be able to reproduce the purification and handling

of the liquid SOi so that the density of the solvent can be used to calculate 4>v of a

solution without too much doubt about the densities of the individual batches of 

S02 liquid used to make up the solution. 

(iv) The concentration range studied was limited to m 112>0.06

mol 112 .kg-112 due to the sensitivity of the cpv equation to small errors in the

densities at low concentrations. 

(v) The distillation process appropriate for avoiding S03 contamination

proved time consuming. 

(vi) It was hoped that the density of each solution after the troublesome,

time consuming and potentially hazardous loading of the densimeter could be 
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measured in situ. at 3 temperatures (or more) but the long thermal equilibrium 

times ruled this out as a practical proposition. An example of the long thermal 

equilibrium times is that the measuring cell, originally at 25°C, did not attain 

thermal equilibrium even after 4 hours of pumping ice-water through it 

(vii) High association constants for all substances examined made it

0 

impossible to determine an accurate <l>v value. Some typical association constants

in liquid S02 at 25°C are87 : KSCN, 21400; Me4NBr, 1680; Et4NBr, 872;

(viii) Lack of KT and (olnD/oP)T data means that the Debye-Hiickel

theoretical slope could not be calculated. 

For further useful information on <l>v in liquid S02 work would need to be

carried out at concentratiqns ml/2 < 0.1 mo1l/2 kg-112 to investigate the decrease 
0 ·---· ..... 

in <l>v as concentration decreases, for evaluation of <l>v . A densimeter does not

appear to have the desired accuracy so a dilatometer specially designed for the 

required pressures or a magnetic float design may be the answer. Difficulties will 

then be encountered in maintaining a constant pressure. 
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Chapter 4 

Association Constants by Dilatometry 



4, Association Constants by Dilatometry 

4.1 Introduction

As seen in Figure 7(a) and 7(b) for acetonitrile at 25°C there is a positive

�viation of the experimental �v results from the theoretical Debye-Hiickel slope

which is attributed to ion-pairing. The determination of association constants from 

apparent molar volume data has been attempted previously in aqueous solution by 

Wirth88, Millero89, Bottomley and Glossop28,90 and Spiro, Revesz and Lee91 .

There is a substantial amount of literature conductivity data for electrolytes in AN 

from which association constants have been determined but no attempt has been 

made to obtain association constants by measuring �v as a function of

concentration in a non-aqueous solvent. In this chapter problems of determining 

association constants from experimental results are addressed. Precise �v data at

low concentrations is required to obtain reasonably reliable association constants 

and so only the dilatometry data will be used. 

4.2 EQ.uations 

For the electrolyte and solvent systems chosen here for low concentrations 

ion-pairing is minimal but in general becomes very distinct,even predominant, 

towards the upper end of the experimental concentration rang�. In these systems 

there is a complex interplay between the fraction of free ions, the activity 

coefficients of the ions and associated species, the equilibrium constant and the 

way in which the apparent molar volumes of the ions and each species are affected 

by ionic strength. For a particular model of this system the appropriate formal 

equations are set out in the Introduction (equations (7)-(13)). These equations will 

be called the Equation Set. 
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The analysis of the data could now proceed on the assumption that «l>pair ii

independent of concentration (as in equation 13). This Millero did in his study89

of NaCl and will be done here for AN, for the contact ion-pair case. This first 

assumption is difficult to verify experimentally so choices can be considered: 

0 1/2 «l>pair = cp pair+ Sp (c (1-a)) 

(16a) 

(16b) 

where cp pair is the apparent molar volume of the ion-pair at infinite dilution, Sp is

the ion-pair equivalent to Sv, the Debye-Hiickel theoretical slope and a is the 

fraction of free ions. Equation (16a) assumes that cppair is proportional to the

concentration of the free ions whereas equation (16b) assumes that «l>pair is

proportional to the concentration of ion-pairs. 

4.3 General Fonn of4>v versus c112 Curves includini: Association

The general shape of the «l>v vs c 112 plot where there is considerable

association is shown by the NH4SCN curve in Figure 7(b). On such a plot there 

are three general regions: 

0 

(i) Dominated by «l>v : Very low concentrations where·the Debye-Hiickel

theoretical slope is approached. 

(ii) Dominated by KA: Moderate concentrations where a, the fraction of

free ions, decreases rapidly as the concentration increases. 
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(iii) Dominated by <l>pair: High concentrations, where mainly ion-pairs exist,

<l>v approaches <!>pair·

Graphs of <l>v vs c 112 calculated using the Equation Set for a model

electrolyte approximating the observed behaviour of KSCN were plotted with 

various values of KA and a (Figures 9·and 10) by a FORTRAN program similar

to program YOBS described in Appendix III. 

In viewing Figures 9 and 10 the experimenter should put himself in the 

hypothetical position of having performed the corresponding experiment, having 

secured perhaps 16 data points carrying some associated error and taken over a 

limited range of cll2 , and then ask himself what conclusions he draws with 

0 

respect to <l>v , KA and <l>pair and how these compare with those (in reality

unknown) used in construction of the curves. 

0 

Figures 9(a) and 9(b) show that a linear extrapolation to <l>v , using data in

the large dilatometer range, cl/2 = 0.05-0.1 mol 112 dm-3/2, will produce a value 

that is too low if there is this degree of significant ion-pairing. Conversely linear 

extrapolations to <l>v
O 

from higher concentration ranges (e.g. c112 >0.2

mol 112 dm-3/2) will produce a value that is too high. 

Approximate values of <l>v 
O and the slopes in the large dilatometer

concentration range, deduced in this manner for "model KSCN" at various values 

of KA are given in Table 11. 

As is seen from the data in Table 11 and Figures 9(a) and 9(b) for systems 

where there is very little association, the slope in the large dilatometer range is less 

than the Debye-Hiickel theoretical slope (13.05 cm3 dm3/2 moi-3/2) but as with 
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systems with a higher degree of association, at extremely low concentrations the 

slope approaches to that of the theoretical value. Some of the values for c!>v 
O 

seem

to closely approach the 20.20 cm3 moi-1 used to calculate the synthetic data, but

nevertheless as shall be seen later, c!>v
O 

needs to be very accurate in order to 

determine a relatively accurate KA. Figures 9(a) and 9(b) show that c!>v would

have to be measured accurately at extremely low concentrations, well out of the 

range of any present technique, in order to verify the Debye-Hiickel theoretical 

slope. In relating these computed curves to experimental work, note also the 

compounding problem of experimental error - sharply worse at low 

concentrations. 

Table 11. 

0 

Slope and c!>v obtained from Linear Extrapolation of Model "KSCN" Data.

dm3 morl 

1 

5 

10 

20 

50 

Slope 

cm3 dm3/2 mor3/2 

12 

16 

21 

30 

52.7 

Extrapolated c!>v

cm3 moi-1 

20.2 

20.2 

20.1 

19.9 

19.6 

0 
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Figures lO(a) and lO(b) (where a is varied) show that for concentrations 

less than c 11 2= 0.15 mol 112 drn-3/2, a is more significant in its effect on <l>
y 

at

low KA's than high KA's. For KA=26. l there is a crossover point at cl /2=0.09 

after which there is a rather rapid divergence of <l>v as c 1/2 increases for various a.

Some observations follow concerning the results from "model KSCN" data 

and which again are intended to assist the experimenter assess his approach to the 

data fitting problem. 

(i) Difference tables indicate that there is an inflection point at c l/2=0.06 for

KA =20 and a=3. l. The inflection point will vary with KA and a. The general 

formal statement for such an inflection point is extremely complicated and will not 

be addressed here. 

(ii) Third differences are approximately constant in the range 0.15 < cl /2 <

0.30 indicating that a third order polynomial fit of the experimental data may be 

satisfactory in this region. 

(iii) A high order polynomial fit is required to represent the data accurately

even at very low concentrations. Correspondingly, experimental <l>v must be very

precise in this range as a small scatter can greatly affect the value of KA 

determined. 

(iv) Y± 2 varies more than a with different a at a particular concentration.

(v) Y± 2 increases and a decreases as a increases at a particular

concentration. 

(vi) a changes more than Y±2 with changing KA.

0 

(vii) The use of polynomials to extrapolate to <l>v is unsatisfactory.
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Conceivably, another functional form may be more successful, one approaching 

linearity with c 112 at low concentrations, or approximately replicating the

experimenter's "rock of eye fit". 

4.4 Determinine KA from Volumetric Data 

In order to determine the association constant, KA, it is necessary to know 

75 

cf>v 
O

, a and cf>pair in addition to the experimental ct>v over a suitable concentration

range. As discussed in Appendix Il there is no way of precisely predetermining 

cf>pair· The value of a may be best set at the contact distance or the Bjerrum

distance and ct>/ can only be predetermined approximately from very low cl/2 

data by linear or graphical extrapolation. To deduce the above parameters it is 

necessary to determine them simultaneously. 

Two methods of evaluating KA are used; Sillen's92 two-way 

"PIT-MAPPING" technique and a Non-Linear Least Mean Squares (NLLSQ) 

program provided by T. Kurucsev93. The PIT-MAPPING method provides a 

contour map of the sums of the squares of the residuals (SSQR) for incremented 

values of parameters A and B which enables one to evaluate the error limits on the 

best fitting choice of the para.meters as well as providing information on how A 

varies with B. The NLLSQ fitting procedure is very quick and convenient to use; 

however, it does not have the advantage of the PIT-MAPPING technique in 

allowing one to see how the near-best fitting parameters vary with one another. 

4.4.1 PIT-MAPPING 

The method described in this section is the Sillen92 two-way 

"PIT-MAPPING" technique of minimizing the sum of the squares of the residuals 

\,,'.

! 
II 
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(SSQR) of [ <l>pair(calc. from highest c112 data point) - <l>pair(calc. from lower cl/2

0 

data points)] for combinations of KA and <l>v (program KAFIT) or KA and a

(program KADFIT). For each experimental data point <!>pair was calculated from
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0 the Equation Set using a chosen value of a ( or <l>v ) and a particular combination of 

KA and <l>v 
O 

( or a). The important assumption here is that <l>pair is independent of

concentration. The <!>pair calculated from the highest concentration experimental

<l>v was assumed to be the most reliable due to the higher precision of <l>v and the

lower sensitivity of a., the fraction of free ions, and hence <l>pair' at the higher

concentrations. By taking the SSQR of the <l>pair calculated from the lower

concentration data relative to the highest concentration data point, a measure of the 

quality of the fit is made. Expressed briefly, we seek the best choices of the 

parameters to achieve constancy in <l>pair·

An alternative method of testing the quality of the fit to the data would have 

been to vary KA and <l>pair at particular values of <l>v 
O and a and calculate <l>v at each

experimental concentration so that the observed and calculated <l>v could be 

compared as a measure of the quality of the fit. 
All of the programs used in the experimental data analysis were tested with

"exact" data, computed with known input parameters, to ensure that they were

running correctly. 

i', 
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The Bu4NBr in AN experimental results were used initially to find the

optimum method for determining association constants. At first the experimental

points, excluding any that were thought too inaccurate, were used directly in the 

data files for the fitting programs. Only the dilatometty results (small and large) 

were used in the data analysis because of the accuracy of most of these points and 

because the Debye-Hiickel equations apply only for dilute solutions. Some 

observations arising from the fitting procedures are: 

0 

(i) KA is sensitive to <l>v so that unless a precise value of the latter can be
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predetermined it must remain as one of the parameters. For example a change in 

<1>/ of 0. 10 cm3 mor1 changed KA from 26 to 38 dm3 morl . 

(ii) KA is quite sensitive to a. e.g. KA changes about 2 for a change in a of

1 at about a = 1 A. 

(iii) Using literature94 data KA= 2 and a= 3.5 and with <l>v
0 

= 280.80 

cm3 moi-1 , a large drift of <!>pair with concentration is obtained indicating that

these are not suitable values to represent our experimental results. 

(iv) When only the lower concentration data was used (cl/2 < 0. 16), values

of KA > 40 were obtained. When only the higher concentration data was used 

(c l/2 � 0.06) small values of KA below 10 were obtained. 

(v) A linear least squares fit of the large dilatometer data (first two points

excluded) gives <l>v
O 

= 280.82±0.08 cm3 mo1-l which may be about 0.1 

cm3 mor 1 too low for a KA of about 10 (see Table 11 ).

The major problem with the two-way fitting 1s that if one of the 

predetermined parameters is changed the best fitting choices of KA and <l>v
O 

(or 



KA and a) change and so does c!>pair· Sillen's PIT-MAPPING technique can be

extended to third and fourth level searches but these would require data of a 

greater precision than necessary for a two parameter search. If a value could be 

selected for either c!>v 
O 

or a it would be much simpler to find the other two

parameters. Accordingly it was decided to put a third or fourth order polynomial 

through the data points to "smooth" them. Interpolated values of <I\ were obtained 

at approximately the concentrations of the reliable experimental points. The 

differences between the polynomial smoothed and experimental c!>v's were always

within the error limits of <l>v· The object here was to make a greater distinction
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between lack of fit due to inadequate selection of the quantities KA, <l>v 
O 

and a and

that due to statistical imperfections in the experimental data. For these sets of 

"smoothed" data, the respective minimal SSQR did occur at constant c!>v
O 

for 

various a values. This is what is sought: being -able to set either <f>v 
O 

or a at a

particular value. Table 12 shows the values obtained, with a equal to the contact 

distance, using the third and fourth order polynomial "smoothed" data 

When one calculates c!>pair from the "smoothed" data and the selected best fit

parameters in Table 12 it is seen that the fourth order polynomial weaves through 

the points comparatively more and the third order polynomial sufficiently smooths 

0 

the data. The <l>v obtained with the third order polynomial "smoothed" data is

0.08 cm3 mo1-l higher than the value obtained by the linear least squares

extrapolation (we have already estimated it to be about 0.1 cm3 morl higher) and

I, 



this data gives a better fit than the fourth order polynomial. Therefore, we 

conclude that the third order polynomial data is a better representation. 

Table 12. 

"Best Fit" parameters obtained using Polynomial Smoothed Data 

with A preset at 6.9A. 

Order • 
pall' 

SSQR 

3 

4 

cm3 moi-1 

280.90 

280.86 

dm3 morl 

13.25 

15.20 

295.5 

294.6 

0.09 

0.44 

Using the third order polynomial "smoothed" data with +v 
O 

= 280.90

cm3 morl the minimum SSQR was obtained at A=l l.5 for a KA of 18.8. This a

value seems rather large, however it will be included in the table of results to 

follow. 

To test further the accuracy of this method of evaluating +v
O 

a set of 

llexact" data comparable to the Bu4NBr data (KA= 9.32, a= 4.5, cl>v
0 

= 280.90, 

+pair= 299.50} was calculated. A third order polynomial was then used to obtain

"smoothed" 'Pv values from which the fitting procedure af a = 4.5 gives a
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minimum SSQR at�/= 280.88 cm3 moi-1; not perfect recovery of�/ but

nevertheless it gives a value closer than any other method such as linear 

extrapolation. The value obtained simultaneously for KA was 11.02. The <l>v
O 

inaccuracy of 0.02 cm3 moi-1 corresponds to an error in KA of 1.7; however, this 

does not include the uncertainty in A. 

Summary of KA Determination 

It now appears that the best method of analysing the data is (i) put a linear 

least squares fit through the low concentration, large dilatometer data to get an 

approximate value of <l>v
0

, (ii) put a third order polynomial through the full range

of available dilatometry data and interpolate "smoothed" cl>v values, (iii) determine

80 

at which value of cl>v 
O the minimum SSQR occurs at several different a, (iv) then,

before KA can be determined, a decision must be made on the appropriate value of 

a, the ion size parameter (a decision discussed in detail in Appendix Il) or of the 

+
pair 

value. 

The assumptions used in this procedure for the determination of KA by 

dilatometry are: 

(i) That equations (7)-(13) are applicable over the concentration range of the

analysis (cl/2 < 0.3). Implicitly, only a single ion-pairing equation is involved. 

Addition of a second level of ion-pairing causes major additional complications. 

(ii) That the activity coefficent of the ion-pair is unity.

(iii) That cl>pair is independant of concentration over the range of the

I' 



analysis. This last point can be further tested by deliberately setting cl>v 
O 

and A at

particular values (away from the best fit values) and varying KA and Sp. With 

Bu4NBr "smoothed" data the minimum still occurred at Sp=O. With small values

of SP' KA does not vary much.i.e. 2-3 dm3 mo1-l for 6Sp=4 for both equations

(16a) and (16b). 

Calculations, based on conductance measurements, by Salomon and 

Plichta95 indicate that contact ion-pairs rather than solvent separated ion-pairs are 

formed in AN for all salts. This further strengthens the assumption that <l>pair is

independent of concentration in AN. 

(iv) That the Debye-Hiickel theoretical slope is 13.05 cm3 dml /2 moi-3/2.

Small uncertainties in this value will not significantly affect KA because a change 

of 1 in the theoretical slope changes KA by 2. 

(v) That the failure of the experimental results to fit the Debye-Hiickel

theory is due solely to ion-pairing over the concentration range of the analysis. 

4.4.2 Acetonitrile PIT-MAPPING Results 

The results of the PIT-MAPPING procedure and the relevant literature data 

for 1:1 electrolytes in AN are given in Table 13 . In all cases three selections are 

given for A. 

During the data analysis it became sharply evident that rather precise data 

was required to obtain a satisfactory fit. It was noted previously that by setting A 

at a particular value and doing a two-way fit for both KA and cl>v 
O

, the minimum

SSQR will occur at the same cl>v 
O 

for different values of a. This was the case for
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Table 13. 

"Best Fit" parameters as determined by the PIT-MAPPING Method for 

Electrolytes in AN at 25°C (a is preset). 

Salt «l>v 
0 

KA «l>pair Literature KA 

NaI 3.1 Data not precise enough 8.2, 27.6 [96, 109] 

7.8 4.55 6.9 27.2 

11.5 4.55 11.0 20.5 

KSCN 3.5 20.21 16.4 47.2 26.1, 38.2, 40 [97-99] 

7.8 20.21 25.4 39.2 

10.s* 20.21 28.4 37.6 

NH4SCN 3.0 29.14 185.1 49.2 

7.8 29.14 197.8 48.2 

11.5 29.17 199.6 47.9 

LiAsF6 3 44.25 27.7 51.0 

7.8 44.25 32.7 51.0 

10.5* 44.25 36.1 50.8 

Et.4NBr 5.95 140.50 15.0 157.8 14.5, 4.7 [100,101] 

7.8 140.50 17.7 155.9 

10.5* 140.50 20.9 154.2 

Pr4NBr 6.47 212.79 6.6 235.7 13.9, 4, 19 [100,94,99] 

7.8 212.80 8.1 232.4 

11.5 212.81 11.7 228.0 

Bu4NBr 6.9 280.90 13.2 295.5 2, 17, 10.6, 3, 10, 13.2 

7.8 280.90 15.1 294.3 [94, 99, 100, 102, 103,103] 

11.5* 280.90 18.8 292.5 

82 



Salt 

E14NCl04 5.48 

7.8 

11.5 

Pr4NCl04 6.00 

7.8 

11.0• 

Bu4NCI04 6.42 

7.8 

9.5* 

Bu4NBF4 6.42 

7.8 

10.s•

* = minimum SSQR

Table 13. Continued 

0 

<l>v KA <l>pair 

166.57 12.0 181.4 

166.59 12.5 180.4 

166.61 15.0 179.1 

238.75 7.6 255.8 

238.75 10.1 252.8 

238.75 14.1 250.3 

307.25 13.2 319.0 

307.25 15.0 318.2 

307.25 17.3 317.4 

307.27 13.0 316.0 

307.27 14.8 315.6 

307.27 18.4 314.9 

Literature KA 

58.8, 17.9, 13.9 

(104-106] 

52.6, 11.7, 14, 10.8 

[107, 108, 99, 95) 

TT ... �f.,., 0 A· "' 0 d"' 3 1-l. K dm3 1-l� a, , "'v an "'pair• cm mo , A• mo 

0 

seven out of the eleven salts studied, however for the remaining salts, <l>v (min.)

.increased as a increased, and the N al data was too inaccurate to find a minimum at 

reasonable KA and <l>v
O values with a = 3.11 A, the contact distance. 

For the seven salts that had a "constant <l>v 
O minimum" it was found that the

lowest SSQR occurred for a values in the range 9 .5-11.5 A. For the less accurate 

data of the other four salts, KA and cl>pair were determined at a = 11.5 in addition
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to the contact distance and the Bjerrum distance, 7.8A. There are now three 

values of a which may be considered "correct": the contact distance, the Bjerrum 

distance and the best fit a.

A comparison of the present KA results based on volumetric methods with

the literature data from conductance studies shows general agreement. Some 

published values for KA for a particular salt range widely, e.g. Bu4NCl04. 

Evans94 comments in his conductance paper that only data of the highest precision 

can separate KA from conductance equations if KA is less than 5 so some of the 

literature results given in Table 13 may be unreliable if they were not calculated 

from precise data. 

4.5 Non-Linear Least Squares Fittin� 

After the data analysis of the AN salt systems and the aqueous MgS04 case 

(see later) by the two way fit method, a sophisticated non-linear least squares 

(NLLSQ) fitting program became available. It was decided to repeat the 

calculations on the AN data with the NLLSQ program in order to compare the two 

methods. The program was written by T. Kurucsev93 and adapted to our 

equations by Dr D. Braund. 

4.5.1 Method 

The Equation Set is very demanding on the fitting procedures. Problems in 

finding the best fit parameters are compounded here by the need for an iterative 

procedure for evaluating a, the fraction of free ions, at every step in the fitting 

cycle. When only the simple Debye-Hiickel equations are used (not including the 

activity coefficent and thereby excluding the iteration procedure) four parameters 

can be simultaneously and precisely determined from degraded "exact" data. 

When the full equation set is used only three parameters can in practice be 
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determined from the "exact" data and even if "exact" data is given to 8 decimal 

places four parameters cannot be found. Experimenters should note this carefully. 

The NILSQ programs were tested with "exact" data and converged quickly 

0 

to the known solutions when determining the three parameters KA, <l>v and <l>pair

but when KA, a and <l>pair were to be determined instead, the "correct" solution

could not be found even when the data was accurate to 4 decimals - a precision not 

approachable yet in experimental studies on <l>v over a wide range of cl /2.

At first the Bu4NBr experimental data points with approximately equal

weighting were used in the data file for the NLLSQ fitting and it was found that 

the raw experimental data points were not precise enough to obtain well defined 

values, for example the results obtained with a = 6.9 A were <!>pair= 295±11

cm3 moi-1, <!>/ = 281.0±0.2 cm3 mo1-l and KA= 13±17 dm3 moi-1. Neither

including individual point errors or various weighting methods much improved the 

solutions. It was again decided to use the polynomial smoothed AN data.

4.5.2 Results 

The results obtained with NLLSQ are similar to those from the two way 

fitting (Table 13). For accurate experimental data that has been "smoothed" by a 

0 

third order polynomial fit, closely similar values of <l>v are obtained over a wide

range of a (Table 14). 

The errors quoted in Table 14 are the 95% confidence limits as calculated by 

the NLLSQ program. The results for Nal with a= 3.11 A are to be treated with 

caution. The large confidence interval associated with the <l>pair value shows that
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Table 14, 

"Best Fit" parameters as determined by the NLLSQ Method 

for Electrolytes in AN at 25 °C (a is preset). 

Electrolyte <l>v 
0 

KA <l>pair 

Nal 3.11 4.53±0.05 5±4 35±16 

7.8 4.54±0.04 10±5 21±5 

11.5 4.55±0.05 15±6 18±3 

KSCN 3.5 20.22±0.07 15.3±2.2 48.6±2.5 

7.8 20.21±0.07 25.0±2.4 39.5±0.9 

10.5 20.23±0.06 27.2±2.0 38.0±0.5 

NH4SCN 3.0 28.93±0.7 200±41 48.9±0.6 

7.8 28.84±0.7 218±43 47.9±0.4 

11.5 28.91±0.7 218±42 47.6±0.4 

LiAsF6 3.0 44.24±0.03 28.0±2.4 51.0±0.2 

7.8 44.25±0.03 32.9±2.0 51.0±0.1 

10.5 44.25±0.02 35.8±1.9 50.9±0.1 

Et.4NBr 5.95 140.49±0.05 15.1±1.9 157.8±1.2 

7.8 140.49±0.05 17.8±1.8 155.9±0.7 

10.5 140.51±0.04 20.3±1.5 154.5±0.5 

Pr4NBr 6.47 212.79±0.02 6.4±0.6 236.3±1.5 

7.8 212.80±0.02 8.2±0.5 232.3±0.8 

11.5 212.82±0.01 11.3±0.4 228.1±0.3 

Bu4NBr 6.9 280.89±0.02 13.5±1.2 295.4±0.7 

7.8 280.89±0.02 14.8±1.1 294.5±0.5 

11.5 280.90±0.02 18.4±0.8 292.7±0.3 
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Electrolyte 

Et4NCI04 5.48

7.8 

11.5 

Pr4NCI04 6.0 

7.8 

11.0 

Bu4NCI04 6.42

7.8 

9.5 

Bu4NBF4 6.42

7.8 

10.5 

Table 14. Continued 

<l>v KA 

166.52±0.14 9.1±6.2 

166.52±0.16 13.0±7.8 

166.53±0.13 16.3±6.8 

238.75±0.02 7.5±1.0 

238.75±0.02 10.1±1.0 

238.76±0.02 13.4±0.8

307 .26±0.02 12.6±1.0 

307 .26±0.02 14.6±1.0

307 .26±0.02 16.5±1.0 

307.29±0.02 11.0±1.7 

307 .29±0.03 13.1±1.9 

307 .29±0.03 16.2±1.0 

<!>pair 

185.0±8.5 

181.0±5.0 

178.9±3.6 

256.0±1.5 

252.8±0.9 

250.5±0.3 

319.3±0.5 

318.3±0.4

317.6±0.3 

316.7±0.8 

316.1±0.7 

315.3±0.5 

in this case a good fit is not obtained due to the lower quality of the N al 

dilatometry results. These errors do not include the effect that the polynomial 

smoothing may have on the KA. To assess this effect a third order smoothing 

polynomial was put through some "exact" data. It was found that KA was only 

1.2 from its "correct" value. 

The similarity between these results and those of the two way fitting in 

Table 13 demonstrates that even without a specialized NLLSQ program, an 

estimate of KA at a particular value of a can be determined by a relatively simple 

PIT-MAPPING program. The ability of the third order polynomial to "smooth" 
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the data points was a striking feature of the data analysis and may be useful in 

other areas to render the data points much more tractable to the non-linear fitting 

procedures. 

0 

In general terms Tables 13 and 14 present well defined values of <l>v and

¢pair for eleven electrolytes in AN. The association constants are given with a

range of some ±25% from a middle value. Whilst this appears disappointingly 

imprecise at first sight, it would be generally conceded that the values of a 

responsible for that wide range in KA have been allowed to range very liberally 

indeed. Furthermore should better defined values of a emerge correspondingly 

smaller limits are placed on KA-

4.6 Discussion

The results in Tables 13 and 14 raise some interesting points: 

(i) Both Pr4NBr and Pr4NCl04 have association constants (for a particular

choice of a) lower than the corresponding Et4N+ and Bu4N+ salts, in conflict 

with some conductance results 100. 

(ii) Volume changes on ion-pairing for tetraalkylammonium salts are

generally in the range 8-18 cm3 moi-1 whereas the volume change for the 

formation of NaI, KSCN and NH4SCN ion-pairs ranges from 18-30 cm3 moi-1. 

<l>pair for NH4SCN appears to be determined rather precisely, at the expense of

0 

precision in <l>v , due to the large KA. The volume change on ion-pair formation

for LiAsF6 is rather small (6.6-6.8 cm3 mo1-l) compared with the other

electrolytes. 

(iii) Bu4NCl04 and Bu4NBF4 are of the same size (i.e. same ionic radii)
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and have similar values of <l>v and KA.

(iv) A comparison of the three NLLSQ Nal <!>pair results with the value

obtained by Glugla et. al. 109 of 33 .4 cm3 mo1-l for the volume change on

ion-pair formation in AN at 25°C (determined by conductance methods) shows 

general agreement at a contact distance value of 3.11 A.

The remaining but major question is the value that should be used for the 

ion size parameter. The present position is that one may arbitrarily choose 

between two or three points of view, further very precise experimental studies on 

apparent molar volumes may help in the resolution of this difficulty. 

4. 7 M&S04 Study

4. 7 .1 Introduction

To compare results of the above method for determining association 

constants from experimental apparent molar volumes with reliable literature K A's

and volume changes on ion-pair formation, it was decided to undertake 

dilatometry runs and PIT-MAPPING data analysis on a 2:2 electrolyte (MgS04) 

in water, this system being similar to a 1: 1 electrolyte in a solvent of dielectric 

constantllO about 20. 

4.7.2 <l>v Results

The dilatometry results for MgS04 in aqueous solution at 25°C are shown

in Figure 11 along with the dilatometry results of Glossop28. The raw data is 

tabulated in Appendix V. 

The linear least squares extrapolation to infinite dilution of the large 
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Fiirnre 11. <l>v vs c112 for MgS04 in H2o at 25 °C. Comparison between the

results of this study and Glossop2 8. Debye-Hiickel slope = 14. 94 
cm3 moi-3/2 dm3/2 shown dashed. 

dilatometer data gives a value of <1>/ = -7.12±0.05 cm3 mo1-l . This compares

well with previous 28, 1 l l  , l l 2 values of -7 .1, -7 .18 and -7 .0 cm3 moi-1.

4.7.3 Determining KA 

When changing from a 1: 1 electrolyte to a 2:2 electrolyte in the data analysis 

it is necessary that the correct factors are included in the activity coefficient and 

ionic strength equations and to note that the theoretical slope in the Debye-Hilckel 

equation (equation (7), section 1.3) is the value for the I 112 rather than the c112 

scale (i.e. 7.472 rather than 14.944). 

If it is assumed that <l>pair varies with the concentration of the km£ (see ref.

111) then equation (16a) is used. If it is assumed that <l>pair varies with the
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concentration of the ion-pair then equation (16b) is used. Both these equations 

require the use of an additional constant SP' the ion-pair equivalent to the

Debye-Hiickel theoretical slope for ions, ,Sv· 

If the same procedure for determining KA was followed as for 1 : 1

electrolytes in AN (i.e Sp = 0) no minimum SSQR could be found at reasonable

0 values of KA and <l>v . It was decided that since there was no way of estimating

Sp, which does not follow any limiting law behaviour111, it would be best to 

vary KA and Sp at estimated values of <l>v and at the contact and Bjerrum

0 0 

distances for a. Here we test the constancy of <!> pair relative to the <!> pair

calculated from the highest concentration data point 

4.7.4 KA Results 

The results of the PIT-MAPPING analysis using equations (16a) and (16b) 

for values of<!>/ predominantly -7.1 and -7.2 cm3 mo1-l and at a= 3.0 and 

14.3.A (Bjerrum critical distance) are shown in Table 15. 

The KA values range from 123 to 243 dm3 morl. The average KA for 

<!>/ = -7.1 and -7.2 cm3 morl is 176±30 dm3 morl (95% probability) which 

agrees with literature113 values of 161, 185, 201.6, 227, 212, 179 kg moi-1 and 

the more recent conductance-based value of Pethybridge 110, 167. 7 dm 3 mor 1.

The average <)>
0

pair obtained is -1.26±0.5 cm3 mo1-l, agreeing with

Millero'slll values of-1.4, -0.2 to -1.6, -1.3 to -2.5 and 0.0 to 1.1 cm3 mo1-l

obtained from the Debye-Hiickel equation and additivity (Na+ salts, K+ salts and 
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Table 15. 

"Best Fit" parameters as detennined by the PIT-MAPPING Method 

for aqueous MgS04 at 25 °C (a and 'Pv
O

are preset). 

0 

Program 4>v KA Sp q> pair SSQR 

l=3A 

Equation (16a) -7.3 213.2 16 -2.1 0.03 

-7.2 183.0 17 -2.0 0.06 

-7.1 141.5 19 -1.6 0.12 

-7.0 132.3 20 -1.8 0.33 
-------------------------------------------------------------------------------------------------

Equation (16b) -7.2 221.2 39 -2.0 0.11 

-7.1 200.7 43 -2.1 0.19 

l-= 14.3 A 

Equation (16a) -7.2 243.5 12 -2.7 0.02 

-7.1 158.8 9 -1.2 0.04 
-------------------------------------------------------------------------------------------------

Equation (16b) -7.2 140.0 8 0.6 0.02 

-7.1 123.2 8 0.9 0.04 

TT .. ; ..... "' 
0 

and"' . cm3 mor l. KA dm3 mor l . s cm3 mor3/2 dm3/2
� 't'y '+'pall"' ' ' ' P' 

combined Na+ and K+ salts) respectively. It also matches Fisher'sl 14 value for

the volume change on ion-pairing, 11 V ip = -7 .3 cm3 moi-1, obtained by direct

conductance measurements. 

The MgS04 case proved to be more complex than expected. Initially it was 

not thought that it would be necessary to vary 'Ppair with concentration to obtain

KA. The above general agreement for the more complex (relative to the AN 
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solutions) aqueous MgS04 case suggests that the work reported here to determine 

KA values solely by volumetric methods in non-aqueous solutions is well

founded. The volumetric procedure might well be possible for associations not 

involving ions, where conductance methods are inapplicable. 
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5, Temperature Ran2e Results 0
° 

-150
°

C 

5.1 Introduction 

0 

This chapter presents the expansimeter <l>v results for N-methylfonnamide

(0
° 
-125

°
C), fonnamide (25

° 
-100

°
C) and propylene carbonate (0

° 
-150

°
C) over their

respective temperature ranges. These three solvents were chosen mainly for their 

medium to high dielectric constants, wide liquid temperature range for vapour 

pressures less than 1 atmosphere and solubility of salts. Some physical properties 

are given in Table 16. 

Solvent 

NMF 

F 

PC 

Table 16. Physical Properties5 of NMF, F and PC.

D (25
°
C)

182.4 

109.5

64.4 

F.p. (
°
C)

-3.8

2.55 

'-48.8 

B.p. {
°
C) 

180.5

210.5

242 

0 

The temperature ranges chosen for the measurement of <l>v were limited not

by the boiling point but by possible decomposition at temperatures higher than 

those measured experimentally. The 25
°
C <l>v results given in Chapter 3

0 

demonstrate that at the lower temperatures at least, a linear extrapolation to <l>v is

satisfactory for most electrolytes in these three solvents. 
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5.2 Results 

5.2.1 Densities 

The densities, obtained by expansimeter, of the solvents over their 

respective temperature ranges are represented by the polynomial: 

p0 = A +BT+ cr2 + DT3 (17) 

where the temperature is in degrees Celsius and the coefficients are given in 

Table 17. 

Table 17. Coefficients for Equation ( 17). 

Solvent Temp. Range A 

NMF 0-125·c 1 .020989 

F 25-125·c 1.150014 

PC 0-15o·c 1.225933

Mesitylene 0-150
°
C 0.881381 

-8.7734

-8.3990

- 10.7714

-8.1577

1 .5557 

-0.9561

2.7947

0.2864

-1.446

-0.727

-1 .305

-2.107

The only literature data for the NMF density over a wide temperature range 

is that of Gopal et. az.115 who measured the density in 10
°
C intervals from 30°

C

to 90
°
C. The only coincident temperature is 50

°
C where their value is 8.7x10-4

g cm-3 higher.

Formamide densities are quoted by Della Monica61 over the range 25
° 
-80

°
C

but none of their measurements (except 25
°C, section 3.3.2) are at temperatures

coincident with this work. 

The values for the density of PC between o·c and 125
°
C can be compared

with literature results;however,there is no literature data for the density at 150
°
C.

By taking the difference between the 25
°C density and the density at other

temperatures the results can be intercompared. These differences are displayed in 
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Table 18. 

Casteel et.a/.14 measured the densities of PC and its solutions of Bu4NBr,

Bu4NI and Pr4NBr by pyknometer over the temperature range -50°C to 125°C.

These solution densities were not accurate enough to calculate precise apparent 

molar volumes;however,the PC densities are useful as a comparison. As can be 

seen from Table 18 the density differences relative to 25°C agree to better than 

1x10-3 g cm-3. Densities over the temperature range l0°C to 60°C are also 

available (Murrieta-Guevara et. az.116) where the 50°C density difference relative 

to 25°C varies by 0.0CX)85 g cm-3 from the present work. 

re 

0 

25 

50 

75 

100 

125 

Table 18. 

Comparison of Literature and Experimental PC Density Change 

Relative to 25°C. 

Ap(expt) 

-0.026775

0 

0.026547 

0.052989 

0.079450 

0.106050 

Ap(lit.74)

-0.02578

0 

0.02679 

0.05319 

0.07949 

0.10645 

Difference 

0.000995 

0 

-0.000243

-0.000201

-0.000050 

-0.000740

Ap(lit 116) Difference

0 0 

0.0274 0.000853 

The measured densities may not be correct absolutely but because we 

measure the solution densities by exactly the same method as the solvent density 

any systematic error will have no effect on the apparent molar volume. 
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5.2.2 Choice of Solutes
Due to the high solubility of many common salts in NMF, there was a large

range of electrolytes that could be studied in the expansimeter. The main limitation
was whether decomposition occurred at the high temperatures, as with LiCl and
KBr. The solutes for which temperature studies were carried out in NMF are

selection covers a wide range of solute types including 1: 1 and 2: 1 "common"
salts, 1: 1 and 2: 1 organic anion salts, 1: 1 organic cation salts of varying size and
an organic non-electrolyte.

The solutes studied in formamide were selected solutes from each of the
solute types studied in NMF; however , the non-electrolyte mesitylene was
immiscible with F and so could not be studied.

Due to solubility and reactivity restrictions PC expansimeter studies were

mesitylene. The tetraalkylammonium bromides were only studied up to l00°C
because at higher temperatures there was evidence of decomposition. A possible
sequence is shown below 117

Q ) � TBr
CH

3 

KSCN also showed signs of decomposition and was not studied above 25°C.
To overcome chemical instability problems and also the problem of limited

solubility of the common electrolytes, triflate salts were used. The sodium and
potassium salts were stable to 150°C;however,the barium salt was only measured
to 125°C because there were signs of possible solution decomposition at 150°C.
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0 . 

5.2.3 <l>v as a Funct:Ion of Temperature

N-methylformamide

A plot of <l>v
O 

vs T (relative to <l>v
O

at 0
°
C - Figure 12) for mesitylene shows

that <l>v 
O 

increases at a greater rate as the temperature increases. The results for the

two concentrations of mesitylene in NMF given in Appendix V show that within 

error the slope for a neutral molecule is zero over the entire temperature range. 

This gives an indication of the accuracy of the expansimeter. 

0 

The results for NaBr, NH4Br and KI (Figure 12), where <l>v decreases

over the entire temperature range, show how the change in <l>v
O 

with changing 

temperature is similar for similar types of ions. For these 1: 1 electrolytes <l>v
O 

decreases by about 8 cm3 mor l between 0
° 

and 125
°
C. As shown by Ellis8-12

for water solutions, the curve for Ba02 in NMF shows a much steeper negative

• 0 0 

trend m <l>v , as expected for a higher charged electrolyte, q,v decreasing by 29

cm3 moi-1.

The experimental Debye-Hiickel slope for Baa2 at 125
°
C is about 4 times

the value of the slope for NaBr and KI at the same temperature. This indicates that 

at 125
°
C ion-pairing is not significant for BaCl2. If one instead used the

theoretical factor 5.2 times the 1:1 slope from the experimental lower concentration 

point the estimate of <l>v 
O 

would not change significantly.

Hepler l 18 explains why a positive curvature indicates a structure-making

solute and a negative value indicates a structure-breaker. Literature data shows 

that alcohols and tetraalkylarnmonium salts are structure-makers while "common" 
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salts such as the group 1 and 2 chlorides and some organic molecules are 

structure-breakers in water. Our results indicate that mesitylene is a 

structure-maker and the common salts are structure-breakers in NMF. 

The results for the triflate salts (Figure 12) are surprising because they show 

0 

slight maxima in <l>v as the temperature increases. For NaCF3 S0 3 and

KCF3S03 there is a maximum in <l>v 
O 

between 50° and 75°C and then <l>v
O 

decreases gradually. The maximum is 1 .5-2.0 cm3 mor l higher than the 0°C 

value and <l>v gradually decreases to a value at 125°C that is approximately the

25°C and is only about 0.5 cm3 mo1-l higher than the 0°C q,/. Over the entire

experimental temperature range <l>v
O 

decreases by about 8 cm3 mor 1.

An explanation for these results is that the triflate anion is not causing much 

electrostriction due to its size and delocalization of the charge. Electrostriction is 

inversely proportional to the size of the ion according to the Drude-Nemst 

equation (equation 15, section 1.6) and so would be less for the triflate ion than a 

0 

smaller classical ion. There appear to be opposing "forces" governing <l>v of the

triflate salts. Firstly the cations are causing electrostriction of the solvent as in the 

case of the "common" salts. Secondly the triflate anions will be causing some 

electrostriction but probably not as much as the "common" anions (e.g. er, Br-, 

r) due to the larger size of the anion, delocalization of the charge and therefore

low surface charge density. Thirdly, opposing the volumetric contraction of 

electrostriction is the increase in volume as the temperature increases; the 

behaviour expected of a non-electrolyte (such as mesitylene). The latter may be 

due to the increase in the geometric volume of the organic anion and/or a change in 
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102 

the structure (and therefore increase in volume) of the solvent molecules around 

0 

the anion as the temperature increases. The increase in <l>v observed (0° -50°C) for

the 1: 1 triflates may be due to an increase in the intrinsic volume of the anion 

which is greater than the decrease in the volume due to electrostriction. This is 

possible if the compressibility (or Q; (1/D)(olnD/dP)T, see Chapter 6) of the

solvent does not change greatly at lower temperatures. At the higher temperatures 

where the compressibility ( or Q) of the solvent increases more rapidly, the 

0 

electrostriction is more dominant and thus <l>v decreases. For the 2: 1 triflates the

bivalent cation should increase the electrostriction to about 4 times that of the 

univalent cation (Ve is proportional to the square of the ion charge according to the

0 

Drude-Nernst equation) and so <l>v begins to decrease at lower temperatures

despite the presence of the two triflate anions. 

The tetraalk:ylammonium bromides show similar types of curves to the 

triflates but to different degrees. Instead of an organic anion there now is an 

0 

organic cation that is larger than the triflate ion. As can be seen from the .1<l>v vs

T graph (Figure 12) the larger the alkyl groups then the larger the increase in <l>v
0 

as the temperature increases indicating that the increase in intrinsic volume due to 

temperature is related to the size of the ion. The R4NBr's have negative values of 

(<12<1>v 
0

tcn2)p indicating that there is some electrostriction, perhaps mainly by the 

bromide ion, and so structure-breaking of the solvent. 

Formamide 

The expansimeter results (25° -100°C) for all electrolytes studied in



formamide are shown in Figure 13 (the raw data is tabulated in Appendix V). For 

0 

convenience, <l>v is shown relative to the 25 °C value.

0 

For the 1: 1 "common" salts <l>v decreases steadily, without the maximum in

the 50°C region as Gopal 18 observed for KI. For BaCl2, <t>/ decreases as

expected, much more rapidly than KI or NaBr. The triflate salts show a similar 

trend to that observed in NMF; <l>v
O 

increases slightly with temperature and begins 

0 

to decrease at the higher temperatures, the difference in <l>v between 25° and

l00°C being 1.9 and 0.8 cm3 moi-1 for potassium and barium triflate respectively.

The results for the tetraalkylammonium bromides are as in NMF; for greater alkyl 

length <l>v increases more with increasing temperature.

In the case of the triflate and tetraalkylammonium bromide salts there are 

opposing "forces", as described above, but also applicable in the case of the 

formamide solutions. The triflate anions and R4N+ cations may cause some

electrostriction but due to their larger sizes not as much as "common" ions. As the 

temperature increases the structure of the solvent around the organic ion changes 

(or becomes more extensive relative to the bulk solvent), and so a volumetric 

increase which is more dominant than the volume decrease caused by 

electrostriction. For the smaller (and hence lower surf ace area than the R4N+

salts) triflate ions the solvent structure of fewer solvent molecules is affected and 

so at the higher temperatures where the solvent is more compressible ( or Q is 

greater) electrostriction becomes more dominant. For the large 

tetraalkylammonium salts the volumetric effect of electrostriction is small relative 

to the volume increase caused by the solvent structural change around the ion. 
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Propylene Carbonate 

• 0 

The expans1meter results of the temperature effect on <l>v for the PC

solutions in the temperature range 0
° 
-150

°
C are shown in Figure 14.

There appears to be two classes of solutes; the tetraalkylammonium salts 

and mesitylene where <l>y 

O 

increases with temperature and the triflates whose <l>v
O 

decreases over the temperature range 0
° 
-150

°
C. These results suggest that the 

tetraalkylammonium ions cause relatively little electrostriction of the solvent due to 

the shielding of the charge on the central nitrogen atom by the alkyl chain. As the 

0 

temperature increases <l>v of Bu4NBr increases at a greater rate than Pr4NBr

suggesting that as the chain length and hence the surface area increases there is 

more structuring of the solvent around the cation. 

The sodium and potassium triflate curves in Figure 14 again illustrate that 

electrostriction is the same for similar types of electrolytes. The greater decrease 

in <l>v
O 

for Ba(CF3S03)2 confirms Ellis's8-12 observation that electrostriction is

governed by electrolyte charge. Unlike the results observed for NMF and F <l>v
O 

of the triflate salts decreases over the entire temperature range. From this 

observation one concludes that the compressibility ( or Q) of PC increases at a 

greater rate with temperature than that of NMF or F and so electrostriction is 

dominant over the range 0
° 
-150

°
C. It is possible that there is a maximum in <l>v

O 

at 

temperatures below o·c.

The experimental Debye-Hiickel slopes for NaCF3S03 and KCF3S03 are 

approximately the same ranging from about 4 to 18 cm3 kgl/2 moi-3/2 between

0
°
C and 150

°
C. For the 2: 1 electrolyte, Ba(CF3S03)2, the value of <l>v

O 

decre�es 
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12 cm3 mo1- l between 0°C and 125°C. The slope increases from 11.6 to 31. 9 

cm3 kgl/2 moi-312 which is only 3 to 2 times the experimental 1:1 slope at 0°C

and 125°C respectively. Theoretically this factor should be 5.2 indicating that 

there is a significant amount of ion-pairing for Ba(CF3S03)2. By taking the

average slope of N aCF3S03 and KCF3S03 at each temperature and multiplying 

0 • by 5.2 we have selected a slope to extrapolate to <l>v from the lower concentration

T 

0 

25 

50 

75 

100 

125 

0 

Table 19, Recalculation of <l>v (0°-125°C) for Ba(CF3S03)2 in PC.

Ave. 1:1 slope 

3.96 

5.38 

7.39 

9.09 

11.43 

14.89 

Ave.x5.2 

20.62 

28.00 

38.43

47.27 

59.44 

77.43 

cl>
y 

current 

141.4 

140.06 

138.53

136.07 

133.25 

129.32 

<l>v recalc.

139.0 

136.6 

133.1 

129.4 

124.5 

117.2 

Table 19 shows the results of the extrapolation using only the lower 

concentration expansimeter data. One promising feature is that the recalculated 

value for <l>v
O 

at 25°C is only 0.2 cm3 mo1- l from the value obtained by 
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dilatometry. 

Mesitylene 

The density of undiluted mesitylene was measured with the expansimeter 

0 

over the temperature range 0
°
-150

°
C to compare its molar volume, V m' with its

0 

C?v in NMF and PC. The results (see Appendix V) show that over the entire

0 

temperature range V m and C?v are closely matched with the largest difference

being only 2.2 cm3 moi-1 at 150
°
C indicating that the type of solvent has only a

0 

small effect on C?v of non-electrolytes.
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6. Temperature Ran2e Results: Discussion

6.1 Introduction

In this chapter the relationship between electrolyte c!>v 
O 

and isothermal

compressibility, KT for single solvents (water, methanol, propylene carbonate, 

N-methylformamide and formamide) over a range of temperatures will be

discussed, utilizing new information secured in the experimental sections.

Bottomley and Glossop27, using Ellis's8-12 experimental data, showed the 

linear relationship between c!>v and KT for 1: 1 and 2 : 1 electrolytes in aqueous

solution over the temperature range 75 °-200°C. Grant-Taylor's 14 results for 4>v
O 

of NaCl in aqueous solution over the temperature range 175° -350°C qualitatively

support the observation of its relationship to the solvents compressibility. 

To study the relationship between 4>v 
O 

and KT it is first necessary to

determine KT for NMF, F and PC over the same extended temperature ranges at 

0 

which 4>v was measured, because much of this basic data is unavailable in the

literature. In addition to measuring KT by piezometer, the densimeter has been 

used to determine KT of various solvents at 25°C and literature adiabatic 

compressibilities have been converted to isothermal compressibilities for 

comparison. 
The isothermal compressibility can be calculated from the adiabatic 

compressibility, which is usually obtained from velocity of sound measurements, 

if the heat capacity and thermal expansivity of the solvent is known. For instance 

the adiabatic compressibility of formamide 119 is available up to approximately 
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100
°C, but no heat capacity or thermal expansivity data is available over this 

temperature range. Details for calculating isothermal compressibilities from 

adiabatic compressibilities are now given. 

6.2 KT Results 

6.2.1 Calculation of KT from Ks

The isothermal compressibility of a solvent can be calculated from its 

adiabatic compressibility using the heat capacity and thermal expansion coefficient 

of the solvent by the equation:120

KT = K
8
+(ap 

2VT/Cp) ( 18) 

where KT = the isothennal compressibility (bar-1)

Ks = the adiabatic compressibility (bar-1) 

ap = (dlnp/dT)T = thermal expansion coefficient (K-1) 

v = molar volume of the solvent (dm3 mo1-l) 

T = absolute temperature (K) 

cP = isobaric molar heat capacity (J mor 1 K- 1)

If the ultrasonic velocity has been measured, the adiabatic compressibility can be 

calculated from the equation: 134 

where p = density (kg m-3) u = ultrasonic velocity (m s-1) 

Ks= adiabatic compressibility (Pa)

Some literature values of the adiabatic compressibility have been used to 

calculate isothermal cornpressibilities at 25 °C. These are given in Table 20 along 

with the ap and � values used in the calculations.
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Solvent 

AN 

F 

F 

NMF 

NMF 

PC 

Table 20, Values used in Equation (18) to calculate KT at 25
°

C .  

78.84 [120] 91.06 [120] 1.3721 [121] 

32.33 [119] 107.9 [122] 0.749 [68]

35 [123] 107.78 [124] II II 

48.87 [125] 122 [126] 0.875 [125]

II 126.1 [127] II II 

40.08 [128] 255.4 [129] 0.8887 *

* = calculated from the results of this study 

6.2.2 Densimeter Results 

112 

111.4 

38.6 

41.19 

59.89 

60.26 

47.93 

The isothermal compressibilities of thirteen liquids at 25
°

C were measured 

with the densimeter. The results are given in Table 21. Some literature values are 

approximate because KT at 25
°

C had to be interpolated linearly from the

compressibilities at temperatures above and below 25
°

C. Some values given in 

Table 21 for the literature isothermal compressibility were calculated from the 

adiabatic compressibility using the solvent's heat capacity and thermal expansion 

coefficient (see Table 20). By comparison with the literature values it can be seen 

that the compressibilities measured by densimeter are generally reliable within the 

likely error ranges. 

The liquids of special interest to this study are AN, NMF, F and PC. The 

densimeter result of (48±3)x10-6 bar-1 for PC is much lower than the 60x10-6

bar-1 obtained by Dack et. at.34 but agrees well with the piezometer values



Table 21. 

Literature and Experimental Densimeter KT of various solvents at 25°C.

Liquid Quality Expt. KT Lit. KT (25°C)

106bar-l

Methanol L.R. 124±4 124.8a 126.3b

Me thanol L.R. 128±4 

Ethanol L.R. 115±4 115.3a 114.9b

n-Butanol purum >98% 95±5 94.2a 94.lb

n-Hexanol L.R. 85±5 83.6a

n-Hexane puriss 173±5 166.9c 170.6b 160.6d 171.4e 

Cyclohexane A.R. 112±4 112.of 114.g 112.5h 113.01,J

Ether Distilled 198±5 197 k.l

Acetone L.R. 131±4 128.6k,m

Dichloromethane L.R. 99±2 97.4n,o

Ethyl acetate L.R. 121±4 118.4k,l

Acetonitrile puriss >99 .5 % 113±5 103 P 106 P lll.4q 

Acetonitrile L.R. 112±5 106.6r

·pc purum >99% 48±3 6or 47.9q

NMF purum >99% 59±3 59.9q 60.3q 

NMF L.R. 60±3 

a=ref. 35, b=ref. 49, c=ref. 130, d=ref. 131, e=ref. 132, f=ref. 133, g=ref. 134, 

h=ref. 135, i=ref. 136, j=ref. 137, k=interpolated, l=ref. 30, m=ref. 138, n=high 

pressure, o=ref. 120, p=ref. 139, q=calculated (see Table 20), r=ref. 34
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(section 6.2.3) and the isothermal compressibility of PC calculated from 

H0iland's128 adiabatic value. The measured AN KT is just within the error limits

of Dack's result however it is higher than the value given by Luhrs and 

Schwitzgebel 139. The densimeter values for NMF agree with the calculated 

values. The densimeter appears to be a relatively quick and accurate method of 

determining the isothermal compressibility at 25°C, at least for exploratory work. 

Precise values of KT require exceptionally refined experimental techniques47 that

were not available here. One such method is that described in McCullough140

where the isothermal and adiabatic compressibilities of a liquid are measured 

simultaneously by a piezometric technique so that heat capacities can be calculated. 

6.2.3 Piezometer Results 

The isothermal compressibility was measured over a wide temperature range 

for PC and mesitylene (0°-150°C), NMF (0°- 125°C) and F (25°- 125°C) and for 

N-methylpropionamide (NMP) at 25°C only. The raw data is shown in Figure 15.

These values are compared with literature data, where available, in Table 22. 

As can be seen from the data in Table 22, the measured value for PC at 25°C 

is just within error of the densimeter value. The isothermal compressibility of PC 

was measured twice near 25° and 50°C with the piezometer giving reproducible 

results. The slightly high piezometer values may be due to the liquid creeping past 

the mercury slug as the pressure is applied. The values for NMF and F agree with 

the literature results. It appears that a method of determining KT over a wide

temperature range with sufficient accuracy for our purpose has been developed. 

The experimental isothermal compressibilities can be represented, within the 

limits of experimental error, by the polynomial 

(19) 

where the coefficients A, Band C are given in Table 23 with the temperature in 

degrees Celsius. 
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Table 22, 

A Comparison of Piezometer and Literature KT for various Solvents.

Solvent Temperature 

PC 25
°
C 51.8±1.6 48±3 60b 47.9

c

NMF 25
°
C 60.8±1.8 60±3 59±3 59.9c 60.3c

F 25
°
C 40.3±1.4 38.6c 41.2c 41.l

d
39.9e

F 50
°
C 44.0±1.5 43.5e

NMP 25
°
C 72.6±2.0 

a= densimeter results unless otherwise stated, b = ref. 34, c = calculated

from Ks (see Table 20), d = ref. 68, e = ref. 141.

Table 23. 

Coefficients for Equation (19) for Solvents studied in the Piezometer. 

Solvent A B c Temp. range

PC 46.14 0.19774 1.1713x10-3 o·-1so·c

NMF 53.77 0.26298 7.445xlo-4 0
°
-125

°
C

F 37.11 0.11451 4.7978xlo-4 25
°
-125

°
C

Mesitylene 77.69 0.19348 4.445xio-3 0
°
-150

°
C

Literaturea KT 
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0 

6.3 iv versus KT Results

Sufficient information has now been marshalled to address the primary 

0 concern of this thesis: what is the dependence of electrolyte c!>v on solvent

isothermal compressibility, both quantities being temperature dependent 

6.3.1 N-methylformamide 

A plot of c!>v 
O vs K;, Figure 16, for the common salts in NMF shows a

good linear relationship with differing slopes for different charge types. All four 

salts show some curvature concave downwards but still have correlation 

coefficients of better than 0.98. The 2: 1 electrolyte slope is 4.2 times the average 

1:1 slope of -0.15x106 cm3 mo1-l bar. The linearity of c!>v
O to KT further 

reinforces the relationship of the solvent compressibility to electrostriction. 

6.3.2 Formamide 

0 When c!>v for the "common" salts is plotted against the isothermal

compressibility of formamide, Figure 17, over the temperature range 25° -100°C a 

good linear relationship is obtained. The slopes are -0.12x106, -0.15x106 and 

-0.78x106 cm3 moi-1 bar for KI, NaBr and BaC12 respectively. The ratio of the

2:1 slope to the 1:1 slope is 5.8 which is larger than the corresponding ratios of 

4.2 and 3.3 for NMF and PC respectively. 

Although the isothermal compressibility of formamide changes only 

13.5xto-6 bar-I over the entire temperature range of 25°-l00°C the linearity

confirms the significance of KT· 
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6.3.3 Propylene Carbonate 

A plot of q>v 
O 

vs KT for the triflate salts in PC (Figure 18) shows there is a

good linear relationship with a steeper slope for the higher charge types. The 

correlation coefficients are better than 0.98 despite slight curvature concave 

downwards for KCF3 S03 . The slopes of the linear least squares fit are 

-0.17x106, -0.15x106 and (-0.27±0.0l)x106 cm3 moi-1 bar for potassium,

sodium and barium triflate respectively. When the "recalculated" Ba(CF3S03)2

data (from Table 19) is plotted against KT a straight line is again obtained with a

slope of -0.51xl06 cm3 moi-1 bar. The ratio of the 1:1 slopes to the

"recalculated" 2 :1 slope is 3.2 which is similar to the ratio when Ellis's data is 

plotted27 against KT but lower than the ratios for NMF and F.

Ellis 10 pointed out that for his extrapolation to infinite dilution for 2: 1

electrolytes he may have a systematic error of about 2 cm3 mor 1 because his 2: 1

slopes were only about four times the 1: 1 slopes. It has been shown here in Table 

19 such a systematic error is not so in our case. By plotting the recalculated <l>v
0 

values from Table 19 against KT a steeper slope is obtained than for <l>v 
O 

from the

two point extrapolation. This proves that although our two point extrapolation for 

Ba(CF3S03)z can give an unacceptably high <l>v
O 

(e.g. 12 cm3 mo1-l at 125°C) 

0 

the general trend of <l>v vs KT still appears to be the same which is satisfactory for

our needs. 
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6.4 iv versus KT 1scuss1on

6 .4. 1 Slopes 

The linear relationship of 4>v vs KT established c learly for the three

solvents is now further analysed by comparing values of the slope and intercept. 

The intercept, where KT = 0, may give an estimate of the intrinsic volume of the 

electrolyte in a particular solvent. The value of the slope would be related to the 

ability of the solvent to be electrostricted. 
The Drude-Nernst equation (equation (15)) which is an approximation and 

serves only for large isolated ions 1 suggests that for a particular electrolyte the 

0 

change in c!>v between two temperatures is proportional to the change in Q,

[( 1/D)(olnD/oP)T], for the solvent. The experimental results of the temperature 

studies indicates that KT is proportional to Q.

Of the solvents studied here and previouslyS-12,142 Q and KT data over a 

wide temperature range are only available for water and methanol and for 

formamide over the limited temperature range of l0°-45°C. Helgeson's143 data of 

D, (olnD/aP)T and KT for water over the temperature range 50° -350°C show a 

curved relationship, with the data over the range 50° 
-200°C showing a very good

linear relationship between Q and KT with a correlation coefficient of 0.999, 

Figure 19. For methano1144-146 where the data is less reliable there is a linear 

relationship over the temperature range 10° -75°C and a distinct curvature between 

10° and 1 l0°C. When the data ofFranck146 is omitted an excellent linear fit of the 

data between 10° and 50°C is obtained with a slope (0.070) similar to that of water 

(0.072) over the temperature range 50°-200°C. Dunn and Stokes68 have 

measured the pressure dependence of the dielectric constant of formamide at 1 o·,

25° and 45°C and although this is not a large enough temperature range to test the 
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linearity between Q and KT it should at least give an estimate of the slope. The

slope obtained (0.031) is less than half that of water and methanol. 

0 

The only electrolyte whose <l>v has been measured over a wide temperature

range in all three solvents water10, methano1142 and formamide is Kl. A

0 

comparison of the slopes of <l>v vs KT shows that they have the ratio 1 : 2.1 : 2.3

compared to the Q vs KT slope ratio of 1 : 2.3 : 2.3 for formarnide : water : 

0 

methanol. For NaBr in formarnide and water the ratio of the slope of <l>v vs KT is

1 : 2.1. For BaClz the ratio is only 1 : 1.3 no doubt due to the steep slope for 

BaCl2 in formarnide relative to the 1:1 electrolytes.

0 

The linearity between Q and KT indicates that in plots of <l>v vs KT one

0 

may in effect be plotting <l>v vs Q and the differing slopes for a particular

electrolyte in various solvents is a measure of the change in Q for these solvents. 

The curvature seen in the NMF <l>v 
O 

vs KT graph suggests that the relationship

between Q and KT is not linear but slightly curved over the temperature range 

o·-12s·c.

6.4.2 Intercepts 

According to the Drude-Nernst equation, electrostriction should be zero 

when KT, (olnD/olnp )T or Q are zero. The apparent molar volume of an

electrolyte without any electrostriction is equal to the intrinsic volume. 

The plots of Q vs KT for water, methanol and formarnide do not pass

through the origin. In all three cases the intercept is at negative values of Q. If the 
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relationship continues to be linear at low values of KT then the intrinsic volume of 

an electrolyte will be at the compressibility at which Q is zero. On the otherhand 

the linear relationship may not hold with the line curving towards the origin. 

0 Table 24 shows the intercepts of c!>v vs KT at KT= 0 and Q = 0 for various

electrolytes. 

0 Table 24. Slopes and Intercepts of c!>v vs KT Plots for

Electrolytes in several Solvents. 

Electrolyte Solvent Slopea Interceptb

0 

Q=Oc
c!>v vs KT KT=O 

KI water -0.25 60.2 51.7 

methanol -0.28 57.3±2 46.6 

fonnamide -0.12 55.1±0.7 52.0 

NMF -0.15 55.2±1.3 

NaBr water -0.31 41.2 30.7 

F -0.15 34.3±0.6 30.4 

NMF -0.16 37.0±1.4 

Nf4Br water -0.28 58.2 48.7 

NMF -0.15 50.3 

BaCI2 water -1.04 74.7 40.0 

F -0.78 69.4±1.2 49.4 

NMF -0.63 74.4±2.9 

� a= 10-6 cm3 moi-1 bar, b = cm3 moi-1

c = calculated from 50° -200°C Q vs KT slope for water and 10° -50°C Q vs KT 

slope for methanol. 
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The results in Table 24 show rather consistent values of the intercept in 

most cases for KT = 0 and Q = 0. The intrinsic volume is not expected to be the

same in different solvents due to the effect of the solvent molecule size on the void 

space volume. Unfortunately there are no "accepted" values of the intrinsic 

volume to compare these with in order to determine which, if either, method is 

correct 

6.5 Summazy 

0 

The temperature dependent <l>v values given in Chapters 5 and 6, as well as

firmly supporting linearity of <l>v versus KT, give an overview of the behaviour

of different types of solutes in different solvents. The type and size of the ions or 

solute molecules appears to affect structure of the solvent around the solute. 

Different types of electrolytes can be classed as predominantly structure-making or 

structure-breaking solutes by the shape of the <l>v
O 

versus temperature curve. For 

0 

structure-breaking solutes where electrostriction is dominant�lf>v is proportional to

the solvent's isothermal compressibility with differing slopes for different charge 

types. The presently available literature data for Q as a function of temperature for 

three solvents indicates that Q is proportional to KT and hence <!>/ confirming the

validity of the Drude-Nernst equation. 

6.6 Future work 

The expansimetry technique used in these experiments could be applied to 

obtain more information about how <l>v 
O 

changes with temperature for different

types of solutes and in additional solvents. Studies on non-electrolytes of varying 

0 



shapes and sizes, particularly those structurally related to ionic species will assist 

in evaluating the electrostriction component of large ions such as the 

tetraalkylammonium cations. 

Supplementation of the literature data on the pressure dependence of the 

dielectric constant and the isothermal compressibility of different solvents over a 

wide temperature range may be of use in this field and to other workers in the 

investigation of physical properties of liquids. This additional data would help to 

determine whether Q is proportional to KT over a wide temperature range for all 

solvents. 

Another related area of study is the investigation, substantially developed by 

0 

other workers, into <Pv for particular electrolytes in various solvents at 25
°

C. If

0 

the linear relationship between Q and KT holds for different solvents, then <Pv for

a particular electrolyte at 25
°

C will not be proportional to KT but will be dependent 

on how KT varies with Q for each solvent. 

The use of dilatometry to evaluate association constants and ion-pair

volumes may provide much needed information on types of ion-pairs and ion-pair 

solvent interactions. 
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Appendix I 

SULPHUR DIOXIDE STUDIES 

I. l Ap_paratus

The densirneter and associated apparatus for S02 handling is shown in 

Figures 20-24. Figure 20 shows the S02 store and Figure 21 shows the S02 

distillation line. The "pipette" is shown in detail in Figure 22 and in Figure 24 as 

attached to the densirneter apparatus. Figure 23 shows the pressure application 

system. The tubing used was standard stainless steel 0.318, 0.635 and 1.270 cm 

I.D. tubing, the taps were Nupro pressure valves, Swagelok fittings were used to

connect the various parts of the apparatus, the stainless steel pressure vessels were 

rated at 12.5 MPa and high density Teflon tape was used to make a seal between 

the pressure vessels and their screw in plugs. 

I.2 S02 Transfer

I.2.1 Cylinder to "Store"

The 1 litre ttstore" (Figure 20), which contained 80 g of predried 3A 

molecular sieves, was evacuated and then cooled in ice-water. It was placed on a 

balance (10 kg max.) and then connected to the S02 cylinder (CIG Industrial 

Grade) by a long flexible piece of0.318 cm stainless steel tubing connected to tap 

1. Care was taken to ensure that the stainless steel line did not exert any undue

pressure on the "store" because this would affect the apparent weight of the

"store" as S02 is being delivered into it The increase in weight of the "store"

(±lg) can be seen on the balance as the S02 is condensed in through tap 1. It was

occasionally necessary to improve the condensation rate by releasing air, which 

originally comes from the S02 cylinder, from the "store" by turning off tap 1 and 
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opening tap 2 . When tap 2 was opened, there was a sudden release of pressure 

which quickly dies away until there was a "bump" as the liquid S02 boils at the 

lower pressure. The transfer is stopped after about 400 g of S02 has been 

transfered to the"store". A fusible plug [0.318 cm stainless steel tube sealed with 

Wood's metal (melting point=70°C)30] is screwed into the end of tap I which is 

then opened as a safety measure in the case of fire (70°C= 15 bar so2 pressure3°>. 

As the "store" returns to room temperature after the S02 transfer, the pressure 

gauge should read approximately 3 bar. 

I.2.2 "Store" to Distillation Line

The distillation line, shown in Figure 21, was evacuated via "E" with trap D 

in liquid air. To transfer S02, the "store" was placed on the balance and "A" was 

connected to tap 2. Liquid air was placed around trap B and taps 2 and 3 opened 

slightly to allow S02 to condense in trap B slowly. The transfer of 50-60 g so2

takes 20-25 minutes. Liquid air was placed around trap D and the distillation line 

evacuated for about 5 minutes to remove any air that had been transfered from the 

"store". The S02 was transfered to trap C by removing the liquid air from around 

trap B and placing it around trap C, the solid S02 subliming slowly as trap B 

comes to room temperature in the air. This takes approxiamately 2 hours. By 

doing this slowly the possibility of air being trapped in solid S02 is minimized. 

I.2.3 S02 Gas Density

The purity of the S02 was checked by measuring the density of the vapour 

at one atmosphere pressure by connecting "A" on the distillation line to a stainless 

steel line leading to the densimeter. The calculated value of the so2 vapour 

:I: 
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density is 2.66S6x10-3 g cm-3 at 25
°
C and 760 mm Hg using the second virial 

coefficient B = -425 cm3 mole-1 obtained by interpolation from the data of Kang

et. az.14 7. The vapour density usually obtained (corrected to the standard

conditions) was 2.662x10-3 g cm-3, which means the vapour is 99.8% S02

assuming the impurity is N2, Using the value for the Kuenen coefficient obtained 

by Dean and Walls82 the liquid S02 is calculated to contain not more than 0.0004

mole percent nitrogen. 

l2.4 Distillation Line to Pipette 

H a solution was to be made, the appropriate amount of purified, solid 

electrolyte was weighed into a small stainless steel electrolyte holder (Figure 22). 

This was placed into the 75 cm3 stainless steel pressure pipette through opening

"H' by unscrewing the top plug of the pipette. The easy to weigh electrolyte 

holder also prevents any of the solid from falling into the stainless steel tube 

between the vessel and tap 7. The top plug was then screwed into place (using 

Teflon tape to obtain a seal) and the pipette was evacuated through tap 7. The 

evacuated pipette was weighed and then cooled in ice-water. The pipette and 

distillation line were connected at "G" and "A" respectively (Figures 21 and 22) 

and tap 6 opened. The pipette was again evacuated through tap 7 to remove the air 

in the stainless steel tubing between taps 3 and 6. Tap 3 was opened to allow S02

from the distillation line to condense in the pipette. When so2 transfer was 

complete (15-20 minutes to transfer the 50 g S02 in the distillation line) tap 6 was 

closed and the pipette was roughly weighed to ensure that the correct amount had 

been transfered. Should the pipette be accidently overloaded its contents must be 

discharged to waste before any significant warming occurs. The pipette was tilted 

back and forth to dissolve the electrolyte. When the outside of the pipette had 

dried (left overnight) it was reweighed to determine the exact amount of S02 and 
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hence the gravimetric composition of the solution. 

1.2.5 Pipette to Densimeter

It was necessary to connect the pipette to the apparatus associated with the 

densimeter (shown in Figure 24) to enable the liquid S02 to be introduced into

densimeter at an accurately known constant pressure and without any solution of 

nitrogen in the liquid S02, This was achieved by pressurizing the liquid S02 via 

a mercury surface in vessel I to prevent the nitrogen from dissolving in the liquid 

The pipette was connected to the densimeter apparatus as shown in Figure 

24. Tap 9 was closed and 74 cm3 of mercury was added to vessel H. Tap 11

was closed and the line between taps 8 and 13 was evacuated for at least 2 minutes

(at this stage vessel I and the pipette ·contain no mercury). Mercury was allowed

to run slowly down to tap 10 and 76 cm vertically up the line towards tap 8. Tap

8 was then opened to the air. Tap 10 was opened slowly to allow mercury into

vessel I and down the stainless steel line to tap 13. A final "click" indicates that

the mercury had reached tap 13. The line between taps 14 and 15 was evacuated

through 'T' and then S02 vapour was allowed up to tap 15 by opening tap 14.

The line was then connected to the densimeter at "I". Tap 10 was closed and tap

11 opened so that 6 atmospheres pressure (gauge) can be applied to the mercury in

vessel I. Tap 13 was opened to allow mercury pressurized at 6 atmospheres into

the pipette; at this point the vapour phase in the pipette was eliminated. Tap 15

was then opened to allow liquid S02 into the densimeter and up to tap 16. Care

must be taken to ensure that the N2 pressure was kept at about 6 atmospheres 

(gauge) but a precise measurement of the pressure in the densimeter was required 

(see later). The first set of measurements could be made when thermal equilibrium 

in the densimeter was reached. 
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I.2.6 Taking an Aliquot 

The stainless steel tubing between taps 16 and 17 has a volume of 2.49 

cm3. This section of the line can act as a release pipette. To take a trial sample of

S02 solution (an aliquot) tap 16 is opened to allow liquid so2 up to tap 17. This 

moves 2.49 cm3 of liquid S02 through the densimeter. For subsequent aliquots,

tap 18 was closed and tap 17 was opened slowly so that the liquid can evaporate in 

vessel K and raise the pressure in cylinder L as shown by the manometer as a 

means of monitoring the flow of S02 solution. The manometer has been 

calibrated so that tap .17 could be closed when the pressure reached that equivalent 

of a half or one aliquot. The S02 vapour in cylinder L could be released into the 

fume cupboard by opening tap 18. Usually two aliquots were taken before the 

density had stabilii.ed and then another 4-5 aliquots were taken for verification. 

I.2. 7 Removing the Pipette

Care was taken at this stage to avoid locking off liquid S02 in the 

densimeter (where expansion of the liquid could rupture the vibrating reed) or 

passing mercury through the densimeter. To remove the pipette safely the 

following operations were essential. Tap 17 was opened slightly to release liquid 

S02 slowly and then tap 14 was quickly closed to prevent mercury from entering 

the densimeter. Tap 17 was opened fully to allow the liquid so2 in the densimeter 

section up to tap 14 to evaporate. Tap 13 was closed and the N2 pressure was 

lowered to about 50 k:Pa (gauge). Tap 11 was closed and tap 13 opened to allow 

liquid SOz in the pipette to form (for the first time) a vapour space with the 

resulting pressure forcing some mercury out of the pipette and back into vessel I. 

Taps 12 and 13 were closed so that the pipette could be safely removed for 

emptying in the fume cupboard. Mercury was removed from vessel I by opening 



tap 12 and collecting the mercury, which is being forced out of vessel I by the N2

pressure, at "F'. Any remaining mercury can be removed by blowing air through 

tap 8. The pipette, all stainless steel lines leading to the densimeter and the 

densimeter measuring cell were thoroughly washed with ethanol to remove any 

traces of the electrolyte. 

Safety Wamin�: In vessel K and in the pipette there will be residual 

concentrated solutions or S02:-wet salts which slowly evolve S02. 

I.3 Corrections

The density of the liquid S02 solution in the densimeter is sharply affected 

by the pressure applied to it. The various correction factors are: (i) the hydrostatic 

head created by different levels of mercury in the pipette and vessel I, (ii) the 

hydrostatic head of the liquid S02, (iii) changes in atmospheric pressure at the 

open end of the mercury column manometer, (iv) variations in the pressure applied 

deliberately and measured on the 4.7 metre Hg column. 

Assuming that the levels of mercury in the pipette and vessel I remain in the 

cylindrical sections, the hydrostatic head due to the different mercury levels, Hn, 

can be calculated (using vessel and stainless steel tubing geometry details) from 

Hn = 11.246- 0.1722 Mso2 + 0.6n (cm Hg)

where Mso2 is the original mass of so2 in the pipette and n is the number of

aliquots taken. The hydrostatic head due to the liquid S02, Hs, can also be 

deduced from 

Hs = 2.01 - 0.0086 Mso2 + 0.03 n (cm Hg)

The manometer mercury column was corrected to 0°C by the equation: 

Hcorr = H (1 - 1.814 x 10-4 t )  x 0.9987 (cm Hg)

where H is the observed height of mercury at mean temperature t degrees Celsius 
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and Hcorr is the corrected height of mercury at 0°C and Standard acceleration due

to gravity. The value 1.814 x 10-4 degree-1 is the mean expansion coefficent of

mercury calculated from its density at 0°C and 25°C. The mean temperature of the 

manometer was measured by 3 equally spaced thermocouples. The value 0.9987

is the ratio of the local value for acceleration due to gravity to the standard value 

i.e. 9.7939/9.80629. 

The observed barometric pressure, BP(UC), needs to be corrected for 

thermal expansion of the brass scale, mercury density correction and the local 

gravity effect. These are sufficiently accounted for by 0.4 cm in the equation: 

BP corr = BP(UC) - 0.4

where BP corr is the corrected barometric pressure.

(cm Hg) 

For convenience, the total corrected pressure on the liquid S02 solution in

the densimeter can be given by the equation: 

PTotal = H [ 1-1.814 x 10-3 t] x 0.9987 + BP(UC) -9.64 +

0.1636 Mso2 - 0.57 n (cm Hg)

The densimeter readings were then corrected (over ±2 cm Hg range) to 532 

cm Hg total pressure using the value 3.3 x 10-6 units/cm Hg on the densimeter

20K counting scale. 

Care must be taken to ensure that the mercury levels remain in the 

cylindrical portions of the pipette for the previous equations to be valid and that the 

risk of mercury entering the densimeter unexpectedly is avoided. Before 

measuring any densities, it is therefore important to calculate the number of 

aliquots that can be taken before the mercury levels move out of the cylindrical 

sections of the vessels. Here, 

nmax = 0.29 Mso2 - 5.69

but in practice two aliquots were left in reserve. 

ji 
:I 
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I.4 Precision 

The error in the measured densities due to a temperature variation of ±1 mK 

is estimated to be ±2 x 10-6 g cm-3. The mercury manometer is estimated to be 

accurate to ±0.2 cm Hg, which will give an error in the density of ±2x10-6 

g cm-3. The accuracy of the DMA 602 measuring cell is claimed to be ±l .5xl o-6

g cm-3. The percentage of N2 contamination of the S02 vapour was usually

about 0.2% as measured by the S02 vapour density. As mentioned previously, 

the nitrogen content of the liquid S02 is calculated to be <0.0004%. This level of 

nitrogen impurity is known from the separate experiments on solutions of N2 in

liquid S02, to affect the densities by not more than ±2 x 10-6 g cm-3. 

By far the greatest error in the calculation of the apparent molar volume at a 

particular concentration is the choice of the value for the density of the pure liquid 

so2. A separate purification is required to measure the density of the pure liquid 

and the largest error appears to be in the reproducibility .of the purification and 

handling techniques. The error for this is generally ±4xlo-5 g cm-3. The errors 

quoted on the apparent molar volumes are calculated from an error in the solution 

density of ±lxrn-5 g cm-3 and an error in the solvent density of 4xlo-5 g cm-3. 

The errors in weighing the electrolyte and the liquid S02 are insignificant 

compared with the errors in the densities. The density of the pure liquid was 

measured at least once per "store load", usually once near the start and once near 

the end of a "store load". 



140 

Appendix II 

II.1 Discussion on "Ion Size Parameter" 

There has been much discussion in the literature as to what physical 

significance should be attributed to a and the appropriate numerical value in 

various situations. Some have let a be the best fit for their electrical conductance 

data, others have taken a to be the contact distance of two ions and others have 

taken it to be the "Bjerrum cut-off distance". The merits of each of these will be 

discussed in this section. 

The symbol "a" in equations (7) and (10) represents the "ion size 

parameter". In order to use equations (7) and (10) a value for a must be chosen. 

It may be useful to quote a few sentences from Monk 148.

In stronger electrolytes where ion-pairing results from electrostatic forces of 

attraction, and since such forces are long-range, the ions or even their solvation 

shells need not be in actual contact for the formation of the ion pair . 

The mean radius or distance of closest approach of cation to anion, a,

cannot be rigorously assessed owing to ion solvation, but there are various ways 

of getting reasonable estimates especially for many 1: 1, 1 :2 and 2: 1 valent 

electrolytes. In many cases, a can be taken as 3 to 41\. 

Bjerruml49 proposed that all oppositely charged ions were considered to be 

ion-paired when they approach within a certain distance of one another. He 

proposed that this critical distance, q, should be 

q = lz1 z21e2/(2eDkT)

which is the distance at which the mutual electrical potential energy of the ions is 

equal to 2kT. From the probability of closest approach of ions of opposite charge 

he derived the following relationship, correlating q and the average diameter or 

distance of closest approach, a, of the two ions concerned. 



where 

and 

KA-l = (41tN/lOOO) (12i_zjle
2/DkT)3 Q(b)

Q(b) = s; x-4 eX dx

b = lzi.zjl-e
2t(a.D.k.T)

(22) 

This treatment is limited to very dilute solutions and to ions which associate 

through purely electrostatic or electrovalent forces. The critical distance for a 1: 1

electrolyte at a particular temperature is a function of the solvent dielectric 

constant For a 1:1 electrolyte in AN at 25
°C the critical distance , q, is 7.8A.

Fuoss150 hypothesised that the Bjerrum model holds for the approach of 

two ions until they are separated by only one layer of solvent molecules and 

that151 two ions should be counted as a pair only if they are in contact, with no 

solvent molecule intervening. On this basis he calculates the association constant 

as being 

(23) 

In 1973, it was observed5 that the most frequent method for analysing 

electrical conductance data is to make use of the Fuoss equation, (23), where only 

ions in contact are considered associated and so a is set at the sum of the 

crystallographic radii. 

Justice 103 claims that the distance parameter, R, in the conductance 

equations should be set equal to q, the Bjerrum critical distance, and should not be 

confused with the distance of closest approach of the ions in solution. He points 

out some anomalies that appear in the literature for the R values obtained from 

conductance equations: (i) for a given salt in various solvents of differing dielectric 

constant, R increases as the dielectric constant decreases, (ii) when a series of 

different salts of widely varying ionic sizes was studied in the same solvent, the R 

value was found to be constant. The above are anomalies if R is taken to be the 

contact distance because the sum of the crystallographic radii would be dependent 

on the size of the cation and anion and independent of the solvent dielectric 
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constant 

De Rossi 152 measured conductances of KCl in various mixed solvents and 

examined the results by different forms of conductance theory. He suggests that 

142 

the results fit better (log KA vs 1 /D) to the functional form of the B jerrum equation 

than the Fuoss equation and that the 1959 Fuoss conductance equation should be 

discarded because it is particularly affected by the choice of the distance 

parameter R. 

Fuoss 153 has criticised Justice's suggestion of setting a = q claiming that it 

is an improper change to the initial model. Justice154 rejects these criticisms and 

claims that the use of the Bjerrum critical distance as a method for correcting the 

Debye-Hiickel treatment of electrolyte solutions for short range electrostatic 

interactions is the most simple and realistic way to handle a difficult problem. 

In 1975 Fuoss155 developed a new conductance equation. In the earlier 

Fuoss equations, it was assumed right from the start that the distance of closest 

approach of free ions, a, is equal to the contact distance of the two ions. In the 

1975 equation, a is defined as the distance from the reference ion beyond which 

the solvent can be treated as a continuum and within which ions are treated as 

paired provided that unique partners can be statistically defined 110. 

Pethybribge and Taba 110 point out that values of a are primarily functions 

of ionic charge, solvent and concentration range covered and should not be 

interpreted in terms of ion-ion or ion-solvent interactions of any kind. 

Barthel 156 states that from a chemical point of view the hypothesis that a = 

q is not always satisfactory. It may be tolerated as long as q is greater than the 

distance of closest approach of the ions, a. For a � q, evaluations are meaningless 

if a is set equal to q and the treatment of such solutions as solutions of completely 

dissociated electrolytes would be a misrepresentation. In the examination of his 

conductance data , he excluded cases where a :2: q. 

From this discussion on the choice of a, it is quite clear that there is no a

prioi method for selecting a value. For some of the electrolytes used in this 



study, the sum of the crystallographic radii is close to the Bjerrum critical distance, 

so the choice of one or the other will have little effect on KA. In practice a may be 

extractable only with extreme difficulty along with$/, KA, and $pair from

exceptionally precise 'Pv data. This point has been taken up previously.

II.2 Discussion on the Ion-pair Volume

The apparent molar volume of an ion at infinite dilution can be separated 

into two main contributions 

y
o 
ion = y

o 
int - v e 

= y
o 
cryst+ y

o 
disord - ye 

where Ye is the electrostriction volume and Y0 

int is the intrinsic volume of the ion, 

the sum of the crystal volume and the disordered volume (the void space volume). 

There are two types of ion-pairs - the inner sphere (or contact) and outer 

sphere (or solvent separated) ion-pairs, however it is difficult to distinguish 

between these two types experimentally157. Ha contact ion-pair is formed, it 

would be expected that cl> pair is equal to the intrinsic volumes of the ions at

infinite dilution89, i.e., the ion-pair has no nett charge and therefore causes no 

electrostriction of the solvent. Ha  solvent separated ion-pair is formed, the 

ion-pair will also have some electrostriction and the volume of the ion-pair will be 

difficult to estimat.e89. 

Hemmes 157 states that experimental evidence91 shows that there is little 

volume difference between inner and outer sphere complexes. He calculates that 

for water (0=78.3) if the ratio of the number of inner sphere/number of out.er 

sphere complexes is between 0.1 and 10, then the electrostatic contribution to the 

volume difference is only ±0.5 cm3 moi-1. For solvents of lower dielectic 
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constant, e.g. 5 and 36 this volume difference is still only 5 and 2.6 cm3 mor 1

respectively. 

Masterton et. a[.158 obtained results that may conflict with these 

calculations. For TlN03 and RbN03 
in water they deduced volume changes on 

ion-pairing of 12 and 5 cm3 mo1-l respectively. They explain that TIN03 may

form a contact ion-pair (therefore a larger volume change on ion-pair formation) 

and RbN03 may form an outer sphere ion-pair. Whether the differences in the 

volume changes are due to different types of ion-pairs or due to non-electrostatic 

factors, cannot be evaluated. 

Millero89, in his paper on the apparent molar volumes of aqueous NaCl 

solutions, assumed that NaCl forms a contact ion-pair where the electrostriction 

volume is zero and thus the volume of the ion-pair is independent of 

concentration. In his paper111 on the volume change for the formation of 

Mg2+so42- ion-pairs, where he uses apparent molar volumes of MgS04

solutions and literature KA data to determine a, the fraction of free ions, and 

hence<!> 
0 

pair• he states that the Mg2+so42- contact ion-pair is hydrated and that

one could not assume that its volume is independent of concentration. 

0 

II.3 Methods ofDetenninin� <P pair

A review on the various methods of estimating the electrostriction volume is 

given by Millero in Home1. Some methods of interest to us are discussed below. 

(i) The Drude-Nernst equation 24.

Ve= (e2z2/2rD) (alnD/aP}r =Bir= 20.66/r (24)

For a singly charged ion in AN at 25 °C, B=20.66. This equation is only an 

approximation and is valid only for large isolated ions. 
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(ii) The Fuoss and Bjerrum equations. From the Fuoss equation (23),

Hemmes 157 has determined the volume change on ion pair formation to be 

(25) 

and from the Bjerrum equation (13) he obtained

(26) 

The equations give the volume change on formation of an outer sphere ion-pair. 

To calculate the volume change from equations (25) and (26), the ion size 

parameter is calculated from equations (20) and (21) by using a measured value of

KA 111 that has been determined by the appropriate conductance equation. 

(iii) Wirth's method 88. To obtain <Ppair• <Pv vs 1/m was plotted for

tetraalkylammonium bromides in aqueous solution up to very high concentrations 

so that a linear extrapolation to infinite concentration could be performed, where it 

is assumed that only ion-pairs exist. This was carried through for some of our 

more soluble salts in AN but curves rather than straight lines were obtained so that 

no satisfactory extrapolation could be performed. Possibly the degree of 

ion-pairing in our case is insufficient, or possibly some other form of ion 

association intervenes at very high concentrations. 

(iv) Use of crystalline molar volumes. Grunwald l59 estimated the volume

of KCl ion-pairs at infinite dilution in methanol to be the crystal volume minus an 

electrostriction volume. The electrostriction volume was estimated from 

<I> pair(KCl) in anhydrous acetic acid by using the approximation that V e(ion-pair)

is proportional to (l/D2) (c}D/c)P) thus giving an electrostriction volume of the 

K+ci- ion-pairs in methanol one quarter that in anhydrous acetic acid. Because

the KA of KCl in anhydrous acetic acid is very large, it was assumed that the <Pv

measured was the <Pv of ion-pairs only. The difference between this value and the
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crystal volume of KCl was 1 1 cm3 mor 1 and so the electrostriction caused by 

the ion-pairs in methanol is about 3 cm3 mor 1. 

(v) Hepler160 has shown empirically that the partial molar volume of an ion

"i" with a radius ri is given by

(27) 

where Ar? is the geometric contribution which includes the intrinsic volume and 

void space around the ion and the B/ri term is the electrostriction contribution.

Zana et. al. have determined A and B in equation (27) by plotting v/q versus ri
4

for water 1 6 l, methanol 1 62, ethanol and N ,N-dimetylformamide5 8,

dimethylsulphoxide163, acetonitrile60 and ethylene glyco1164. They have found 

that generally the values of B obtained experimentally are not close to the value 

calculated from equation (24). (A and B have been determined for halide and 

alkali metal ions for these solvents but are not reported for the tetraalkylammonium 

ions in AN)

(vi) Denison and Ramsey equation 165 . This equation is similar to the

Fuoss and Bjerrum equations 

KA =eb

where b = e2/(IDkT) 

and a is the contact distance of the cation and anion. The volume change on the 

formation of the ion-pair is given by 166 

�VDR = RTb(cHnD/c)P)T

(vii) Conductance Measurements. By measuring the concentration

dependence of the conductivity for a particular electrolyte, solvent and 

temperature, the association constant can be calculated. If this is performed at 

different pressures, the volume change on ion-pairing, �yip• can be determined7

from the following equation 

V·
0 

- Ar-3 - Bir· 1 - 1 1 
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There have only been a few studies of this type and they are almost completely

confined to aqueous solutions. One exception is the work of Glugla et. al. 
109

who measured the volume change on ion-pairing for several salts in three

non-aqueous solvents including AN.

IT.4 Summary 

0 

There seems to be no generally agreed way of determining cp pair or a that is

sufficiently reliable for our purposes, that is to be able to treat them as

predetermined constants suitable for insertion into the Equation Set to reduce the

number of parameters to be found in the determination of association constants by

dilatometry. 



Appendix III 

FORTRAN PROORAMS (FOR KA DETERMINATION)

III. l Calculation of a {fraction of free ions)

To calculate ex. for a given KA and concentration by equations (9) and (10) it 

is necessary to use an iteration process. There are a number of iteration methods 

that can be used to calculate ex.. Some are described below together with notes on 

our calculational experiences. 

(A) Decade reduction

(i) Increment ex. in steps of 0.1 from O to 1.

(ii) Calculate KA at each increment.
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(iii) When ex. is too high, KA will be lower than desired KA, therefore go back 1

increment (e.g. to 0.8).

(iv) Add smaller increments (e.g. 0.01 to 0.8).

(v) Repeat (ii) to (iv) until desired accuracy is achieved.

(B) Reguli Falsi

(i) Pick an ex. that will be above the correct ex. (e.g. 1).

(ii) " " " " " " below " II II (e.g. 0). 

(iii) Take average and calculate KA (e.g. cx.av
=0.5). 

(iv) If calculated KA is too high, ex. should be higher, therefore take average of



ex.high and ex.av (e.g. CX.=0.75). If calculated KA was too low take average of

ex.av and ex.low and calculate new KA

(v) Repeat (iii) and (iv) till desired accuracy is achieved.

(vi) This method is slow at low concentrations.

(C) Reguli Falsi variation - similar to reguli falsi method but instead of

taking average of ex.low and ex.high perform a linear interpolation for a better

estimate of ex.. 

(D) KA ratios

(i) Pick an ex. ( ex.est) and calculate KA

(ii) Use approximation Kest = 
1- ex.est 

in ratio

to estimate required ex. ( cx.req).

(iii) Calculate new KA and repeat (ii) to get better estimate of ex..

(iv) Fails at c = 0.2-0.4 mol dm-3.

(E) Successive Approximations

(i) Select a value for ex. and use equation (10) to calculate Y±2·

149 

(ii) Use Y±2, required KA and selected a in right hand side of equation (19) to

\



calculate new a. 

(19) 

(iii) Repeat (i) and (ii) till desired accuracy is achieved.

(iv) Fails at c = 0.1 mol dm-3 but very good at very low concentrations.

(F) "Pethybridge Method" 110

(i) Setting

in equation (19) gives 

2 O=ba +a-1 

which has a solution of 

a= -1+(1+4b) 11212b 

(ii) Use a= 1 in equation (10) to calculate Y± 2 .

(20) 

(21) 

(iii) Use equation (20) to calculate "b" at desired KA and "c" and use this "b" in

equation (21) to calculate a new a. Calculate new Y±2·

(iv) Repeat (iii) till a is constant.

(v) Problems occur at low KA c (where "b" is low) and binomial form of

(1+4b)l/2 should be used giving

a= 1-b+2b2

III.2 Execution of VOBS

The FORTRAN program VOBS calculates <l>v over a chosen concentration
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range for given values of KA• S
y
, SP' <l>v and <1> pair for 1: 1 electrolytes in AN at

25°C using the Equation Set. This program uses the Reguli Falsi method of
iteration. 

Execution of the program has the following sequence: 

(i) Accepts input parameters:

(a) KA (VKREQ), a (D), Sv (DSLOPE), Sp (PSLOPE).

O O 

(b) <l>v (R), <j> pair (VOPAIR).
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(c) Lowest concentration square root (ST), increment (ADD), highest

concentration (FIN).

(ii) Sets concentration square root (SQRC) to lowest value (ST).

(iii) 

(iv) 

(v) 

(vi) 

(vii) 

(viii) 

(ix) 

(x) 

(xi) 

(xii) 

Sets a10w (ALOW) and ahigh (AHIGH).

Sets counter to zero (NCOUNT).

Starts counter.

Tests for excessive iterations.

Takes average of a10w and ahigh (ALPHA).

Calculates concentration (c).

Calculates I 112 (BIT).

Calculates -log y ±·

Calculates y ±·

Calculates KA (VKG).

(xiii) Tests if calculated KA is lower, equal or higher than required KA-

(xiv) Resets a10w or ahigh·

(xv) Tests if KA requires further iteration.



(xvi) Prints a (ALPHA), number of cycles (NCOUNT), activity coefficient (F).

(xvii) Calculates q>
y
(ions) (VIONS).

(xviii) Calculates q>pair (VPAIR).

(xix) Calculates observed q>v (VOBS).

(xx) Calculates molality (XM) and m 112 (SQRM).

(xxi) Prints c 112 (SQRC), m 1 /2 (SQRM), observed <l>v (VOBS), <l>pair

(VPAIR).

(xxii) Increases c l /2 by the increment and repeats steps (iii) to (xxi).

(xxiii) Asks for new input parameters or to end the program.
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YOBS 

00001 C 

00010 1 

00015 3 

00100 

00200 10 

00210 

00215 4 

00300 

00310 

00315 5 

00400 

00410 

YOBS-EXPECTED OBSERVED APPARENT MOLAR VOLUMES 

TYPE3 

FORMAT(' TYPE IN VKREQ,D,DSLOPE,PSLOPE'/lHO,'*'$) 

ACCEPT 10,VKREQ,D,DSLOPE,PSLOPE 
FORMAT(4G) 

TYPE 4 

FORMAT(' TYPE IN R,VOPAIR'/lHO,'*'$) 

ACCEPT 10,R,VOPAIR 

TYPES 

FORMAT(' TYPE IN ST,ADD,FIN'/lHO,'*'$) 

ACCEPT 10,ST,ADD,FIN 

PRINT 100,VKREQ,D,R,VOPAIR 

00420 100 FORMAT(1Hl,4F12.3) 

00450 SQRC=ST 

00455 13 CONTINUE 

00460 ALOW =0.000001 

00470 AHIGH=O. 999999 

00480 NCOUNT=O 

00500 12 CONTINUE 

00600 NCOUNT =NCOUNT + 1 

00700 IF(NCOUNT-250)11,2,2 

00790 11 CONTINUE 

00800 ALPHA=(ALOW +AHIGH)/2.0 

00950 C=SQRC**2 

01000 BIT=(ALPHA **0.5)*SQRC 

01100 BIT2=(1.644*BIT)/(l.0+(0.4857*D*BIT)) 

01200 F=10**((-l.O)*BIT2) 

01300 VKG=(l-ALPHA)/((ALPHA **2)*C*(F**2)) 

01400 IF(VKG-VKREQ)70,80,90 

01500 70 AHIGH=ALPHA 

01520 GOT040 

01540 80 PRINT 85,ALPHA,NCOUNT ,F 

01560 85 FORMAT(E15.6,Il0,El5.6) 

01580 GO T055 

01600 90 ALOW=ALPHA 

01700 GOT040 

01800 40 B=VKG-VKREQ 

01900 IF(ABS(B)-0.001)80,12,12 
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01950 55 CONTINUE 

02000 VIONS=R+((DSLOPE*BIT)/(l.0+(0.4857*D*BIT))) 

02100 VPAIR=VOPAIR+(PSLOPE*BIT) 

02200 VOBS=(ALPHA *VIONS)+((l-ALPHA)*VP AIR) 

02250 XM=(SQRC**2)/(0. 7767*(1.0-(0.001 *VOBS*SQRC*SQRC))) 

02260 SQRM=XM**0.5 

02300 PRINT 50,SQRC,SQRM,VOBS,VPAIR 

02400 50 FORMAT(2E15.6,El 7.8,El5.6) 

02500 SQRC=SQRC+ADD 

02600 IF(SQRC-FIN)l3,13,31 

02650 31 TYPE 87 

02660 87 

02700 

02800 88 

02900 

03000 2 

FORMAT(' TYPE 1-NEW VALVES; 2-END'/lHO,'*'$) 

ACCEPT 88,L 

FORMAT(lG) 

GO TO (1,2),L 

END 
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III.3 Execution of KATT 

This PIT-MAPPING program calculates ¢pair from the experimental <Pv

• • • 0 data at each concentration pomt using mcremented values of KA and <Pv . It then

tests the constancy of ¢pair (relative to the highest concentration ¢pair) at each

0 particular combination of KA and <Pv . KAFIT uses the Decade Reduction 

iteration procedure. In this program the same variables as in YOBS are used 

unless otherwise stated. 

Execution of the program has the following sequence: 

(i) Accepts input data from the data file:

(a) A and B (constants of the Debye-Hiickel equation).

(b) Number of data points (NP).

(c) Experimental data: c l/2 [SM(N)], <Pv [VO(N)], w�ighting [WT(N)].

(ii) Accepts input parameters:

. (a) a and Sv.

• 0 (b) KA (VKMIN) and increment (VKINC), <Pv (VIMIN) and increment

(VIINC).

(iii) Prints data file.

(iv) Increments KA

0 (v) Increments <Pv .

(vi) Uses Decade Reduction iteration procedure to calculate a for each

0 

experimental concentration for a combination of KA and <Pv .
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(vii) When a increments are small (lxl0-6) iteration is ceased.

(viii) Calculates I 1/2 (G).

(ix) Calculates C?
y
(ions) (VJON)

(x) Calculates '?pair VP(N).

(xi) Calculates the square of the difference between '?pair and '?pair (calculated

from the highest concentration point) (SQRES).

(xii) Sums the squares (SUM).

0 

(xiii) Repeats steps (v) to (xii) using new C?v .

(xiv) Prints sum of the squares of the residuals for the values of KA over the range

0 

of C?v .

(xv) Repeats steps (iv) to (xiv) with new value of KA.

(xvi) Option of inputting new increments or ending program.

This program was modified for the MgS04 data analysis so that KA and Sp 

0 0 

were varied and the constancy of (? pair was tested relative to the (? pair

calculated from the highest concentration data point using equations (16a) and 

(16b). 
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KAFIT 

00001 C 

00002 C 

00100 

00200 

00300 

00400 3 

') 

00500 

00600 4 

00700 

00800 

00900 5 

01000 

01100 6 

01200 

01300 

01400 

01500 

01600 

01700 

01800 8 

KAFIT-ASSOCIA TION TWO WAY FIT 

SM(N)=SQUARE ROOT C 

DIMENSION VK(20),Vl(10),V AL(lO) 

DIMENSION SM(30),V0(30),VP(30),WT(30) 

TYPE 3 

FORM.A T(lHO, DO YOU WANT NEW DATA? (Y OR N)'/lHO,' * 

ACCEPT 4,REPLY 

FORMAT(Al) 

IF (REPLY.EQ.lHY) GO TO 8 

TYPES 

FORMAT(lHO, NAME OF INPUT FILE?'/lHO,' * ') 

ACCEPT 6,FNAME 

FORM.A T(2A5) 

OPEN (UNIT =4,DEVICE=DSK',FILE=FNAME) 

READ (4,91) A,B 

READ (4,40) NP 

READ (4,91)(SM(N),VO(N),WT(N),N=l,NP) 

CLOSE (UNIT =4,DEVICE=DSK',FILE=FNAME) 

GO T0 9 

CONTINUE 

01900 TYPE 14 

02000 14 FORMAT(lHO,' TYPE IN "A" AND "B'"/lHO,' * ') 

02100 ACCEPT 91,A,B 

02200 TYPE 15 

02300 15 FORMAT(lHO,' TYPE IN NO. OF DATA POINTS:"NP"'/lHO,' * 

') 

02400 ACCEPT 40,NP 

02500 40 FORMAT(ll2) 

02600 91 FORM.A T(3G) 

02700 TYPE 16 

02800 16 FORMAT(lHO,' TYPE IN DATA POINTS:SM(N),VO(N),WT(N) 

'/lHO,' * ') 

02900 ACCEPT 91,(SM(N),VO(N),WT(N),N=l,NP) 

03000 TYPE 13 

03100 13 FORMAT(lHO,' NAME OF DISK DATA FILE?'/lHO,' * ') 

03200 ACCEPT 6,FNAME 

03300 OF'EN (UNIT=5,DEVICE=DSK',FILE=FNAME) 
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03400 

03500 

03600 

03700 

03800 9 

03900 

WRITE (5,91) A,B 

WRITE (5,40) NP 

WRITE (5,91) (SM(N),VO(N),WT(N),N=l,NP) 

CLOSE (UNIT=5,DEVICE=DSK',FILE=FNAME) 

CONTINUE 

TYPE 17 

04000 17 FORMA T(lHO,' TYPE IN "D" AND "DSLOPE'"/lHO,' * ') 

04100 ACCEPT 91,D,DSLOPE 

04200 1 TYPE 18 

04300 18 FORMAT(lHO,' TYPE IN VKMIN,VKINC,VIMIN,VIINC'/lHO,' 

* ')

04400 ACCEPT 50,VKMIN,VKINC,VIMIN,VIINC 

04500 50 FORMAT(4G) 

04510 PRINT 55 

04520 55 FORMA T(lHl ,' KAFIT-ASSOCIA TION TWO-WAY FIT') 

04600 PRINT 60,FNAME 

04700 60 FORMAT(lHO,' FNAME= ',A) 

04710 PRINT 70,(SM(N),VO(N),WT(N),N=l,NP) 

04720 70 FORMAT(lHO,lE13.6,2F10.4) 

04730 PRINT 80,VKMIN,VKINC,VIMIN,VIINC 

04740 80 FORMAT(1H0,4F12.5) 

04800 DO 500 K=l,10 

04900 VK(K)= VKMIN +(VKINC*K) 

05000 DO 400 L= 1,5 

05100 VI(L)=VIMIN+(VIINC*L) 

05200 DO 300N=l,NP 

05300 SQRC=SM(N) 

05400 NCOUNT=l · 

05800 XINC=-0.1 

05900 ALPHA=0.9999 

06000 77 NCOUNT=NCOUNT+l 

06100 IF(NCOUNT-60)66,66, 12 

06200 66 CONTINUE 

06300 C=SQRC**2.0 

06400 BIT=(ALPHA**0.5)*SQRC 

06500 BIT2=(A *BIT)/(1.0+(B*D*BIT)) 

06600 F=l0.0**(BIT2*(-1.0)) 

06700 VKG=(l-ALPHA)/((F*SQRC*ALPHA)**2.0) 

06800 IF(VKG-VK(K)) 33,33,34 

158 



06900 33 ALPHA=ALPHA+XINC 

07000 GO TO 77 

07100 34 ALPHA=ALPHA-XINC 

07200 XINC=XINC/10.0 

07300 IF(ABS(XINC)-0.00001)22,77,77 

07400 22 CONTINUE 

07500 12 G=(ALPHA *C)**0.5 

07600 VION= VI(L)+((DSWPE*G)/(1.0+(D*B*G))) 

07700 VP(N)=(VO(N)-(ALPHA*VION))/(1.0-ALPHA) 

07800 300 CONTINUE 

07900 SUM=O.O 

08000 DO 200 N = 1,NP 

08100 SQRES=((VP(NP)-VP(N))**2.0)*WT(N) 

08200 200 SUM=SUM+SQRES 

08300 V AL(L)=SUM 

08400 400 CONTINUE 

08500 PRINT 100,(V AL(L),L=l,5),VK(K) 

08600 100 FORMAT(1H0,5E14.5,F8.4) 

08700 500 CONTINUE 

08800 PRINT 100,(Vl(L),L=l,5) 

08850 TYPE 150 

08860 150 FORMA T(lH ,' TYPE 1 FOR NEW INC.;2 FOR END'/lHO,' * ') 

08900 ACCEPT 88,L 

09000 88 FORMAT(lG) 

09100 GO TO (1,2),L 

09200 2 END 
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Ill.4 Execution of ITTDAT 

0 

Once the best fit values of KA and <t>v have been determined the ion-pair

volume can be calculated with program FI1DA T. This allows one to see the 

scatter of <t>pair at different concentrations.

Execution of the program has the following sequence: 

(i) Accepts input data from data file:

(a) A and B.

(b) Number of data points.

(c) Experimental data: c112, <t>v
· 

0 

(ii) Accepts best fit parameters KA (VKREQ), a (D), Sv (DSWPE), <t>v (RR).

(iii) Prints cl /2 and <t>v and best fit parameters.

(iv) Calculates a at an experimental concentration using best fit parameters and

Decade Reduction iteration procedure.

(v) Calculates 1112 (G).

(vi) Calculates <t>
y
(ions) (VION).

(vii) Calculates <t>pair (VP AIR).

(viii) Prints a, Y±, calculated KA (VKG), number of iterations.

(ix) Prints c 112, <t>v, <t>
y
(ions) and <t>pair·

(x) Repeats (iv) to (ix) for all experimental data points.

(xi) Option of entering new parameters or ending program.

160 



0 

Modified programs using equations (16a) and (16b) calculated <I> pair from

the MgS04 data and best fit parameters. 
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FIIDAT 

00001 C 

00002 C 

00010 

00020 

00030 3 

') 

00040 

00050 4 

00060 

00070 

00080 5

00090 

00100 6 

00110 

00120 

00130 

00140 

00150 

00160 

00170 8 

00180 

FIIDAT-CALCULA TION OF ION PAIR VOLUME 

SM(N)=SQUARE ROOT C 

DIMENSION SM(30),V0(30),WT(30) 

TYPE 3 

FORMA T(IHO,' DO YOU WANT NEW DATA? (Y OR N)'/lHO,' * 

ACCEPT 4,REPLY 

FORMAT(Al) 

IF(REPLY.EQ.lHY) GO TO 8 

TYPES 

FORMAT(IHO,' NAME OF INPUT FILE?'/IHO,' * ') 

ACCEPT 6,FNAME 

FORMA T(2A5) 

OPEN (UNIT=4,DEVICE=DSK',FILE=FNAME) 

READ (4,91) A,B 

READ (4,40) NP 

READ (4,91) (SM(N),VO(N),N=l,NP) 

CLOSE (UNIT=4,DEVICE=DSK',FILE=FNAME) 

GO T09 

CONTINUE 

TYPE 14 

00190 14 FORMAT(lHO,' TYPE IN "A" AND "B"'/lHO,' * ') 

00200 ACCEPT 91,A,B 

00210 TYPE 15 

00220 15 FORMAT(lHO,' TYPE IN "NP"'/lHO,' * ') 

00230 ACCEPT 40,NP 

00240 40 FORMAT(ll2) 

00250 91 FORMAT(2G) 

00260 TYPE 16 

00261 16 FORMAT(' TYPE IN DATA POINTS:SM(N),VO(N),WT(N)') 

00265 D0600 N=l,NP 

00270 TYPE 610,N 

00271 610 FORMAT(/,112,'* '$) 

00275 ACCEPT 620,SM(N),VO(N),WT(N) 

00280 620 FORMAT(3G) 

00285 600 CONTINUE 

00290 TYPE 13 

00300 13 FORMAT(lHO,'NAME OF DISK DATA FILE?'/lHO,' * ') 
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00310 ACCEPT 6,FNAME 

00320 OPEN (UNIT=5,DEVICE=DSK',FILE=FNAME) 

00330 WRITE (5,91) A,B 

00340 WRITE (5.40) NP 

00350 WRITE (5,620) (SM(N),VO(N),WT(N),N=l.NP) 

00360 CLOSE (UNIT =5,DEVICE=DSK',FILE=FNAME) 

00370 9 CONTINUE 

00470 18 TYPE 17 

00480 17 FORMAT(lHO,' TYPE lN VKREQ,D,DSLOPE,RR'/lHO,' * ') 

00490 21 ACCEPT 92,VKREQ,D,DSLOPE,RR 

00500 92 FORMAT(4G) 

00510 PRINT 50

00520 50 FORMAT(lHl,' FIIDAT-CALC. OF ION PAIR VOLUME') 

00530 PRINT 60,FNAME 

00540 60 FORMAT(lHO,' FNAME= ',A) 

00550 PRINT 65,(SM(N),VO(N).N=l,NP) 

00560 65 FORMAT(lH0,1El3.6,lF10.4) 

00570 PRINT 70,VKREQ,D,DSLOPE,RR 

00580 70 FORMAT(1H0,4F12.5) 

00600 DO 80 N=l,NP 

00700 SQRC=SM(N) 

00800 20 CONTINUE 

00900 NCOUNT=l 

01510 VlNC=-0.1 

01610 ALPHA=0.9999 

01620 77 NCOUNT=NCOUNT+l 

01625 IF(NCOUNT-60)66,66, 12 

01630 66 CONTINUE 

01700 C=SQRC**2.0 

01800 BIT=(ALPHA**0.5)*SQRC 

01900 Bm=(A*BIT)/(1.0+(B*D*BIT)) 

02000 F=l0.0**(BIT2*(-1.0)) 

02100 VKG=(l-ALPHA)/((F*SQRC*ALPHA)**2.0) 

02200 IF(VKG-VKREQ)33,33,34 

02300 33 ALPHA=ALPHA+ VINC 

02400 GO TO 77 

02450 34 ALPHA=ALPHA-VINC 

02500 VlNC= VINC/10.0 

02600 IF(ABS(VlNC)-0.00001 )22, 77, 77 
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02700 22 CONTINUE 

02900 12 PRINT 99,ALPHA,F,VKG,NCOUNT 

03000 99 FORMAT(3F14.5,lll0) 

03100 G=(ALPHA*C)**0.5 

03200 VION=RR+((DSLOPE*G)/(1.0+(D*B*G))) 

03300 VPAIR=(VO(N)-(ALPHA*VION))/(1.0-ALPHA) 

03400 PRINT 98,SQRC,VO(N),VION,VPAIR 

03500 98 FORMAT(1E18.6,3F14.4,1El8.6) 

03700 80 CONTINUE 

03780 TYPE 500 

03790 500 FORMAT(lHO,' TYPE 1 FOR NEW V ALUES;2 FOR END'/IHO,' 

* ')

03800 31 ACCEPT 88,NEW 

03900 88 FORMAT(lll) 

04000 GO TO (18,100),NEW 

04100 100 END 
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Appendix IV 

PURIFICATION OF SOL VENTS AND SOLUTES 

The solvents were purified as stated below: 

NMF - (F1uka, purum > 99%) dried over 4A molecular sieves. 

F - (Fluka, puriss p.a. > 99%) dried over 3A molecular sieves. 

PC - (F1uka, purum > 99%) dried over 5A molecular sieves. 

AN - (Fluka, puriss p.a. > 99.5%) dried over 3A molecular sieves then distilled 

S02 - (CIG, Industrial Grade) dried over 3A molecular sieves then distilled as in 

Appendix I. 

The solutes were either used as received (after drying) if purity was greater 

than 99% or recrystallized by standard techniques167. Exceptions are given 

below. 

The tetraalkylammonium perchlorates were prepared by mixing concentrated 

aqueous solutions of NaCl04 and the tetraalkylammonium bromide. The 

precipitated perchlorate was then recrystallized from acetone/ether or acetone/water 

and dried under vacuum. 

The triflate salts were prepared by adding triflic acid to the metal carbonate 

and then recrystallized by acetone/ether and dried at 120
°C.

LiAsF6 was recrystallized from anhydrous AN and then vacuum dried. All 

solutions were made in a nitrogen glove bag. 

MgS04.7HzO was prepared by the method of Pethybridge l 10. 
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Appendix V 

EXPERIMENTAL DATA 

llnill.;. m 112 = mol 1/2 kg-1/2 

c 112 = mol 1/2 dm-3/2 

tf.. =Cffi3 mor l
't'y 

* = clilatometer reference solution (density determined by densimeter)

166 

Av = cm3 kgl/2 moi-3/2 
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V. l Densimeter and Dilatometry Results

NMF Results (25
°

C} 

ml/2 ml/2 ml/2

NaCl KI �Br 

0.1122 22.74±0.17 0.1153 45.84 0.()()78 41.44 

0.1617 22.71±0.10 0.1474 45.88 0.1416 41.57 

0.2038 22.75±0.08 0.1792 45.88 0.1775 41.59 

0.2291 22.73±0.06 0.2058 45.91 0.2129 41.63 

0.2505 22.74±0.06 0.2292 45.92 0.2425 41.71 

0.2664 22.74±0.06 0.2562 45.99 0.2711 41.75 

0.2886 22.74±0.05 0.2846 46.04 0.2898 41.77 

0.3100 22.74±0.05 0.3084 46.07 0.3234 41.82 

0.3302 22.74±0.05 *0.4948 46.40 *0.5061 42.03 

*0.5060 22.73±0.04 

NaBr LiCI KBr 

0.1152 27.66 0.0936 17.83 0.0979 36.40 

0.1411 27.64 0.1461 17.78 0.1697 36.42 

0.1748 27.68 0.1748 17.81 0.2026 36.44 

0.1991 27.67 0.2123 17.82 0.2315 36.45 

0.2208 27.68 0.2425 17.83 0.2548 36.47 

0.2531 27.68 '0.2634 17.85 0.2849 36.48 

0.2820 27.70 0.2805 17.85 0.3114 36.50 

0.3039 27.69 0.3067 17.87 0.3258 36.50 

0.3220 27.70 0.3214 17.88 *0.5055 36.62 

*0.5039 27.71 *0.4983 18.01 

KCI NH4Cl NaSCN 

0.1157 30.76 0.1153 36.26 0.1070 42.80 

0.1548 30.75 0.1748 36.40 0.1637 42.85 

0.2030 30.78 0.2063 36.44 0.1997 42.85 

0.2383 30.79 0.2342 36.46 0.2311 42.85 

0.2613 30.81 0.2557 36.50 0.2537 42.85 

0.2903 30.82 0.2862 36.54 0.2743 42.86 

0.3098 30.81 0.3139 36.57 0.3058 42.86 

*0.4805 30.89 0.3277 36.58 0.3240 42.86 

Nal *0.5005 36.82 *0.5053 42.84 

0.5378 38.28 
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NMF Results (cont.) 

ml/2
ci>v ml/2

ci>v ml/2
ci>v 

KSCN NH4SCN NaNOJ 

0.1167 50.57 0.1106 56.59 0.1127 33.54 

0.1539 50.66 0.1854 56.68 0.1554 33.55 

0.1934 50.66 0.2175 56.70 0.1857 33.56 

0.2197 50.67 0.2477 56.73 0.2142 33.58 

0.2387 50.68 0.2710 56.74 0.2450 33.59 

0.2643 50.70 0.2897 56.76 0.2599 33.60 

0.2838 50.71 0.3105 56.78 0.2921 33.61 

0.3033 50.71 0.3218 56.79 0.3103 33.62 

0.3245 50.73 *0.5064 56.96 *0.4966 33.72 

*0.4961 50.83 

KN03 �NOJ NaCI04

0.1175 41.45 0.1027 47.17 0.1134 46.79 

0.1641 41.46 0.1605 47.33 0.1681 46.76 

0.1963 41.48 0.2036 47.37 0.1948 46.75 

0.2192 41.51 0.2389 47.42 0.2082 46.77 

0.2368 41.51 0.2642 47.44 0.2510 46.77 

0.2644 41.53 0.2885 47.47 0.2693 46.76 

0.2862 41.55 0.3189 47.50 0.2879 46.76 

0.2992 41.56 0.3376 47.52 0.3032 46.75 

*0.4598 41.68 *0.5053 47.71 0.3259 46.75 

*0.5049 46.72 

KCI04 BaCl2 NaCF3S03

0.1331 54.74 0.1011 36.69±0.19 0.1072 82.40 

0.1696 54.78 0.1586 36.79±0.09 0.1510 82.33 

0.2017 54.83 0.1947 36.89±0.08 0.2021 82.34 

0.2316 54.85 0.2261 36.96±0.06 0.2329 82.34 

0.2577 54.87 0.2446 37.00±0.06 0.2641 82.34 

0.2788 54.89 0.2653 37.04±0.06 0.2865 82.34 

0.3045 54.91 0.2891 37.10±0.06 0.3064 82.34 

0.3258 54.92 0.3028 37.12±0.05 0.3221 82.33 

*0.4986 55.07 *0.4673 37.43±0.04 *0.5035 82.26 
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NMF Results (cont.) 

ml/2
'Py 

ml/2
'Py 

ml/2
'Py 

KCF3S03 Mg(CF3S03)2 Ba(CF3S03)i

0.1189 90.57 0.0803 143.25 0.1026 156.26 

0.1708 90.61 0.1508 143.54 0.1474 156.33 

0.1981 90.61 0.1795 143.63 0.1782 156.40 

0.2241 90.63 · 0.1934 143.68 0.1988 156.46 

0.2451 90.64 0.2110 143.73 0.2158 156.48 

0.2693 90.64 0.2352 143.81 0.2361 156.54 

0.3006 90.66 0.2511 143.85 0.2562 156.58 

0.3207 90.66 0.2730 143.91 0.2692 156.61 

*0.5014 90.71 0.2897 143.96 0.2833 156.64 

*0.4420 144.35 *0.4458 156.93 

Ef-4NBr Pr4NBr Bll4NBr

0.1042 170.57 0.1170 241.39 0.()()29 310.51 

0.1553 170.57 0.1558 241.36 0.1338 310.45 

0.1898 170.59 0.1896 241.35 0.1813 310.42 

0.2165 170.59 0.2199 241.39 0.2076 310.41 

0.2420 170.59 0.2613 241.40 0.2339 310.39 

0.2627 170.60 0.2888 241.39 0.2586 310.39 

0.2923 170.61 0.3190 241.40 0.2881 310.38 

0.3138 170.63 *0.4981 241.40 0.3144 310.37 

•o.5034 170.72 *0.4978 310.31 

[Co(en)3](Cl04)3 Mesitylene 

0.0486 267.26±0.82 0.1174 140.38 

0.0727 266.91±0.46 0.1887 140.39 

0.()()40 267.06±0.34 0.2122 140.38 

0.1060 267.14±0.30 0.2454 140.39 

0.1202 267 .22±0.27 0.2836 140.39 

0.1314 267 .31±0.25 0.3008 140.38 

0.1411 267.40±0.24 0.3192 140.38 

0.1481 267.47±0.23 0.3335 140.38 

*0.2319 268.24±0.19 *0.5053 140.38 
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F Results (25
°

C} 

ml/2
<l>v ml/2

<l>v ml/2
<l>v 

NaBr KI KSCN 

0.1070 28.42±0.15 0.1330 50.29 0.1094 54.87 

0.1750 28.45±0.07 0.1795 50.28 0.1511 54.88 

0.2136 28.47±0.05 0.2087 50.30 0.1952 54.89 

0.2386 28.50±0.05 0.2441 50.29 0.2268 54.90 

0.2601 28.50±0.05 0.2693 50.30 0.2590 54.92 

0.2782 28.52±0.04 0.3018 50.32 0.2861 54.93 

0.3080 28.54±0.04 0.3270 50.33 0.3201 54.95 

0.3198 28.54±0.04 0.3531 50.34 0.3421 54.95 

*0.4946 28.66±0.03 *0.5812 50.47 *0.5616 · 55.05

KCF3S03 BaCl2 [Co(en)3](004)3

0.1398 92.92 0.1095 38.05±0.16 0.0389 285.90±1.20 

0.1863 92.92 0.1975 38.29±0.07 0.0572 286.05±0.57 

0.2171 92.92 0.2727 38.49±0.06 0.0791 286.07±0.37 

0.2455 92.92 *0.4416 38.94±0.04 0.0961 286.01±0.30 

0.2852 92.94 0.1107 286.18±0.26 

0.3008 92.94 Ba(CF3S03)2 0.1262 286.22±0.23 

0.3195 92.94 0.1151 158.75 0.1370 286.26±0.22 

*0.5191 92.96 0.2107 158.83 *0.2158 286.74±0.17 

0.2651 158.90 

*0.4370 159.03 

E4NBr Pr4NBr BU4NBr

0.1011 173.66 0.1235 242.52 0.0831 310.61 

0.1547 173.81 0.1725 242.30 0.1516 310.61 

0.1969 173.86 0.2104 242.30 0.1911 310.58 

0.2242 173.88 0.2350 242.30 0.2328 310.56 

0.2554 173.89 0.2596 242.30 0.2702 310.55 

0.2801 173.90 0.2898 242.29 0.2922 310.52 

0.3107 173.90 0.3110 242.28 0.3159 310.49 

0.3309 173.90 *0.4919 242.16 *0.4940 310.21 

*0.5165 173.88 
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Propylene Carbonate Results (25
°

C} 

ml/2
<l>v ml/2

<l>v 

KSCN 

0.0217 44.59±0.20 0.1065 44.74±0.15 

0.0346 44.49±0.09 0.1474 45.07±0.13 

0.0465 44.54±0.06 0.1865 45.27±0.()1) 

0.0531 44.56±0.05 0.2220 45.47±0.05 

0.0627 44.59±0.04 0.2534 45.66±0.05 

0.0717 44.62±0.04 0.2818 45.80±0.04 

0.0808 44.70±0.04 0.2998 45.90±0.04 

0.0900 44.75±0.03 0.3164 45.98±0.04 

0.0990 44.76±0.03 0.3289 46.05±0.04 

*0.5524 47.16±0.02 *0.5006 46.88±0.03 

NaCF3S03

0.0263 74.34 0.1235 74.80 

0.0367 74.38 0.1621 75.04 

0.0435 74.34 0.1972 75.24 

0.0496 74.43 0.2270 75.42 

0.0578 74.44 0.2559 75.59 

0.0652 74.51 0.2813 75.74 

0.0739 74.45 0.2956 75.82 

0.0862 74.55 0.3096 75.90 

0.0958 74.59 0.3271 76.00 

*0.5453 77.15 *0.5069 76.98 

KCF3S03

0.0213 83.31 0.1276 82.88 

0.0345 82.52 0.1681 83.06 

0.0406 82.71 0.1947 83.21 

0.0475 82.52 0.2263 83.36 

0.0563 82.58 0.2459 83.48 

0.0627 82.57 0.2605 83.56 

0.0698 82.56 0.2788 83.67 

0.0814 82.63 0.2970 83.76 

0.()1)22 82.69 0.3224 83.90 

*0.5315 84.96 *0.4984 84.78 
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Propylene Carbonate Results C25
°

C) 

ml/2
<Pv ml/2

<Pv 

KSCN 

0.0217 44.59±0.20 0.1065 44.74±0.15 

0.0346 44.49±0.09 0.1474 45.07±0.13 

0.0465 44.54±0.06 0.1865 45.27±0.()C) 

0.0531 44.56±0.05 0.2220 45.47±0.05 

0.0627 44.59±0.04 0.2534 45.66±0.05 

0.0717 44.62-+0.04 0.2818 45.80±0.04 

0.0808 44.70±0.04 0.2998 45.90±0.04 

0.0900 44.75±0.03 0.3164 45.98±0.04 

0.0990 44.76±0.03 0.3289 46.05±0.04 

*0.5524 47.16±0.02 *0.5006 46.88±0.03 

NaCF3S03

0.0263 74.34 0.1235 74.80 

0.0367 74.38 0.1621 75.04 

0.0435 74.34 0.1972 75.24 

0.0496 74.43 0.2270 75.42 

0.0578 74.44 0.2559 75.59 

0.0652 74.51 0.2813 75.74 

0.0739 74.45 0.2956 75.82 

0.0862 74.55 0.3096 75.90 

0.0058 74.59 0.3271 76.00 

*0.5453 77.15 *0.5069 76.98 

KCF3S03

0.0213 83.31 0.1276 82.88 

0.0345 82.52 0.1681 83.06 

0.0406 82.71 0.1947 83.21 

0.0475 82.52 0.2263 83.36 

0.0563 82.58 0.2459 83.48 

0.0627 82.57 0.2605 83.56 

0.0698 82.56 0.2788 83.67 

0.0814 82.63 0.2970 83.76 

0.0922 82.69 0.3224 83.90 

*0.5315 84.96 *0.4984 84.78 
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PC Results (cont.) 

ml/2
ml/2

Ba(CF3S03)2

0.0184 137.85±0.28 0.0901 139.60±0.20 

0.0315 137.64±0.13 0.1397 141.00±0.10 

0.0386 137.81±0.09 0.1767 141.91±0.07 

0.0469 138.14±0.08 0.2113 142.66±0.05 

0.0563 138.41±0.07 0.2364 143.16±0.05 

0.0654 138.55±0.06 0.2536 143.50±0.05 

0.0709 138.74±0.08 0.2696 143.95±0.04 

•o.4386 146.49±0.04 0.2917 144.19±0.04 

•o.4508 148.79±0.03 

Pr4NBr

0.0208 236.46 0.1079 236.41 

0.0369 236.30 0.1409 236.27 

0.0466 236.14 0.1719 236.41 

0.0552 236.22 0.2095 236.41 

0.0613 236.22 0.2415 236.46 

0.0672 236.19 0.2678 236.50 

0.0745 236.23 0.2824 236.52 

0.0857 236.17 0.3002 236.54 

0.0944 236.20 0.3178 236.57 

•o.5486 236.88 •o.so38 236.79 

Bu4NBr

0.0236 304.51 0.1020 304.48 

0.0376 304.40 0.1414 304.46 

0.0444 304.38 0.1748 304.49 

0.0497 304.37 0.2146 304.52 

0.0543 304.31 0.2407 304.55 

0.0617 304.37 0.2579 304.56 

0.0683 304.36 0.2860 304.58 

0.0752 304.37 0.2999 304.58 

0.0828 304.32 0.3144 304.59 

0.0870 304.37 •0.5015 304.68 

•o.5355 304.76 
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PC Results (cont.) 

ml/2
<l>v ml/2

<l>v 

Bu4NBF4

0.0210 325.30 0.1345 324.82 

0.0359 324.69 0.1697 324.85 

0.0414 324.80 0.2080 324.89 

0.0511 324.69 0.2348 324.92 

0.0550 324.70 0.2515 324.92 

0.0659 324.71 0.2731 324.95 

0.0750 324.70 0.2896 324.95 

0.0809 324.70 0.3055 324.97 

0.0920 324.75 0.3170 324.98 

*0.5337 325.09 *0.4993 325.06 

Mesitylene 

0.0258 139.99 0.1367 139.72 

0.0402 139.90 0.1896 139.75 

0.0501 139.90 0.2405 139.76 

0.0605 139.89 0.2870 139.76 

0.0691 139.88 0.3120 139.76 

0.0760 139.88 0.3362 139.75 

0.0846 139.85 0.3612 139.74 

0.0988 139.85 *0.5593 139.71 

*0.5757 139.78 

[Co(en)3)(CI04)3

0.0440 249.65±0.84 0.2248 257.13±0.14 

0.0698 251.01±0.40 0.2288 257.18±0.13 

0.0919 252.09±0.27 

0.1065 252.90±0.23 

0.1188 253.40±0.21 

0.1281 253.82±0.20 

0.1367 254.11±0.19 

0.1436 254.39±0.18 

*0.2221 257 .03±0.14 
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Acetonitrile Results C25
°

C) 

cl/2 
4>v 

cl/2 
4>v 

cll2 
4>v 

Nal 

0.0180 4.17±0.35 0.1272 6.89±0.17 0.3944 11.20±0.08 

0.0272 4.95±0.18 0.1667 7.45±0.12 0.6989 15.36±0.03 

0.0370 5.20±0.12 0.2054 8.12±0.10 0.8163 16.79±0.03 

0.0494 5.32±0.09 . 0.2278 8.47±0.09 

0.0556 5.38±0.08 0.2414 8.71±0.09 

0.0619 5.63±0.08 0.2504 8.87±0.09 

0.0686 5.80±0.07 0.2664 9.16±0.09 

0.0753 5.84±0.06 0.2761 9.21±0.08 

0.0801 5.86±0.08 0.2866 9.41±0.08 

0.0850 5.96±0.08 •o.4409 11.94±0.07 

•0.4150 12.55±0.05 

KSCN 

0.0217 20.64 0.0859 22.81 0.2632 27.63 

0.0358 21.03 0.1135 23.73 0.3569 29.31 

0.0414 21.19 0.1508 24.82 0.4621 30.85 

0.0478 21.37 0.1760 25.50 0.6738 33.90 

0.0569 21.75 0.1956 26.00 0.7903 35.24 

0.0637 21.95 0.2164 26.45 

0.0691 22.16 0.2405 26.97 

0.0777 22.49 0.2597 27.35 

0.0892 22.89 0.2782 27.71 

•o.4963 31.34 •0.4323 30.28 

NH4SCN

0.0191 30.41 0.0928 36.98 0.0568 34.70 

0.0327 31.78 0.1481 39.79 0.1208 38.80 

0.0384 32.72 0.1795 40.73 0.1334 39.29 

0.0468 33.50 0.2103 41.48 0.1710 40.60 

0.0556 34.31 0.2372 42.03 0.2003 41.32 

0.0642 35.11 0.2503 42.30 0.2230 41.80 

0.0695 35.54 0.2688 42.56 0.2500 42.30 

0.0761 36.08 0.2857 42.84 0.2746 42.70 

0.0806 36.42 0.3019 43.15 •o.4258 44.53 

0.0883 36.89 •0.4922 45.20 0.2894 42.78 

•0.4902 45.23 0.3405 43.41 0.3814 44.03 
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AN Results (cont.) 

cl/2 cl/2 cl/2
<l>v 

LiAsF6

0.0235 44.66 0.0822 45.80 

0.0332 44.88 0.1194 46.38 

0.0385 44.87 0.1616 46.82 

0.0462 45.02 0.1993 47.21 

0.0543 45.18 0.2266 47.43 

0.0628 45.35 0.2515 47.63 

0.0708 45.45 0.2662 47.74 

0.0770 45.62 0.2865 47.89 

0.0842 45.74 0.3008 47.99 

0.0922 45.85 *0.4698 49.06 

*0.5095 49.47 

�NBr 

0.0245 141.25±0.23 0.0726 142.36±0.34 0.4612 148.51±0.06 

0.0342 141.17±0.14 0.1080 142.96±0.18 0.4518 148.30±0.06 

0.0397 141.22±0.12 0.1544 143.88±0.14 0.4683 148.66±0.06 

0.0465 141.42±0.11 0.1818 144.39±0.10 

0.0523 141.58±0.10 0.2087 144.86±0.10 

0.0592 141.69±0.09 0.2266 145.14±0.09 

0.0644 141.75±0.08 0.2493 145.51±0.09 

0.0701 141.92±0.08 0.2680 145.78±0.08 

0.0762 142.04±0.07 0.2871 146.06±0.08 

*0.4515 148.31±0.06 *0.4519 148.31±0.06 

Pr4NBr

0.0197 213.25 0.0757 213.99 0.5191 220.37 

0.0312 213.35 0.1032 214.55 0.8181 223.70 

0.0367 213.52 0.1428 215.30 0.9943 225.38 

0.0440 213.49 0.1666 215.71 

0.0521 213.56 0.1875 216.06 

0.0591 213.68 0.2175 216.53 

0.0664 213.90 0.2405 216.88 

0.0729 214.06 0.2605 217.18 

0.0769 214.14 0.2811 217.46 

0.0834 214.24 *0.4368 219.45 

*0.4696 219.96 
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cl/2 cl/2 cl/2

Bu4NBr

0.0200 281.77 0.()()87 282.88 0.3351 286.53 

0.0270 281.73 0.1253 283.28 0.4530 287.84 

0.0359 281.59 0.1570 283.78 0.6338 289.96 

0.0430 281.52 0.1779 284.13 0.7814 291.44 

0.0489 281.74 0.1962 284.41 1.2104 295.85 

0.0572 281.94 0.2130 284.63 

0.0654 282.06 0.2266 284.83 

0.0721 282.16 0.2453 285.10 

0.0790 282.37 0.2627 285.34 

0.0818 282.36 *0.4053 287.13 

0.0845 282.43 

0.0907 282.49 

*0.5068 288.55 

Et4N004

0.0204 166.60 0.0630 167.72 0.1792 170.17 

0.0357 167.14 0.()()91 168.40 0.3663 171.90 

0.0421 167.30 0.1334 168.99 0.4419 173.00 

0.0492 167.50 0.1677 169.58 0.4609 173.22 

0.0547 167.53 0.1928 169.92 0.5221 173.81 

0.0621 167.58 0.2045 170.10 0.6534 175.29 

0.0695 167.73 0.2170 170.29 0.8158 177.03 

0.0781 167.80 0.2305 170.45 0.9187 178.10 

0.0836 167.89 0.2434 170.62 

0.0885 167.97 *0.3760 172.26 

*0.4930 173.50 

Pr4N004

0.0149 240.03 0.()()12 240.34 0.6370 246.76 

0.0259 239.46 0.1163 240.61 0.7876 248.14 

0.0341 239.38 0.1490 241.16 0.7906 248.12 

0.04()() 239.22 0.1750 241.49 

0.0489 239.58 0.1922 241.76 

0.0565 239.60 0.2204 242.12 

0.0627 239.70 0.2393 242.35 

0.0694 239.87 0.2564 242.55 

0.0755 239.97 0.2768 242.81 

0.0839 240.06 *0.4289 244.45 

*0.4713 244.97 
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AN Results (cont.) 

cll2 cl/2 cl/2 

Bu4NCI04

0.0158 306.15 0.0832 308.83 0.5046 313.54 

0.0232 307.55 0.1076 30').12 0.5246 313.58 

0.0312 307.72 0.1377 30').56 0.6692 315.14 

0.0363 307.78 0.1583 30').81 0.9068 317.24 

0.0435 308.01 0.1797 310.0') 1.1030 318.91 

0.0499 308.09 0.2092 310.44 

0.0576 308.16 0.2338 310.74 

0.0664 308.25 0.2528 310.96 

0.0754 308.50 0.2746 311.21 

0.0823 308.60 *0.4065 312.72 

*0.4588 313.17 

Bu4NBF4

0.0189 307.16 0.0787 308.74 0.3432 311.34 

0.0310 307.73 0.1242 30').24 0.3573 311.48 

0.0406 307.81 0.1666 30').58 0.4304 312.17 

0.0481 307.95 0.2013 30').90 0.6094 313.74 

0.0557 308.14 0.2175 310.04 0.7896 315.09 

. 0.0624 308.18 0.2332 310.18 0.8598 315.80 

0.0686 308.30 0.2584 310.43 1.1319 317.82 

0.0740 308.38 0.2749 310.57 

0.0822 308.50 *0.4265 311.88 

*0.4649 312.46 

Mesitylene 

0.0167 139.32 0.1122 141.28 

0.0253 141.15 0.1573 141.32 

0.0352 141.05 0.1846 141.28 

0.0437 141.14 0.2058 141.28 

0.0533 141.12 0.2344 141.25 

0.0636 141.14 0.2483 141.25 

0.0737 141.12 0.2650 141.24 

0.0806 141.13 0.2814 141.22 

0.0888 141.14 *0.4316 141.16 

*0.5030 141.06 
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AN Results (cont.) 

cl/2 
'Py 

cl/2 
'Py 

[Co(en)J](CI04)3

0.0088 168.5±1.7 0.0360 189.3±1.6 

0.0135 175.3±0.9 0.0453 192.9±1.1 

0.0156 178.4±0.8 0.0530 194.4±0.8 

0.0186 180.8±0.6 0.0634 197.5±0.7 

0.0215 182.8±0.6 0.0763 199.8±0.6 

0.0244 184.4±0.5 0.0877 201.8±0.5 

0.0269 185.9±0.5 0.1000 203.6±0.5 

0.0296 187.1±0.5 0.1105 204.8±0.4 

0.0336 188.8±0.4 0.1205 206.0±0.4 

*0.1866 212.6±0.4 *0.1884 212.4±0.4 

Mt;S04 in Water Results (25
°

C) 

cl/2 
<l>y 

cl/2 
'Py 

0.0232 -6.17±0.11 0.1239 -3.82±0.10

0.0346 -6.06±0.08 0.1586 -3.16±0.09

0.0392 -6.03±0.07 0.1886 -2.64±0.08

0.0462 -5.82±0.07 0.2144 -2.25±0.08

0.0536 -5.56±0.06 0.2335 -1.97±0.07

0.0632 -5.25±0.06 0.2573 -1.64±0.07

0.0730 -4.97±0.06 0.2748 -1.41±0.07

0.0818 -4.73±0.05 0.2970 -1.13±0.07

0.0905 -4.51±0.06 0.3110 -0.96±0.07

0.0975 -4.34±0.05 *0.4782 0.96±0.06

*0.5497 1.79±0.05 
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Liguid so2 Results C25
°

C} 

ml/2
'Py 

ml/2
'Py 

ml/2
'Py 

Me4NBr Bu4NBF4 Aretanilide 

0.0558 20.4±9 0.0919 279.1±3.5 0.1790 107.7±0.8 

0.0915 35.9±3 0.1495 283.7±1.2 0.5001 108.4±0.1 

0.1900 41.9±0.4 0.2562 291.6±0.4 

0.2860 40.6±0.3 Nitrogen 

0.4888 48.3±0.1 0.1649 38.3±0.4 
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v .2 Expansimeter Data 

NMF Results C0
°

-125
°

C) 

re <l>v re <l>v re 
0 

<l>v Av

NaBr 

rnl/2=0.6315 rnl/2=0.3193

-0.025 28.00 -0.025 28.01 0 28.0±0.4 0.0±0.7 

25.000 27.76 25.000 27.62 25 27.5±0.2 0.4±0.4 

49.958 27.16 49.955 26.85 50 26.5±0.4 1.0±0.8 

74.966 26.15 74.988 25.64 75 25.1±0.5 1.6±1.0 

99.999 24.60 99.973 23.74 100 22.9±0.5 2.8±1.0 

125.006 22.41 125.050 21.21 125 20.0±1.0 3.8±2.0 

KI 

rnl/2=0.6123 rnl/2=0.3194

-0.025 46.88 -0.025 46.60 0 46.3 1.0 

25.000 46.42 25.000 46.15 25 45.9 0.9 

50.190 45.73 50.044 45.36 50 45.0 1.3 

74.970 44.75 74.982 44.21 75 43.6 1.8 

99.920 43.42 99.987 42.43 100 41.4 3.4 

124.990 41.19 125.027 40.03 125 38.8 4.0 

NJ4Br

rnl/2=0.6027 rn 112=0. 3234

-0.025 42.82 -0.025 42.57 0 42.3 0.9 

25.000 42.22 25.000 41.92 25 41.6 1.1 

49.994 41.32 50.007 41.01 50 40.7 1.1 

74.973 40.06 74.974 39.74 75 39.4 1.1 

99.951 38.15 99.989 37.77 100 37.3 1.4 

NaCF3S03

rnl/2=0.6111 rnl/2=0.3152

-0.025 80.91 -0.025 80.91 0 80.9 0.0 

25.000 82.30 25.000 82.35 25 82.4 -0.2

49.983 83.41 49.997 83.24 50 83.1 0.6

74.986 84.27 74.982 83.62 75 82.9 2.2

99.980 84.43 99.973 83.62 100 82.5 3.4

125.005 84.49 124.994 83.14 125 81.7 4.5
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NMF Results (cont.) 

re re re 

KCF3S03

m 112,.,0.5966 ml/2=0.3139

-0.025 89.87 -0.025 89.61 0 89.3 0.9 

25.000 90.82 25.000 90.63 25 90.4 0.7 

49.958 91.57 49.978 91.27 50 90.9 1.1 

74.957 92.13 75.003 91.50 75 90.8 2.2 

99.984 92.33 99.994 91.35 100 90.3 3.5 

125.003 92.11 124.983 90.76 125 89.3 4.8 

Mg(CF3S03)2

m 112=0.5480 ml/2=0.2619

-0.025 143.94 -0.025 143.17 0 142.5±0.6 2.7±1.3 

25.000 144.69 25.000 143.98 25 143.3±0.3 2.5±0.7 

49.966 144.80 49.962 143.77 50 142.8±0.6 3.6±1.3 

74.961 144.15 74.977 142.74 75 141.4±0.7 4.9±1.4 

99.987 142.57 99.975 140.54 100 138.7±0.8 7.1±1.4 

125.120 139.64 124.976 136.58 125 133.8±1.5 10.7±2.9 

Ba(CF3S03)2

ml/2=0.5623 m 112=0.2742

-0.025 156.42 -0.025 156.13 0 155.9 1.0 

25.000 157.14 25.000 156.73 25 156.3 1.4 

49.856 157.38 50.084 156.79 50 156.2 2.0 

74.962 157.06 74.982 155.84 75 154.7 4.2 

99.964 156.00 99.995 154.13 100 152.3 6.5 

125.017 153.95 125.001 151.24 125 148.7 9.4 

BaC12 

ml/2=0.5458 ml/2=0.2515

-0.025 40.29 -0.025 39.89 0 39.5 1.4 

25.000 37.58 25.000 37.12 ·25 36.7 1.6 

49.958 34.34 50.021 33.18 50 32.2 3.9 

74.966 30.17 74.980 28.08 75 26.3 7.1 

99.950 25.23 99.990 21.99 100 19.2 11.0 

125.005 19.14 125.017 14.31 125 10.2 16.4 
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NMF Results (co11t.) 

re re re 

E14NBr 

rnl/2=0.6127 rn 112=0.3228 

-0.025 168.87 -0.025 168.73 0 168.6 0.5 

25.000 170.82 25.000 170.79 25 170.8 0.1 

50.108 172.52 49.995 172.14 50 171.7 1.3 

75.000 173.97 75.013 173.41 75 172.8 1.9 

99.969 175.16 100.000 174.23 100 173.2 3.2 

124.964 174.95 125.085 174.64 125 173.2 4.5 

Pr4NBr

rnl/2=0.6239 rnl/2=0.3219

-0.025 237.91 -0.025 237.96 0 238.0 -0.2

25.000 241.34 25.000 241.47 25 241.6 -0.4

49.962 244.59 49.987 244.53 50 244.5 0.2

74.960 247.63 75.0{1) 247.39 75 247.1 0.8

99.949 250.46 99.954 249.86 100 249.2 2.0

124.953 253.00 124.996 252.09 125 251.1 3.0

Bu4NBr

rnl/2=0.5968 rn 112=0.3204

-0.025 305.29 -0.025 305.26 0 305.2 0.1 

25.000 310.18 25.000 310.26 25 310.4 -0.3

50.007 314.86 50.007 314.76 50 314.6 0.4

74.999 319.46 74.993 319.25 75 319.0 0.8

99.989 323.86 100.040 323.38 100 322.8 1.7

124.960 328.10 125.018 327.42 125 326.6 2.5

Mesitylene 

rnl/2=0.7383 rn 112=0.3298 

-0.025 137.07 -0.025 137.15 0 137.2±0.4 -0.2±0.8

25.000 140.34 25.000 140.30 25 140.3±0.2 0.1±0.4

49.971 143.69 49.997 143.76 50 143.8±0.4 -0.2±0.8

74.980 147.22 75.000 147.24 75 147.3±0.4 0.0±0.8

99.996 151.00 99.983 150.91 100 150.8±0.5 0.2±0.9

125.010 155.16 125.024 154.91 125 154.7±1.0 0.6±1.8
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F Results C25
°

-J00
°

Cl 

re re 
0 

re 4>v 4>y 4>v Av 

KI 

rnl/2=0.6089 rn 112=0.3239

25.000 50.55 25.000 50.41 25 50.2±0.2 0.5±0.4 

49.977 50.37 50.010 50.16 50 49.9±0.4 0.7±0.7 

74.983 50.06 75.037 49.75 75 49.4±0.4 1.1±0.7 

100.005 49.46 100.096 48.90 100 48.3±1.0 2.0±1.7 

NaBr 

rnl/2=0.6033 rn 112=0.3296 

25.000 28.72 25.000 28.49 25 28.2 0.8 

50.005 28.34 50.024 28.05 50 27.7 1.1 

74.972 27.73 75.000 27.48 75 27.2 0.9 

100.014 26.89 99.997 26.43 100 25.9 1.7 

KCF3S03 

rnl/2=0.6078 rn 112=0.3085

25.000 92.95 25.000 92.89 25 92.8 0.2 

50.043 94.01 50.016 94.01 50 94.0 0.0 

75.013 94.92 74.953 94.76 75 94.6 0.5 

99.995 95.75 99.964 95.21 100 94.7 1.8 

Ba02 

rnl/2=0.5474 rn 112=0.2658

25.000 39.23 25.000 38.57 25 37.9±0.3 2.3±0.5 

49.997 37.29 50.000 36.06 50 34.9±0.6 4.4±1.0 

74.963 34.71 74.986 33.20 75 31.8±0.6 5.4±1.0 

100.024 31.55 100.000 29.40 100 27.4±1.2 7.6±2.5 

Ba(CF3S03)2

rnl/2=0.5343 rn l/2=0.2664

25.000 159.16 25.000 158.83 25 158.5 1.2 

50.071 160.66 50.000 159.97 50 159.3 2.6 

75.041 161.72 75.011 160.52 75 159.3 4.5 

99.989 162.29 100.030 160.78 100 159.3 5.6 

0 
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F Results (cont.) 

re re re 

E4NBr

ml/2=0.6022 m 112=0.3235

25.000 173.79 25.000 173.76 25 173.7 0.1 

49.977 175.75 50.014 175.71 50 175.7 0.1 

74.980 177.57 74.989 177.16 75 176.7 1.5 

99.950 179.37 99.951 179.06 100 178.7 1.1 

Pl"4NBr

ml/2=0.6061 ml/2=0.310 1 

25.000 242.08 25.000 242.23 25 242.4 -0.5

49.993 245.33 49.992 245.47 50 245.6 -0.5

75.010 248.49 74.989 248.56 75 248.6 -0.2

100.057 251.78 99.979 251.85 100 251.9 -0.2

Bu4NBr

ml/2=0.6020 m l/2=0.3178

25.000 310.02 25.000 3 10.44 25 310.9 - 1.5

50.005 314.63 49.956 3 15.03 50 315.5 - 1.4

74.982 319.30 74.983 3 19.79 75 320.3 -1.7

99.966 324.18 99.963 325.07 100 326. 1 -3. 1 

fC R,sylts (Q
0

-l 5Q
°

C)

re 
0 0 0 

<l>v re <l>v re <l>v Av 

NaCF3S03

m112..,o.5640 m l/2..,o.3125

-0.025 76.93 -0.025 75.96 0 74.8±0.4 3.8±0.7 

25.000 77.2 1 25.000 75.87 25 74.2±0.2 5.3±0.4 

49.970 77.34 49.914 75.36 50 72.9±0.4 7.9±0.7 

74.926 77.24 74.903 74.85 75 71.9±0.4 9.5±0.8 

99.984 76.98 99.962 74.19 100 70.7±0.4 11.1±0.8 

125.020 76.69 124.959 72.82 125 68.0±0.8 15.4± 1.4 

150.546 76.42 149.916 71.90 150 66.3±0.9 18.0±1.8 
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PC Results (cont.) 

re re re 

KCF3S03

m112,,,o.s460 ml/2,,,o.3131 

-0.025 84.93 -0.025 83.98 0 82.7 4.1 

25.000 85.09 25.000 83.83 25 82.1 5.4 

49.990 85.05 49.990 83.44 50 81.3 6.9 

74.904 84.80 74.931 82.78 75 80.1 8.7 

100.085 84.33 99.935 81.59 100 77.9 11.8 

125.047 83.47 124.955 80.12 125 75.6 14.4 

149.955 82.42 149.932 78.19 150 72.5 18.2 

Ba(CF3S03)2 

m112 .. o.4490 m l/2=0.2657 

-0.025 146.59 -0.025 144.47 0 141.4±0.5 11.6±1.3 

25.000 146.75 25.000 144.02 25 140.1±0.3 14.9±0.7 

49.952 146.59 50.046 143.30 50 138.5±0.6 18.0±1.5 

74.993 146.09 74.946 142.00 75 136.1±0.7 22.3±1.6 

99.968 145.16 100.027 140.30 100 133.2±0.7 26.5±1.6 

124.971 143.65 125.146 137.78 125 129.3±0.9 31.9±1.8 

Pr4NBr

ml/2,,,o.5873 ml/2=0.3370 

-0.025 234.29 -0.025 234.28 0 234.3 0.0 

25.000 236.83 25.000 236.67 25 236.4 0.6 

50.038 239.24 50.118 238.68 50 237.9 2.2 

74.964 241.44 74.980 240.62 75 239.5 3.3 

99.945 243.57 99.976 242.44 100 240.9 4.5 

Bu4NBr

ml/2=0.5452 m l/2=0.2989 

-0.025 300.95 -0.025 301.01 0 301.1 -0.2 

25.000 304.69 25.000 304.61 25 304.5 0.3

49.974 308.73 50.038 308.13 so 307.4 2.4

75.052 312.19 74.996 311.39 75 310.4 3.2 

99.923 315.56 99.847 314.60 100 313.4 3.9
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PC Results (cont.) 

re <l>v re <l>v T
0

e 
0 

<l>v Av

Mesitylene 

m l/2=0.7155 m l/2=0.3681

-0.025 136.61 -0.025 136.60 0 136.6±0.2 0.0±0.4 

25.000 139.70 25.000 139.65 25 139.6±0.1 0.1±0.2 

49.980 142.94 50.007 142.90 50 142.9±0.2 0.1±0.4 

74.968 146.38 74.967 146.23 75 146.1±0.3 0.4±0.5 

99.958 150.04 99.881 149.82 100 149.6±0.3 0.6±0.5 

124.990 154.05 124.995 153.66 125 153.2±0.6 1.1±0.9 

149.861 158.37 150.135 157.96 150 157.5±0.7 1.2±1.0 
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