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SUMMARY

The effect of some simple salts on the viscosity of
formamide has been studied at a number of temperatures and
interpreted in terms of ion=-solvent interactions using the
equation suggested by Jones and Dole, Further evidence to support
the various cong¢lusions drawn has been provided by application of
Eyring'’s reaction rate theory to the viscosity processes in
solution,

The viscosities of binary mixtures of formamide and water,
methanol or dimethylformamide have been investigated over the whole
composition range and the ability of three semi-empirical models
to describe these systems has been discussed. A new three
parameter equation has been proposed.

Finally the effect of sodium chloride on the binary mixture
formamide/water has been considered. It has been shown that, in
general, for viscosity measurements to be a useful toal for
investigating ion=solvent and solvent-solvent interactions, it is
important that the measurements be made at more than one

temperature.
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INTRODUCTION

1.% A guantitative understanding of the interactions of

species in solution is one of the problems still facing modern

science, As early as the sixteenth century, at the time of Galileo ,

there was a common axion ''ignorato motu, ignoratur natura', The

experimental and theoretical study of transport phenomena in liquids

has received a great deal of attention since the sixteenth century.

Today the theoretical approach is dominated by physicists and

mathematicianslull whose investigations are limited to simple systems.
Chemists, on the other hand, when dealing with solutions,

are normally concerned with systems which even in their simplest

form, e.g, a monovalent salt dissolved in a pure solvent, may be

very complex, Rigorous mathematical models for such systems have

not yet proved possible and physical chemists dealing with electrolytic

golutions are left with semi-empirical models such as those of Frank

and Evanslz, Frank and Wenls, Gurneyl4 and Samoilov 15. These

models have been constructed <from data obtained from agueous systems.

The investigation of ion=ion, ion=solvent, and solvent-solvent

.interactions in other solvents provides further experimental data

which ﬁay be used to extend the validity of such models and lead to

a better understanding of the micro environment of the individual ions

in solution.

1.2 The study of the effect of solution composition and change
in temperature on viscosity provides a useful means of investigating
solution interactions,

The theqry of liquid viscosity was developed from the
concepts of hydrodynamics, the stuydy of fluids in motion. The

early development of this subject took place in the eighiteenth




century and Workers of this period (Bernoulli, d'Alembert, Euler
and Legrange) were mainly concerned with so called "perfect fiuids”,
which were considered to be characterised by ‘the fact that they had
no tangential component of stress, This led to the d'Alembert
paradox which suggested that a solid sphere immersed in a stresm
would not be carried along by it. Previously in the seyeunbteenth
century, Newton had formulated a hypothesis regarding the magnitude
of the force required ta overcome viscous resistance. Newton's
fundamental hypothesis was that if two laminae having an area of

contact A, move with constant velocities, v, and Vo the force F

1
required to maintain the constant difference of velocity is
(v, =v,)
1 "2
Fo= A memRias (1.1)
N) (5, -8,) ;

Here S1 and 82 are distances measured in the direction perpendicular
to the laminae and ﬂ? is a constant, Since the velocity in the

liquid changes continuously this can be rewritten

dv,
P o= n7 A ds (1.2}

wheréfv is called the coefficient of viscosity and is a characteristic
constant for each liquid. Liquids for which.n7 is independent of
the velocity of the shearing mobtion (i.e, the rate of shear) are
called Newtonian liquids. The main development of the theory of
viscous fluids was made in the nineteenth century chiefly by Navier
and Stokes, Navierl6 attempted to find a solution to the problem
of motion in wviscous liquids corresponding to the hydrodynamic
equations already mentioned for "perfect fFluids". Stokesl7’18
deduced the same equations as Navier by a different method.
For an incompressible fluid of viscosity 17 and density/g 4
the motion of_the fluid at the point P (x,y,z) was considered %o be
chafacterised by a velocity vector q having components u, v, w, in
the direction of x, y, and z respectively. At the point P, the

fluid was considered to be suybject to an external force F per unit




mass, with components, X, Y, and Z. It was assumed that n? was
constant, i.e. the viscosity was independent of the direction and
rate of shear as is the case for Newtonian liquids. The pressure
at any point in the liquid is p.

Incompressible liquids satisfy the equation

div qEV . —3%%+%§-+%—yw- = 0 (1,3)

From this relationship equations for the flow of an incompressible

liquid at sufficiently low velocities were deduced to be

px= %}% -"7V 2y (1.4)
pY =§«$~ AR (1.5)
PZ =%§ e A?VZW (1.6)

and in the absence of the external force

dp. _ 2 .
Lo ~/7Vu (1.7
dp _ 2

oy * ﬂ;‘? v €1.8)

op =/7v2w (1.9)

The usual boundary condition employed to allow solutions to
the above equations was that at any solid surface there would be
no "slip", i.e. that the velocity of the liquid would vanish at
a solid surface. 1In all cases where this has been experimentally
checked it has been found to be correct.

The solution of these equations of importance in this study
is that due to Hagenbach19 (Chapter 2). For laminar flow of an
incompressible liquid of viscosityf7 through a capillary tube of
length 1, and radius R where the pressure difference across the
length of the tube is Py Py s the volume V, flowing through the

tube in unit time t, is given by

v (pyp, )4
.-._9__.:.1...&_. (l.lO)

8n71

o+ (<
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1.3 The viscosity of a liquid can be considered to be due to
the interactions of the various solution species, In 1929 Jones

and Dole20 reported an empirical relationship between the concentration
of solute and the viscosity of aqueous electrolytic solutions. From
this relationship it was shownz1 that the first term corresponded

to the "stiffening'" of the solution due to ion—-ion interactions,

The second term was considered to be a measure of the solute-solvent
interactions (see Chapter 3).

Modern theories of solutionzz stress the importance of
evaluating not only the effects of the ions on the structure of the
particular solvent but also the specific ion=-solvent interactions
involved. It is no longer acceptable to consider that a solvated
ion is one which moves through the solution with a certain number
of solvent molecules firmly bound to it and that an unsolvated ion

" of solvent molecules. Instead we must now visualise a

is "bare
dynamic situation in which solvent molecules spend a certain average
period of time as nearest neighbours to the solute particles.

The viscosities or fluidities of non-~electrolyte binary
nmixtures are as a rule not linear with composition and can be
theoretically predicted only in homologous non-associating mixtures
where the components have about equal molar volumeszs. It is
therefore not to be expected that a clear molecular interaction
mechanism could be inferred from the hydrodynamic properties as
measured by viscosity. It is frequently possible however to
discuss solution viscosities qualitatively in terms of solvation

24~30
or of the formation of associated molecular species .

1.4 The problem therefore is to obtain information which
can be interpreted in terms of the interactions of the solvent

molecules with each other and the effect of ions on these
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interactions. The greatest advances in the theory of solvation haye
taken place for agqueous solutions. The models of Frank and Evanslz,
and Samoilov15 were based on their understanding of the structure of
water. The "structure breaking' or "negative hydration" eifects
mentioned by these authors have been reported in water, and a few
other highly associated solvents such as ethylene glycolal,
glycerolsz, sulphuric acid33 and the effect has been studied ia
mixed solvents such as water-alcohol mixture534—36.

The electrochemistry of the simple amides has been reviewed
comprehensively by Vincent37, where it was suggested that in order
to understand the fundamentals of electrochemical traasport processes
it would be necessary to appreciate the nature of the ion-solvent
interactions involved.

The simplest of these amides, formamide, is considered to be,
like water, an associated solvent. It is a reasonably good solvaﬂtss
and has a dieleciric constant (approx. 109)39 which is greater than
that of water at room temperature, In this study the effect of
simple electrolytes on the viscosity of formamide, the viscosity
of binary mixtures containing formamide and methanol, dimethylformamide
and water and the effect of a single electrolyte (sodium chloride)

on the viscosity of the binary mixture formamide/water over the

complete concentration range has been investigated,
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EXPERIMENTAL TECHNIQUES

2.1 INTRODUCTION

The study of the flow of liquids through capillary
tubes is still the most popular method employed by physical
chenmists to measure viscosity, Although this method is in
principie that adopted by Poiseuille4o in his classical researches
of the mid-nineteenth century, modern technique has advanced a
greal deal with improved experimental design and the use of
electronic data retrieval and analysis,

As well as capillary flow methods, other methods of measuring
viscosity are available, such as the concentrie cylinder system,
the falling body system, and the torsional pendulum, see fig (2,1}
but the first two of these have been shown by MacKenzie41 to be

accurate only to viscosities over 0,001 J m—3s. .

Fig. (2.1)
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The torsional pendulum,or oscillating body method as it is
generally called,is an accurate method of determining the ahsolute
viscosities of molten salts where high temperatures and the use of
furnaces make capillary flow techniques unsuitable, The
maintenance aof long zone constant temperatures and the ochange in
diameter of capillaries due to slight etching and recrystallisatioa
together with the difficulty of detecting capillary flow are
further drawbacks assocjated with these measurements.

The problem of the oscillating sphere was studied by
Verschaffelt42 who. set up a differential equation for the motion of
the rigid spherical shells and derived an equation which gave the
viscosity as a function of measurable quantities and although an
exact mathematical solution is not possible, the problems lends
itself to numerical solution by computer.

The viscometers used in the present work were of the capillary
type because of the accuracy attainable and the ease with which they
lend themselves to automation. Ease of cleaning and refilling was
also very important because of the number of solutions required to
be examined., Capillary viscometers are easily mounted in a water
bath so that accurate temperature control (% 0.01 X) is possible and

eguilibriation to a new temperature is reasonably fast.

2.2 POISEUILLE'S LAW

Measurements with capillary viscometers depend for their
interpretion on a relationship between the rate of flow of liquids
under an applied pressure and the dimensions of the capillary tube
through which the liquids are forced.

Poiseuille, who was interested in the flow of bleood through

the capillaries of the body, approached the problem by investigating




the flow of water through small bore glass capillaries and thus in
contrast to his predecessors he had to deal with the problem of
laminar flow. He proved that capillary flow in such tubes is a
fundamentally simpler process than in the wide tubes which had
previously been employed.
A long series of measurements was carried out, which showed
that
(i) The quantity of liquid discharged in unit time is proportional
to the pressure, provided the length of the tube exceeds a certain
minimum, which increases with the radius.
(ii) The quantity of liquid discharged in unit time is inversely
proportional to the length of the tube.
(iii) The quantity of liquid discharged in unit time is directly

proportional to the fourth power of the radius.
This led in 1846 to the empirical expression:

4
Q &= K B{t—— (2-1)

where Q is the flux, P the applied pressure, R the radius of the
tube, and \ the length of the tube and K is the constant of

proportionality.

2,3 THEORETICAL DERIVATION OF POISEUILLE'S LAW

An important advantage of capillary viscometers is
that the mathematical theory can be developed with perfect
strictness and without approximations, Hagenbachl9 (1860) appears
to have been the first to give the derivation in the present form,

Consider a portion AB of a horizontal c¢cylindrical tube
having a circular cross section of radius R tig. .(2.2). The

distance AB =\, and a difference of pressure = AP is maintained




between A and B, which causes the fluid to flow through the tube
from left to right. The total effective pressure differential AP ¢

is used up in doing various forms of work.

(i) Near the entrance to the capillary, the particles of the E
fiuid undergo a rapid accelération; the associated absorption of
kinetic energy causes a fall in pressure amounting to pK.

) (ii) Within the capillary, there may be a finite movement of
the fluid at the walls of the tube, due to slipping. Unless the
external friction is zero or infinite, work will be done and there
will be a fall of pressure Pg -

(iii) 'Unless the internal friction 'is zero, the layers of filuid
nearer the walls of the tube will move more slowly than the layers
nearer ‘the axis of the tube, and an absorption of emergy resulting
in a pressure drop due to this internal friction will result.

Let this pressure drop be pv.

(iv) If the path of the particles through the capillary is not
perfectly linear, the additional distance travelled in the eddies
will give rise to a further drop in the presbure amounting to pe.
This "turbulent flow'" is certain to occur when the velocity of flow
becomes sufficiently high.

(v) Even before the velocity becomes turbulent, it is possihle

that the stream lines at the extremities of the tube may be somewhat




s S
disforted, in which case there must be a drop in pressure pd.
(vi) Heat is produced due to the abowe energy dissipation
processes as the fluid passes through the tube and therefore the
temperature may be different at different points of the liquid, and
since the temperature greatly affects the viscosity of most subsiances,
this may affect the amount of work done in the passage through the
tube. If the fluid is incompressible it will have the same mean
velocity through each cross section of the capillary and the
pressure must fall in a linear manner at least so long as the flow
is linear, If, on the other hand, the substance is compressible,
the velocity must increase as the fluid passes through the tube,
because of the expansion which results from the decrease in pressure,
With the expansion there is a decrease in temperature. Let the
resultant effect of these changes in temperature upon the effective
pressure be Ppe This can be either negative or positive.

The sum of these possible losses of effective pressure is then;

q Pp (2.2}

Consider in fig, (2.2) that the ¥luid is incompressible,
This is a good approximation for most liquids where P = pv. Further,
assume that every particle of fluid moves parallel to the axis of
the cylinder with a caonstant velocity v. For reasons of symmetry
this velocity will be the same for all points lying on the same
circle centred on the axis of the tube so that the liquid may be
considered to be composed of cylindrical laminae moving with
velocities which are functions of their radii.

The force exerted by the pressure P on a c&linder of radius

¥, & v r2p (2.3)

while the resistance round the surface of the cylinder, caused by

the viscosity of the liquid, will, according to the assumptions




above, be given by the product of area x viscosity coefficient x

velocity gradient, i,.e.

; dv.
R, = 2'nr\n,dr (2.4)

If the velocity of the particles is {to remain constant, the forces

acting on the cylinder must be equal and opposite, and therefore

rp = AN (2.5)
. 5 . - 3
¢ . dI‘ -, 21”) (2.6)
rzP
w o On integration v = = Z‘;ﬁ + C (2.7

If it is now assumed that no slipping occurs at the wall of
the cylinder, i.e. when v = O, r = R, the counstant of integration

can be determined

RZP

C —— T o (2.8)
4\rv]
so that the velocity is given by

Ve OR) (2.9)

Equation (2.9) shows that the velocity profile is parabolic, the
velocity being zero at the walls of the tube and a maximum in the
centre. Since v is the distance travelled in unit time, the
particles of liquid which were on the plane AA at zero time will
be on the surface of the parabola, after unit time; in other words
the wvolume of this parabaloid is the volume of liquid Q which

passes in unit time, The volume of this solid of revolution is

_
? = 2T S vrdr (2.10)
From (2.,9) Q = g%g X (Rzmrz)rdt (2.11)
{q ) 0 d
ner

= §i7ﬁ- (2.12)
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This formula corresponds to the Law of Poiseuille, equation (2,1).

If Q@ is the total volume of efflux in the time t, the formula

becomes:

4
TPR £
Q = 8\"} (2.13)

2.4 CORRECTION FACTORS

It is important to restate here the conditions which

must be adhered to if the above equation,(2.13), is to hold.

(i) The flow everywhere must be parallel to the axis of the tube.
(ii)<The flow must be steady, initial disturbances due to
accelerations from rest having been damped out.
(iii) There must be no slip at the walls of the tube.
(iv) The fluid must be incompressible.
(v) The fluid must flow when subjected to the smallest shearing
force, the viscous resistance being proportional to the velocity

gradient,

These requirements influencé the design of capillary
viscometers and departures from them necessitate the introduction
of correction factors.

Both Hagen43 and Pbiseuille4o reported deviations from the
linear relationship between discharge and pressure when the pressure
was raised beyond a certain limit or the length of the tube reduced
below a certain limit. Condition (i), the condition of laminar flow,
was not belag adhered to in these qases. It was soon shown by
Reynolds44 that with a given tube and liquid, there existed a
critical velocity at which the flow changed abruptly from the
laminar type, in which each particle moves with constant velocity

parallel to the axis of the tube, to the turbulent type, in which

the particles move in irregular paths. All things being equal, the
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critical velocity is proportional, not o thée viscosity, but to the
viscosity divided by the density: 1ie. to the kinematic viscosity.
Reynolds further showed that the conditions of fiow for any tube
and liquid could be characterised by a non-dimensional quantity
now known as the "Reynolds Number", The variables affecting the
flow in a cylindrical tube can be combined to give the following
non~dimensional expression:
Ry = 3’;1;3 (2.14)

where:

Ry = Reynolds Number

V/ms"1 = mean velocity of the liquid

D/m = 'The diameter of the tube

p/Kgm O= the density of the liquid

’ﬂ/Jmm3s = viscosity of the liquid

Flow bebaviour in different tubes with different liguids will be

the same when the Reynolds Numbers are the same. More particularly
there will be a change from laminar to turbulent flow when RN
reaches a certain value, which experiment has shown to be generalily

about 1400 to 2000 for capillaries.

THE KINETIC ENERGY CORRECTION

Viscometers for which condition (ii) is fulfilled are
characterised by very long efflux times and usually inconveniently
small capillary bores. Long efflux times (in some of Poiseuille's
work one run lasting several hours) are obviously tedious and small
bores inevitably result in difficuliies due to dust particles lodging
in the capillary and altering the characteristics of the viscometer,
For most capillary viscometers therefore account musgt be taken of

the work done in accelerating the liquid from resf, i.e. imparting

T g gy T O [ P Freiaea o KGR L SRR G
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kinetic energy. Hagenbach (1860) was the first to attempt to make
this correction. However in 1891 Wilberforce45 showed that
Hagenbach had made an error and that he should have arrived at the
same result as that obtained by Couet'te46 (1890) which also agreed
with a result obtained independently by Neumann and Finkener47.
The correction was deduced as follows:

From equation (2.10) the mass of fluid passing any cross
section of the cylindrical tube per unit of time is given by

R
jZTl"vrdtp ‘ (2.15)

Q
The kinetic energy of this fluid is therefore
R

o2
2Wvrdtp g— (2.16)
Q

From equation (2.9)

P 2 2
v = Z‘:ﬁ (R™=r")
Substituting for v in (2.16)
R

Ted

KINETIC ENERGY = ..,_2_3 S‘ rdt(Rz—rz)a (2.17)
64) ) L

From Poiseuwille's formula (2,13) the total efflux volume in time

t, is given by

o 4
L
el 2.18
Q 3‘”? ( )
Therefore the mean velocity of the fluid (U) is given by
PRZ
s —-9-—2—- = X7 (2.19)
T R%t |

Supstituting for U in equation (2.17) we get after integration

Trpazus (2.20)

This is the kinetic energy of the fluid passing any cross section
of the tube in unit time. The volume of fluid passing any cross
section in unit time is, from equation (2.12)

T =%
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and the energy supplied in producing this flow is

1 RZUP (2.21)

therefore the energy converted into heat within the tube is

wr? u (p-pu?) (2.22)
From equations (2.2) and (2.19)
2

P = pU2= »5%—2 (2.23)
TRt
Allowing for this in Poiseuille's equation (2.13) we have

4
MRt _ mQP
" Ty gmt (2.24)

where m is a constant, in this case equal to unity. Boussinesq48
proposed a value of m = 1.2 and this has heen used in a number of
investigations.

A second correction factor arises from condition (i).
Couette46 suggested that the non-laminar flow at the ends of the
capillary had to be considered. - This takes the form of a nominal

lengthening of the capillary whereby equation (2.24) becomes

4
_ TIPRt . _mPQ .
77 AW 8T (\+W)t (2.28)

The value of A cannot be deduced theoretically, but must be found by
experiment and is usually of the order of a few diameters,

For viscosity measurements in kinematic instruments the
pressure term P is replaced by the term hmgp called the hydrostatic

pressure head

4
: . TIR Umgpt _ _mPQ
N 7 & asn 8w (l+A)t (2.26)

where h ~is the mean height of the liquid column and g is the
acceleration due to gravity. Measurements with kinematic viscometers
therefore are usually associated with accurate determinations of

density.




2.5 VISCOMETER DESIGN

For many of the original kinematic viscometers, which
were often basically glass U~tubes, some difficulties arose in the
determination of the exact mean hydrostatic pressure head (hmgp).

As flow progresses, the pressure changes continuously due to the drop
in the height of the liquid column on one side and the increase in
the column on the other. The Ostwald viscometer used for the
determination of relative viscosity simplifies matters by using a
fixed volume of liquid (delivered by means of a pipette) so that the
mean height of the liquid column, hm,'is constant for each determin=-
ation and can therefore be incorporated in a general viscometer
constant,

Surface tension effects arising from the adhesion of liquid
to the walls of the bulbs immediately above the capillary and in the
exit reservoir can also alter the hydrostatic pressure head and create
uncertainties in measurements, particularly when the surface tensions
of the calibration liquid and the liquid under investigation are very
different.

The Ubbelohde suspended level viscometer, as used in this
investigation, is reputed to eliminate these effects by the provision
of the 'suspended level' at the exit of the capillary. This
'suspended level', which is simply a bulb maintained at the same
external pressure as that exerted on the liguid and of similar shape
to the liquid reservoir, ensures that changes of the mean hydrostatic
pressure head for different solutions are determined only by the
density of the solution since the pressure is maintained constant,
The total volume of liquid introduced into the viscometer does not
need to be known accurately since that which falls to, or remains in,
the lower reservoir contributes nothing to the mean hydrostatic

pressure head., This is of particular advantage when measurements
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at more than one temperature are required since the actual volume
under investigation is fixed by the marks on the upper reservoir
and expansion of the liquid in the viscometer need not be taken into
account, Surface tension effects were also minimised by the use of
the Ubbelohde suspended level viscometers. At the curwved surface
of the bulb at the exit of the capillary a certain traction is
developed which acts in the opposite direction to the surface tension
of the liquid in the upper bulb of the viscometer.

It is important that the viscometer be mounted firmly in a
level position to maintain a constant hydrostatic pressure head.
For a change of angle A to A+dA in the alignment of the vertical
capillary axis, the change in the liquid head is given by
1 - cos(A + dd)/cos A 9
A deviation of 0.0436 radians will therefore produce an inaccuracy
of 0.1% in the measured viscosity. Jones and DG)lezO noted that,
despite their efforts to maintain a rigid reproduceable mounting for
their viscometer, the efflux time changed by approximately 0.1%.
The cause of this was attributed to the fact that their laboratory
building was jacked up at one end to allow some repairs to be carried
out on the foundations!

Accurate temperature control is necessary for accurate
viscosity measurements, This is especially true for associated

solvents which often have large temperature coefficients of viscosity.

2.6 APPARATUS

The viscometers used in the present work were Ubbhelohde
suspended level models conforming to British Standard BS.IP.SL(S)71
filg. . (2.3).. The capillary sections were approximately 80 mm
long and 1,00 mm in diameter and the quantity of solution required

for each determination was about 10 to 15 ml. These were equipped
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with ground glass sockets so that they could be stoppered firmly to
the air.

In the early work size 4 of the viscometers were used. These
had efflux times of about 30 s with water at 298K. Most of the
later work was carried out with size 2 models which had efflux times
of about 250 s, although a few measurements were made with a size 3
viscometer which had an efflux time of about 90 s.

The efflux times were measured by means of photo=-cell lamp v
assemblies coupled to a Hewlett Packard auto-viscometer 5901 B in @
conjunction with a Hewlett Pagkard 5903 A Programmer, These
instruments were designed to handle four separate viscometers at
any one time.

The viscometers were mounted in a thermostatted water bath
by means of special rigid metal clamps which could be individually
levelled by means of a spirit level,

Density was measured by means of glass pycnometers of ;

approximately 30 ml capacity, fig. (2.4).

2.7 THERMOSTAT BATH

This was a water filled bath supplied by Townson and Mercer
Ltd, (model E.270 series IIL) of about 45 1 capacity. The temperature Z
was controlled by means of a thyristor and thermistor bridge
arrangement and was copsidered to be accurate to at least 1 0,0I1K,
throughout the range. The water in the bath was circulated over a
weir to which was attached a serpentine cooling coil through which
water could be passed from an exteranal cooling system. The cooling
system consisted of a coiled copper tube encased in a subsidiary
bath which could be packed with ice. The flow .of the water through :
this cooling coil was controlled by means of a flow gauge (Rotameter

series 1100).
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Pig. (2.6) PHOTO-CELL DETECTOR AND LIGHT SOURCE ASSEMBLY
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Two mercury filled, glass, precision thermometers were used
to measure the temperature. These were total immersion thermometers
supplied by Zeal Ltd. One covered the range 273,00 to 298.00K and
the other from 298,00 to 323,00K with graduations every 0,05K and

both were standardised at 273.00K at the ice point,

2.8 DENSITY MEASUREMENTS

The density of the solutions was measured with Lipkin
type bicapillary pycnometers, These were constructed from 1.0 ml
pipettes (Pyrex catalogue no. 3240/20) with graduations every 0.0l
ml and had a capacity of about 30.00 ml fig,(2.4). The
pycnometers were calibrated with distilled water at various
temperatures at 2.5K intervals from 288.0K to 323.0K by filling with
a known weight of water and noting the limb readings at the various
temperatures, From the known density of water at these temperatures,
a calibration graph of volume (abscissa) against limb readings (the
sum of both the left and right limb readings) was constructed 'fig.
(2.5). The densities of water used for this calibration are given
in Appendix I, The left hand limb of each pycnometer was bent over
to allow it to be filled by capillary action. The limb readings
were observed by using a magnifying glass which permitted an accuracy

6 1 in 30.0.10“3 1. Since the weighing procedure was more

of 4,0.10
accurate than this, the accuracy of the density measurements was
therefore just better than 0.02%.

The procedure adopted for the measurement of densities was
to wash the pycnometer out three times with distilled water and then
three times with dry distilled acetone, The pycnometer was then
flushed with a stream of dust free dry nitrogen and weighed. Care

.was taken when weighing the pycnometers to avoid contact with the skin

so that errors due to the deposition of finger prints were eliminated,

3
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This was done mainly by handling with paper tissues. The pycnometer
was then filled with the test solution by capillary action and any
liquid which lodged in the top of the left hand limb was removed and
the pycnometer reweighed. It was then clgmped firmly in position
in the water bath with the limbs vertical so that the latter could be
observed through the glass front of the bath. Care was taken to
ensure that the observer's eye was level with the level of the
meniscus in the limbs since an error of about 0.05% could occur if
the operator was too high or too low. 1In all cases where the
temperature was changed the level of the meniscus was found to

he steady after five minutes equilibration.

2.9 THE AUTO-VISCOMETER

The Hewlett Packard auto-viscometer model 5901 B

measures efflux times in glass capillary viscometers and provides
automaticinfluxing in preparation for the efflux measurement. Very
accurate timing is realised, because the efflux time is measured with
a transistorised electronic counter using a quartz-crystal oscillator
as a time base reference, A neon display provides a digital read-
out that can be held for qbservation until released by the opsrator,

Automatic influxing and timing eliminates errors bhetween
operators due to differences in technique and human fatigue. The
accuracy of the timer is considered to be at least + 0.001 s, The
electronic counter measures efflux times automatically through the
use of photocell detectors mounted above and below the upper
bulb on the glass viscometer,fig. (2.6). The photocells actuate
electronic circuits during liquid efflux, Time measurement for the
meniscus to travel between the two detectors is displayed on the
instrument register. The photocell detectors also control the

limits of liquid transport during influx and the release of the
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liquid for the efflux measurement. Each detector consists of a
miniature light=-source and photoceil moulded into a water-tight
case, A constant pressure pneumatic pump provides the pressure
required to force the liquid back into the upper bulb and is
automatically shut off by a signal from the upper detector when
the meniscus passes on the way up. When the meniscus again passes
this detector on the way down, a signal is sent to start the timer
which is oniy shut off when the liquid meniscus passes the lower
detector. When incorporated with the programmer printer a
permanent record of the efflux times is obtained.

The auto~viscometer is equipped with four sets af detectors

and can therefore accommodate four viscometers.

2.10 THE PROGRAMMER /PRINTER

The Hewlett Packard model 59203 A programmer/printer is
a transistorised electromechanical device which programs the output
of the 5901 B auto=viscometer and provides a printed record of the
efflux time measurements. It can program the operation of the
auto~viscometer so that the measurement at any channel is repeated,
between O and 10 times with 25 second intervals between measurements.
This sequence can be repeated indefinitely. The printer records
the efflux time for each run to 0.001 or 0.0l seconds as selected on
the auto~viscometer along with a coded identification of the

programmed channel and the run number,

2,11 VISCOSITY MEASUREMENTS

For accurate measurements of viscosity in capillary
viscometers there are three practical areas of importance:

(i) efflux time measurement;
(ii) accurate temperature control;

(iii) efficient cleaning of the viscometer and protection against

e - gaid
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solid particles lodging in the capillary.

As has been mentioned,the human error in the measurement of
efflux times with manually operated chronometers can now be eliminated
by using electronic triggers, As early at 1933, Jones and Talley50
used photo-electric cells to measure the efflux time automatically.
One of the problems was found to be the difficulty of cleaning the
viscometer without altering the position of the recording apparatus
and thus changing the viscometer characteristics, An important
advantage of the Hewlett Packard auto~viscometer is that the photo=-
cells are firmly attached to the viscometer, fig. (2.6), and need not
be altered in order to remove the viscometer for cleaning. Eicher
and Zwolinsici51 reported that they noted some heating effect leading
to a change in efflux time due to the lamps in the detector unit
and consequently they adapted their apparatus so that the lamps could
be turned down when not in use. This effect was not observed in
this investigation. Fig. (2.7) shows two sections of the print out
from the programmer/printer, The section on the left shows the
efflux times for three of the viscometers used in the earlier work,
and the one on the right is for one of the later viscometers. The
efflux times are for water at 298.15K. One covers a time span of
about 15 minutes and the other about 150 minutes, It can be seen
by inspection of these that there is no trend, and apart from the
spurious times caused by false triggering due to bubbles, the efflux
times do not vary by more than 0,02%. After a viscometer had been
cleaned and dried it was sometimes found that the first run would
have a slightly longer efflux time than any of the subsequent runs,
This was considered to be due to the initial wetting effect of the
liquid on the walls of the capillary.

Bad triggering was usually associated with faulty mounting

of the photocell lamp unit. The units were mounted firmly by their




Fig.(2.7)

samples of print-out from the programmer-printer ,Efflux

times for water at 298.15K.
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(a) Viscometer number.

(b):Run number.

(¢) Efflux time in seconds,

Yhose times which are underlined in (II) are considered

to be spurious because they were caused by false iriggering.
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securing screws, fig. (2.6) and sealed against interference from
air bubbkles in the water bath with a silicon sealant (supplied by
Dow Corning). As an extra protection the whole unit was then
painted with polyurethane wvarnish, Another cause of bhad triggering
was due to insufficient filling of the viscometer. If the duantity
of liquid was too small aix bubbles were forced into the top bulb
of the viscometer, and the timer was activated prematurely.

In practice, the minor fluctuations in efflux time for the
same solution in the same viscometer were due to variations in the
bath temperature, Because it was general practice to measure
viscosities at more than one temperature each day, the water bath
rarely had a chance to settle itself completely, It was therefore
necessary for the operator to maintain a steady temperature by
careful manipulation of the coarse and fine temperature adjusters,
careful control of the cooling water of the thermostatted bath, and
a vigilant watch on the thermometer (with the aid of a telescope),
This was sometimes a very demanding procedure.

The viscometers were cleaned by flushing three times with
distilled water and then three times with analytical grade acetone
(about 15 ml each time) and finally with a stream of dust free
nitrogen, all of which were firstly passed through a number 2 glass
filter in order to trap any solid particles, This procedure was
followed before each viscometer was filled with a new solution. At
convenient intervals (of about three months) the viscometers were
completely filled with freshly prepared and filtered chromic acid and
left to soak for a few days after which they were washed out with,
and then fiiled with, distilled water and soaked for about a week to

ensure that no traces of chromic acid remained.

2.12 CALIBRATION O¥ THE V1ISCOMETERS

The early viscometers (size 4) were initially calibrated
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with water at wvarious temperatures, by measuring the efflux times
at these temperatures. Assuming that the dimensions of the
viscometer capillary do not change by much ovexr the temperature
range under investigation, it can be seen that eguation (2.26) can

be rewritten

I

p (At-B/t) (2.27)

7
or ’7[pt

A plot ot 1/t2 against " /pt should therefore give a straight line

]

A - B/t2 (2.28)

of grﬁdient l/t2 and intercepf'?ﬁpt. The second term represents the
kinetic energy correction (section 2.4). The known values. for the
viscosity and the density of water and the measured values for the
efflux times were therefore substituted into equation (2.28) and

the values of the constants found for each viscometer. The values
which were used for the viscosity and the density of water are given
in Appeadix I. Equation (2,28) was solved by a computer program
incorporating & least squares calculation (see Appendix II).

The kinetic energy correction term for these early viscometers
amounted to more than 15% of the total value when the viscosities
were of the same magnitude as water. For more viscous liquids, of
viscosity similar to formamide, this term still amounted to more than
1%. A check on the viscosity of aqueous potassium iodide solutions,
and 30% by weight agueous sucrose solution showed that these
calibration constants gave a value which was respectively 1% high
and 0.1% too low. |

It was therefore decided to use viscometers with smaller bore

capillaries in order to increase the efflux time and reduce the ?
kinetic energy correction. The calibration results for these new

viscometers can be seen in Appendix III. Water at four temperatures,

and 30% aqueous sucrose solutions each at three temperatures were

used for this calibration. The calibration graphs are shown in
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figs. (2.8 ~ 2.11). For water at 323,18K the kinetic energy
correction amounted to just over 1% and for formamide at the same
temperature less than 0.1%. As can be seen from the calibration
graphs a slight curvature is noticeable, Table (2.1) reflecis the
effect of this 6n the viscosity calculations. Columns one and two
- give the calibration constants (a) for calibration with only water
(see Appendix 111) and (b) for calibration with water, and 30%

agueous sugar solution,

TABLE 2.1  VALKES FOR VISCOMETER L

. Calculated -Viscosity *
A
B Water Formamide
(a)| 3682 x 10™*| 0.2305 x 1071 |.8906 x 107° | 3.324.%x 1073
-4 - ~1 -3 =3
(b) «3666 x 10 ~0,18177 x 10 «8886 x 10 3.3098 x10

* Units expressed in J m™3s
As is to be expected (a) gives a good value for the viscosity of
water (better than 0.04% accurate)., On the other hand, (b) gives a
vailue which is 0.23% lower for water. However in view of the fact
that the calibration graphs do show a definite curvature the
calibration "constants" would both be expected to be lower and (b)
therefore probably represents more accurately the viscosify of
formamide. The scatter which appears for the 30% sucrose solution
is t? some extent false. The viscosities of the sucdrose solution
used for the calibration were accurate to less than 0.1% (see
Appendix I) and therefore the 30% agqueous sucrose solution points on
the ealibration graph fall within this value, The actual values of
the calibration constants used were therefore those calculated from
the 30% aqueous sucrose solutions at 288.15K, 293,15K and 298.15K
and water at 298.15K, 308.15K, 318,15K, and 323.15K {see Appendiz

111 and (b) in table (2.1)].
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Table (2.2) gives the precision with which the efflux times

used for the calibration were measured.

Standard Deviation of Efflux Times (%) Used for Viscometer Calibration

t s (t-t)2 _ o
BT & 826.56 s
826.77 0.04
826.78 0.05 . B2
O = (et = 0.17 s .
826.61 0.00 n-1
826.40 0.03 {
e e Note the efflux times quoted here 4
826.44 0.02 : : o
are for viscometer one containing -
826.88 0.10 ; .
a liquid of viscosity approximately gy
826.39 0.03 - b
0.003 J m 3s b
826.60 0.00 ' 28
826.61 0.00
826.38 0.03 6 = standard deviation :
826.40 0.03

2,13 PURIFICATION OF FORMAMIDE

The most common method used for the purification of

Fformamide is by fractional crystallisationsz. This method however

Ay SR s e L

is very wasteful and not convenient for large quantities.
The most important impurities in commercial formamide are

water and dissolved ions. Notley and Spiro53 proposed a method
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of purification involving ion exchange resins and molecular sieves.
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This purification technique was tried but was not found to be

b TR

practicable. The main problem was due to the use of molecular sieves

as drying agent. It was found to be impossible to exclude the dust

& hrts e L Aslel

tfrom these pellets even although care was taken not to disturb the

FpR

o
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sieve bed (the sieves were placed in a vertical column through which

"o

the formamide was eluted), Solvent treated in this way was then
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filtered through a number 3 glass filter. Despite this the efflux
times were continually found to be spurious and excessively long
corresponding to impedance of flow in the capillary due to dust
particles.

The method of purification adoped was to distil the formamide
under reduced pressure, The still employed was equipped with ground
glass joints throughout (it was necessary to wet these joints with
formamide to ensure a good vacuum), and had a vertical fractionating
column, 25 mm, broad and packed with glass helices (Fenske rings})
to a height of 0.5 m. A pressure of less than 100 N'mm2 was obtained
by using a rotary oil pump and a liquid nitrogen trap. In each case
the #irst 100 ml of distillate was discarded. Crude formamide from
the suppliers (Fisons) was found to be neutral and was therefore used
directly for distillation, however if a bottle once opened was lefi
without being properly sealed the formamide socon became acidic and
smelled of ammonia, This was assumed to be due t8 the hydrolysis of
the formamide by water

+

4 + HCOO

HCONHZ + HZO —— HCOOH + NH3 > NH

In this case the formamide was neutralised with dilute agueous
sodium hydroxide solution (bromothymol blue as indicator) and heated
to 313K under reduced pressure, The neutralisation was repeated
until the formamide remained neutral for more than five minutes when
heated under reduced pressure. The formamide was then distilled in
the usual way.

The formamide prepared in this way had a water content of
0.023%, that is 0.013 M. This water content could be further reduced
to 00,0083 M by using molecular sieves, not however without the
accompanying problems due to dust. The water content was estimated

by the Karl Fischer method.
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2.14 KARL FISCHER METHOD QF DETERMINING WATER CONTENT

The method employed for determining the water conitent
of solutions was a direct titration with "Modified Karl Fischer

55. The end

Reagent"54, based on the method suggested by BDH Ltd
poinf was determined electrometrically using a biamperometric or
"dead stop" technique. In this method two small platinum wire
electrodes are placed close together in the titration vessel and a
potential of about 20 mV is impressed across them, With excess
reagent present a current passes due to the reaction

I, * 28 =3 8"

With excess water there is no current, In the present study the

current was detected on a microammeter placed hetween the electrodes

as in fig. (2.12).

Fig. (2.12) CIRCUIT DIAGRAM FOR KARL FISCHER APPARATUS

TO ELECTRODES

The system was calibrated using known quantities of water delivered

from a micro=syringe (Agla Ltd).
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The effect of water on the viscosity of formamide was studied
by preparing solutions of traces of water in formamide and measuring
the viscosity. The solutions were prepared by weight and then
checked by means of a Karl Fischer titration. It can be seen from
fig. (2.13) that even small traces of water lower the viscosity of
formamide appreciably. Since in this work small changes in viscosity
were sometimes under investigation (for the measurement of Jones~Dole
B coefficients) it was desirable to protect the solutions as far as
possible from the atmosphere., This was attempted by fixing calcium
chloride tubes to the open ends of the viscometers, but was not
successful due to a partial blocking of the drying-tubes which
caused a partial back pressure which affected the hydrostatic head,
The technique which was finally adopted was simply to stopper all
three viscometer limbs when not in use. In this way the viscosity
of formamide changes by less than 0.02% on standing overnight.

Figs., (2.12-2.20) show sections of print-out which represent the
efflux times (t) for formamide at 298.15 K. Fig. (2.14) représents
the efflux times for freshly prepared formamide, Fig. (2.15)
represents the situation after the viscometer has been left standing
overnight unstoppéred. It can be seen that the viscosity has
fallen by approximately 0.125%. On leaving the solution overnight
the viscosity again fell by about 0.125%, fig. (2.16). The
viscometer was then allowed to run automatically for 48 hours
continuously during which time the viscosity steadily decreased

so that at the end of two days it had fallen by more than 0.5%

fig., (2.16).

Another sample of this same formamide'which had been sealed
in the stock bottle for the duration of the above run was transferred

to the same viscometer after cleaning and drying the latter, as
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previously described, and }he efflux time measured, fig. (2.17).
As can be seen from figs. (2.14 and 2,17) this formamide had only
changed by 0.03%. The viscometer was thén stoppered and left
overnight and then run the following morning. The viscosity of
the formamide had again only decreased marginally (less than 0.02%)
as can be seen from fig. (2.18).

Protection from the atmosphere was therefore very important
and viscometers were kept tightly stoppered unless in use, All
solutions were kept in flasks with ground glass stoppers and
joints and sealed with paraffin film.

As a further precaution, for each series of measurements,
the stock solvent was run in each viscometer at each temperature
before any measurements on the solutions under inyestigatign were
carried out. This solvent was again run in one viscometer at one
temperature after the series of measurements was complete to check

that no change had taken place,

2.15 PREPARATION OF SALTS

Lithium chloride was recrystallised from anhydrous
methanol and vacuum dried in a desiccator over phosphorus pentoxide,
Analytical grade sucrose was used for the calibration solutions
after drying for three days over phosphorus pentoxide.

All other salts which were also of analytical grade were
used without further purification after drying at 393 K for three

days.

2.16 PREPARATION OF METHANOL

Analytical grade solvent was distilled under reduced
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pressure (less than 100 N.mnz) in a still,similar to that used for
the formamide. The middle fraction which came over at 337,.6K was

collected.

2,17 PREPARATION OF DIMETHYLFORMAMIDE

Laboratory reagent grade solvent (ex. Tisons) was
left standing over anhydrous barium oxide for 48 hours and then

distilled at 305.1-310,1K at 500~800 N m-.2 in a still)similar to

the above. The first 100 ml of the distillate was rejected,
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3.1 Jones-Dole Formula

It has long been established tHat the viscosity of aqueous
solutions of electrolytes is approximately a linear function of the
concentration. This was pointed out by Sprung56 who published
measurements as early as 1876 on many salts over a range of
temperatures., At high concentrations, however, this limiting law
does not hold. Thus Arrheniu557 showed that at concentrations
higher than molal, the viscosity rose faster than the concentration.
He proposed the relationship:

(3.1)

SOLUTION

-n7 SOLVENT ), and A is a

wherelv is the relative viscosity (
constant for a given,K salt and temperature, This relationship was
tested by Reher58 and Wagner59 and found to hold within a few tenths
of a percent between 0,125 and 0,5 molal and within approximately 1%
up to one molal.

While most salts give solutions with viscosity greater than
that of water at all concentrations, many can effect a marked decrease
in the viscosity of water at certain concentrations. The latter
effect cannot be described by the Arrhenius equation given above.

It was suggested by Sutherland®C that the depolymerisation of "triple
water molecules'" by the dissolved salts might cause this diminution
in viscosity.

In 1906 Einstein6l deduced from the principles of hydrodynamics
that if the solute could he regarded as being made up of spherical
incompressible uncharged particles which were large in comparison
with the molecules of the solvent, the viscosity of the solution would
be given by

r\? =1+2,5 & (3.2)
where ¢ is the total volume of the solute particles per unit volume

2
of solution. This treatment was extended by Finkelstein6 to
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solutions of binary electrolytes in polar solvents. He investigated
mathematically the effect on the viscosity of the relaxation times
of the solvent dipoles and concluded that the charge effect of the
ions on the polar solvent would increase the viscosity proportionally
to the concentration, Neither of these theories could account for
the fact that some solutes diminish the viscosity of water.

Using an improved experimental technique, Grﬂneisen63 extended
viscosity measurements to greater dilution than those of his
predecessors. Although he. found that for sucrose the linear
relationship was valid, he noted that for electrolytes, deviation
from the linear law became more pronounced at low concentrations,
Instead of remaining linear at low c;ncentration the curve exhibited
a negative curvature which he demonstrated by ploFting ﬂéi- against
o to give a curve rather thap the expected straight line. The
viscosity always increased initially with concentration, This
"Grineisen effect'" was found to hold for all the salts investigated,
whether they increased or decreased the viscosity of water, and was
confirmed by later workers, especially Schneider, Appelby and Merton64.
The idea that deviations from Stokes' Law for the conductance of any
salt was due to incomplete dissociation was still widely held at
this time and Grlneisen proposed the following equation to explain
his wviscosity results

M = 1 +Atc +B(1-i)e + e (3.3)

where i 1S the degree of dissociation as computed from the conductivity
and A, B and C are constants for any given salt and temperature. A
was taken to represent the effect of the "friction' of theions on the
water, B that of the unionised molecules on the water and C that of

the ions and molecules on each other,

In 1929 Grinnell Jones and Malcolm Dolezo, who were interested

in accurate viscosity data at low concentrations in connection with

studies of electrolytic conductance, found that the Grineisen effect
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was magnified at even greater dilution, and at the same time

1
ol

form than the viscosity/concentration curve, Although the principal

demonstrated that the fluidity ( )/concentration curve has a simpler
effect of the dissolved salts on the viscosity was proportional to
the concentration of the electrolyte, they suggested that another
effect, relatively more important at low concentrations, would have
to be present to account for the negative curvature. By considering
the Debye-Hllckel theory of interionic attraction which suggests

that the electrical interactiqns between ions in solution tend to
establish and maintain a preferred arrangement of the ions which
resists distortion and therefore "stiffens'" the solution with a
consequent increase in the viscosity, they attempted to derive an
equation which would account for the Grlineisen effect. Although
they did not succeed, they inferred that the effect would be
proportional to the square root of the concentration and suggested

an empirical equation of the form

g =14+ Anc + Be (3.4)
1
q SOLUTION/!?S OLVENT

where § is the relative fluidity and A was
expected to be negative for all electrolytes and zero Ffor non-
electrolytes., Falkenhagen and Dole21 then attacked the problem
deductively and by considering a binary salt for which ‘the anion and
cation have the same mobility in solution, they obtained a partial
solution which they regarded as a limiting law; this was
M= 1+adc (3.5)

The A in this reilationship is the same as the A in the Jones-Dole
equation (3.4) with reversed sign and is considered to be a measure
of the ion=-ion interaction.

Falkenhagen65 later derived an equation of the same form but

with a more explicit evaluation of the constant A, applicable to

any salt with ions of any valence and any mobility. In 1932
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Onsager and Fuoss66 published a comprehensive paper on the theory of
irreversible processes in electrolyte solutions in which they developed
a general equation to describe viscosity for a system containing more
than two species of ions,

Jones and Talleyso (1933) suggested that for salts which
diminish the viscosity of water it was best to use the relationship

m=1=+Adec + Be (3.7)

where A and B have the same value as in the fluidity equation except
for reversed signs. This only holds for concentrations much less than
molar and where the B coefficient is small and where the experimental
error in B is relatively large, In the present measurements the
minimum experimental error in B is about 1% and even although the B
coefficients are much larger than those in water equation (3.7) is
still considered to be valid. This can be seen by taking the reciprocal
of both sides of equation (3.4) and considering the magnitude of the

terms,

1/@ = 1/(1+Ax ¢ + Be) (3.8)

also n? = 1/¢ (3.92)

) AJ; - Be
(1+Afec  + Be)(1 - AJc - Be)

° (0]

3
1 - A% - 2a8¢°/2 - 8%
For sodium chloride at 298 K in formamide A = 0.0064, (by
calculation) and B = 0.594 (by experiment).
Consider the terms in the denominator of equation (3.10) for a
maximum value of 0.1 molal concentration,

0.00642 % 0.1

]

iy A%

4.0 x 107

v 32 3/
(ii) 2ABc = 2 x 0,0064 x 0,594 x 0.1




0.5942 x 0.1
3

(iii) B202

]

= 3,56 %10

ie the denominator is 0.42% too large in equation (3.7), but since

the value of B is accurate to less than 1% the equation is quite walid.

3.2 THE JONES-DOLE B COEFFICIENT

Whereas the A coefficient of the Jones-Dole equation
adequately describes the change in the viscosity of solutions of
electrolytes up to concentrations of about 0,002 molal by considering
only the ionwion elec¢trostatic interactions, this effect is rapidly
swamped at high concentrations by the linear term which extends the
fit of the Jones-Dole equation to concentrations greater than 0.1
molal for aqueous solutions and somewhat less than 0,1 molal in
non=-aqueous solutions.

Gurney14 coined the term "ionic co-~sphere" to refer to the
spherical region of solvent which encloses the ion and which is
somewhat modified by the presence of the ion. Each ion is enclosed
in its own co=-sphere while the remainder of the solvent between
the ion does not differ in any way from ordinary pure solveut. He
considered that the viscosity B coefficient represents the contrib-
utions of the co-spheres of the ions to the viscosity, and that in
dilute solution the contributions from the positive and negative ions
would be independent and therefore additive. The problem was
therefore to determine the individual contributions of the ions
(which he called the ionic B coefficieats), from the valuss of the

>

B coefficients obtained for each salt.

3.3 IONIC B COEFFICIENTS

In 1934 these B coefficients were assigned individual

ionic values. Cox and Wolfenden67 argued that if the solvated ions
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in solution behaved as rigid spheres (the radius being that of the
ion plus its molecules of solvation) then the kinetic entities would
be large enough to vbey Stokes' Law even when the solute particle
itself was as small as the lithium ion, Li™t, The ionic molility of
this ion in water is less than 3% smaller than the ionic mobility

of the iodate ion, 105, and hence in accordance with Stokes' Law
the radius of the hydrated Li™ ion must be less than 3% larger.

If the hydrated ions are considered tq be spherical then the volume
of the hydrated Li+ ion would be nearly 10% greater than the volume
of the hydrated 10; ion., In support of this they cited the fact
that the temperature coefficient of the mobilities of these two

ions is not far from the value demanded by Stokes' Law, which, it
was concluded, they therefore obeyed satisfactorily. Since the
Einstein expression,

n7 = n70 (1 + 2.5 ¢) (38.11)

where ¢ is the volume increase due to the dissolution of the solute
particles in unit volume of solvent, is derived from Stokes' Law
(and since it was assumed that these two ions obey Stokes' Law) the
argument leads directly to the prediction that the B coefficient
of Lit must be nearly 10% greater than the B coefficient of Io;.
From these postulates Cox and Wolfenden assigned the values of 0.146
and 0.136 to 11" and 105 respectively for aqueous solutions at 291 K.
The values for the other ions followed from this choice assuming the
ionic B coefficients were additive.

Gurneyl4 approached the problem of assigning different ionic .
B coefficient wvalues from a slightly more fundamental point of wview.
The mobility of an ion and its temperature coefficient are almost o
the only quantities for which experimental wvalues can be obitained e
separately for anions and cations, Gurney plotted the temperature 5

Ta U

coefficient of ionic mobility which he defined as C iy e :
oy Sk
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against the equivalent conductivity of the ions at T,. His argument

2

was that for any ions oheying Stokes' Law this ratio would be equal
to unity, He obtained a graph of the form in fig. (3.1). For most
species it was found that Czé was appreciably less than unity; with
a rise in temperature the mobility increased somewhat less rapidly
than expected from Stokes' Law. It can be seen that ions with an
abnormally high mobility, have at the same time an abnormally low
temperature coefficient of mobility, and that the atomic ions have
values lying near to a straight line, This he explained in terms of
the ions having a region, or co-sphere of water in which the local
structure has been loosened, to increase the random motion of the ion
due to the Brownian effect. This would also lead to an increase in
its mobility under an applied electric field and would mean that with
the rise in temperature the freedom of movement of the ion would be
affected less than otherwise.

The important point to note from fig. (3.1), however, is that
the points for k" and c1” were found to lie very close together.
This tended to rule out the possibility of the small value of B for
KCl in water being due to K+ and C1~ having large values but of
opposite sign. Gurney therefore considered that the wvalue of the B
coefficient for KCl (-0.0140) could be split into two equal
contributions of ~0.007. The value obtained for the lithium ion
(Li+) in water by this method is 0.147 which is in very close
agreement with that obtained by Cox and Wolfenden, namely 0,146,
Gurney explained negative B coefficients in terms of an increase in
the fluidity in the co-spheres around the ion; conversely a positive
B coefficient would indicate a decrease in the fluidity of the solvent
in the co=sphere of the ion. He further considered the entropy
changes which occur in the co=-spheres of several ions in water and
methanol to see if a relationship existed between the B coefficient

and the degree of order or disorder about the ion,
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Such a relationship is illustrated in fig. (3.2) and in bhoth
cases it is =zeen that the ions with the greatest ionic entropies
are those with the most negative viscosity B coefficients.

On comparing the results obtained with those shown in fig.
@.1)y CGurney concluded that the striking resemblance was due to the
fact that all four of the ionic properties which are involved in
these diagrams are largely dependent on the same factor, namely the
degree of order or disorder in the ionic co-spheres,

Kaminsky68 writing in 1957 commented that since the B
coefficients used by Cox and Wolfenden were in some cases subject
to an uncertainty of about 15% the exact additivity could not be
regarded as having been established., In a similar way to Gurney he
considered that since the ionic mobilities of the K+ and C1  ions
differed by only 3% over the temperature range investigated (288WK
to 315.5 K) then the ions might be considered to have the same effect
on the viscosity and therefore the ionic B coefficient for k* would

equal that for Cl .

3.4 TEMPERATURE DEPENDENCE OF THE JONES-DOLE B COEFFICIENT

Kaminsky found that the temperature coefficient of the
viscosity B coefficient could be either positive or negative ie,
g%- z 0. This was contrary to the general Opinion69’70 that %%
is always positive.
From his experimental evidence he proposed three rules to

govern ‘the behaviour of ionic B coefficients,

I. Within a group of the periodic table (alkali metals, alkaline
earths, halogens) the ionic B coefficients would decrease as the
crystal ionic radius increases,

II. Within a group of the periodic table the temperature

coefficient of the ionic B coefficient should increase (from negative
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or slightly positive wvalues) as the crystal ionic radius increases.

LI T Only cations exhibit negative temperature coefficients.

Kaminsky further suggested that for cations the influence of

hydration on the ionic B coefficient is dominant (apart from certain
effects due to structure disruption). The hydration effect increases
as the ionic radius decreases and the surface charge density goes up
and results in an increase in the viscosity because of the increased
'particle’ size. At very high intensities of the ionic fields a

long range ordering effect of the ion on the solvent molecules

becomes noticeable., This effect again causes an increase in viscosity
and applies the ions Li+, Be2+, and Mg2+.

The anions are considered to cause chiefly structure breaking
of the solvent, an effect which gains in importance as the crystal
ionic radius goes up, arnd this effect lowers the viscosity.

As the temperature of water is increased Kaminsky considered
that the ice-~like structure of the water breaks down and consequently
the contribution which certain solute ions make to the disruption
of the solvent structure decreases, The viscosity changes which
are due to this effect of the ions diminish therefore in importance
relative\to those caused solely by the rise in temperature; the
ionic B coefficients become less megative and g%-is therefore positive.
He also suggested that the hydration effect may increase the viscosity
moxe strongly at higher temperatures because the concentration of
single water molecules is greater so that the condition of attachment
of water molecules to the ion may be more favourable,

On the other hand, the long range ardering of the solvent
which is important for strongly hydrated ions (eg Li+, Be2+, Mg2+)

diminishes at higher temperatures because of increasing thermsal

agitation, For these ions g%- would be expected to be negative. It

should be noted that over the temperature range which he examined
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the so=called first hydration shell is largely temperature
independent71.

‘For predominantly structure breaking ions (eg Cl-, Brj I-)
a rise in temperature is accompanied by a less rapid decrease of
the solution viscosity (IY)S) than that of the solvent viscosity (%).
This is because the introduction of the ions into the solution is
considered to have already brought about a certain amount of
structure disruption. The largest, positive, temperature coefficient
of the ionic B coefficient which he found was therefore for
the ions with the strongest structure breaking influence because the
numerator in the ratio :fi can not decrease much further as the
temperature increases butothe denominator can,

If the structure breaking effect decreases and the hydration
of the ions increases (eg for the alkali metals in the sequence

+

+ + + +
Cs , Rb , K, Na , Li ) then a stage is reached when the numerator

and denominator (innlgé decrease in a comparable fashion (eg Na+),
so that the large pézgtive temperature coefficient at the beginning
of the series grows smaller and ultimately approaches zero.

As already discussed for sfrongly hydrated ions g%- was
expected to be negative because of the destruction of the long
range ordering of the solvent due to the ionic field, by thermal
motion,

Kaminsky then plotted B ion agaipst temperature for cexrtain
ions and compared it with plots of apparent molal heat capacities
and apparent molal volumes of the same ions against temperature.
The three quantities showed a very similar temperature dependence.
Eigen and Wicks72 had already interpreted the temperature coefficient
of the heat capacity and apparent molal volumes by a similar argument,

Negative B coefficients have only been found with solutes

dissolved in solvents capable of associating in three dimensional

WA |




units.

Frank and Wen s (1957) proposed a simple model for small
jions in water which can explain negative B coefficients, The
first effect which a small ion can have is the immobilisation of
the dipolar solvent molecules which are nearest neighbours to the
ions themselves, The field strength about a spherical ign of radius
0.2-0,3 nm in a medium of dielectric constant 80, is in the order
of 108 \ m~1 and it seems to be generally agreed that in aqueous
solutions of ions not larger than Cs+ and I  the nearest neiéhbour
water molecules are always essentially immobilised by direct ion~dipole
interaction. This region, Frank and Wen called A, and considered
that the increase in the viscosity of water caused by dissolved LiCl
could be taken as experimental justification of the above effect.

However as discussed above, negative B coefficients mean that
the viscosity of water will be decreased. To explain this and some
"anomalous" entropy data12 a second region, B, was proposed in which
the water structure was suggested to be '"loosened" or rather less
ice~like,

Lastly a third region, C, was considered in which the water
structure was undisturbed by the ion (Fig. 3.3),

The cause of the structure breaking effect observed in region
B was said to be due to the approximate balance between the two
orientating influences which act on any given water molecule, One <
of these is the "normal" structure orientating influence of
neighbouring water molecules; the other is the orientating influence
upon the dipoles of the spherically symmetrical ionic field, The
latter influence predominates in region A and the former in region C
in which significantly more orientational disorder should he present
than in either A or C.

Frank and Evans imagined that the region A composed of nearest
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Pig. (3.3)

Frank and Wen's model for the structure modifications

produced by a small ion in solution

A = region of immobilisation of solvent molecules

w
it

region of structure breaking

Q
n

region of 'mormal' solvent structure
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neighbour water molecules always existed, and that an ion which was
small, or multiply charged, or both (eg Li+, F_, Mg2+) might induce
additional structure (entropy loss) of some sort beyond the first
water layer. It was considered that such an encroachment on region
B might almost extinguish that region and would certainly tend
towards a net structure making influence as is observed for these
ions, They remarked that the outward orientation of like dipoles
in all of region A should always produce at least some disoxrder in

a region B but that large singly charged ions (I , Cs') exhibit more
net structu;e breaking than this alone could account for.

An additional type @f solute~water interaction was then
considered. This was eguivalent to the structure making influence
of non polar solutes, or of non polar groups in solute molecules,
inferred by Frank and Evanslzfrom entropies of hydration and confirmed
by various later workers73"76 by various experimental means.
Consider fig. (3.3) as the radius of the ion is gradually increased.
As the radius is increased the surface charge density will decrease
and eventually when this falls below a certain figure the region A
will cease to exist. The next region to disappear will be B when
the surface charge density becomes too small for it +o compete with
the "natural” structure of the water, But now a new effect is
considered to become important which is observed when kryptonlz or
ethanelz or the hydrocarbon tail of amyl alcohol12 ils dissolved in
water. The effect of these is that the water adjacent to the non-
polar groups becomes more "ice=-like" than normal, and the effect is
roughly proportional to the volume of the non polar regiQn.

Frank and Wen13 explained this by postulating that the
formation of hydrogen bonds in water is a co-operatiye phenomenon
so that in most cases when one bond forms, several (perhaps many)

will form and when one hond breaks, then, typically a whole cluster

will "dissolve'. This gave the now famous picture of "flickering
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clusters" of various sizes and shapes'" jumping to attention and then
relaxing at easéﬁ

In this picture the statistical degree of 'ice-likeness'" of
the sample is proportional to the average size and to the average
half life of the clusters., A cluster will come into existance when
a volume element of suitable size and shape suffers an energy
fluctuation of such magnitude as to outweigh the disruptive influences
at the boundaries of the element, and will dissolve when these
disruptive influences -~ torques and displacements = succeed in
transmitting into the cluster the necessary energy of 'melting',
A nonpolar solute particle or group is considered to be relatively
incapable of producing or of transmitting such disruptive influences
on account of the relative feebleness of the electrostatic interactions
into which it can enter. An ice~like patch should therefore he able
to form more readily in a volume element bounded by a non-—polar
solute particle, and once formed sbould have a longer half-life than
"normal' by reason of having half its boundary protected from attack.
This would consequently produce extra "ice-likeness" in solution,
A word of caution has been mentioned by Emerson and Holzer77 against
too literal interpretation of the above theory. These authors have
successfully pointed out that qualitative arguments based on the
flickering cluster concept are not unambiguous even in the simple,
well established case of the reported increase in structure of D.O

2

compared with H_O,

2

Stokes and Mills78 (1965) reviewed the ionic B coefficients

obtained by Kaminsky and others in both water and non-aqueous
solvents, They congidered that the important qualitative
explanations which had been advanced in terms of iomn=solvent
interaction were more significant if considered for individual

ionic coefficients. They restated the trends noted by Kaminsky,
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adding that molecular ions such as tetraalkylammonium ions and
the picrate ion had large positiye B ion values and emphasising
that observed viscosity changes take place as a result of competition
between various effects occurring in the neighbourhood of the ion,
The viscosity of a dilute electrolyte solution was equated
to that of the solvent plus contributions from four other sources

in the following manner: -

.’7=(7° +(7* +/‘7E +/‘2A +/")D (3.12)
where /70 represented the viscosity of the pure solvent,fv* represented
the effect on the viscosity of the coulombic attraction between the
ions, ﬂ?E represented the viscosity increment grising from shape and
size effects (of the solute), N7A was the effect due to the alignment
of polar molecules by the ionic field and(1? the viscosity change
due to the disruption of the solvent structure.
Substitution into the Jones-Dole equation (3.7) gave
,7* +/7E +r7A +r\?D ='r7°(A!; + Be) (8.,13)
and elimination of the ionic interaction from both sides led to
qE +/VIA +r7D =I‘7°Bc (3.14)
At a given concentration the B coefficient could therefore bhe
interpreted in terms of a competition hetween these specialised
viscosity effects. Small and highly charged cations such as it
and Mg2+ were considered to strongly orientate water molecules to
the extent that they are regarded as having a primary sheath of
firmly attached molecules which move with them as a kinetic entity
(see Nightingale79) andrqE was therefore considered to be large
because the ion and its solvation sheathcould be considered as a
single particle. At room temperature for ithese ions it is possible
that water molecules beyond the first layer would be orientated to

A
some extent to give a positive(T} 3 It was suggested that the
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sum ofr7A and n?E would far outweigh the decrease due to ﬂ?D which
for these ions was considered to be small because the fixed
outward pointing hydrogen atoms which were considered to fit
reasonably well into the tetrahedral water structure., For this
class of ions therefore.ﬁ7E + r7A >> 07D and B would be fairly
large and positive.

By a similar argument Stokes and Mills concluded that ionic B
coefficients for the large ions in gny group of the periodic table
would bhe negative because for them both.n7E (because of the relatively
weak surface charge density these ions were considered to be "bare')
andﬂyA would be smaller than for small highly charged ions whilerqD
would be great, TFor this class therefore it was probable that
ﬂ?E -+ ﬂ?A < ﬂ?D.

lons of intermediate size were considered to have small ionic
B coefficients because p7E - n7Aihf7D.(eg K+) while large molecular
ions such as tetraalkylammonium ions were expected to have largerqE
because of their size. ﬂ7 = and njD were considered small and
therefore aqE +.nf >-ﬂ7D and again the ionic B coefficients would
be positive and large.

These terms were then used to explain the temperature
dependence of the ionic B coefficients, As discussed before,
negative ionic B coefficients have, associated with them, fairly
1argequ. As the temperature is raised A7D becomes smaller although
n2E would remain constant and N?A might also fall. Eventually
07A +rv]E might exceed:sz and B would become positive (as was found
for K+ by Kaminskyssa.

The negative temperature coefficient of B for small, highly
charged ions, was also explained by associating a largeﬂ?A with
orientation of solvent beyond the first layer. With increased thermal

A g oy
motion(? was considered to decrease and therefore result in an ioanic

B coefficient still positive, but smaller.
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3.5 RESULTS AND DISCUSSION

B coefficients have been measured in many non-agqueous
solvents, With the exception of the highly associpted solvents,
glycerol, some dihydric alcohols, and sulphuric acid they have all been
found to be positive. In other associated solvents such as the
alcohols and N-methylamides the fact that only positive B coefficients
have been detected has been attributed to the linear nature of the
association of these molecules. In gther words negative B coefficients
have only been found in solvents which are capable of forming three
dimensional aggregates by hydrogen bonding.

Formamide, which is known to be an associated solvent, has
the ability to form three hydrogen bonds per mglecule, It is a good
electrolytic solvent (with a dielectric constant greater than water)
and is thus a very interesting medium for the study of elecirochemical
processesa7. Becauge of the possibility of association in three
dimensions it would seem possible that important structure breaking
effects might be present when salts are dissolved in formamide, and
that these could lead to small or even negative values of the B
coefficient.

The relative viscosities of solutions of LiCl, LiBr, NaCl,
NaBr, KCl1 and KBr in formamide were measured at 298.15 K over the
concentration range 0.005 to 0.1 molal. The relative viscosities
of the latter four salts were also measured at 308.16, 318.15 and
323.15 K. From the Jones-Dole equation

rv = 1 + A«r; + Be

/2:1. was plotted against a/c to give the B coeffigient. The B
c

coefficients were calculated by computer using the method of least
squares. /) -1 is called the specific viscosity [Y"EETA SP." in

figures (3.4-3,12)]. Fig. (3.4) shows the Jones-Dole plot for
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1iCl and LiBr at 298.15 K, figs. (3.5-83.8) show similar plots for

the other four salts at the temperatures 298,15, 308.15, 318.15 and
323,15 K respectively. In all the graphs and tables the temperature
was Kelvin and the concentration in molality. The next set of
graphs, figs. (3.9-3.12) shows the Jones-Dole plots for each salt

at all temperatures,.

Tables (3,1-3,10) 1ist the data used to plot the above graphé
where X =43é1~, ¥ = JE, Y CALQ is the value of Y recalculated
for the best straight line determined by the method of least squares
and the DEVIATION is defined as (Y~-Y CALC).

The first set of tables (3.1-3.6) combines all earlier
measurements which were made at 298.15 K for each system, The second
set , tables (3.7-3.10) 4 shows the values used in figs. (3.5-3.12).
Table (3.12) gives the calculated slopes and intercepts from
figs, (3.4-3.8) and hence the Jones-Dole B coefficients, The B
coefficients for 298,15 K were calculated by considering all the

measurements made at this temperature, see table (3,13).

TABLE 3,13

Calculated B coefficients in formamide

298,15 K 308.15 K 318.15 K 323.15 K
Licl 0.54%
LiBr 0.60y
NaCl 0.59, 0.539 0.497 0,487
NaBr 0.56 0.534 0.488 0,468
KC1 0.40, 0.389 0.376 0.359
KBr 0.374 0.340 0.341 0.345

Table (3,110 brings together the gradients and intercepts calculated

for all the salts from the data in tables (3.1+3.6).




Key to Figs. (3.4) to (3.12)

Fig. (3.4) PAN Represents
B Represents
Figs. (3.5-3,8) ® Represents
o Represents
[AY Represents
© Represents
Figs. (3.9-3.12) 2.2] Represents
AN Represents
X Represents
® Represents
Table 3.1 Barly data LiCl at 298.15 K,
Table 3.2 Barly data LiBr at 298.15 K,
Table 3.3 Early data NaCl at 298.15 K,
Table 3.4 Early data NaBr at 298,15 K.
Table 3.5 Early data KC1l at 298.15 K.
Table 3.6  Early data KBr at 298.15 K,
DATA used for figs, (3.9) to (3,12)
Table 3.7 NaCl at four temperatures.
Table 3.8 NaBr at four temperatures ,
Table 3.9 KC1 at four temperatures .
Table 3.10 KBr at four temperatures .

lithium chloride.

lithium bromide,

sodium chloride .
sodium bromide |
potassium chloride.

potassium bromide.

298.15 K.,
308.15 K.
318.15 K.
323.15 K -
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fable 3,1
X

- 342100E
" 22971005
. 242800z
<172670%
.+ 10710032

Table 3.2

. 320070E
. +276100E
{ . 225900
.+ «160400E

« 1139308

«803000E~

(714)
00
00
00
00

00
00
00
00
00
01

Table 3,3

«2953700E 00
2450008 00
«199400E 20
- «149000E 00
«141400E 00
«114000E 00
»911000E-01
«705Q000E~01
«986500E~-01
«876999E~01
«318800E-01
»2090J0E-01
»1530008-01
»102000E-01
»274000E-01
. «315000E-01

Table 3.4

«335900E 00
. «287700E 00
«235500E 00
«173100E 00
« 1024008 00
«3012002 00
«245200E 00
« 1910008 00
«146000E 00
«9110002-01
«739999E-01
« 3065008 00
«264400E 00
«2314008 00
«164200E 00
«963400E~01
«516700E-01

e

Y

« 1794208 00
.16810CE 00
.138200C 00
«9U49500%-01
.548900E~-0Q1

1564005 00
«132440E 00
.103850E 00
.554800E-C1
.351800E-01
«133400E~01

«183340E 00
<14TC4IE D0
.11802JE 20
+905TIVE-D1
«87163JE-91
«6521008-01
\557800E-01
+435100E-11
»595100E-01
«513000E-01
«212300E-91
«156103E-31
«1714908-01
«122570£~01
«175000E~01
«1$5CI0E-01

«192100E 00
.1636002 00
. 135800Z 00
« 1020008 00
«649300E-01
» 1744002 00
.138210% 00
.113100E C0
.836000E-G1
+59%09002-01
L46270028-01
.174900E CO
« 1522603 00
.1356708 0C
«951200E-01
.5360008-01
.305300E-01

YCALC

.1871588 00
. 162537F 00
.1325288 00
«9445725-01
«585818E~0C1

.157712E 00
«1311328 €O
.1007863 00
«611808E-01
.33C95458-01
« 127699E-01

«177882& 20
« 1477808 00
«120707E 00
¢ 307840E-01
e 862718z-01
« 700043E~01
« 564085601
«441782E-01
+»608910£-01
«543899.-01
«212493E~01
e L4T7304E~-00
«114057c-01
«B837779E~02
+ 185895E~01

4210237E-01

. 192048 00
. 1650792 00
. 1358718 GO
1009562 00
.6139695-01
1726328 00
- 1412988 00
1109728 00
«85738262-01
«5507422-01
. 4550615-01
. 175598% 006
« 1520418 00
«133577E 00
+9597612-01
.5834185-01
« 330117201

DEVIATION

-0.77383-02
0« 55636~02
0.53725-02
0.u928E-03

~0.3692E-02

-0,1312%-02
(. 1308E~02
0.306U5-02

~0,5711E-02
0.2081E-02
0.5701E-03

Qe 5459E~02
~De T39TE~Q3
~),2687E-02
-0e2140E~03

0.8882£-03
~Je4TI4E~D2 .
= 6285E-03
""")o 66825_03
-0.,1381E-02
~043090E-02
-0.,1932E~04

0.B796E~0Q3
0.5734c~-02
0,3872E-02
-0.1090E-02
=-0.1524E-02

0.5180E~-0Y4
~0. 1479E-02
~0.7099E- 04
0. 1044502
0.3533E-02
0.1768E-02
-0.3088E-02
0.2128E-02
-0.2193E-02
C.l016E-02
0.76398-03
~0+6979%~03
0.2185E-03
0.2093E-02
-3.8562E-03
~0.4TU2E~02
-0, 2482802



Table 3.5
X

3160008 00
.273400E 00
. 2281008 00
. 1542408 00
.+ 101180E 00
.309780E 00
«269070E 00
.219750E 00
. 152640E 00
< 968300E-01
. 720000E-01
.481500E-01
«299000% 00
.261800E 00
< 2145400E 00
<175000E 00
<128100E 00
«993000E~01
. 7090008-01

Pable 3.6

2331000 00
.290000E 00
. 235800E 00
.1668001 00
. 1199008 00
.804939E-01
« 3126008 00
2717008 00
.228100E 00

+159700E 00

<« 134300E 00
.97900CE-01

. +.732300Q8-01

]

4

.136800E 00
« 1174102 00
.100780E 00
« 709700 E-01
LU4706002-01
«132350E 0C
«1119702 00
«902600E~01
.6696005-01
«493200E-01
«314200E-01
.2789002-01
+132660E 00
. 115340E 00
. 944500E-01
«825100E-01
6073005~ 01
«429700E-01
«39%9100E-01

.1318102 00
. 1141102 CO
«376559E-01
«6824005-01
«5173030E-01
+3658C0E5-01
.1247402 00
.109310E 00
.92160CE-01
«650U400E-01
.578500E-01
<4506008-01

+33U400E=-01

YCALC

«135583E 00
«118229E 00
«997738E-01
«6968L41E-01
L480681E-01
. 133049E 00
. 11646558 00
.963721E-01
.6903235-01
+361805E-01
«26L643E~01
.128658E 00
« 113503E 00
«941926E-01
« 78141501
.590350E-01
+H73022E-01
«357324E-01

.131385E 00
. 115902E 00
.954352E-01
«693794E-01
.516692£-01
.367910E-01
L128836E 00
.108992E 00
.925276E~01
.66698LUE-01
.5710692-01
.14336168-01

L« 3U0U57E-01 __.

DEVIATION

0.127173-02
-0.81868-03
0.10068-02
0.1286E-02
-0.10068E-02
-0.69294E~-03
-0.44958-02
-0.61128-02
-0.2072E-02
0.3024E-02
~-0.476168-02
0.1426E-02
0.4002E~02
0.1837E-02
0.257U4E~03
0.4368E-02
0.1695E-02
-0.43328~02
0.4178E-02

0.4253E-03
-0.1792E-02
0.2225E-02
-0.1139E-02
0.6082E-04
-0¢21102~03
0.3036E-03
0.3182E~-03
-0.3676E-03
-0.16588-02

. 0.7431E-03

0.16982-02
-0.6057E-03__
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pable 3.7 298.15K

X

« 2957008 00
.245000% 00
. 1994008 00
. 1490002 00
- 21414002 00
1140008 00
«9110008~01
.705000E-01

.295700E 00
. 245000E 00
.199400% 00
. 1430008 00
.141400% 00
«114C00Z 00
.9110002-01
% 705000E-0 1

« 2957008 "00
«2450008 00
. 1994008 00
21490008 GO
. 1414008 00
.1140002 00
«911000E-01
.705000E-01

2957002 00
. 2450002 00
.199400E O
. 1496002 00
< 141400E 00
. 1140008 00
<911000E-01
- 705000E-01

&

.183340E 00
. 1470U40E 00
« 1180202 00
.9057002-01
.871600E-01
«652100E-01
«557800E-01
+435100E-01

308.15K

. 1682805 CO
1369402 00
«111130E 0C
.8439002-01
.8767399E-01
«6490008-01
.556CC0E-01
-4615008-01

318,.15K

» 1555505 00
«1250802 Q9
« 1011708 00
«7591C0E-01
«771300E-01
«584008C0=-01
«5630008~-01
.394800E-01

323.15K

-1501002 00
. 1190708 00
«38790GE-01
« 7123998~ 01
« 755100 2-01
«565000E-01
« 500000 E-01

.3702002-C1

YCALO

.1802425 00
. 1480758 00
.121644E 00
.9006112-01
.8538913-01
. 685455801
S5446815-01
- 418046E-01

« 1657508 00
.1384C1E 00
. 1138628 00
.8661475-01
.8251502-01
«67734UE~-01

«553812E-01

S4U263882-01

«1519839% 00
« 126776E 00
.104G99E 00
«790342E-01
«7525472-01
«6162858-01
«5024015-~01
«399955E~-01

- 146829E 00
. 122118E 00
«998923:E-01
«753273E-01
«716230C-C1
«582683E-01
«U4710687~01
«370663E-01

DEVIATION

0.30982~02
=0+ 2035E~02
-0.302423-02
0.5089E-03
0. 1771202
~0.33350-02
0.13128-02
0.17052-02

0.25308-02
~0.,14618-02
-0.26728-02
-0.22258-02

0.U565E-02
~0.28342-02

0.2188E~03
0,18818~02

0.3560E-02
"-0.16962-02
=0.29298~02
'0.312“3"02
0.18758E-02
-0.32288-02
0.6060T5-02

=0 5155E-03

0.3271R-02
~-0.3048E-02
-0.11028~02
~-0.480873-02
0.3887E~-02
-0.17682-02
0.28938-02
~0.5456292-04
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Table 3,8 298,15K
b Y YCALC DEVIATION
.3012003 00  .174400% 00  .172199% 00 0.22008-02

.« 2452008 00 .13821CE GO . 1413088 00 ~(0.30382-02
. 1910008 00 « 1131002 00¢ .111409E 0GC 0.16912-02
«14600CE 00 .8360005-01 «865851E-01 -0, 2985E~02

' «911000E-01 ».5908002-01 .563002E-01 0.2790E-02
.« 739939E-C1 «462700E-01 .4686725-01 -0.59728-03

>

308.15K

: «306500E 00 «1617003 00 «162887E 00 -0.11872-02
« «266400F 0O .133300E 00 « TU1486E 0O -0.21862-02
. =«2314008 00 «125900E 0C «122807% 00 0.3093E-02
«16420G68 00 .889800E~01 .869436E-01 0.,2036%-02
«369400E-01 . 507600E-01 «510481E-01 -0,28815-03
»5167002-01 = 258200 E~01 . 268882T~01 -0.1468E-C2

318.15K

-« 3065002 00 «152120Z GO . 1522112 00 ~0.9072E~04 :
« 2664003 00 «129650E 00 . 1326295 00 ~0.29795-02 ,
«231400E 00 «.115860E% CC « 115537E 00 C.23238-02
. 164200T 00 .817400E8-01 «327207E-01 -0,9807=~03

. «9694005-01 U4973900E-01 . 4937545~01 -0.85382-04

25167008-01 _ .2758008-01__ .2776855-01 _ -0.18853-03

323.15K

—— ey i T e .

. «30650C2 00 . 145190E CC - 1463372 00 -0.11478-02
-266400E 00 «12587CE 00 « 1275848 €O ~0.17145-02

- «2371400Z 00 - 1153808 0C .1112162 00 0.41642-02

«1642002 00 «7806C0=2-01 «797885E-01 -0.72858-03

»963400E-01 -4820G0E-01 «483334E-01 ~-0.1334E~03

«5167002-01 «267200=-01 «271623E-01 -0.484238~-03 -
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Pable 3,9 298,15K

X

'.316000E €0

1« 273400E 00
«2281002 00
. 1542408 00

Lo .1011808 00

p 4

.136830E 00
«117410E 00
.100780E 00
«708700E-01

.4706002~01

308.15K

» 3160003 00

«273400E 00

" .228100E 00
-« 1542402 00

- 101180F 00
.998800E-01

» 4894002-01

. 1280008 00
«112670E 00
«.948099%E-01
«704899E-01
2U27700E-01
<Bu4700E-01
«253500E~-01

318.15K

.316000E 00
+273400F 00
«228100E 90
1542408 00
.« 1011808 00
«489400E-01

«» 1245008 00
«110415% 00
«2194682-01
«6605992-01
L462000E-01
«232%002-01

323 .15K

«316000E 00

«273400E 00
"s 2281008 00
« 1542408 00
«1011802 00
»9988002~-01
«489400E-01

«1213008 00

<« 1056508 06
«.8795998-01
«623700E~-01
-421500E-01
-42190GE-01
«265400E-01

YCALC

.136338%z 00
.118808E 00
. 100166E 00
«697718E-01
«4793718-01

.129094E 00
« 1125278 00
-949109E-01
«661882E-01
«455541E-01
- 4504858-01
«252389E-01

.125595E 00
. 1095728 00
925338101
.647538E-01
LBU79705-01

«251486E-01

12058558 00

« 1052452 00
. 389756101
« 628487 5-01
»4339211E-01
«» 429252E-01
2 246300E-01

DEVIATION

0.46192-03
-0.1398%2-02
0.6139E-03
0.1198E-02

_-‘0. 87713""’03 ;

-0.10345-02
0, 14272-G3
-0.101045-03
0.U43022-02
-0.2784E-02
-0.57852-03
0.11112-03

~0.1095%2-02

0.8380E-03
~0,59388-03
0.1306E-02
0.1403E-02

-0.18582-02 .

0.7550%-03
0.50485E-03
~0.1016E-02
~0.7863E-04
~0.1242%-02
=0.7352E-03
0.19108~02 |

e
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Pable 3,10 298,15K

X

«312600E
«271700E
«2281008
+ « 1597008 00
1343002 00
«979000E-01
«732300E-01

00
00
00

»312600E
«271700E
-e2281008
.159700E 00
« 134300% 00
«9790002-01
«732300E-01

00
00
00

" .312600E
\ «271700E
. .228100%
* +159700E 00
.134300E 00
.9790005-01
«7323005-01

00
00
00

«312600E
«228100E
«159700E 00
« 1343002 00
«379000E-01
«7323002-01

00
00

T

.124740E 00
.1093108 00
.921600E-01
.650400E-01
.578500E-01
.U506007-01
.3344C0E-01

308,15K

«1182C0E 00
-103900L CC
»890000E~01
.6280C0=2~01
.537400E-01
«3909C0=-01
»299800E-01

318.15K

»112250E 00
«.99040CE-01
.840800E-01
«6215008-01
+517600E~01
L4020002-01
.300600E-01

32%.15K

.1099C02 00
«822500E-01
«+5717G0E-01
«491900E-C1
«.376400E-01
«264800E-01

YCALC

. 128433E 00
.109008E 00
»925662E~01
«667714E-01
«571926E~01
430655801
«341620E-01

«1191022 00
. 103966E 00
.8783178-01
. 625197501
«531202E-01
- 3965008-01
«3052065-01

. 1128605 00
«989156LE-01
«.8U405C7E-01
«607307E-01
«5207095~-01
»396608E-01
« 312439501

-~

«110511E 00
.813226£-01
«576961E-01
LU4892245-01
. 3634925-01

.278277E-01

DEVIATION

0.3074=-03
0.30152-03
-0.40622-03
-0.17312~-02
0.6574E-03
0.159u48-02
-0.72208-03 °

~0.9018E-03
~0.6640E-04
¢.11685-02
0.28032~-03
0.6198E~C3
-C.5600E~-03
-0.5406=2-03

-0.6099E-0%
0.120442-03
0.29278-04
0.1419E-02

~0.21092-03
0.53928-03

=0.11902-02

-0.6105E-03
0.92745-03
»0<52618~03
0.2676%~03
0.1291E-02

| 70.134812-02




TABLE 3,11

5 I7 &

Gradients and intercepts obtained from a least squares plot of

Jones-Dole data [tables (3.1-3.6)] at 298,15 K.

SALT GRADIENT INTERCEPT RMS DEVIATION
NaCl 0.594 0.0023 0.0024
KC1 0.404 0.0065 0.0025
NaBr 0.560 0.0041 0.0020
KBr 0.378 0.0064 0.0011
Licl 0.547 0.0000 0.0045
LiBr 0.605 -0.,0358 0.0025
TABLE 3,12

Gradients and intercepts obtained from a least squares plot of the

Jones~=Dole data, tables (3.7-3.10).

o’ 3N

SALT | TEMPERATURE | GRADIENT | INTERCEPT | RMS DEVIATION
NaCl 298.15 0.615 -0,0015 |  0.0019
308.15 0.539 0.0062 0.0023
318.15 0.497 0.0049 0.0029
323,15 0.487 0.0027 0.0027
KC1 298,15 0.412 0.0063 0.0009
308.15 0.389 0.0062 0.0019
318,15 0.376 0.0067 0.0012
323.15 0.359 0.0071 0.0010
NaBr 298.15 0.575 0.0000 0.0013
308.15 0.534 -0.0007 0.0017
318.15 0.488 0.0025 0.0020
323,15 0.468 0.0030 0.0017
KBr 298.15 0.377 0.0065 0.,0009
308.15 0.370 0.0034 0.0006
318.15 0.341 0.0063 0.0007
323.15 0.345 0.0025 0.0008

E R M L




k!
e Y 1

~ 78 -

Table (3.14) compares the B coefficients at 298.15 K with those obtained
by Notley and Spiro80 from viscosity measurements at concentrations

81
of approximately O,1 and 0,25 molal performed in 1915 by Davis et al .

TABLE 3,14

B coefficients in formamide

SALT B this work B ref. 80
pig; 0.547 0.54
~LiB¥ 0.605 0.49
Nacr 0.59, 0.56
- NaBr. 0.560 0.51
KCL ™~ 0.404 0.38
KBr 0.378 0.33

Apart from the fact that they had only two experimental measurements
for each salt, the concentrations were rather high for valid
application of the Jones-Dole equation and the viscosity of the pure
solvent in Davis' measurements was found to vary from 0.003194 to
0.003388 kg mmls-l. The accuracy of these results is not therefore
considered to be very high, In spite of this, Notley and Spiro
attempted to divide the B coefficient into separate ionic
contributions, Although they do not state how this division was made, #
it would appear that they considered the contributons of the Cs+ and
Cl ™ ions to the B coefficient to be almost identical, as had been
suggested by Nightinga1e79 for aqueous solution. Thus from the B
coefficient for CsCl of 0.4l they attributed ionic B coefficients
of 0.21 and 0.20 to the cs™ and c1” ions respectively. Table (3.15)
gives .their ionic B coefficients of interest to the Present work.
There are two basic ways of approaching the division into ionic ;
B coefficients, the theoretical approach and the experimental approach. f

The method used by Cox and Wolfenden67? based on the theory of
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TABLE 3.1%5

Ionic B coefficients calculated by Nightingale79 from the

measurements of Davis et a181

ion B

it 0.34
Nat 0.36
K+ 0.18
c1” 0.20
Br 0.15

Stokes' Law and the Stokes-Einstein relationship was discussed on
page 47 . On the other hand the method of Gurney14 for aqueous
solutions was based on experimental evidence which was already
available for the individual ions. He considered that the plot of
the temperature variation of ionic mobilities ggainst equivalent
conductivities provided evidence to suggest that the effects of K+
and C1 ions in aqueous solution were very similar and that the B
coefficient for KCl could therefore be equally divided between the
two ions. It should be noted that ionic B coefficients calculated
by each of the above methods for aqueous solutions were identical
within experimental error.

Since information on transport numbers in formamide is only
available at one temperatureso the approach to the splitting of the
B coefficients followed here was that of Cox and Wolfenden. The
ratio of the ionic mobilities of Na+ and C1 ions in solution in
formamide is 10.1:17.180. From Stokes' Law, therefore, the radius
of the solvated sodium ion is therefore 70% greater than that of the
solvated Cl- ion, This gives a volume ratio for the two solvated
ions Na¥:C1” of 4.28:1. From this result the B coefficient of NaCl

was split into two ionic contributions,




B NaCl = 0.594
- + 4.82
. B Na = 0.5t x T uTEe
- 0.492
’ 1.00
BC1 v 0808 x et
- 0.102

and from these values the others were readily obtained. Table
(3.16) compares the values obtained in this study with those obtained
by Notley and Spiro in formamide at 298,15 K and those for the same
; 68
ions in water at the same temperature .
As was mentioned earlier there is no information on trans-
ference numbers in formamide at temperatures other than 298.15 K.

A splitting of the B coefficients obtained at other temperatures

therefore becomes rather arbitrary.

TABLE 3,16

Ionic B coefficients in formamide and water

& ., 80 Formamide 68
Ion Formamide CLHLE Work) Water
Nat 0.36 0.49, 0.0863
K" 0.18 0.30y, -0.007
21 0.20 0.10, -0.007
Br 0.15 0.064 -0.032

It can be seen by inspection of table (3,16) that all of the jions
investigated here have positive B coefficients for all

measurements., For the Cl— ion the value at 298,15 K is quite large
compared with the value in water, This might indicate that for the
¢l ion in formamide the structure making influences are relatively
greater than the structure breaking influences. In water Cl1  ion

is considered to be a net structure breaker, This is because (i) at




certain temperatures the ionic B coefficient is negative and (ii)

the temperature coefficient of the ionic B coefficient, g%—, is
... 68

positive , table (3.17).

TABLE 3.17

Ionic B coefficients of chloride ion in water

68 288 K 298 K 308 K 315.5 K

Cl ~0.0200 -=0.0070 +0.0049 +0.0121

Kaminsky pointed out that anions do not exhibit negative temperature
dependence of the ionic B coefficient in water and it is assumed

that this is also true for formamide, In water the decrease in B

for Cl1 over the temperature range 288.0 - 315.5 K is very small,

ie 1less than 0.04, Since for the Cl~~ ion in formamide the structure
breaking effects are relatively less important than the structure
making effects (compared with the situation for the Cl  ign in water ),
it is proposed that the ionic B coefficient for ¢1” in formamide must
drop by less than 0.04 over the temperature range 298-323 K. This
would make any real drop in B for €1~ undetectable because the accuracy
of the measurements is not greater than t 0.,0l. In spite of some
evidence (see later) which confirms that the Cl_ ion in formamide

has some structure breaking influence, ggwis taken as zero for Cl
ion in formamide, From this, the other ionic B coefficients are
readily available see table (3.18).

TABLE _3.18

Ionic B coefficients in formamide
298,15 K 308.15 K 318,15 K 323.15 K

+ .
N? 0.49, 0.43, 0.39, 0.38
K 0.30, 0.28, 0.27, 0.25,
c1 0.10, 0.10, 0.10, 0.10;

8

Br 0.086 0.097 0.094 0.983
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The fact that the Br ion has a smaller ionic B coefficient than the
C1  ion at 298.15 K indicates that for Br in formamide more “structure
breaking” of the solvent takes place than for the ¢l ion. As the
temperature is increased the ionic B coefficient of Br" increases
and thén remains almost constant, This supports the suggestion that
Br is to some extent a structure breaking ion,

It has been suggested by Neng-Ping Yao and Bennion82 that
the viscosity B coefficients are approximately related to the

Einstein volume fraction according to ‘the equation

34-
Be2.52% .o2s5imri y (3.15)
c 3 1000

where B is the ionic B coefficient, @ is the volume fraction of

the solute particles in cubic centimeters of solute/cubic centimeters
of solution, rt is the effective radius Ffor a spherical ion, and N
is Avegadrod$ number, and these authors used the above relationship
to caleulate the effective radii of a number of ions in dimethyl =
sulphoxide from the ionic B coefficients. Nightingale79 showed that
there was indeed a relationship between the ionic B coefficients and
the ionic hydrated radii but he stressed that the relatibnship was
not to be confused with the Einstein relation which is only applicable
for ions whose radii are large compared wita that of the solvent
molecules, Bearing in mind that Stokes' Law is also subject to such

a fundamental criticism it was decided to calculate the solvated

radius of the Cl ion from the ionic B coefficient using equation

(3.15). 3
5 o 2.5 x r" x N x4 x0T
o - 3 x 1000
o b . LR R FIEa000 % 1030
Pl e T 1000 x 3
. 8 _ 0.102x3x T: Hi
s T 2.5 x4 xTx 5,023
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This wvalue of 0.25 nm compared with one of 0,181 nm for the ionic
crystal radius of c1 ion83 and 0.332 nm for the hydrated radius of

the Cl— ion as obtained by the corrected method of Nightingale79.

It would seem therefore that the calculated solvated radius of the C1
ion in formamide (as calculated from the ionic B coefficient) is smaller
than the hydrated radius of the Cl~ ion in water (as calculated from
Stokes' Law). Since the volume occupied by a formamide molecule in
solution is nearly three times that occupied by a water molecule and
since (in water at least) simple monetomic ions are considered to be
solvated to a minimal extent79 the relative sizes of the calculated

solvated radii for the Ccl ion in formamide and water might indicate

either .
(i) in formamide the Cl ion is solvated to a lesser extent

than in water
or -

(ii) in formamide the Cl1 dion is to some extent a structure

breaking ion, -and therefore the value of the hydrated radius obtained

from the ionic B coefficient is too small because the ionic B coefficient

contains a negative term due to the structure breaking effect of the c1~

ion,
g 84 :

Bare and Skinner have shown that for a homologous series of
monohydric alcohols the viscosity B coefficients of Nal increased with
increasing alkyl chain length, and attributed this to the fact that as
the solvent molecule increased in size the voplume of the solvodynamic
unit would increase, It therefore would seem that the Cl ion is to
some extent a structure breaking ion in formamide solution,

Y dB - + .+ )

From the Ef-values for the Na' and K ions it is very probable
that in formamide these are net structure makers, k" to a lesser
extent than Na+. This is what would be expecied on the basis of the

surface charge densities of these ions. Potassium ion has a smaller

surface change density than the sodium ion and will therefore orientate

the solvent dipoles beyond the first solvation sphere to a lesser
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extent than sodium,

Without resqrting to any arbitrary splitting into ionic B
coofficients it is instructive to examine the mean difference
BNa+ = BK+. This can be done simply by subtracting the B

coefficients of two salts with a common ion, eg, in formamide,

B

Nat ~ B = 0,186

K+

This difference can be taken as the difference of the effect of the
Na*t ion and the k" ion on the solution viscosity, and would be
expected to be due to differences in the ability of the ions to
promote or destroy structure in the solvent, It is therefore of

interest to compare this difference for various solvents.

TABLE 3,19
Solvent Group BNa+ . BK+
N“methylformamide85 I ~0,016
methano1 86 I ~-0,023
water®8 11 0.093
formamide 11 0.186
1,3~propaned10184 IT 0.362
1,2-propanediol >4 11 0.406
For N-methylformamide and methanol BNa+ = BK+ is much less than for

S

any of the other solvents .in table (3.19). These solvents, which
shall be called group I, although highly associated, tend toc associate
into dimers or chains rather than into three dimensional groupings,
The other solvents in table (3.19) called group 11, all have the
ability to form associated aggregates in three dimensions, For all

of ‘these solvents B

Nat+ - BK+ is fcund to be positive,

It has been suggested85 that the strugture making contribution
to B for the alkal{ metal ions in water decreases rather slowly and

that the structure breaking contribution increases relatively rapidly

S B




..85...
with increase in ionic radius, For group I solvents where the
structure breaking contribution is probably negligable the ionic B
values will therefore not change by much down the group. Evidence
from other salts in other systems of this type is available to
support this, ie LiCl, KI and KCl in N-methylpropionamide have

87
values of 1.25, 1,30 and 1,37 ..

The same analysis can be carried out for the anions in

formamide.

TABLE 3,20
Solvent BClm - BBr“
water68 0,034
me'l:hanolss'88 0,024
formamide 0.030
N-methyl formamide®® 0.030

For the anions the difference is not very large and since it is the
same for both solvent groups I and II it is unlikely to be a result
of different structure breaking abilities of the anions,

If these results are considered in terms of the Sthokes and
Mills treatment, see page sk ; then, for the cations in formamide
it appears that although n?D (the structure breaking contribution)
is important, the overall effect of the cations is to increase the
viscosity due tof7E (size and shape contribution} andﬁ?A (the
ordering of the solvent ions in ‘the immediate vicinity of the ion).
The fact that g%- for each of the salts in formamide is negative
indicates thatl7A makes a large centribution to the overall effect.

For the anions the most important contribution is probably
n7F. However as suggested abovef‘7A may decrease with incregsing ion
size and this explains to some extent why the bromide ion contributes

less than the chloride ion to the viscosity. It should be noted

however that from the calculation of the solvated radii and
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consideration of the size of the solvodynamic unit, it would seem
that some contribution is also made by/?D.

Associated solvents have been divided into two groups, I and
5 Group I are solvents which have linear or polymeric
association in two directions such as N-methylformamide, N-methyl-
propionamide, N-methylacetamide and the monohydric alcohols. No
structure breaking effects of ions would be expected in these
solvents, Group 11 solvents on the other hand can form three
dimensional aggregates and when certain ions are dissolved in them
a degree of structure breaking takes place. Examples of group II

solvents are water, formamide, and polyhydric alcohols,
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3.6 VISCOSITY AS A RATE PROCESS

Since the flow of liquid is a rate process in so far as
it takes place with a definite velocity under given conditions,
Eyring89 considered that the theory of absolute reaction rates could
be applied to the problem of viscosity.

He considered as his model two parallel layers of molecules of
a fluid, one of which, under the influence of an applied force, moved
with a velocity My greater than the other, This movement was
envisaged as involving the passage of molecules from one equilibrium
position to another in the same layer. Since energy would be
required to produce a suitable site into which the molecule could
"Jump'" it was suggested that the pfocess could be represented by the
potential energy diagram in fig. (3.13). It was assumed that the
potential energy barrier was symmetrical.

Eyring calculated that the force acting on a single molecule
in the directicen of motion would be

F (3.16)

%1%
where F is the force per unit area acting on the molecule, X, is

the distance between neighbouring molecules in the moving layer in
the direction at right angles to the direction of the applied force

and x, is the mean distance between adjacent molecules in the meoving

2

layer in the same direction (xlx is therefore the effective area

2

per molecule),
The distance between equilibrium positions was at x, and
the energy acquired by a moving molecule when it has reached the

top of the potential energy barrier is
F xxlx
2

The effect of the force is therefore to reduce the height of the

2 (3.17)

potential energy barrier by éFxxlxz in the direction of flow. In

the opposite direction the barrier was increased by this amount.
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Statistical mechanicél arguméents lead to the expression for the

frequency of an activated complex crossing a potential energy

barrier bheing given by

HEO/KT
KT

k = ® (3.18)

;e
©

where k is the frequency, K the Boltzmann constant, h is the Plank's
£ 3

constant, £ and f are the partition functions for unit volume of

the molecule in the activated and initial state respectively, T is

the absolute temperature, R the gas constant and Eo the activation

PER NOLECNE &
enerng From this the rate of flow in the direction of the applied

force was found to be

* —(EowﬁFxxlxz)/KT

KT £
= o I =)
E s

A 7

K o{BFX X X) /KT (3.19)

The rate of flow in the opposite direction was therefore

Kk =k o (BFXX X)) /KT

B (3.20)

from the net rate of flow Eyring obtained the differencge in velocity

between the layers

Ay = xx[eBFX XpX)/KT _ ~(BFx, %,x) /KT (5 51y

and from the definition of viscosity

Fxs

where Xq is the distance between the layers; and making the following

assumptions: —

(i) 2KT >> Fxlxzx

which is reasonable because F is the order 10—3 kg m s“2 and xl,xz,
and x are each of the order ].0_l nm
(ii) x, = x

although they are not the same they are of the same order

(1ii) X, XX is the approximate volume inhabited by a single melecule

in the liquid state{

and finally inserting for the frequency factor k from egquation (3,18),
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Eyring obtained the expression

E /KT
] £ o
ﬂ] = v . —f-* (=) (3.22)

where N is Avagadrod€ number and V is the molar volume of the liquid.
From his theory of absolute reaction rates the equilibrium constant

ke is related to the partition coefficients by

) if ~E0/KT
ke_fe

Thermodynamic considerations, however, give

*
k = e~AG /RT
e
therefore 4 _
m - "—;-Ii G0 R (3,23)

and since AG = AH-TAS equation (3.23) hecomes

"]

Assuming As*is constant over the temperature range and that the

* ES
= %N- e'AS 7 eAH s (3.24)

molar volume of the liquid does not change by very much, then equation
(3.24) can be represented as

m =

This is similar to the empirical relationship suggested by Arrhenius

*
A S /RT (3.25)

90
in 19186.
Rewriting equation (3.25) gives
A = g Sanld (3.26)
()
phis

In 1959 Nightingale and Benck91 suggested that the effect of a strong
electrolyte on the viscosity of a solvent could also be treated as
a rate process. They substituted the Jones-Dole eguation for the
viscosity of a dilute electrolyte solution into equation'(3.26) to

glve d 1nﬂ?o(l+ A J; + Be)]

AH = R

0 (3.27)
d(EO

For dilute solutions of electrolytes where B is nat too small (which

is the case for most non=-aqueous solvents at least) the influence of
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the interionic attractions on the viscosity of the solution can be

considered negligible, therefore

« d 1lnfy o(1+Bc)

M = R .

d (%:)

from equation (3.26)

. 224 R . dlYol14Be)]

1 T ==
a(@ (14Bc) 1.
T qo d(T)
_ R . d{1+Bc) i (1+Bec) d o
T moBey T o L T
’70 a(@ aG;)
= R . % d(14Bc) & R d‘ Zo
(480)  4cdy ad
T ’70 G
d 1n R
r & in"? s B —nl—l = . g———-—(linc) (3.28)
acz) am (1+4Bc) d(3)
d 1n
" In equation (3.28) R gmlﬂl? and R can be identified
1 1
a(z) da(=)
T T o y
as the activation enthalpies for solution, AH,7 , and solvent

*
M ﬁ7o respectively. Equation (3.28) can therefore be represented by
% * *
mf‘? = AI'IIV)O"- m,vls (3.29)
*
where MH p)s the second term on the right side of equation (3.28)
may be considered to represent the increase or decrease of the
activation enthalpy of the pure solvent due to the presencé of the
ions of the solute, Since it is considered to represent the effect
due to the sum of the ionic effects, equation (3.29) can be rewritten
* * - %
AH,\] - = v o+ v
"o 5. -
* * :
where AH+ and M_ represent the effect on the activation enthalpy

5 T 2 + =
due to each individual cation and anion and v and v are the number

of cations and anions per molecule of solute,




3.7 RESULTS AND DISCUSSION (:I1)

Figs, (3.14-3.16) show the change that takes place

in AGY, M, and AS® for formamide when the salts NaCl, KCl, NaBr
and KBr are added. The increases are very small and are dependent
on ‘the concentration of the salt. For a 0.1 molal solution of
sodium chloride in formamide the increase in A" amounts to only 2%.
The maximum increase ohserved for AG* was much less (0.3% for a 0.1
molal solution). This can be attributed to the fact that the salts
which cause the largest increase in AH* are also associated with
less negative changes in the entropy of activation (AS*). The
maximum salt concentration used in these investigations was 0.1 molal,

Table (3.21) gives the values of AG*, AH*, and AS* for the
pure formamide used in this work and also the changes in them

brought about by adding salts to form 0.1 molal solutions.

TABLE _3.21

st ' ps*
kJ/mole kJ/mole JKWl/mole

FORMAMIDE 48,58 17.17 =105 .40
Increase for

0.1 molal NaCl 0.14 0.36 0.72

0.1 molal NaBr 0.14 0.27 0.54

0.1 molal KC1 0.10 0.13 0.14

C.1 molal KBr 0.09 0.14 0.14

No'éatisfactory ionic partifoning of these wvalues was possible
due to the scatter and lack of accuracy for the small changes
involved. However two important points emerge from an investigation
of the results.

(i) For each of the salts containing the sodium ion the
inerease in the activation enthalpy (AH*) for the 0.1 molal solutions

was moyre than twice that caused by the corresponding potassium szalts.
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*
(ii) The activation entropy change (AS ) brought ahout by
the presence of the sodium salts resulted in a significantly less

negative entropy change than that caused by the potassium ions.

Both these facts support one another, and the previous evidence’

’

that Na' ions are more order making than K+ ions. Because of the
relatively strong ordering influence of the sodium ion on the
formamide molecules, more energy will be required for a solvent
molecule in the neighbourhood of a sodium ion to move inteo the
next equilibrium position and hence AH* is greater for the
movement of such an ion, If the transition state for such a
movement of one solvent molecule from one equilibrium position to
another is considered to be 'crowded", or to put it another way, if
the transition state is one in which a high degree of order exists,
then AS* for the transition will be negative. However if the
molecule is moving from a relatively ordered site around a sodium
ion then the decrease in entropy will be less and AS* will therefore
not be quite so negative,

By such reasoning, these results confirm that which was
pointed out in section 3.5, namely that sodium ions are better
structure making ions than potassium jons in formamide as was also

found by Kaminsky68 for these ions in water.

3.8 THE FALKENHAGEN-VERNON A COEFFICIENT

From the Jones-Dole equation and the plots shown in
figs. (3.4-3.12) it should be posiible to measure the long range
electrostatic interaction of the ions in formamide solution. The' A
coefficient discussed in section 3.4 was considered to be a measure
of this and should be given for each of the salts investigated here
by the intercepts on figs. (3.4~3.12), These intercepts are listed

in tables (3.11) and (3.12). It can be seen by inspection of these

Ly

s il

iy
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tables that the intercepts were found to be negative in some cases.
These results are considered to be spurious and it is not considered
possible to determine A-coefficients with ény precision with the
experimental procedure used here. However it is possible to calculate
A theoretically from equation (3,29 ) which was proposed in 1931 by
Fglkenhagen and Vernon65 for a ugi-univalent salt: -~

ews [A3e32 G2 N2
=f704f260T 4){’)\3 (3+o/‘§))“1’\‘2’(\‘;+)\25

(3.29)

The A coefficient is therefore a very complicated function of the

valency type of the salt and the ionic mobilities of the ions, The

units used in the equation as it is represented here are f? = viscosity

in poise, T = absoclute temperature in Kelvin, Xi and)\g the equivalent

conductances of the ions at infinite dilution in &mswz int, {3 equiv.
For the salts NaCl, KC1l, NaBr, and KBr the A coeificients

were calculated at 298.15K using the data of Notdey and Spir080 for

the limiting equivalent conductancesof the various ions in formamide

and the value of 109 for the dielectric constant: due to Bass g&_g}?z.

The viscosity of formamide at 298.15 K was taken as 0.03292 poise

as measured in this work. Table (3.,22) gives the values obtained

using equation (3.29 ) and compares them with the intercepts obtained

experimentally. All the values are for solutions at-298.15 K.

The experiwmental values of the A coefficient were calculated by

computer by applying the method of least squares to the values shown

in figs. (3.4-3.12). The root mean square deviation for these

points is given as an indication of the precision,

TABLE 3,22
Ralt Atheor Aexpt
NaCl 0.0064 0.0023 + 0.0023
NaBr 0.0064 0.0041 * 00,0020
KC1 0,0058 0.0065 * 0,0025
KBr 0.0058 0.0064 * 0,0011

2t




A computer program was then employed which enabled the

theoretical value of A to be inserted into an equation of the same

form as the Jones-Dole equation and a new value for the B coefficient

was then calculated by a method of least squares, This produced
no significant change in the B coefficients as reported in table

(3.13).

3.9 CONCLUSIONS

All of the salts investigated here increase the
viscosity of formamide and with the exception of the lithium salts
it has been shown that they all have a net structure making effect
on the solvent. (Both the lithium salts were only investigated at
298.15 K.) There is some evidence, however, to suggest that the
anions do exhibit a certain amount of structure breaking influence
on formamide, despite the fact that their overall effect is to
increase the viscosity. The sodium ion is shown %o have a greater
ordering influence on formamide than that of the potassium ion, and
both of these ions have a much greater ordering influence than
either of the anions as is the case in aqueous solutions.

This idea of structure making and structure breaking is
simply a concise way of discussing a situation which exists around
an ion'which is very complex and may be contributed to by many
factors. In the words of Emerson and Holzer77, "Hydrodynamic

problems are notoriously refractory to intuitive analysis”,
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BINARY MIXTURES

4,1 INTRODUCTION

Few have attempted to deduce the absolute wvalue of the

viscosity of a particular liquid from known molecular constants,

U PR i Doy S e o

with the notable exceptions of Andradega, Kirkwood94 and Stiel and :
Thodosgs. Viscosities of binary liquid mixtures haye been studied 4
as a method of investigating the variation in type and degree of

the interactions of unlike molecules. Most of this work has heen %
directed towards predicting the viscosity of a mixture‘from the
viscosities of the pure componentsge_lol or discussing observed
maxima or minima in the measured viscosity of various comﬁositions
of a binary mixture, in terms of complex species formed or inter-—
9ctions between the individual componentsloz_lo4.

" i 6 i
For ideal liquids Arrhemus9 proposed the empirical

equation for the viscosity of a binary mixture

1n r\'] = ¢AlnN)A + ¢B1nI7B (4.1)
where (ZA and QfB are the volume fractions and ,7A andn') g are the
viscosity coefficients of the pure components A and B respectively.
10 1
Dolezalek e and later on Hind et al_o5 syggested the

relationship

ﬂ7 = xir?A + x‘Z/?B + XAXB7AB (4.2)

which introduced a term specifically taking into account ‘the

molecular interactions A*+*r+**B, f?AB was called the "mutual
viscosity coefficient", In 1960 an equation of the above form was
derived from statistical mechanics by Bearman and JoneleG.who
considered as their basic assumptions that the mean frictional forces
acting on the molecules of a binary system wére related, on the one

hand to the gradients of the local thermodynamic properties and on the

other hand to the relative mean velocities of the components, They
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found that the viscosity coefficient could be represented by ‘the
sum of three integrals representing respectively the interactions
of like and unlike pairs of molecules.
From the statistical mechanical theory of Frenkelland the
89 98 ; ¢ :
rate theory of Eyring =, Tamura and Kurata derived a semi-~empirical

relationship which was very similar to equation (4.2).

4,2 TAMURA -KURATA EQUATION

The viscosity of a pure liquid A is given by

KT
/7A = v Tp (4.3)

where TA is the relaxation time of

flow and is given by Aﬁ*/KT
T4 = TE' e # (4.4)
A KT

where K is the Boltzmann constant, T the absolute temperature, Vo

the volume occupied by one mole of A and h is the Planck constant,
Similar equations can be written for a pure liquid B. Tamura and
Kurata considered that the same procedure might be used to

describe a mixture of liquids A and B, ie

. v S : (4.5)

v
*
L AGT /KT (4.6)

and T = KT

where the parameters with no subscript refer to the mixiure, The
s
term "mutual activation free energy of viscous flow", AGAB, relating
%k
only to A-+--+*B contacts of molecules in the same way as the AGA and

*
AGB relate to A*****A and Be++*+++B contacts was then introduced such

that T

Ap Vas defined by

*
R e /KT (4.7)
AB = KT d

TAB was taken to be the relaxation time of flow of a molecule A in

liquid B, X

A and xB were the mole fractions of A and B and the

probabilities of the molecular contacts Asess«A, Bres:eB and A+ *B
2 ;
were supposed to be given by x,, xg and 2xAxB respectively. T was

then assumed to be given by the weighted mean of the indiwvidual




= LOL e
relaxation times,

2

2 :
T = xaTa + XBTB + 2xAxBTAB (4.8)

The next step was to define a '"mutual viscosity coefficienx"ﬂyAB by

_ _KT
a8 (VAVB)z Tt (4.9)

From equations (4.5) and (4.8)

KT 2 2
ﬂ7 = 3 (XATA + XBTB + zxAxBTAB) (4.10)

ard from equations (4,3) and (4.9)

’&%
KT , 2 7a¥A 2 7J8'B “8'B
7= v "% "% "xr * %kt Yas ) (411
_ 2. 2 B g a's 5 (A 18
- AT w qh t ¥y (7B Sl R >-’7AB .
v
Further “AYA VAP where w, = weight fraction and ¢f, =
Sl 2 o g A A
v ﬁu A

volume fraction of Z.

v ’7 = Byl %Py ¥ Z(XAXBQ‘A(ZB)%/?AB (.13
This equation is similar to the Dolezalek equation (4.2) but
introduces a degree of dependence of the viscosity on the volume.

It was shown by Tamura and Kurata98 that the agreement between their

equation and experimental results for a number of systems was

considerably better than that of equation (4.2).

4.3 MATO-HERNANDEZ EQUATION

Mato and Hernandezlol pursued a similar argument but
considered that the probability of the molecular interactions (A««---A,
Be++++B, and A--..-B) would be given by the product of the mole

fraction and the yolume fraction of the particular species, ie
XpV
v @as be fore

Probability of A+--:.A interactions « ¥,0, where @,

Probability of B--+++B interactions « XB¢B

Probability of A-.«..B interactions « Z(xAxB(AA(ZIB)é




This led to the expression

T = w Oy, + wpPpTy 2("A’ﬁ=_\¢A‘ZB)é TAB (4142
which gives by a similar argument as before

2 2 5
e Nl gt ¢A¢B’7AB (elt)

This is still of the same form as the Dolezalek equation (4.2) but
now the volume fraction completely replaces the mole fraction,

These equations for the viscosity of a binary mixture (4.2),
(4.13) and (4.15), are derived from Eyring's activation state theorysg, whijch
has ' been criticised and considered unsatisfactory by Rice et a1107,
who suggested that it is simply a parametric representation rather
than a molecular theory because the parameters obtained from
Eyring's theo;y cannot be related to the intermolecular potential or
the radienml distribution fqﬁction. These authors admit, however,
"it can not be denied that the model is easily visualised and
formalised with simple mathematics. Moreover if the resulting
-formulae are considered to be ‘parametric representations, then
adjustment of the parameters often leads to useful representations
of experimental data". Stephen Brush in his comprehensive reviewlo8
comments "As this review does not, like some others, accord the
place of honour to the rate theory of viscosity, it should be noted
to its credit that the rate theory can be applied to non-Newtonian
flow without introducing any additional hypothesis. Such applications
will give a better inaication of the validity of this theory than

the controversies about whether the energy of viscosity should vary

with temperature".

4.4 THE McALLISTER EQUATION

One important limitation of equations (4.2), (4.3) and

¥
(4.15) is that they represent only two~body interactions. McAllister o8




extended the Eyring approach to take into account three=body
interactions, For a binary mixture of pure A and pure B the
three-body interactions involving molecules of A and B can be
represented as AcsccAeessA, BeeooBesooB, AcoeeBeuvsoA, BeossAeosB,
AsoospeseoB and Beo:*BeerA, McAllister assumed that for each of
these interactions there was an associated activation free energy

for viscous flow and he assumed that

* * *
DGppp = DOppa = AC‘m;;
and (4.16)
* * *
Mippy = OBOpup = Adg,

This led to the equation

in = x3k 1n 3 7 k. 1ln 3 & k. 1ln

e T PR i + BxgXpkaIng o,
e ng41nf78 « R° (4.17)
where R® = 31 M_ /M, ) 3 21 [@+2m, M, ) /3]
B e e i i
2
+ 3xAxBln[(2+MB/MA)/3] - ln(xA+xBMB/MA)

where ﬁ7 is the viscosity of the mixture, M, is the moiecular weight

A
of A and MB the molecular weight of B,

Thus in contrast to the equations discussed abowve McAllister
considered that the viscosity coefficient for the interactions on
a molecule A in a solvent B (f7BA) was not the same as that fér a
molecule B in a pure solvent A (7£B)' Hence equation {(4.17) contains
two undetermined parameters P7AB and n?BA which are assumed to be
independent of composition, and vary with femperature according to
Eyring's theory.

In the present work a three parémeter model was set up and

used which was simply an extension of the one parameter models

described above ie equations (4.2), (4.,13), and (4.15).

4.5 THE THREE PARAMETER EQUATION

In all of the one parameter models the presence of B
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molecules is assumed to have no effect on the A««...A interactions

and vice versa. The three parameter equation used in thigs investigation

is an extension of the existing one parameter models to take such
interactions into account. For the Dolezalek model the equation is
{7 = xi’?A(l+kal) + xsﬂiB(l+xAk2) + ZXAXB(7AB (4.18)
where f? A represents the A*::++A interactions, /7 p the Br:*°B
interactions and n?AB the A++-++.B interactions. The term (l+ka1)
introduces a dependence of the A+.+....A interactions on the presence
of B molecules, When the concentration of B is very small, the
A<«s..A interactions are hardly influenced at all (as we would
expect, since when X5 vanishes to zero)ﬁ;A would represent the
interaction A.....A for pure A) and the term (l4x k2) would have a

A

great effect on the B--+++B interactions (since Xy = 1~xB).

4.6 RESULTS AND DISCUSSION

Equations (4.2), (4.13) and (4.15) were solved by
computer by means of polynomial regression analyses. Table (4.1)
gives a list of the sums of the squares of the errors obtained for
each equation and each system. The smaller the wvalue of this?the
better the ability of the equation to describe the experimental
results, The three parameter versions of the above equations were
analysed by a double variable polynomial regression analysis
technique developed by Sinclair and Vincentllo. Tabhles (4,2~4,10)
give lists of the experimental and calculated viscosity data for
each system and each equation.

For all three one parameter models, the viscosity of the

binary mixtures was predicted to within 10% and usually to within 2%,

tables (4.2~4.8). Although there was some variation in the extent

to which each of the models described the systems there was no single

model which described all three systems better than the others.

Sy T

e,
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TABLE 4.1

The sums of the squares of the errors for each system and each model

1 II 111
318.15 K . : X
formamide/water formamide/methanol formamide/dimethyl~ ;
formamide ;
DOLEZ, 0.4826 x 10 ° 0.3660 x 1076 0.3881 x 1070 4
~5 -6 -5 ?
TAM. -KUR. 0.1950 x 10 0.4134 x 10 0.3842 x 10 %
MAT . —HER. 0.9475 x 102 0.4613 x 10 ° 0.1501 x 100
308.15 K
-6 -6 -5
DOLEZ . 0.6189 x 10 0.6301 x 10 0.8150 x 10
’ -5 -6 -5
TAM. ~KUR. 0.3046 x 10 0.7087 x 10 0.7603 x 10
‘ -4 -6 -5
MAT . ~HER . 0.1538 x 10 0.7881 x 10 0.3170 x 10
298.15 K
=5 -5 . -4
DOLEZ . 0.1890 x 10 0.1550 x 10 0.1430 x 1U
-5 -5 -4
TAM. ~KUR. 0.7839 x 10 0.1678 x 10 0.1609 x 10
MAT, ~HER. 0.3307 x 10 0.1809 x 10 ° 0.9017 x 10 ‘
288,15 K |
-5 -4 5
DOLEZ . 0.4455 x 10 - 0.3004 x 10 :
TAM, -KUR . 0.1848 x 104 - 0.3614 x 1074 i
MAT. -HER, 0.7191 x 10 2 - 0.2349 3 107 v
k
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Key to tables (4,2) to (4.10)

X = mole fraction of component other than formamide (ie water,

methanol or dimethylformamide)

Y(XPER) = experimentally measured viscosity in lOZJmnss

Y(DOLEZ) = viscosity calculated using the Dolezalek model

Y(VINC 1) = viscosity calculated using the corresponding three

parameter model

Y(A-A4B-B) = viscosity due to the A*****+A, and Br++-*-B
interactions only (as calculated from the one

parameter model)
. g 2 2
eg for the Dolezalek model Y(A-A+B-B) = xAlv]A + xB’?B

A-B FACTOR Y(DOLEZ) = Y(A-A4B-B)

1l

(MAT.-HER.) = Mato=-Hernandez Model

(TAM7KUR.) = Tamura-Kurata Model
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Ghai and Dullien111 investigated the Tamura Kurata equation
for eleven binary mixtures. They found that for the ideal solutions,
ie solutions for which there was no possibility of hydrogen bonding
or complex formation (such as m-bromotoluene/toluene, and benzene/
toluene), the fit was very good (better than 1%) but that for other
systems (especially the n-propanol/toluene system) a much poorer fit
was obtained, They also pointed out that the McAllister equation
did much better than the Tamura Kurata in only one case, that of
the n-propanol/toluene system.

Reynaudllz, on the other hand, investigated the ability of
equations (4.2),(4.13) and (4.15) to describe the'viscosity of the
binary mixtures N-ethylacetamide/water and N-methylacetamide/water.
The experimental measurements on these systems were made by
Assarsson and Eirichll3 who concluded that the maxima which they
obtained in the viscosity/concentration graphswas indicative of
complex hydrogen bonding between the two components of the mixtures.
For these systems, Reynaud suggested that both the Tamura-Kurata,
and the Dolezalek equations were reasonably good representations and
that the Tamura-Kurata equation was especially good a high
concentrations of amide.

Tamura and Kurata98 did point out that their equation was
less applicable to mixtures where n7A and 17 B were very diifferent
(eg water and glycerol).

From table (4.1) which gives a list of the sums of the squares
of the errors obtained in applying each model to all three systems
at the various temperatures it can be seen that

(i) for the formamide/water mixtures, System (I),!ﬁge Dolezalek
model, equation (4.2), provides the best comparisionjwi;h the
experimental results,

(ii) for the formamide/methanol mixtures, System (I1), all three
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models are equally good; and
(iii) for the formamide/dimethylformamide mixtures, System (I1I),

the Mato-Hernandez model, equation (4.15), is the best.

4.7 ACTIVATION PARAMETERS

According to the Eyring rate theory, the activation
enthalpy of viscous flow for a simple liquid is given by equation
(3,24), Chapter 3, and is independent of temperature. A plot of
in n? against %-should give a straight line (assuming V and AB* are
constant) from which MH* can be calculated. For associated liquids
however it has been proposed that AH* is not independent of
temperatur989’114. Tyuzyo114 used this fact to classify associated
solvents into two groups. Associated liquids of the first kind he
considered would have an activation enthalpy of viscous flow which
would be independent of temperature. However he considered that
formamide and methanol would both belong to this group. This
clasgification of formamide is not supported in the present work. :

Figs., (4.1) and (4.2) show such plots for the solvents used
in the above investigations. It can be seen that the viscosity of
both methanol and dimethylformamide change very little with
increasing temperature, fig. (4.2). The behaviour of formamide
however is similar to that of water, fig. (4.1). The temperature
coefficient of the wviscosity is large and for both these solvents
a marked curvature can be seen in fig. (4.1). This behaviour is
that normally attributed to solvents which have a high degree of
;ssociation.

Similar plots can be seen, fig. (4.3), for the mutual

viscosity coefficients, C?AB, obtained for the various models

for the three systems.
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Key to fig, (4.3)

v Represents "?AB for System I1I (formamide/dimethylformamide)

calculated by the Mato-Hernandez model (equation 4.15)

@) Represents !yAB for System I1I calculated by the Tamura-Kurata
A model (equation 4.13)
n Represents /7AB for System III calculated by the Dolezalek

model (equation 4.2)

A Represents 17AB for System I (formamide/water) calculated

from equation (4.2)
(74} Represents /7AB for System I calculated from equation (4,13}
x

D Represents /7AB for System I calculated from equation (4,15)

NOTE For clarity the plots of 1n 7AB for system II (formamide/

methanol) were all reduced by 0.2 on the 1ln 7ABscale

® Represents /‘]AB for System II calculated from equation (4.2)
X Represents 7AB for System I1I calculated from equation (4.13)

& Represents (v for System II calculated from equation (4.15)
P %) ap
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Fig, (4.3)
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4.8 SYSTEM 11, formamide/methanol :

As noted earlier, all three models describe this
system equally well. This can probably be attributed to the fact
that the molar volumes of formamide and methanol are very similar
(392.84 and 40.75 ml respectively at 298.15 K) and therefore for
each model approximately the same dependence is put on each pure
component irrespective of whether the volume fractions or the mole
fractions are considered, The plots of 1nplAB against %—for the
mutual viscosity coefficients,f7AB, for all three one parameter
models for this system gave straight lines, fig. (4.3) which were
*

* *
almost parallel. The values of AGAB, AHAB and ASAB as calculated

by computer program are given in table (4.11).

TABLE 4,11

Activation parameters for ﬂ7AB from each model for System II

Model AGAB KJ/Mol AHAB KJ /Mol ASAB KJ ~ /Mol :
(1) Dolezalek 50.87 7.45 ~145.7
(2) Tamura-Kurata 50,80 7.30 ~145.,7
(3) Mato-Hernandez 50,73 7.30 ~145.7
* * *
G PSS NS
formamide 54.29 15.92 -125.4
methanol 49,89 9.37 -136.0

Agreement is good for the three models, AHZB is smaller than for
% %
either solvent but because ASAB is also smaller, AGAB lies between
the value obtained for formamide and methanol. This could imply
that the association between unlike molecules in this system is
less than that between like molecules.
*
Because AHAB is less than AH* for either solvent, this

suggests that fewer bonds are required to be hroken for a molecule A
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in the neighbourhood of a molecule B moving to the next equilibrium
position than are required to be broken for a molecule B moving from
a similar position, and vice wversa,

The fact that AS* for "7AB is more negative than for either
r7A or ﬂ?B can indicate one of two things)(a) that the entropy loss
is greater for ﬂ7AB due to the ordered situation of B around A or
vice versa being less than that of A around A or B around B, or that
(b) the extent of ordering in the transition states <f°r/7AB’f7A and
/7B) is not the same,.

. The results obtained in this work for the viscosity of
formamide/methanol mixtures are in agreement with those measured by

11
Kozlowski 5 at 298,15 K.

4.9 SYSTEM 1II, formamide/dimethylformamide

This system is best described by the Mato-Hernandez
model, The molar volume of dimethyl formamide at 298,15 K is 77.44
ml compared with that of formamide at the same temperature, 39.84ml,
Since the Mato-Hernandez model lays the most stress on volume
fractions, this model therefore emphasises the contribution to n7
from the dimethylformamide.
Plots of ln/7AB against %— for this system can be seen in

fig., (4.3). TFor the Mato-Hernandez equation the plot of lnl?AB

' *
against $~ is almost linear. Table (4.12) gives AGAB, AH:B and

*
ASAB for '7AB and the pure solvents,
Both AH'_ and AS, t
0 Ag &M Ap 2T€ greater for ﬁ?AB than for pure
dimethylformamide which suggests that the dimethyliormamide solvent

molecules associate to a greater extent with formamide than with

each other,




TABLE _4.12
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Activation parameters forf?&B and System III

Jk * 3 * =1
MODEL AGAB KJ/Mol AHAB KJ /Mol ASAB JK /Mol
(2) Tamura=-Kurata 54,58 14,45 ~134.,6
(3) Mato-Hernandez 54.90 15.62 ~131.8
formamide 54,38 17.74 ~122.9
dimethylformamide 52.43 8.27 ~148,2
4,10 SYSTEM I, formamide/water

The Dolezalek equation (4,2), describes this system

more accurately than the others.

1ni7AB against T

is nearest to a straight line for the Dolezalek model.

for this system.

Fig. (4.3) éives‘the plot of

Again it can be seen that this

The molar

volume of water is 18,07 ml compared with 39.84 ml for formamide,

thus the other models, which emphasise molar volumes and hence

further increase the formamide contribhution to n7, do not describe

*
this system so well., Table (4.13), gives the values of AGAB’

*
AHAB

TABLE 4,13

*
and ASAB for-ﬁ7AB and the pure solvents.

Activation parameters for/7AB and System 1.

*® ; * * ~1
MODEL AGAB KJ /Mol AHAB KJ /Mol ASAB JK T /Mol
(1) Dolezalek 80,94 2.34 -139.6
(2) Tamura-=Kurata 50.13 5,48 -149,8
formamide 54,33 17.78 ~-122.7
water 50,13 5.48 ~149,.8

Using an argument similar to that used in section 4.8 it would

appear

extent

than like molecules,

that unlike molecules in this system associate to a lesser

Although for the Dolezalek model a plot of 1n<?AB against l‘,
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fig, (4.3), is almost rectilinear, on close inspection it is seen
o have a slight degree of curvature. This curvature indicates
that as the temperature is increased, AH:B increases. This is
considered to be due to a structure breaking influence of either
solvent on the other, ie the A*++++A and B*-++*B interactions were
weakened by the present of B or A respectively. Accompanying this
a decrease in AH* fOrf7A (for the A.....A interactions) and/7B would
be expected.

The term/7AB is calculated by taking weighted averages of
the viscosities of the pure components/7A and/7B. Any decrease in
AH* for;?A and/7B, due to an effect like the one proposed above,
will therefore have an overall effect on /7 Jthe viscosity of the
mixture. In equations (4.2), (4.13) and (4.15) the values used for
/7A and ﬂyB are those obtained from the pure components (igudue to
A-+svseA interactions not under the influence of B etc). At lower
temperatures where the structure breaking effect would be expected
to be most pronounced, the overall effect on /7 is reflected in p7 AB
since /7 A and /7B are fixed,

As the temperature is raised, the structure breaking effect
might be expected to decrease in importance (due to increased
thermal motion) and therefore AH* forfyAB could be seen to increase,

In all cases it was found that the particular model which
described the viscosity of each binary mixture most closely also
gaveinu7AB the activation enthalpy of which was most independent

of temperature,

4,11 THE THREE PARAMETER EQUATION

For each model, the respective three parameter
equation as described in section (4.5), was investigated for each

system, In all cases, as would be expected, the three parameter
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extension gave a better fit to the experimental data, tables
(4,2~4.,10), However for the Mato-Hernandez model the three parameter
equation did not converge for any of the systems, Table (4.14)
gives a list of the parameters, p?AB’ kl and kz for the 3 parameter
equation and compares them with the /7AB from the one parameter models,

Fig. (4.4), gives a plot of 1n:7AB against %— for these new
values of/7AB for systems I and III and models (1) and {(2). 1%
can he seen that compared with the same graph for the one parameter
models, fig. (4.3), there is no apparent curvature, Table (4.15)
gives ASZB, AH:B and AS:B obtained for these values of[7AB. A
comparison with those obtained for the one parameter models, tabkles
(4.11-4,13), shows that no gross change takes place., TFor System I
however the values obtained by the three parameter models are much
closer together, especially for AHZB

Examination of table (4.14) indicates that for the formamide/

*
and ASAB.

water system (I),/‘7AB for the three parameter models is found to be
greaterthan for the one parameter models. By taking into account
the effect of A on B:++++B interactions, etc, n?AB appears to
increase, This supports the interpretation given in section (4,10)
where it was suggested that for this system the introduction of
either solvent into the other caused a degree of structure loosening
of the main solvent and hence a decrease in.?h and or n?B.

For the formamide/dimethylformamide system (III), on the other
hand,/yAB for the one parameter equations is greater than for the
three parameter versions, It would seem, therefore, that when the
effects of A on the Br+-++B interactions and vice versa are taken
into account the A.+-++A and B----.B interactions are considered
to contribute more to the total wviscosity fv and hence/jAB is
relatively smaller. Reference to fig. (4.5 ), and section (4.14)

supports this view as evidence there pointed to a degree of complex
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All parameters for each equation and each system

318,15 K _ 308.15 K
77AB 7%3 '
SYSTEM I g ? U k, 1S X, k.,
Model
ONE_PARAMETER
TAM, “KUR. 0.007100 0.007981
DOLEZ, 0.009136 0.01054
THREE PARAMETER
TAM. =KUR, 0.008326| 0.7878 | -0.3210| 0.009572| 0.8049 | ~0.3283
DOLEZ. 0.009602| 0.6983 | -0.3840| 0.0112 | 0.7506 | -0,3492
SYSTEM 1II
ONE PARAMETER
TAM. ~KUR. 0.006459 0.007185
DOLEZ. 0.006627 0.007382
MAT . -HER. 0.006293 0.006992
THREE PARAMETER
TAM . ~KUR 0.006963| 0,4860 | -0,1762| 0,007716| 0.5526 | ~0,1860
DOLEZ . 0.007020| 0.4687 | -0.1652| 0.007952| 0.5339 | ~0.1749
SYSTEM 111
ONE_PARAMETER
TAM. ~KUR. 0.01706 0.02038
DOLEZ. 0.01369 0.01585
THREE PARAMETER
TAM, ~KUR . 0.01599 |[-0.8912 | 0.6682( 0.,01885 |-1,1422 | 0.7664
DOLEZ. 0.01251 |~1,0282 | 0,5154] 0,01417 |=1.316 | 0.5961
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Table 4,14 (cont)
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298.15 K 288.15 K
/7 AB ? AB
N7 -’ -
SYSTEM I a3, i, K, = K, k,
Model
ONE_PARANETER
TAM. ~KUR. 0.008607 0.009070
DOLEZ . 0.01190 0.01349
THRES_PARAVETER
TAM . “KUR.. 0.01120 | 0,9739 | -0.4192| 0.01332 | 1.0800 | -0.4980
DOLEZ. 0.01284 | 0.9060 | ~0.4768 | 0.01499 | 0.9972 | -0.5326
SYSTEM 11
ONE_PARANETER
TAM. -KUR. 0.007947
DOLEZ. 0.008162
MAT. -HER. 0.007728
THREE PARAMETER
TAM. ~KUR. 0.008926| 0.7462 | -0,2325
DOLEZ. 0.009032 | 0.7352 | =0.2232
SYSTEM 1TI
ONE_PARAVETER
TAM . “KUR. 0.02485 0.03101
DOLEZ . 0.01913 0.02323
THREE PARAMETER
TAM. ~KUR. 0.0226 |-1.4537 | 0.8739 | 0.02770 |-1.9042 | 0.9892
DOLEZ . 0.0169 |~1.5378 | 0.6191 | 0.02001 |-1.9375| 0.8755
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TABLE 4.15
SYSTEM I AGY KI/Mol | AG.. KiMol | AS.. JK /Mol
b AB ° pp KdMo AB ©
3 parameter T/K 50.84 11.50 -132.0
3 parameter D/Z 51.18 10,8 -125.7
SYSTEM II
3 parameter T/K 54,31 13.22 -137.8
3 parameter D/Z 53.59 11.43 =141.5
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formation between the formamide and dimethylformamide molecules,

4,12  ACTIVATION PARAMETERS AS A FUNCTION OF COMPOSITION

* * *
Nt , MdH and AS for viscous flow can be considered as

29 sonsidered that

a Tunction of composition of the mixture: Janelli
for an ideal binary mixture the activation enthalpy of viscous
flow was an additive function of composition., He plotted the excess
functions AH;, ASE and AGE (where the excess enthalpy of activation
was defined as AH* experimental - AH* theoretical, from the above
considerations) for the system henzene/sulpholane and concluded
that the minima in AG; and AH; for the system were due to structural
effects.
The AG*, t5* and AS* for Systems I, II, and III were plotted

as a function of composition. From the graph of the activation
free energy of viscous flow for formamide/water and formamide/methanol
fig. (4.5) it can be seen that AG* is an additive function of the
mole fraction, This suggests that no stable compound formation
takes place. Kozlowskills, from measurements of the viscosity of
formamide/water, and formamide/methanol 2t 298.15 K also concluded
that these systems could be considered to be "perfect" mixtures.
For formamide/dimethylformamide on the other hand there is a maximum
in AG* at about 0.18 mole fraction dimethylformamide. It has been
reported elsewhere that dimethylformamide forms a complex with

116

water . The hydrate has been given the formula dimethylformamide,

3H,0. Vasenko and Dubrovskyll7 carried out investigations on

2
water/digethylformamide and formamide/diethylformamide and in koth
cases they obtained a maximum for viscosity as a functicn of
composition. It was therefore assumed that dimethylformamide and

diethylformamide would show a similar type of interaction with

water and formamide molecules and they suggested that formamide
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and dimethylformamide would form a complex similar to that of water
and dimethylformamide.

As pointed out above, formamide can be considered to be an
associated solvent. It has a high viscosity due to intermolecular
hydrogen bonding. On the addition of water or methanol there
occurs merely an interchange of hydrogen bonds between

donor/acceptor molecules, fig. (4.8),

~ ~H
_?C — %l\
H-
N
0“”'“11
O
N /’H
C =N H
O L'LHS \C - n g
% 74
O~H -« O
\ -1
doc - N
Fig. (4.8)

However with dimethylformamide the maximum in AG* indicates
relatively strong associations with formamide molecules in excess
of the weak associations in the pure dimethylformamide, The
maximum in the viscosity of this system is much smeller than that
for the dimethylformamide/water system and therefore the complex
which is formed appears to be much greater, The position of the
maximum g¢orresponds to a complex of molecular formula formamide <4
dimethylformamide, Because of the pre=-exponential volume term in
equation (3.24), no direct comparison can be made between the
values for AG*, AH* and As* for the three systems,

Fig. (4.7) is a plot of the entropy of activation of viscous
flow (AS*) against composition. This term is associated with the
entropy change occurring when a molecule in g position of minimum

free energy in a solution frees itself, perhaps by severing some
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hydrogen bonds, in order to be activated to the transition state for
viscous flow. The more the liquid is associated, the more bonds
have to be broken, and the greater is the increase in entropy
associated with the attainment of the activated state. For the
addition of formamide to water or vice versa there is a decrease in
AS* which might suggest that the structure of either solvent is
broken down by the addition of the other. For the other systems

no such decrease is detected.

From fig. (4.6) the enthalpy of activation for viscous flow
for the formamide/water system again shows a minimum. This is
interpreted as a "loosening” of the hydrogen bonds which make these
systems associated, when one solvent is added to the other,

From measurements of the dielectric constant of binary
mixtures of water and a number of amides Rhodewald and Moldner118
concluded that the mixing of unalkylated amides with water led to
a loose liquid structure, whereas with mono and dialkylated amide
solutions a more dense structure was obtained., The latter is
supported in this work by the maximum exhibited in AH* by the
formamide/dimethyl formamide system, fig. (4.6), which is another
indication of the formation of a more tightly bonded complex.

It was considered that the unalkylated amides were built~-in
via hydrogen bonding into the water structure and vice versa. The
increase in the dielectric constant for such mixtures was considered
to be due to the more parallel ordering of the individual dipoles.

Fig., (4.9) shows the plot of AL against composition for
formamide /water where A€ = & - & and & id. = Elxl +

observed id. 3

£2x2, where x is the mole fraction and € the dielectric constant,

Fig. (4.10), on ‘the other hand gives a plot of viscosity based on

against

similar reasoning ie a plot of Ar) =7observed “7id

concentration for formamide/water. The shape of the curves in

g
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figs., (4.9) and (4.10) are very similar.

The reason why the dialkylated amide/water system exhibits
a maximum in the viscosity/concentration curve and a minimum in the
dielectric constant/concentration curve was suggestedlls to be due
to interstitial packing of the water around the alkyl groups of the
amides causing a decrease in volume of the mixture and hence a more
dense structure. From this reasoning it can be suggested that the
reason for the formamide/dimethylformamide system exhibiting a
much smaller maximum in the viscosity/concentration curve than that
of water/dimethylformamide could be due to the poorer ability of

the formamide to participate in such an interstitial structure.

4,13 CONCLUSIONS

It is universally recognised that the full knowledge
of the structural behaviour of the components of liquid mixtures
other than the very simplest (eg argon and helium) is very much
beyond present day investigatory techniques and the complex solvent
interactions which are present can not as yet be determined or
explained by any rigorous theory.

However from the investigations carried out in the present

work using several models, the following conclusions can be drawn,

(i) Por the system formamide/water, like molecules appeared to
be more strongly associated than unlike molecules. The structure

of each solvent, however, was 'loosened' on mixing with the other,

(ii) TFor the system formamide/methanol, the strength of the
molecules of each solvent was in the same order as in (i) apbove,
but in this case the structure of each solvent was not disrupted
by the presence of molecules of the other solvent, A simple

interchange of hydrogen bonds between mplecules of hoth solvents
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is considered to take place.

(iii) Dimethylformamide has no capacity for forming hydrogen
bonds., In mixtures of this solvent with formamide the unlike
solvent molecules appear to form stronger association with each
other than do the like molecules. Further evidence suggested
that there was in fact a certain complex formation between the two

solvents which had the formula 1 formamide : 4 dimethyl formamide,

(iv) Because of the different nature of the solvents involved,
eg three-dimensionally hydrogen bonded, two~dimensionally hydrogen
honded and non-hydrogen bonded, no single empirical model was able
to describe all three systems better than the others. Ewidence
was provided in Chapter Three which indicated that the solvent
structure of methanol was essentially different from that of water

and formamide,




CHAPTER FIVE
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JONES -DOLE IN BINARY MIXTURES

5.1 INTRODUCTION

It has been suggested that ions may be used as "internal
indicators” for the investigation of the structural effecis which
influence the electrochemical properties of mixed solvent systemsllg.
In Chapter Three it was shown that information on the effect of
ions on the viscosity of a solvent could be directly reiated to the
changes in the solvent structure which took place in the immediate
environment of the ion (Gurney's co-~sphere, Frank and Wen's A, B
and C regions), This led to the suggestion that solvents could be
classified by considering the difference in the ionic B coefficient

* and k7).  In Chapter Four the idea that

for two simple ions (Na
the structures of the components of binary liquid mixtures are often
influenced in specific ways by each other was developed by means of
semi-empirical models and the use of Eyring's theory of shsolute
reaction rates as applied to viscosity. From the information gained
from these two investigations it was considered that valuable
information might be obtained for the formamide/water system by using
NaCl as an "internal indicator" of solvent structﬁre.

Apart from the simple systems such as liquid helium, argon
and krypton,perhaps the most extensively studied liquid binary
mixture is that of methanol/water34’88’120. Feakins et a134
measured the viscosity B coefficients of some simple salts in
methanol /water mixtures and obtained further evidence to support
the prqposals which Frank and Iv85121 put forwgrd in their extensive
review, for the structural changes which take place in alcohol/water

mixtures.

Investigations of viscosity B coefficients in other mixed

solvent systems are relatively few and there are almost no published




investigations on the temperature dependence of the viscosity B
coefficient, g%~in such systems., As was pointed out by Kaminsky

and shown also in Chapter Three, §%~can often yield more information
than the B coefficients alone, on the effect of the solute on the
solvent structure. Measurements of g%-were therefore considered

to be of great importance.

Feakins et 3134 in 1968 investigated the viscosity B
coefficients of NaCl, KCl, RbCl and CsCl in several methanol /water
mixtures at various temperatures. They found that the B coefficients
of all of these salts became more negative in the 20% methanol /water
solutions than in pure water. As the methanol content was further
increased to 40% the B coefficients became more positive. This
result supported thethesis of Frank and Iveslzl that in the region
of 20% alcohol,in this particular case, ethanol, the alcohol exerted
a co-operative effect on the structure of water, stabilising the
"icebergs', resulting in a decrease in the excess heat capacity at
constant volume with increase in temperature., This enhanced
structure would be expected to be particularly sensitive to the
structure breaking effects of ions which result in negative B

coefticients, The values of the B coefficients would therefore

be expected to be less in such a mixture than in pure water because

of the increase in H?D. This behaviour was in fact found. These
results were later confirmed by Singh and Yadavlzo for KI and by
88

Werblan et al for LiClO NaClo0 and NaCl.

4’ 4

Experiments on the viscosity of the formamide/water sysitem
(Chapter Four) and on partial molar volumes in this system122
showed the sbsence of complex formation or anomalous behaviour Ifor
mixtures throughout the whole composition range. It was therefore

decided to investigate the viscosity B coefficient of sodium

chloride in various solvent mixtures of formamide/water at

T g
B
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298.15 K to 323,15 K, There are np previously reported B coefficients

for any solvent mixtures containing formamide.
Y

5.2 EXPERIMENTAL AND RESULTS

Formamide was prepared as described in Chapter Two.

Deionised water was fractionally distililed from alkaline permanganate.
Four batches of solvent were prepared by mixing the above solvents
by weight in proportions giving solutions of 0,2, 0.4, 0.6 and 0.8
mole fraction of water., Eight sodium chloride solutions were then
made up for each '"solvent" in concentrations varying from 0.005 to
0,100 molal. The relative viscosities of the sodium chloride
solutions were measured by first measuring the efflux time of the
bulk solvent in @ach viscometer at each temperature and then
repeating with the various sodium chloride solutions. The aensities
of all solutions were measured as described in Chapter Two.:

From the efflux times (t_ ) of the "solvent" and the efflux

times of the solution (t) the relative viscosities were calculated by

t R
f7 - toﬁg where (£ and /)o are the densities of the solution and

solvent respectively. The kinetic energy correction factor was
neglected in this case because of the small difference in the
viscosities of the "solvent' and the solutions.

The walues were then used as described in Chapter Three to
give Jones-bole plots by graphing f%?k agginst JE where ¢ is

c

the concentration (molality). Figs. (5.1-5.4) give these Jones-Dole
plots at 298.15, 308.15, 318,15 and 323.15 K respegtively for the
sodium chloride solutions in formamide, 0.2, 0,4, 0.6, 0.8 and 1.0
mole fraction of water. Table (5.1) gives the values of the viscosity
B coefficients for sodium chloride in each solvent system at each
temperature. Figs. (5.5-5.10) show the variation in the Jones-Dole

plot with temperature for each solvent system.




- 147 -

Key to figs. (5.1) to (5.11)

In figs., (5.1) to (5.10) the concentration is in molality. EETA SP.

represents the relative viscosity’?//7o, where17 represents the

viscosity of the solution and /7D the viscosgity of the solvent.

In figs. (5.1) to (5.4)

é@ represents NaCl in formamide
O

represents NaCl in 0.2 mole fraction water

e 8 RD

In figs. (5.5) to (5.10)

Fig.
Fig.
Fig.,
Fig.
Fig.

Fig.

ﬁb represents 298.15 K
AN represents 308.15 K
2} represents 318.15 K
® represents 323.15 K

(5.5) gives the Jones-Dole
(5.6) gives the Jones-Dole
(5.7) gives the Jones~Dole

(5.8) gives the Jones-Dole

represents NaCl in water

plot for NaCl
plot for NaCl
plot for NaCl

plot for NaCl

represents NaCl in 0.4 mole fraction water
represents NaCl in 0.6 mole fraction water

represents NaCl in 0.8 mole fraction water

in formamide

in 0.2 mole fraction water

in 0,4 mole fraction water

in 0,6 mole fraction water

(5.9) gives the Jones-Dole plot for NaCl in 0.8 mole fraction water

(5.10) gives the Jones=-Dole plot for NaCl in water
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rig. (5.11)

0.7
G 298,15 K
A 308,15 K
0.6 0 318.15 K
v 323.15 K

-

). 4

fficient

B coe
o
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&
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b 1 \ A
0,2 0.4 0.6 0.8

nole fraction water

TABLE 5.1
Viscosity B coefficients for NaCl in formamide/water mixtures
MOLE FRACTION B Coetfficient
OF WATER 298.18K 308,15K 318.15K 323.15K
0,0000 0.67g 0.582 0.550 0.545
0.1970 0.492 ‘0.464 0.41l 0.409
0.4136 0.394 0.364 0.348 0.350
0.6035 _ ' 0.293 0.272 0.261 0.258
0,8003 0.19,4 0.18, 0.20, 0.206
1,0000 0.082 0.].1l 0.117 0.135
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Fig. (5.11) is a plot of the B coefficients at different
temperatures for all the solvent compositions. Two poilnts

immediately arise from fig. (5.11).

(i) The B coefficient for NaCl at any temperature in formamide is
greater than the B coefficient for NaCl in water at the same

temperature. The reasons for this were discussed in Chapter Three.

(ii) The temperature coefficient of B for NaCl in formamide, %%3

is negative, whereas that of B in water is positive,

5.3 DISCUSSION

In Chapter Three the fact that the ionic B coefficients
were all positive was attributed to the relative importance of the
structure making effects (07E + ﬁ?A). As indicated by Feakins and
Lawrence85 and Feakins et a134 there is evidence to suggest that B
coefficients increase with increasing wmolar volume of the solvent,
This increase would be associated with an increase in f?E, and
would explain why the B coefficients in formamide were so much
larger than in water. It was however pointed out that for CL— at
least, there was some evidence for structure breakiag (ﬂ?D).

Kaminsky suggested that in water €1~ is a net structure breaking
ion and that g%'for Cl ion in water is positive due to the fact
that as the temperature is increased and the bulk structure of the
solvent is broken down due to increased thermal motion, then rv] b becomes
smaller with respect t017 # and ﬂ7A.' Hence the B coefficient
increases, For Na® in water, g%~is almost zero indicating that any
change in n? B is oftset by a change in 17A and /17E

As the temperature is increased the B coefficieni for NaCl

in formamide decreases quite significantly. This can be explained

A E
by considering that f? + /7 which for NaCl in formamide is greater
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thanfvln becomes smaller as the temperature is increased, Fig.
(5.11) shows that as the solvent mixture becomes increasingly rich
in water, g%-for NaCl becomes progressively less negative until at
a solvent composition of about 0.8 mole fraction of water B does
not change significantly with temperature. As the water conternt
is further increased, g%-then becomes increasingly positive,

Such an effect has not been reported before. For the
water/methanol system, although a decrease in B with solveut
composition was observed, g%' was found to be positive throughout
the whole composition rangess, being most positive for the particular
composition where the B coefficients were most negative. This was
taken as a further indication of the impoxrtance of the "structure
breaking' effects of the ions. In the formamide/water system
investigated here, not only did the B coefficient of NaCl decrease
as the solvent mixture increased in water content, but the net
structure making effect as determined by g%-became less important
until at about 0,8 mole fraction of water the structure breaking
influences were sufficienitly important to cause g%' to be negative.

Fig. (5.12) gives a plot of the activation enthalpy of viscous
£1ow (AH*) for NaCl in the formamide/water mixtures. For high
concentrations of formamide, MH* is positive and decreases with
increase in water content. Thus it would seem that as the water
content of the solvent mixture increases, the Na+ and C1 ions have
less effect on the transition of solvent molecules from equilibrium
positions to the activated complex. The increase in AH* for
formamide under the influence of the Na' ions was considered in
Chapter Three to be due to the order making influence of these ions.
Nightingalegl sﬁggested that an increase in AH* for the solvent on

addition of a salt was due to certain ions orientating the solwvent

molecules sufficiently to cause them to be held more firmly than
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in the bulk solvent, Although it is not possible to partition the
*
increase in AH between the individual ions, it would seem, from
the observations discussed in Chapter Three, that the sodium ion is
*
responsible for most of the increase in MH for formamide, Coaversely,
since it has been suggested that Na+ in water has little effect on
* 68 : * r
M , most of the decrease in AH as seen from fLig. (5.12) is due

to the Cln ion.

5.4  CONCLUSIONS

Although ionic B coefficients are considered to
characterise the ion species as a kinetic entitfy, they may
mask important properties of the ion due to the fact that they can
be considered to be made up of several contributions ig‘df;, ﬁ?E
and ﬂ?D as discussed previously, which may to some extent cancel
one another,

The vesults of this part of the work confirm Nightingale's
ideas on the specificity of electrolyte solvation, and further
indicate that not only is the action of different ions on the same
solvent very specific but also the action of identical iomns on
different solvents can be very different. Thus the net effect of
NaCl on formamide is a structure ordering one (from the AH* and g%
data), but the effect of NaCl on water is structure disordering.

It can be seen from the above that when the mixture of
ion=solvent interactions u}Q being investigated by means of viscosity
measurements it is important to measure the viscosity changes at
more than one temperature to enable information to be obtained from
dB

*
aﬁ-and VA s
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APPENDIX I

VISCOSITY AND DENISTY OF CALIBRATION LIQUIDS

LIQUID TEMPERATURE VISCOSITY DENSITY
K 10 Ja s 10% kg o2
Water 2 288.15 0,01138 0.99913
298,15 0.008903 0.99707
308.15 0.007194 0.99406
318.15 0,005963 0.99024
323.15 0.005467 0.98807
30% aqueouslz4 288.15 0.03757 1.12863
BUGPQES SolMELON. uaw s 0.03187 1.12698
298.15 0.02735 1.12517




API’ENDIX ‘2

PROGRAMME CV1O0 FOR CALIBRAT ING VISCOMETERS

DIMENSION

TEMP(20) 4 TIM(20),T{20),DENS(20}

1 VISC(20),EETA{20),RO(20C

1 X(20)yY(20),2(20),XCALC(2CCO) 4 YCALCL2CCC),YCOR(2Q),DEV(20)

5 READ(5410)

10 FORMAT(14)
ITF(NRUN)SO

20 READ(S5,30}
30 FORMATI(IZ2)
READ( 5, 40}

NRUN

0,9C04 20
N

(TEMPLJ) y TIM(J) 3J=14N)

40 FORMAT (2F10.0)
T11)=15.0
T(2)=17.5
T(13)=20.0
T14)=298.0
T(5)=288.15
T(6)=293.15
T(7)=298.1%
T(8)=25.0
T(9)=35.0
T{10)=37.5
T(11)=40.0
T(12)=42.5
T(13)=45.0
T(14)=50.0
DENS(1)=1.12863
DENS(2)=0.99871
DENS(3)=1.12698
DENS(4)=1.12517
DENS(5)=1.08233
DENS (6)=1.08096
DENS(7)=1.07940
DENS(8)=0.99707
ggﬁgiig,ig?gggﬁa IF(T(K)-TEMP(J)) 120,110,120
DENS(12)=0.99127 REISDEHS TR
DENS(13)=0,99025 d20 Ll Mt
DENS(14)=0.98807 el o
S 130 CONTINUE
VISC(1)=0.03757 DO150 J=1,4N
VISC(2)=0.010739 X(J)=1/L(TIM(J)) *%2)
VISC(3)=0.03187 150 Y{J)=EETA(JI/{RCIII¥TIM(J))
VISC(4)=0.02735 SUMX=0. 0
VISC(5)=0.02254 SUMY=0.0
VISC(6)=0.01945 SUMXX=0.0
VISC(7)=0.01695 SUMXY=0.0
VISC(8)=0.008903 SUMZ=0.0
VISC(9)=0.C0719%4 DO 200 J=1,N
VISC(10)=0.006858 SUMX=SUMX+X (J )
VISC(11)=0.006531 SUMXX=SUMXX+X (J) k2
VISC(12}=0.006241 SUMY=SUMY+Y(J)
VISC{13)=0.005963 ~ 200 SUMXY= SUMXY+X(J)*Y(J)
VISC(14)=0.005467 G=N
DO 130 K=l,14 DENOM=SUMX##2~G* SUMXX
DO 125 J=1,N . GRAD=(SUMX#SUMY=G*5UMXY ) /DENDN
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APPENDIX IT(cont.)

CONST=( SUMX* SUMXY—SUMY*SUNMXX ) /DENCM

D0 222 J=1,N '

Z(JY={(GRAD*X(JI-Y(J)+CONST)/{SQRTIGRAD*¥2+ 1. C) ) ) ¥*2

SUMZ=SUNZI+Z(J)

RMS=SQRT((SUMZ) /G)

D8 230 J=1,N

YCOR{J)=GRAD*X (J) +CONST

DEV{J)=Y(J}-YCOR(J)

WRITE(6,700)

FORMAT (52H1 CALIBRATION OF VISCOMETERS//!

WRITE(6,710)NRUN

FORMAT( 28X, 18H EXPERIMENT NUMBER,I5}

WRITE(64720)

FORMAT(1HO)

WRITE{64730)}CONST

FORMAT (22X, 22H THE A-PARAMETER IS 1F12.8/7)

WRITE(6 4740 )GRAD

FORMAT{22X,22H THE MB-PARAMETER IS .,Fl2.8/}

WRITE(6, 7T50)RMS

FORMAT (22X,22H THE RMS DEVIATION IS ,F12.8//)

WRITE(64751)

FORMAT( 72HCTEMPERATURE TIME VISCCSITY DENSITY
Y/)

WRITE(62TO6OITEMP(J) s TIMIJIZEETAIJI)ZRO(I)y X{J) e YUS)yI=1yN)

FORMATI2X1F6e2 44X 3F8.394XF.694X1F8.574X9F11.844XyF11.8]})

WRITE(6,765) ’

FORMAT (53HOTEMPERATURE y YCALC DEVIATION/)

WRITE(67T7QY(TEMP(J)»Y(J)sYCCR{J)HZDEVI(J)}9J=14N)

FORMAT{ 2X F 6a294XsF11a894XsF11.844X,F11.8)

GCTC 5

CONTINUE

WRITE(6,4920)

FORMAT ( 1H1)

CALL EXIT

END
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APPENDIX III

CALIBRATION OF VISCOMETERS

Experiment number indicates viscometer number ie 1010 refers to

viscometer 1,

Temperatures 25,0, 35.0, 45.0 and 50.0 refer to calibration with

water at 298.15, 308.15, 318,15 and 323.15 K.

Temperatures 15,0, 20.0 and 298.0 refer to calibration with 30%

agueous sucrose solution at 288,15, 293,15 and 298,18 K.

The terms X, Y, Y CALC and DEVIATION are explained in Appendix II.
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