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SUMARY

An apparatus has been developed to measure the vapour pressures

of mixtures by a static technique.

The apparatus has been tested by reproducing the vapour pressures

and excess Gibbs functions for mixtures of hexafluorobenzene +

cyclohexane.

Excess Gibbs functions have been determined for hexafluorobenzene
+ N,N-dimethylaniline, and isopropylcyclohexane. An equilibrium
constant for complex formation has been calculated from these

quantities and compares favourably with the spectroscopically determined

Excess Gibbs functions have also been determined for mixtures

of pentafluorocyanobenzene + cyclohexane at two temperatures.

The solid-liquid phase diagram has been determined for hexafluoro-
benzene + -dimethyl p-toluidine and sher,vs the existence of a 1:1

complex in the solid.

The liquid-liquid phase diagram for pentafluorocyanobenzene +
isopropylcyclohexane has also been determined, and the system shouts

an upper critical solution tenperature

Excess volumes of mixing have been obtained for hexafluorobenzene
+ M,Ki-dimethylaniline, N,N-dimethyl p-toluidine and isopropylcyclohexane
and pentafluorocyanobenzene +N ,N-dimethylaiiiline, -dimethyl p-toluidine,

benzene, toluene and p-xylene.



Excess enthalpies of i.iixing have been measured at tv/o

temperatures for pentafluoroc””anobensene + cyclohexane, benzene,

toluene and p-xylene.

The e}:perimental evidence suggests that strong conplexing

occurs in solution betiveen aromatic fluorocsrbons + aromatic

hydrocarbons, and also aromatic amines.

In the former case the interaction appears to be mainly of
an electrostatic nature, whereas in the latter case the major
contribution to the interaction arises from charge transfer

forces, the amine acting as an electron donor.
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INTROTUCTIN

1.1 FLUOROCLRBON SOLUTIONS

When aliphatifc fluorocarbons became available it was discovered
that many solutions involving them deviated from the predictions of

molecular theories, whilst other solutions agreed quite well,

Scott ( 1,2 ) made a detailed study and reviewed the results of
a range of fluorocarbon systems, He found that in general, when a
fluorocarbon is mixed with a hydrocarbon, the deviations from ideal
behaviour are often large and positive and may even bg so large that

partial miscibility will occur,

Aromtic fluorocarbons were not obtained in sufficient quantity
or of a high enough purity until 1956, when vapour phase chromatography
was used as a purification technique (6)., oOn investiga;tion of these
fluorocarbon systems large positive deviations from ideality were
observed, similar to the behaviour of the aliphatic fluorocarbon

. systems,

However in 1960 Patrick and Prosser ( 3 ) reported the exzistence
of a 1:1 complex in the solid state for hexafluorobenzene and benzene,
Interest was then focused on hexafluorobenzene systems in which
complexing was thought to exist. The systems have been investigated
by spectroscopy, x-ray diffraction, thermodynamic measurements and
other techniques. The work has also been extende.‘d to include other

fluorocarbons and their systems,

Fenby (4) and Swinton (5) have both reviewed the thermodynamic
and non-thermodynamic work on some of the systems that have been studied

(up to '1971).
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The arommtic fluorocarbon mixtures fall into various classes
of systems ana their behzviour, in these classes, is reviewed in
the following sections (incorporating work published up to the

present).

1.2 AROMATIC FLUOROCARBCN + ALTICYCLIC HYDROCARBONS SYSTEMS

A number of alicyclic hydrocarbon + hexafluorobenzene mixtures

have been studied.

The excess volumes of mixing (7), enthalpies of mixing (9) and
excess Gibbs functions (10) for cyclohexane and hexafluorcbenzene have
been found to be large and positive by Swinton and his co-workers.

The phase diagram for this system (8) showed several complexes with
incongruent melting points., Various excess volumes of mixing for
other alicyclic hydrdcarbons with hexafluorobenzene that Swinton has
determined (11) have also been found to be large and positive, This
is in agreement with what would have been expected from the knowledge

of how some alicyclic fluorocarbons behave,

Stubley and co-workers have shown that pentafluorobenzene +
cyclohexane, and methyl cyclohexane mixtures give excess volumes (12),
and enthalpies of mixing (13) which are smaller than those of the
parallel hexafluorobenzene systems but still appreciably large and positive.
The difference was suggested to be due to the net dipole moment of
the pentafluorobenzene molecule (14) producing dipole - induced dipole

forces in the mixtures.

A small amount of work has been carried out on pentafluorocyano-

benzene and alicyclic hydrocarbon systems,



Fenby (15 ) showed that the excess volume of mixing of
pentafluorocyanobenzene and cyclohexane was similar to that for

hexafluorobenzene and cyclohexane,

Hall, Morcom and Brindley (16 ) determined the enthalpies of
mixing of pentafluorocyanobenzene with isopropylcyclohexane and
showed them to be large, positive and greater than the corresponding

hexafluorobenzene system (17),

Although there is some variation in the actwl numerical value
for the excess functions for various systems, when changing from
hexafluorobenzene, to pentafluorcobenzene, and then to pentafluoro-
cyanobenzene, there is still a marked tendency for the quantities

to be quite large and positive, as expected,

1.3 ARQATIC FLUOCROCARBAN + AROMATIC HYTROCARBON SYSTEMS

Patrick and Prosser reported the formation of a 1:1 complex in
the solid phase for hexafluorobenzehe and benzene ( 3 ), The unexpected
occurrence of a solid compound in a system composed of two relatively
simple, non-polar substances was strong evidence that the intermolecular
interaétions were unusual, The complete phase diagram was investigated

more fully by Duncan and Swinton (8°).

This behaviour was in complete contrast to that of alicyclic
fluorocarbon + hydrocarbon mixtures and aromatic fluorocarbon + alicylioc
hydrocarbon mixtures, Other aromatic hydrocarbon mixtures were

investigated to see if this phenomenon persisted,



Duncan and Swinton (8 ) determined the solid-liquid phase diagrams
for hexafluorobenzene with toluene, p-xylene and mesitylene, These

all showed the existence of a stable 1:1 complex in the solid,

Interest was then focused on the liquid mixtures of these systems
and precise thermodynamic measurements were made to see if any

indication of complexing occurred in solution,

Duncan, Sheridan and Swinton ( 7 ) studied the excess volume of
mixing 'V'E as a function of composition at 40°C, Their results
progressed from, V‘E being quite small and positive for benzene

mixtures, though to VE being small and negative for mesitylene
mixtures, They concluded that complexing in the liquid phase increased

as the electron donating power of the hydrocarbon increased,

Gaw and Swinton (18 ) studied the vapour pressures of mixtures
of hexafluorobenzene with benzene, toluene and p-xylene over a range

of temperatures and compositions.

A double azeotrope occurred with benzene and the excess Gibbs
functions showed a sign inversion, GE was principally negative with
a minimum of about =100 J xnc:’lm1 at 40°C. The other two systems had
more negative GE minima, toluene being about =200 J mol"1 and p-xylene

being -400 J w1,

The enthalpies of mixing for the above systems were determined
by Andrews et al (9 ), They were all found to be negative, becoming

increasingly negative with electron domting power,

Having seen that complexing appeared to persist in the liquid
state attention was refocused on the solid state complexes and the

forces that bound the molecules in a complex of thiz type.
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Dahl carried out a detailed x-ray ;tudy of the equimolar
compounds formed between hexafluorobenzene and 1,3,5 -trimethylbenzene
(19) and hexafluorobenzene and hexamethylbenzene (20), In both cases
he found a similar crystal structure. The molecules were arranged
altermtely face-to-face in stacks, There was a possible source of
interstack bonding because one C-C bond in the hydrocarbon pointed
directly at a fluorine atom in an adjacent stack,  Dahl noted that
the general structure of the compounds was similar to T - TV donor-
acceptor complexes, however the interplane spacing would have been

expected to be a lot smaller if this were the case,

Brennan, Brovn and Swinton (21) investigated the 1:1 solid
compound of hexafluorobenzene and benzene using a differential
scanning calorimeter, They estimeted the heat of formation of the
compound to be +1.0 + 0,3 kJ mol-1, which is small and positive, and
good evidence that the compound is stabilised by geometrical packing
effects and weak electrostatic effects, rather than by the normal

specific intermolecular interactions of the charge transfer type.

The nature of the complexing in‘the liquid state has also been
open to much speculation., It was thought, at first, to be charge-
transfer in type due to the trend of the excess functions becoming
more negative on decreasing ionisation potential of the aromatic
hydrocarbon (7,9,18). However Swinton showed that this trend also
occurred in systems where charge-transfer complexing was not possible

(9,11) so it could not be taken to be conclusive evidence.

Spectroscopic evidence was sought to confirm or deny the existence
of charge~transfer complexing, No ultraviolet (22) evidence has been

found but Steele :et al (23) have shown evidence of a band appearing
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in the far-infrared region of the spectrum of hexafluorobenzene and

benzene, This at least is proof of enhanced intermolecular interaction,

Much work has been done with hexafluorobenzene and aromatic
hydrocarbon systems, Phase diagrams and thermodynamic excess
functions have been determined, The natural course for research
into this type of mixture was to observe the effects of changing

the aromatic fluorocarbon,

Duncan and Swinton (24) determined the solid-liquid phase
diagram for pentafluorobenzene + benzene and found that the system
formed two weak compounds with incongruent melting points., The mole
ratios of the fluorocarbon to hydrocarbon were 1:1 and 3:2, They
stated that the latter ratio is unique among binary systems of
organic substances. They interpreted the results as being due to
weaker specific interactions of pentafluorobenzene owing to the

presence of one hydrogen atom,

Fenby, McLure and Scott (25) measured H° for the same system
at 2500 and 4200. " The excess enthalpiés were small and mostly
endothermic, They interpreted this as being due to weaker specific
interactions than in the case of hexafluorobenzene, This was in

*
agreement with the solid state investigations,

Howell, Skillerne de Bristowe and Stubley (13) performed a
parallel study to that of Andrews et al (9), but with pentafluoro=
benzene, They determined the excess enthalpies of pentafluorobenzene
with a series of methyl substituted benzenes in the range 308 to 328 K.
The mixtures gave negative enthalpies that decreased with methyl
substitution, although their values were less negative than those for
the corresponding hexafluorcbenzene system, This was in agreement

with previous studies made with pentafluorobenzene,
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Skillerne de Bristowe and Stubley (12), having found similarities
between the excess enthalpies of pentafluorobenzene systems and
hexafluorobenzene systems, extended their studies to the excess volumes
of the pent;ﬂuorobt?nzene systems. They determined the excess volumes
at 298,15K and found them to be quite small and positive and ciecreasing
with increase in methyl substitutioh. Again this was parallel to the
hexafluorobenzene systems although the rate of decrease in excess
volumes was larger with hexafluorobenzene than pentafluorobenzene systems,
Stubley and Skillerne de Bristowe concluded that the results for HE
and VE suggested that both hexafluorobenzene and pentafluorohenzene
had specific interactions vwhich increased in a regular manner with

methyl substitution of the aromtic hydrocarbon and that the hexafluoro-

benzene had the stronger specific interaction in each case,

Kelly and Swinton (26) have recently determined the phase
diagrams of pentafluorobenzene with 1,2 - 1,3 ~ 1,4 dimethylbenzenes,
1,3,5 - trimethylbenzene, pentamethylbenzene and hexamethylbenzene,
The first five mixtures showed the existence of a compound in the

solid phase,

Fenby and Scott (27) widened the field of research by determining
the enthalpies of mixing of 34 of the possible binary systems C6HmF6-m
and C6HnF6-n' Their results ranged from positive to negative and

through to sign changing excess enthalpies of mixing,

They discussed their results in terms of being made up of three
effects:- a physical non—specif‘id interaction HEP, due to the mixing
of hydrocarbon with fluorocarbon, (This is large and positive) -a

specific chemical interaction }-Fc » due to charge-transfer complexing,
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(This is negative and dependent on the donor, acceptor strengths) -
and a specific interaction between matching hydrogen atoms and fluorine

atoms on adjacent rings, part of the HEc term (which they called a lock

and key effect).

Hanna suggested that the last two effects HEG, could be
electrostatic in origin and due to quadrupole -‘quadrupole, bond
dipole interactions. In this case there would be little or no

stabilisation of the complexes by charge transfer,

Hanna expanded on this view point in a later paper (28). He
suggested that the electrostatic forces were due to C-F bond dipole
interacting with hydrocarbon TV quadrupole end similar induced

secondary effects, .

This new approach to fhe interpretation of the nature of
complexing in these aromatic fluorocérbon, aromatic hydrocarbon
systems caused Fenby and co-workers to systematically investigate the
excess functions of benzene with CéFSX where X = I,Br,Cl and also
with cyclohexane, Essentially the TV acceptor strength of the aromtic
fluorocarbon was being increased, The heats of mixing (29) were
measured at 298,15K and 308,15K., For the benzene, substituted fluowo-
benzene systems the results were negative and became more negative
with the increasing T elect}on‘acceptor strength of the fluorocarbon.
However the cyclohexane corresPoAding systems' results were positive
becoming less positive., When éhese results were considered as being’
the physicel interaction HEP, and we're subtracted from the benzene
results to give the chemical contribution, HEC, no trend could be
observed in HEc consistent with increasing TV acceptor strength. It
was concluded that chérge-transfer plays no significant role in complex

formation,
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The excess volume results (30 ) for the above systems again
showed no trend consistent with the existence of charge transfer
complexing, In fact the results were understood in terms of shape
(cyclohexane non-planar versus benzene planar) and polarisability

differences (on changing X in CgFX for H,F,C{Br,I),

Again with the purpose af varying the aromatic fluorocarbon , ‘the
pentafluorocyanobenzene and benzene system was investigated, One
fluorine atom had been replaced by a very strong electron withdrawing

group so making the fluorocarbon a good electron acceptor.

Hall and Morcom ( 3| ) have determined the phase diagram for
pentafluorocyanobenzene and benzene and shown the existence of a
double maxima corresponding to mole ratios 1:1 and 5:3., Hexafluoro-
benzene + benzene only gave a single naxmum but pentafluorobenzene
+ benzene showed the existence of two weak compounds with mole ratios

of 1:1 and 3:2,

Leong, Jones and Fenby (15 ) have determined the excess volumes
of mixing for this system as well as for pentafluorocyanobenzene with
cyclohexane, This formed a part of their programme to see if complexing
were due to charge-transfer effects. The excess volume, although
negative for pentafluorocyanobenzene + benzene, when altered to take
account of VEp it did fxot have a I;artic\ﬂarly increased chemical
contribution VEC, over those far the benzene + 06F5X. (X=H,F,CL,Bx])

systems. He therefore concluded that charg'e—’crarsfer was insignificant,

3
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1.4 ARQYATIC FLUOROCARRQN AND AROMATIC AMINE SYSTEMS

Interest in Leicester has been centred on substituting more
powerful electron donors, in fact aromatic amines, for aromatic
hydrocarbons. These systems have then been investigated by
spectroscopic and thermodynamic measurements, to see if hexafluoro-

benzene and aromatic amines form charge-transfer complexes,

Beaumont and Davis (32) showed that hexafluorobenzene could act
as a strong electron acceptor with powerful n-donor arometic amines,
Prominent new ultraviolet absorption bands, characteristic of a
charge-transfer band, were found for mixtures of hexafluorobenzene
with N,N,.N1 s J -tetramethyl-p-phenylenediamine, N ,N-diethylaniline
and N,N-dimethylaniline. Analysis of the spectra gave walues for

o
Kx , the equilibrium constant of complexing, and AH he

comp?'®
standard heat of formation of the complex,

Beaumont and Davis (33 ) found that on closer examination of the
spectra of the amines many of the absorption bands had double maxima,
They could not satisfactorily explain this but attributed it to the

ef'fect of the hexafluorobenzene,

Armitage, Brindley, Hall ard Morcom (34 ) have determined the
solid-liquid phase diagram of hexafluorobenzene and N MN-dimethylaniline,

They found the existence of a well -defined 1:1 complex,

Armitage and Morcom (35 ) determined the enthalpies of mixing

for a range of aromatic amines with hexafluorobenzene at 25°C R 50°C

and 70°C.
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The large exothermic heats and positive excess heat capacities

which they obtained indicated strong complexing in solution.

Morcom, Davis and co-workers ( 17) carried out ultraviolet
spectrophotometric measurements of K _and AHjomp.‘ They could
then obtain the quantity HE(= > the chemical contribution to the
enthalpy of mixing, They also obtained HEc= tbermodynarrﬁ.cally by
using résults from reference (35 ) and the system hexafluorobenzene

with isopropylcyclohexane to determine HEP, the physical contribution,

They obtained good agreement between the two I‘P o values calculated,

The spectroscopic and thermodynamic evidence for the complexing
in these systems being due to charge transfer interactions, was far
greater than with hexafluorobenzene + benzene and benzene derivative

systems,

Morcom and co-workers (3‘1-) have exterded their field of study
to include pentafluorocyanobenzene and aromatic amine systems., The
phase diagram for pentafluorocyanobenzene with N,N-dimethylaniline
has been determined and shows the existence of a well defined 1:1

complex in the solid state. .

It must be noted here that sinée Mulliken (36 ) showed that
the prominent absorption spectra ¢f a donor-acceptor complex was
due to a charge transfer complex, it has become apparent that the
presence or absence of a charge tral"xsfer band, in the ultraviolet

region, neither confirms nor denies the existenceé of molecular complexing.

Furthermore the suggestion has been made that charge transfer
contributions have been greatly overestimated and that classical
electrostatic and polarisation effects could adequately provide the

intermolecular binding energy (37).
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Therefore even in the case of fluorocarbon + anmine systems
there is still the possibility that the stability of the complex is,

to a large extent, determined by factors other than charge transfer,

1,5 AROMATIC FLUOROCARBON + SUBSTANCES OTHER THAN FREVIOUSLY

MENT IQNED

Many workers have investigated the interactions of hexafluoro-
benzene with a range of substances both in the liquid and solid
state, again with the hope of resolving the problem of the type of

complexing that hexafluorobenzene enters into,

Morcom and Andrews (38 ) found that hexafluorobenzene with 1,4
dioxan gave an s shaped curve for the enthalpies of mixing measured
at 298,15K., As 1, dioxan has been known to form charge transfer
complexes they suggested that this may also be the case with this

system,

Martin and Murray (39 ) extended this investigation into the
reaction of hexafluorobenzene with ethers and measured the excess
volumes of mixing of hexaf‘luoroben:;,ene with diethyl, di-n-propyl,
di-isopropyl and di-n-butyl ethers, However they obtained positive
excess volumes of mixing so could not comment on the existence, or"

non-existence, of : complexing,

Reeder and co-workers have determined solid-liquid phase diagrams
for hexafluorcobenzene with cyclic I\ydrocarbons‘containing one or two
T bonds (40 ). 1In the case of systems where the hydrocarbon had
two TT bonds then addition compounds.were formed, with incongruent

melting points, This they suggested was the result of donor-acceptor

complexing,
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Goates, Ott and Reeder (4) also determined the phase diagrams
of hexafluorobenzene with benzene ,‘pyridine , furan and thiophen,
The first two systems gave compounds melting congruently and the
last two compounds melting incongruently. They concluded that the

stability was as expected if bonding fesulted from charge transfer,

Fenby and co-workers (42,46) showed that the excess enthalpies,
volumes and Gibbs functions of hexafluorobenzene + carbon tetrachloride

indicated that the system deviated from ideal solution behaviour.

Fenby and co-workers carried out a detailed investigation into
the system triethylamine and hexafluorobenzene where they measured
its excess volumes (43), excess enthalpies (44) and excess Gibbs
functions (45). This was because of a report that it gave a charge
transfer band (32), All of the excess functions were found to be

positive but small and were consistent with weak complex formation,

1.6 THE DEVELOPMENT OF THE PRESENT WORK

The previous sections show the great amount of infommation
available for aromatic fluorocarbon mixtures with alicyclic, aromatic
hydrocarbons and amines, However in many cases there is a noticeable

lack of excess Gibbs functions,

Only Swinton (10,18) and Pepby (45,46) have cbtained excess

Gibbs functions for hexafluorobenzene systems,

Therefore the main purpose of the present work was to obtain
excess Gibbs functions for aromatic fluorocarbon mixtures by measuring

the vapour pressures with a static vapour pressure apparatus,
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The systems were chosen so that an equilibrium constant of complexing
Kx’ could be calculated from an experimental excess Gibbs function of
complexing usine a non-ideal solution model (47). This quantity

could then be compared with a spectroscopically derived KJ'C.

This work was intended to complement a study made by Morcom

et al.(35).

It was also hoped that the programme of work begun by Armitage
and Hall in Leicester could be completed, This involved the
measurements of excess volumes of mixing and phase diagrams for

hexafluorobenzene and aromatic amines.

In addition a scheme to study the excess enthalpies and
volumes of pentafluorocyanobenzene with cyclohexane, benzene, toluene
and p-xylene was planned to determine whether a more powerful
electron acceptor behaved differently with these hydrocarbons than

hexafluorobenzene,

It was hoped that the excess Gibbs functions for some pentafluoro-

cyanobenzene systems could be determined,
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MATERIALS

2,1 TNTRODUCTIMN

During the course of the vapour pressure measurements that were
made, it became obvious that greater care had to be taken over the

drying of materials.

In particular this was essential with cyclohexane, Wherever
possible materials were dried with phosphorus pentoxide or if they
reacted with this then freshly activated molecular sieve, type SA was

used,

All samples were required in a degassed state, so when purified,
they were collected in ampoules of the type shown in figure (2.2.1)
and repeatedly frozen and thawed, then sealed by covering the capillary
tubes with mercury when they were still frozen. The liquid was then

easily removed with a hypodermic syringe and long needle,

Various criteria of purity of the samples were used, The original
and purifiied materials were anmalysed by gas liquid chromatography using
a Pye Unicam 104 Chromatograph. In'some cases the freezing point curve
was also determined and the percentage purity calculated from the shape
of the curve, Vapour pressure néa;uremnts were carried out on a few

samples and these are given in chapter (4).



FIGUiZ (2.2.1)
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2.2 1IERCURY

 Two purification procedures were used as the mercury for the
manometer in the vapour pressure measurements had to be of higher

purity than that normally used in the laboratory.

The mercury used for calorimetry, excess volume measurements, and
storage of materials was purified by filtering stock mercury, shaking
it firstly with mercurous nitrate in Y% nitric acid, secondly with
de~-ionised water and thirdly with pota531um hydroxide solution.

After a number of washings with de-ionised water, it was dried and

twice distilled in vacuo.

Higher purity mercury was required in the manometer so that
published data for the density of mercury could be used in vapour
pressure calculations, and also so that the menisci were not contaminated

with oxidised impurities.

Mercury, as purified above, was. vigorously shaken with a Y% nitric
acid solution containing mercurous nitrate until the acid no longer
becéme disc&Loured. This was followed by washing with de-ionised water
until the aqueous layer remained colourless. The; mercury was then
shaken with 10% potassium hydroiide solution until there was no
discolouration of the aqueous layer. The product was washed three times
with de-ionised water, which remained colourless. It was then dried in
a current of air at high temperature followéd by distillation under
reduced pressure in a current of air., The product was finally given two

vacuum distillations,
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llercury purified in this way gave a stable foam lasting 15 - 20
seconds when shaken with de-ionised water (48) and showed no tendency

to mark the surface of the manometer.

2.5 T'LUOROCARBONS

A) BHexafluorobenzene

Two samples of hexafluorobenzene were used. One sample was obtained
from Bristol Organics Ltd., and was of stated purity 99+ %. This sample
was dried over phosphorus pentoxide and used, without further puritication,
tor the phase dlagram'measurements; It has a freezing point of 278.05K

and a purity of 99.92 mole %, as determined from its freezing point curve.

The other sample of hexafluorobenzene was obtained from Imperial
Smelting Ltd., and was of stated purity 99.95%. This was also dried
over phosphorous pentoxide. Gas-liquid chromatography using both a
PEG 20 column at 323.15K and a 10% APL column at 323.15K gave only one
sharp peak. The sample was used for vapour pressure measurements without

.

further purification.

B) Pentafluorocyanobenzene

Bristol Organics Ltd., pentéfiuorocyanobenzene, of stated purity
99+%, was pu:ified by continuous fractional freezing using a freezing
apparatus. It was dried over freshly activated molecular sieve and its
gas liquid chromatograph, using a 10% E30 column at 373.15K, gave one

single sharp peak.
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2.4 AROLATIC AITINES

A) N,N Dimethylaniline

"Analar" N,N-dimethylaniline was refluxed for seven hours with
acetic anhydride under reduced pressure (49) so as to remove any
primary or secondary amines as involatile acyl derivatives. The
mixture was then distilled under reduced pressure and in a stream of
nitrogen using a fractionating column of the type described by Ray (S0)
with a reflux ratio of about 50:1l. The distillate was condensed in a
solid carbon dioxide/acetone trap and initially consisted of acetic acid
and acetic anhydride. Eventually N,N-dimethylaniline was collected in

the trap as a white solid.

This product was then redistilled, as above, using a high reflux
ratio, and the middle fraction of three fractions was kept. This was
again distilled, as above, and the middle tfraction of three kept and

stored in an ampoule as described in section (2.1).
Gas liquid chromatography showed no trace of impurity.

B) N,N Dimethyl p -« toluidine

Ralph N. Emmanuel Ltd., N,N-dimethyl p-toluidine, of stated purity

99+%, was purified by the same method as described for N,N-dimethylaniline.

The freezing point of the purified sample was 245.58K and it has a
mole percent purity of 99.97%, as determined from its freezing point

curve,.



2.5 CYCLO ALKANES

4) Cyclohexane

BDH. Chemical Ltd., research grade cyclohexane was dried over
phosphorous pentoxide. It had a freezing point of 279.70K and a purity
of 99%*99%> as determined from its freezing i>oint cuive, so it was used

without further purification.

B) Isopropylcyclohexane

The isopropylcyclohexane was required in a higher degree of purity
than used previously in this laboratory ) where a purity of about
99/~ was adequate. Previous samples v.ere found to blacken mercui’y

slightly and were obviously unsuitable for vapour pressure measui’ements.

Firstly repeated zone freezings were done but after about thirty
passages the gas chromatograph of the sample, on a 3/ 0V17 column at

376*15%, still showed the presence of secondary peak.

A spinning band distilla.tion was then carried out using a
drehbandkolorme system type AG No. IO3 as simple fractional distillation

had no apparent effect on the sample.

A gas liquid chromatograph was taken on every sample collected and

the sample size vjas restricted to a couple of cm”. %e gas chromatogi-aphs

showed that the small secondary peak v/as decreasing and at the seventh
fraction it disappeared completely. The required sample was collected
after this point and was dried over phosphorous pentoxide. The sample

did not blacken mercury when shaken with it.
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2.6 BINZTE AND ATTES

A) Bengzene

"Analar" benzene was purified accarding to the method of

Vogel (51),

1000 cm? of benzene was stirred for thirty minutes with 150 cm’ of
concentrated sulphuric acid, The acid layer was separcted off and more
acid added and the same procedure as above followed, until the acid

layer no longer became yellow, Four such processes were required,

The benzene was washed twice with de~ionised water, once with a
104 sodium carbonate solution, and again with water, It was left to

stand over calcium chloride overnight.,

The sample was twice distilled off sodium, in an atmosphere of
nitrogen . In each case the middle fraction of the three fractions
was collected, The pure sample was collected in an ampoule as described

in section (2.1).

Gas chromatography showed no trace of impurity,

B 2 Toluene

Ralph N, Emmnanuel Ltd., toluene was dried over phosphorus pentoxide
and the gas chromatograph taken using a 10% E30 column at 353,15K, The

chromatograph showed no trace of impurity.

The freezing point of the sample was 178,31K and its estimated

purity was 99,974



G) F - X.wleme

Ralph 11, EmniEinuel Ltd. , p-xylcne of 99/<* purity v/as dried over

phosphorus pentoxide. It was used v/ithout further purification.
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THE DESIGN AND OPERATICN OF

AN APPARATUS TO MEASURE VAPOUR PRESSURE

3.4 INTRODUCTION

Vapour pressure measurements of liquid mixtures are difficult to
perform accurately but are of great interest because they allow the

calculation of excess Gibbs functions of the mixtures,

There are various methods available for measuring vapour pressure,
the two main being the equilibrium still dynamic method, and the static

method,

In the dynamic method the mixture is boiled and the equilibrium
vapour and liquid are separated. The vapour is condensed and returned
to the boiler via a ‘'hold~up' trap, When equilibrium is attained
samples of the boiler liquid and condensate are analysed, The
equilibrium temperature and pressure are measured, along with the
vapour pressures of the pure components, and with these quantities the

excess Gibbs functions can be calculated,

Fowler (2,53) has reviewed the various designs of equilibrium

stills developed although Brown (54 ) describes a more advinced design,

The static method involves allowing a mixture, of known amounts
of the two components, to come to equilibrium with its wvapour in an
air free cell isolated by a cut-off, The temperature and pressure are
measured and corrections made to the liquid composition to allow for
the amount 6f‘ each comi;onent present in the vapour, The excess Gibbs

functions of mixing can then be calculated,
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Baxendale (55), Everett and Penney (56) and Williamsom and
McGlashan (57,58 were the early workers concerned with developing

this method,

In the design of Williamson and McGlashan's apparatus the
vapour-pressure of a liquid in a cell was measured partly on a
mercury cut-off, immersed in a thermostat tank, and partly on an

external manometer connected in series,

Gaw and Swinton (10,19 improved the ease of operation of a static
method apparatus by replacing the second manometer and buffer line, as
used above, by a second cell containing a reference liquid in
equilibfiu.m with its vapour, ard housed in the thermostat bath. The
vapour pressure of the reférence liquid was known accurately., Pasco
and Fenby (46,59 ) have also used this differential technique of

employing a reference liquid,

Marsh (60,61 ), Valle Colero and Losa (62 ) and Garrett (63,64 )
have measured the vapour pressures on a single manometer, This greatly

simplifies the number of readings that need to be taken,

3.2 GENERAL DESCRIPTICN OF THE PRESENT APPARATUS

Various designs of apparatus have been used in this laboratory

but without success,

Armitage (65 ) built an apparatus similar to Williamson and
McGlashan (57,58 but unfortumtely it developed a leakage through its

greaseless taps which were immersed in the thermostat bath. -
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Andrews (66 ) modified the above apparatus, adopting a design
similar to that of Marsh (60,61 ) and also placing the greaseless taps
outside the thermostat tank, However leakage still occurred through
the greaseless taps., These taps were replaced by a different make of
greaseless tap and the apparatus was apparently functioning
satisfactorily when the gla;s blewn join between the manometer and cell

collapsed and the apparatus imploded,

It was decided to redesign the apparatus for ease of use, but
to retain the basic technique of Marsh, A manometer of the type used

by Armitage was made in a larger slightly modified form,

All the taps that the samples came into contact with were greaseless
taps from J, Young, Acton, The ground glass Jjoints were also greasefree
and were prevented from fusing by using PIFE sleeves from Fisons, They

were sealed by surrounding them with cups containing mercury,

The liquid sample was introduced into the cell by distillation
through the mercury manometer, the mercury being removed by lowering
it into a reservoir., To be ‘able to do this it was necessary to pump
the manometer assembly down to a hard vacuum and also to have a part
of the vacuum line available to raise or lower the mercury in the
manometer by blowing dry nitrogen through it or pumping on it to create

a vacuun,

A number of ground glass sockets and cones were incorporated intb
the vacuum line: in order that the materials to be used could be dried,

degassed and stored for a time before being sealed in ampoules.

Figure (3.2.1) shows the apparatus in diagramatic form.
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3.3 THE THERiIOSTAT

The thermostat tank, which housed the manometer assembly, was
similar to that designed by Williamson (57,58) but was rigidly

mounted on a "Dexion" frame,

It was a stainless steel tank which was lagged wa:.th 2" sheets of
expanded polystyrene and covered with 3" block board, A plate glass
window was let into the front side of the tank, The tank was fitted
with a wooden half-1id, covered with Formica., A frame was fixed on
the lower side of this 1id to support the regulator and heaters but

the stirrers were supported from the top of the 1id,

The regulator was constructed from a three metre length of 3"
diameter copper tubing bent into a coil., A glass to metal seal was
attached to one end of the tube (the other end being closed)‘ and a
conventional mercﬁry in glass regulafor head was attached to this
seal., The copper coil was filled with about 40O cm3 of distilled

4 toluenel, and mercury brought the level up to the point of contact with
the platinum contact in the regulator head, It was calculated that
a temperature change of 0,001K could be detected by a measurable

movement of the mercury in the capillary tube of the regulator head.

The two heaters were both made from Pyrotenax mineral insulated
resistance cable, They were wound on a nylon frame which also supported.
the regulator, The intermittent heater was controlled by a variac
transformer, regulator and electronié relay, The permanent heater was
controlled by a variac transformer, The water was stirred by two Gunn

stirrers mounted on the 1id of the thermostat.

The stirrers were adjusted so that one drew water from near the

bottom of the tank and the other from the centre of the tank,
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They were orientated so as to force water in different directions

and cause turbulence in all parts of the tank.

In order to prevent excessheat loss and evaporation from the

surface of the water, polystyrene was used to cover the surface,

Placed below the thermostat tank was a galvanised steel tank
of approximately the same volume, ;.'L‘he water in the themmostat tank
could be drained off into this lower tank through a stopcock, The
lower tank was lagged with polystyfene sheeting and fitted with a

wooden 1id,

A centrifugal pump (Type 10, Stuart Tumer Ltd.) was used to
raise the water from the lower to the upper tank, the outlet being

slightly above the top of the upper tank,

3.4 TEYPERATURE MEASTRELENT

The thermstat temperature was measured using a platinum
resistance theimometer (Type 518754, H, Tinsley and Co.,) a
Precision Comparison Bridge (Model VLF 51A, Rosemount Engineering

Co,) and a standard resistor (Class 'S' 25 RS, 25.5 ohms).

The temperature was calculated using the expression,

3>
T- [Rg - Ro 4 S(_L - ‘)E +3 (£ —l)('—t +27315
x R, \oo. oo 100 100

SR o (3wa)
where T is temperature in K, o<, § J ﬁ , are constants for
the platinum resistance thermometer and RL' and R, are the measured

resistances at T K, and 2735.15K,
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‘The stability of the thermostat was shown to be + 0,001K far

several hours at the temperatures used,

The manometer, figure (3.5.1), was made from 20 mm bore Veridia
precision bore tubing. A single cell is shown attached to the
manometer in preparation for the measurement of the vapour pressure
of a volatile component, A double bulb cell is used for involatile
components (Section 3.11). The bulb coﬁtained a small stirrer bead
made from a piece of soft iron encased in a glass envelope, The metal
was thoroughly cleaned and sealed in the glass case under vacuum, The
bead was rotated by an electrically driven magnet sealed in a water-
proof case and with a long stem up to the stirrer motor so that the
motor could be clamped from outside the tank, The height of the magnet

could be easily adjusted.

The power supply to the motor was controlled by a Simmerstat so

that the liquid was stirred every seven seconds,

The heights of the mercﬁry levels were measured (with an accuracy
of + 0,01 mm) through the plate glass window of the tank, by using a
cathetometer (Precision Tool and Instrument Co,,). The menisci were
illuminated by mounting two 9" fluoroscent tubes (8W 250 v, housed in
a long glass tube and with their light diffused by a translucent roll
of pap er) in the front comer of the tank and angled so that their
light fell onto a white plastic strip mounted behind the manometer,
With the lighting arranged in this way it did not have to Ibe, dis turbed
during the distillation process. The menisci also had light shields
mounted Jjust above them so that even illumination was achieved, .The
reference mark, in determining the volume of the vapour space, was

taken as the lower part of the glass divider between the upper and
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lower pér’c of the manometer,

The mercury reservoir was placed immediately below the
manometer, and in the thermostat tank, so that mercury could be
lowered into it, and the temperature of the bulk mercury was the

same as that in the manome ter,

The manometer was throughly cleaned with hot chromic acid before
being mounted in the thermostat tank, It was held in place by

clamping and by attaching teflon bars,

3.6 THE MAIN VACUUM LINE

The final version of the vacuum line is as shown in figure
(3.2.1). Throughout the course of the work modifications were made

so as to overcome difficulties that arose;

Tap Tz was introduced so that the pressure gauge head could be '
isolated from the distilling vapour, Two components which were used
were found to be either decomposed by the hot wire in the gauge head

or to be reacting with some part of the head, i

Tap T44 was also introduced so that air could be introduced to

the vacuum line without turning off the pumps,

The vacuum line was periodically cut open and cleaned then glass

blown back together,

The line was designed so that the manometer, nitrogen line, and
ampoule breaking apparatus, could all be isolated and evacuated as

required,
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The high vacuum pumping system consisted of a three-~stage mercury
diffusion pump backed by a single-stage rotary oil pump (Type GRS 2,
General Engineering Co, ). The pumps were protected by a liquid nitrogen
cold trap, as shown in figure (3.2.1), and could be isolated from each

other and the vacuum line by taps T13 and Tqo.

The pressure in the vacuum line was measured with Pirani and
Penning gauges (Types PGH3 and PNH1, General Engineering Co.,)
connected to two control units (DR343 and PNG1, General Engineering
Co.). The pressure in the system when evacuated was better than

‘10-'2 Nm"2 which was satisfactory for this apparatus,

3.7 THE NITROGEN LINE

White spot nitrogen dried over silica gel was used to lower or
raise the mercury in the reservoir, It was possible to evacuate this
part of >the line by opening taps T1 and T5. The pressure was shown
by the manometer on the extreme right of the apparatus (figure 3.2.,1).
The mercury was raised by closing tap T5, leaving tap T1 open and also
opening T8 gradually so that a controlled amount of nitrogen was

admitted .fo the system,

3.8 THE AMPOULE BREAKING APPARATUS

The principle of the apparatus was that the composition of the
sample in the cell could be changed by lowering the mercury in the
manometer and quantitatively distilling a known amount of one componeng

ihto the cell,
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The ampoule breaking equipment is shown in figure (3.8.,1). It
was designed so that it could be readily assembled without any glass
"blowing and also so that the sample could be frozen down soijthat on
breaking the ampoule tip no glass splints or liquid splashed into

any taps.

The apparatus consists of a vertical glass tube near the top of
which is a pocket in which a breaker can be held, The breaker consists
of a piece of soft iron sealed, under vacuum, in a glass envelope.
The glass envelope broke frequently until the distance the breaker
was allowed to fall through was decreased, and also greater care was

taken over the annealing of the glass.

One end of the glass tube is attached to the vacuum line via a
B19 ground glass socket, with a teflon sleeve between socket and cone,

and the whole joint is surrounded by mercury.

The other end of the tube has a Quickfit screw cap adaptor attached
to it so that the ampoule is held rigidly., Again fhe joint is

surrounded with mercury.

3.9 THE SAMPLE PREPARATION LINE

For a static method of measuring vapour pressures it is important
to ensure that all samples are thoroughly degassed. A section of the
vacuum line, figure (3.2.1), was provided for this purpose, It consists
of four B10 ground glass sockets to which either ampoules or cells
could be attached. These are connected to the main vacuum line by tap
T6 and to two storage vessels by tap T7. The two storage vessels are

attached to thévacuum line by two B19 sockets,
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3,10 THE DESIGN AND PREPARATION OF AMPOULES OF VALATILE COMPONENTS

The ampoules used are shown in figure (3.10.1). They were carefully
designed so that:-
1)  The maximum volume of sample could be taken but the ampoule was
still small enough to be weighed on a micro-balance, (Type 146,

L. Oertling Ltd, with a sensitivity of 0.00002 g). ,

2) A glass cup, figure (3.10.1), could be attached to the ampoule
around the B10 cone so that mercury could seal the joint but
there was still an adequate clearance for glass blowing in the

necked down region,

3) The part of the ampoule that was contained in the ampoule breaking

apparatus was long enough,

The ampoules were made without the constriction so that they could
easily be cleaned, They were cleaned by filling them with freshly
prepared hot chromic acid and immersing them completely in the acid,
They were left to soak overnight and then washed with deionised water,
several times, followed by analar acetone, They were put in an air
oven to dry, for a few hours, and then were attached to the sample
preparation line and pumped on so as to remove any acetone vapour,

The ampoules were wiped with a soft cloth and the inner surfaces were
examined before the constrictions were placed near the B10 cones., The
outer surfaces then had to be cleaned again, with me'thylene'dichloride.
The ampoules were placed in a balance case containing a tray of active
silica gelv for a short while, were weighed, dried in an air oven for
several hours, allowed to cool in a silica gel vacuum desiccator, amd re-

weighed,

This procedure was continued until two consecutive weights agreed

to within + 0.00001g. The temperature of the air in the balance case |
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was recorded at the time of the weighings,

Bach glass cup that was attached to an ampoule had a number on
it so the ampoules were readily identified. The ampoules were attached
to the vacuum line and then the storage vessels were also attached,
One of the storage vessels contained a drying agent and the liquid to

be degassed and ampouled.

Initially only the rotary pump was started, The liquid in the
storage vessel was quickly pumped on, to remove some of the air, and
then it was isolated by closing tap, T7 and frozen in liquid nitrogen.
The mercury diffusion pump was started and in less than an hou:l' a good

vacuum was obtained,

The liquid was degassed by repeated vacuum distillation from one
storage vessel to the other, Liqﬁid nitrogen was used to cool the
collecting vessel and a beaker of cold water surrourded the frozen
sample. This section of the line was pumped down to a hard vacuum
after each distillation, At least twelve distillations were usually
carried out. The final distillation returned the material to the vessel

containing the drying agent, and the material was allowed to warm up.

Tap, T6, was closed and tap, T7, was opened., The ampoule to be
filled was surrourded with ice and water and the ampoule was over
filled so that the excess liquid.could be redistilled back into the
storage vessel to eliminate the presence of a volatile impurity. The
volume of sample required was calculated and this amount of water was
syringed into a spare ampoule, The spare ampoule was 't:hen.1 held against
the ampoule on the vacuum line so that the ampoule could be filled to
the required level, The sample was then hard frozen and the ampoule

sealed at the constriction, with the apparatus evacuated, |
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The contents were allowed to thaw and the ampoule was cleaned before
- weighing,

The ground-glass cones, which had been detached from the ampoules
and left on the vacuum line, were removed and washed with methylene
dichloride, They were dried in an air oven and weighed in the same

way as the ampoules,

The external volume of the filled ampoules were determined by

measuring the displacement of their volume of water, |

The true weight of material in an ampoule was calctﬂ,atéd as
follows, if W1 = the weight recorded for the ampoule before filling
W, = the weight recorded for the ampoule after filling W5 = the weight
. recorded for the detached cone, a.nd,o 12/° 20 p 3 are the densities of
dry air at the temperatures at which W1, W2 and W3 were recorded, /J W
is the density of the balance weights, /P g the density of pﬁ'ex glass

at the required temperatures, and V the external volume of the filled

ampoule, then
W, tree = W, |1- o, 1-p01 |7 (3.10.1)
/OW , pg
W2 true = Wz'g (1 -/02 7T + sz (3.10.2)
L Pw
= - N - -1
W3 true = W3 1 3 1 /s ‘(3.10.3)
- /OW J /)g

and the true weight of the sample taken, W, was given by

W= W2true + 'thrue - W1 true (3. 10.)‘._)
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3,11 THE DESIGN AND PR:Z.LRATION OF CELLS FOR INVOLATILE CQMPONENTS

If one component of a mixture is relatively involatile it is
necessary to use a cell having a break s.eal. The cell can then be
directly attached to the manometer'in place of the bulb, The bulb has
to be removed and a breasker housing attached to the manometer, as shown

in figure (3.11.1). The cell can then be attached via a B19 socket,

The cell was mede as shown in figure (3.11.1). It was thoroughly
cleaned using freshly prepared hot chromic acid, being allowed to soak
overnight in the acid, The cell was then washed in deionised water
following by analar acetone and put to dry in an air oven, A magnetic
stirrer bead was made and put into the cell before a constriction was
put in the stem of the cell below the B10 cone, Water waé. syrihged into
the cell to a point halfway up the constriction in the stem. The cell
was placed on a weighed strip of aluminium, so that it was steady on
the balance pan, and its weight was noted, After a further half an
hour the weight and temperature were again recorded, This 'was repeated
to constant weight, The water was removed and the cell dried, It was

'pumped on the vacuum line and then it was weighed to constant weight.

"The desired quantity of invol'atile component was syringed into the
cell and the cell attached to the sample preparation line, The sample
was quickly pumped on, with only.the rotary pump, and then it was mard
frozen in liquid nitrogen. When the sample was completely frozen a
hard vacuum was used to remove all traces of air., The sample was
thawed and frozen and again pwnpeglon a few more times before twelve
| vacuum distillations were carried out by distillation from one bulb of
the cell to the other, The sample was completely degassed by this
process. The pressure gauges showed no change in pressure, when tap T6

was opened, after four vacuum distillations,
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The cell was removed by sealing it, under vacuum, at thé
constriction with the sample frozen in liquid nitrogen, When the
sample had thawed the cell surface was cleaned and the cell weighed to
constant weight, The B10 cone was rémoved from the vacuum line, cleaned,

and also weighed, to constant weight, as described previously.

The weight of the component was calculated by applying the

necessary buoyancy corrections in a similar manner to the method used

in section (3.10).

3.12 OPERATIQN OF THE APPARATUS

3.12,1 Determination of the Vapour Volume

When static vapour pressure measurements, with total composition
data, are used to determine activity coefficients and the excess Gibbs
functions on mixing, it is necessary to know the composition of the
vapour, When only the total composition (liquid and vapour) is known

the volume of the vapour space is required as well.

The method used for aetermining this vapour space was by carrying
out isothermal compressions on a sample of nitrogen, assuming the

nitrogen to behave ideally (65 ).

3,12,2 Introduction of a Volat:’_'LeFSample and Measurement of

Vapour Pressure

The introduction of a sample into the cell of the manometer is
greatly simplified when no sample is present in the cell, Therefore
the more complicated case of addition of material to a sample in a cell

will be considered here.
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An ampoule was -inserted into the ampoule breaking épparatus, figure

(3.8.1), and attached to the vacuum line, The main vacuum line was then

evacuated with taps T3, T2 and T4 open,

The thermostat electrical equipment was then switched off, and the
water from the thermostat tank was drained into the lower tank, The
water level was lowered until the cell was adequately uncovered, The
stirrer motor was completely removed from the tank and a small dewar
(with a long side arm attached) of liquid nitrogen was dlamped. below" the
cell, The rate of cooling of the sample was slow enough not to cause

oscillations in the mercury of the manometer,

Tap T4 was closed and T5 opened so that the nitrogen line, up to
tap T1, could be evacuated, The lowering of the mercury in the manometer
was controlled by T1, The mercury levels were lowered until they were
within 10 _cmr of the mercury reservoir.. The sample waé still isolated

from the evacuable side arm of the manometer,

Taps T1, and T5 were closed and:Tap T4 opened again, The vacuum
line was evacuated until a satisfactory vacuum had been achieved., The |
dewar around the cell was raised, so that the sample was hard frozen,
and the ampoule sample was also frozen in liquid nitrogen, When the
mercury levels in the manometer were at the same height the preparations

for breaking the ampoule tip were .complete,

Taps T2, T3 and T4 were closed and the breaker was removed from
its pocket, by a horse-shoe magnet, and allowed to fall on the ampoule -

hbok. The dewar of liquid nitrogen was removed from about the ampoule.

A
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The breaker was replaced in its pocl.cet and checked to be intact,
Tap T1 was then opened, so as to lower the mercury completely, and T2
could then be opened to allow distillation of the sample into the cell.
The dewar of liguid nitrogen, around the cell, was lowered slightly so
that the sample did not freeze in the neck of the cell but in the bulb.
The sample readily distilled and was seen to have completely gone from
the ampoule in about ten minutes, if the san'gpie was cyclohexane or
hexafluorobenzene,or in the case of pentafluorocyanobenzene or
isopropylcyclohexane, in about forty minutes., The liquid nitrogen was
raised around the cell at this point and left for a further ten minutes,
When it was thought that no vapour was left unfrozen Tap T3 was opened
and a check was made, on the pirani gauge, to see that no leakage had

occurred and that distillation was complete.

Nitrogen was introduced to the nitrogen line up to Tap T1. The
nitrogen was slowly allowed into the mercury reservoir by turning Tap

71.

The mercury level in the manometer was raised to half way up the
manometer, The dewar of liquid nitrogen was removed from around the
cell and the stirrer motor clamped into position. The thermostat was

then filled with water and the electrical equipment switched on again,

It was found that with pure cyclohexane and pure hexafluorobenzene
traces of liquid were found on the mercury surface, in contact with the
sample, unless care was taken on filling the thermostat.. The mercury
surface was kept surrounded with hot water whilst the cell was kept
cool to reduce distillation onto the mercury. The top of the thermostat
was filled with cold water and the bottom with hot. Any liquid which
left the cell condensed on the sloping arm of the manometer and ran

back into the cell,
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Tap T4, of the main vacuum line, was opened and the manometer
side arm evacuated, The mercury levels in the manometer were raised
further, if required, by opening Tap T1, and allowing more nitrogen
into the mercury reservoir, When the sample in the cell had théwed

completely the stirrer motor was switched on,

The thermostat was set to a suitable temperature and the apparatus.

was left overnight to achieve equilibrium,

The thermostat was altered to the carrect temperature éhe following
morning, and the apparatus was evacuated while the equipment re-
established equilibrium, The cathetometer was levelled before the
heights of the mercury levels and reference mark were taken, The
readings were taken on rising menisci. The thermostat temperature,
menisci heights, ard reference mark, were taken four times., The
temperature of the thermostat was measured with a platinum resistance
thermometer and the temperature of the cathef.ometer scale with a

mercury in glass thermometer,

The thermostat was then reset, by removing mercury from the

regulator, and alloved to reach equilibrium at its new temperature,

More ampoules of the volatile combonent were added to the cell in

the manner described above,

3.,12,3 Introduction of an Involatile Sample

A cell was prepared as described in section (3.11). The manometer
was altered to accommodate the breaker housing, shown .in figure (3.11.1).
The breaker, a piece of soft iron in an envelope of glass, was placea
in the housing and the cell attached to the B19 cohe. A teflon sleeve
was inserted between cone and socket and the joint was surrounded with

mercury,
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The manometer was evacuated, making sure that the nitrogen line was
evacuated at the same time with Tap T1, open so that the mercury did

not rise up thel mnometer, The samle in the cell was frozen in liquid
nitrogen., When the sample was completely frozen Tap T4 was closed,

so isolating the pumping system, and the breaker was moved from the
housing, by a horse-shoe magnet, and allowed to fall on the delicate
hook, The pressure gauge was observed to ensure that there ‘was no
leakage in the cell, The mercury in the mnometer was raised before

. the liquid nitrogen was moved from around the cell, The stirrer was
placed under the cell and the thermostat filled with water, as described

in the previous section,

The pressure measurements were recorded when the equipment had

achieved equilibrium,

3.13 CALCULATION OF THE VAPOUR PRESSURE

Consider the diagramatic representation of the manometer and cell

shown in figure (3.13.1).

The vapour pressure, P, at the surface of the liquid can be

written as

P =P - P2  (3.13.1)

Where P‘I and P, are given by. ' g

s
r2

densi_ty of mercury at the thermostat temperature

density of the equilibrium vapour at the thermostat
temperature,

acceleration due to gravity.

(1]
]
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If the vapour is treated as being ideal, then Pvap Vm’= RT will
apply. If the molecular weight of the vapour is Mv;p, /o , can be

derived as follows,

Vi v ' n1 .
9, - Mup o PropMap (3.13.3)
Vi RT
If it is assumed that Pvap 7 P, equation (3.13.3)
becomes
fz = —‘—‘———LP Mue (3.‘13.'1;.)

RT

and on substitution in equation (3.13.2)
P- hpg (1= hyMvepq) (3.13.5)
RT .

The local value of the acceleration due to gravity was calculated
to be 9,81288 r'nSn2 by using the expression from Kaye and Laby (67) and

on substituting for the laboratory latitude and height above sea level,

The density of mercury at the thermostat temperature was calculated

from the equation in reference (68).

The scale of the cathetometer was ruled at 293.15K and so only at
this temperature was the reading of the instrument giving the true

height. In fact the true height, ht » at temperature T, is given by,

rue

Teue

h = h (e (T- 1‘1};5)} (3.13.6)
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where h . is the observed height, X the coefficient of linear
expansion of brass = 1,9 x 10'-5 K-1, and T the temperature of the

scale in Kelvin,

A computer programme was used to take into account all these
various corrections when calculating the vapour pressures, In this
manner accuracy was ensured and tedium avoided, The programme used
was a modified form of the one used by Armitage ‘(65 ) and is listed

in the appendix,
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TH: VAPOUR PRESSURE RESULTS AND

CALCULATIONS OF THE EXCESS GIBBS FUNCTIONS

4,1 THE TIERIDYNAMICS OF LIQUID - VAPOUR EQUILIBRIUM

Consider the definition of the chemical potential, /{, ;0 of a

component i of a mixture given by,

M= (da) JH i (he1.1)

(9 ni) T,P,nJ.

/L 4 1s the chemical potential or the partial molar Gibbs

function and is an intensive property of a system,

It can be shown that for any system

S, A mdna

(4.1.2)

»* .
where a; is the activity of component i, and/(,i is the chemical

potential of pure i, For a liquid we can write a; = X; fi, where x;

is the mole fraction of component i, and £, is the activity coefficient.

then,

*
My =M+ R I x; £y (4.1.3)
The Gibbs function, G, for a two component system is given by,

¢ o= om My +on M, | (4a1.2)

at constant temperature and pressure,

For a process of mixing n, moles of component 1, with n, moles of

component 2, at some temperature, T, and pressure, P, we can write

p &
Ae n Sy o+ omp - g A nz/(iz (4.1.5)
X . X
Ao = (A A v (K 4y

(4.1.6)
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by substituting 4.1.3.

AG = n, RT 1n x,f + (41.7)

4 Y n, RT 1n x2f

2

If the change in Gibbs function per mole of mixture is defined by

A oy = A G
n1+n2)

then (4.1.7) becomes

A g = x, RT In x,f, + x, RT 1n x,, | (4.1.8)
An ideal mixture is one vhere f; = 1 so A ng (ideal) is

A ¢ (igeal) = x, RT Inx, + x, RT Inx, (4e1.9)

If we define the excess Gibbs function for mixing, GE, by

¢ = A g - A (ideal) (4.1.10)
then
G = x;RPInf, +x, Rl 1nf, (ka1.11)

An expression for Inf, and similarly 1nf, can be derived in terms
of the liquid mole fraction of @x1 » the vapour mole fraction of @ Iys
total vapour pressure P, the vapour pressure of pure @ P:L, and temperature
T, by treating the vapour as being non-ideal and using the fact that the
chemical potential of component @® in the liquid will equal the chemical

potential of@in the vapour at equilibrium, Then 1nf1 is given by,
' ' 2 2 a
ln{l = 'ng_l_P_ +- (Bil~v?)(P‘ P'X)_*_ (Vl‘vl*)(‘Pe."F) +‘_B—“_(P‘ -P )

x, PX RT RT 2(RTY
+ (l.-ﬁ,)LguP (q- | 2)
- oleld
&12 is defined by, RT

512 = Bz - By 7 By
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*Where B11 s B22 and B12 are the second virial coefficients of

pure @, pure @and the equimolar mixture respectively, V1 is the partial

t S
molar volume of component@of‘ the mixture and V,l is the molar volume

of pure @.
1nf, can be represented similarly.

Substituting 4.1.12 into 4.1.11 gives an expression for GE,
X 2
(5: x, LRTIa( Py / Prx ) (P-P X )(By- V) & P S Ya

+B8r(PF~-p*)/ 2RT ) .

¥ LLRT Ia ( Pﬂl/ Pl:xz)t ((P . P"-x X B2+ sz)* PSia RY

_t By (PX2op2)/2eT 2
+ (PT - P)VE 4 / ‘ (L;}.l.:a\
Equation (4.1.13) could not be used directly to calculate G
because y, the vapour composition was not measured, so a modification

of the procedure by Barker (69) was used to calculate ¢® from the total

vapour pressure, composition data,

4,2 THE BARKER METHO® (AND ITS MODIFICATION) FOR CALCULATING G»E

In the Barker method, GE is expressed as an expansion of the form,

E 2
_G— = x1x2(Go + G1(x2-x1) + G2(x2—x1) - )
RT
where Go, G*I --- are constants chosen by a least mean squares

procedure so as to minimise errors in the total pressure, It is essential
that the mole fraction of the liquid phase be known for the application

of the original Barker method. Wiil.h the present apparatus only the overall
mole fraction of the mixture was known precisely and so it was necessary

to modify the calculation to allow for the material presemt in the vapour
state. Also it was decided to use the more accurate representation of

GE given in 4.1.13 than the one used by Barker.
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Initially the mole fraction of fluorocarbon in the liquid state
X, was set equal to the overall mole fraction of fluorocarbon present
and by using the modified Barker technique, a preliminary value for the
mole fraction of the fluorocarbon in the vapour state Yy Was found,
This value of yq was then used to determine a better value of x, by
also using a knowledge of the volume of the apparatus occupied by the

vapour and by allowing for vapour imperfections,

The data were re-cycled and new values for X, and y, were calculated

until consistency was achieved,

‘The programme used for the calculation of GE was not significantly
different from the programme used by Armitage (65). Armitage rigorously
tested the programme by recalculating the Gaw and Swinton (18) results
for hexafluorobenzene + benzene at 303.15K, 313.15K, 343.15K and also
by recalculating the results of Brown ( 54 ) for benzene + n-heptane at

353.15K. The programme is listed in the appendix,

4,3 TEST MEASUREMENTS

Workers in this laboratory have previously taken as a test of
their vapour pressure apparatus the ability to reproduce the vapour
pressure results of pure substances., This is necessary but does not
effectively test the technique employed to produce a set of vapour
pressures for a mixture of two cémﬁonents. Accordingly it was decided
to attempt to reproduce the results of Gaw and Swinton ( }0 ) for |

hexafluorobenzene and cyclohexane at 323,15K,



The vapour pressure results and calculated values of the excess
Gibbs functions are given in table (4.3.1). The root mean square
deviation (R.1i.S/kPa) is defined by,

RM.S. = (= SPZ)%

m

where SP is the deviation of the calculated from the experimental

vapour pressure, and m is the number of vapour pressure measurements,

The stardard deviation (S.D./k’Pa) is defined by,
2o L
s.n., = (= 8" )*
m=-n

where n is the number of parameters,

The values for these two quantities for the hexafluorobenzene +

cyclohexane system are quoted in table (4.3.1).

For the sake of comparison the dafa used in the calculation of
the excess Gibbs functions were the same as those used by Gaw and
Swinton (10 ), They include the second virial coefficients of pure
hexafluorcbenzene B“, pure cyclohexane B22, and the equimolar miiture
B1 o> the molar volume of pure hexafluorobenzene V1 1 and pure cyclohexane

V22, and the excess volume of mixing VE at XF = 0.5. The quantities

are quoted in table (4.3.1).

The excess Gibbs functions are represermted in figure (4.3.1)
together with the results of Gew and Swinton (10 ), They are seen to

be in excellent agreement.
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TABLE (4.3.1)

RESULTS FOR HEXATFT,UCROBENZENE AND CYCLOHEXANE AT 323.4°5K

Xp e Pexp/ kPa Pcal./kPa
0 0 36,269 -
0. 0925 0. 2062 42,298 42,318
0.1926 0.3076 45,216 45,164
0. 455L 0. LL7h 47,043 47.10L
0. 7234, 0. 5890 45,023 44y, 989
0.8686 0.7332 40, 954 4,0, 961
1, 0000 1, 0000 34,103 . -
RJOLS. = 0,041 KPa
S.D. = 0.091 kPa
G, = 1.1437 G, = -0.1192 G, = 0.0456
Gy = =0.0719
B,, ==0.001975 ™ mol | V,, = 0.000120 o mol
B,, =-0.001380 ® mol ! V,, = 0,000112 2 mol
B,, ==0,001100 w> mol™ W V& = 2.56x10°°n mol™

GE/J mol”

295
522
769
587
322

1
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L4,4 THE VAPOUR PRESSURE RESULTS FOR THE PURE COMPON.INTS

LolL,1 Cyclohexane

Some difficulties were encountered when measuring the vapour
pressures of the pure components used, These difficulties were wholly

due to the presence of moisture in the sample and the choice of the

drylng agent,

This is well illustrated by the range of vapour pressures obtained
for cyclohexane at 323.15K. The results are given in table (4.4.1)
together with the drying agent used, The vapour pressure of cyclohexane
at 312,58K is also quoted together with the vapour pressure results of

other workers,

The results for cyclohexane are in good agreement with literature

results,

4oL.2 Hexafluorobenzene

The vapour pressures of hexafluorobenzene at 323,15K and 322, 52K
are given in table (4.4.2) together with those of other workers, They

are seen to be in good agreement,

Loh,3 HN,N-Dimethylaniline

The vapour pressure result for N,N-dimethylaniline at 322,52K is
given in figure (4.4.1) together with the results of other workers, It

was considered to be in good agreement,

L. b, Tsopropylcyclohexane

The vapour pressure result for isopropylcyclohexane at 323.15K is-
given in table (4.l4.3) together with the vapour pressure for isopropyl=-
cyclohexane at this temperature calculated from the Antoine constants

of Forziati, Norris and Rossini ( 77).



- 53 -

TABLE (4.4.1)

VAPOUR FRESSURE OF PURE CYCLOHEXANE AT 323,15K

VAPOUR PRESSURL/ kPa

39.366 Sample not stoocd over drying agent

37. 761 Sample stood over phosphorus pentoxide and

syringed into vessel

36.683 Sample stood over molecular sieve in vacuum
line,
36,269 ' Sample stood over phospharus pentoxide in

vacuum line,

36,248 Gaw and Swinton (10).
36,237 A.P.I. Project 55 ( 70)
36,266 Brown (54)

VAPOUR FRESSURE OF PURE CYCLOHEXANE AT 312, 58K.

VAPOUR FPRESSURE/kPa Worker

24,078 This work

24, 06l A.P.I, Project 55 ( 70)




T:RLE (4.4, 2)

_5)+_

VAPOUR PRESSURE OF PURE HEXAFLUOROBENZENE AT 323,15K

VAPOUR PRESSURE/ kPa

341103-
33.970
34,089
34.090
34,106

\7TORKER

This work

Patrick and Prosser ( 71 )
Gaw and Swinton (10 )
Counsell et a1l ( 72)

Armitage (65 )

VAPOUR PRESSURE COF PURE HEXAFLUOROBENZENE AT 322, 52K

VAPOUR PRESSURE/ kPa

33.245
33.224
33.117

WORKER

This werk
Counsell et al (72)

Patrick and Prosser (71 )



Kau-\ Waum (1)
rriathn and OUIO (70
Cu Tkls uork
aacl lodle& C I~
D. R. bVuull C7u)
A rmiVcd/C C(osr

/Q

350

TEMPERRTURE/ K
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TABLE (L.L.3)

THE VAPOUR PRESSURE OF ISOPROPYLCYCLOHEXANE AT 323,15K -

VAPOUR PRESSURE/ kPa WORKER
2,773 This wark
2,492 Forziati, Norris, Rossini (77 )

(calculated from the Antoine constants

based on experimental data above 343.15K)
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Their experimental results were determined above 343.15K. The

results are seen to be reasonably close.

L.L.5 Pentafluorocyanobenzene

1

There were no literature data available for pentafluorocyanobenzene.
The only test for the vapour pressure results obtained was that they
predicted a boiling point in agreement with the literature value of
L35.15K. The vapour pressure results are given in table (4.l.4).
They were determined at four temperatures, 308,08K, 312, 58K; 317.64LK
and 323,15k, Figure (L4.L4.2) is a plot of the vapour pressures against
temperature, and figure (4.4.3) is aplot of 1og1 o Vapour pressure
against the reciprocal of the temperature including the literature
boiling point (78 ). The vapour pressure results extrapolate well
to the literature boiling point. The heat of vapourization, calculated

from figure (4.4.3), is given in table (L.l.k)

4.5 THE VAPOUR PRESSURE RESULTS AND THE CALCULATED GE VALUES FQR

THE MIXTURES STUDIED

4,5.1 N,N-Dimethylaniline + Hexafluorobenzene )

The results for the system N,N-dimethylan:iline (DMA) + hexafluoro-
benzene (F) at 322,52K are given in table (4.5.1). The excess Gibbs
functions are represented in figure (4.5.1). The R.M.S. deviation and

standard deviation are quoted in table (4e5.1)

The data used in the modified Barker programme is listed in table
(4.5.1). The second virial coefficient for hexafluorobenzene B11 s Was
taken from the values calculated by Douslin, Harrison and koore (79 )
from enthalpies of vapourisation and vapour pressure measurements, There
was no second virial coefficient data available for N,N-dimethylaniline
or any related compound so values of 0,0 and -0,002 were substitued in

turn,
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TABLE (4. l.L)

THE VAPOUR PRESSURE RESULTS FOR PURE PENTAFLUOROCYANOBENZENE AT

SEVERAL, TE PIRATURES

Temperature/ K Vapour Pressure/kPa
308. 08 0.529
312,58 0.685
317.64 0.897
323.15 1. 244

435.15 - 101.325 (78)

The heat of vapourisation = 4.760 x 10% J mol™
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TABLE (4.5.1)

THE RESULTS FOR N,N-DIMETHYLANILINE AND HEXAFLUOROBENZENE (F) AT 322, 52K

Xg Y Pexp/kPa Pcal,/kPa GE/ 7 mol”!
0.0 0.0 0.387 - -
0.1351 0.9195 4.135 4,117 -68
0.3197 0.9710  9.077 9,141 | =141

10.4166 0.9813 11,979 11,941 -181
0.5010 . 0. 987. 14,808 U, 742 -207
0.5892 0.9919 18,063 18.085 =217
0.6759 0. 9951 21,582 21.668 -200
0.7973 0.9977 26.671 26.596 -132 ’
1,0 1.0 33,245 - -
R.E.S. = 0.058 kPa
S.D. = 0,089 kPa
G'o = -OO 3092 G',] = -Oo 1755 . G‘2 = 00 1589
Byy = =0.001990 m’ mol”" V,, = 0.0001199 ¥ mo1”"

By, = 0.0 © mol” ! V,, = 0.0001298 w mol !

B,, = =0.000998 © mol! Vo= 4,86 x 1077 © mo1”
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The difference in the excess Gibbs functions was 0,1 J mol-1, which
was within the experimental error, so B22 was put equal to zero., The
crossed virial coefficient was estimated as being equal to the arithmetic
mean of B11 and Booe The molar volumes of pure hexafluorobenzene V“,
and pure N,N-dimethylaniline V22 are quoted together with the excess

volume of mixing VE at Xy = 0.5 (chapter 6).

Four coefficients were required to obtained a satisfactory fit to

the data and these are also given in table (4.5.1).

During the series of measurements the outer coating of glass
around a metal breaker smashed at the third experimental point. There
was no apparent increase in pressure due to the presence of air as the
frozen sample was quickly pumped on to remove any air. The system was
continued as it was thought that any contamination was due to air and
this had been removed. However, for this reason the results are not
considered to be of the highest precision, the uncertainty on the excess
Gibbs functions is probably about + 20 J mol~'. The excess Gibbs

function for the system is seen to be negative,

4.5.2 Isopropylcyclohexane + Hexafluorobenzene

The results for isopropylcyclohexane (IPCH) and hexafluorobenzene
(F) at 323.15K are given in table (4.5.2) together‘with the R.M.S. and
standard deviations and coefficients for the excess Gibbs function fit.
The data for the modified Barker programme .is also quoted, The second
virial coefficient for hexafluorobenzene _B11 , was taken from reference
(79). No data were available for the second viriasl coefficient of
isopropylcyclohexane B,ys sO the data for cyclohexaﬁe determined by
Hajjar, Kay and Leverett (80 ) was used, V,, and V,, are the molar
volumes of hexafluorobenzene and isopropylcyclohexane and these are given

together with the excess volume at Xp = 0,5 (chapter 6),
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TARLE (4.5.2)
THE RESULTS FOR ISOPROPYLCYCT.ONEXANE ANDL EEXAFLUOROBENZENE (F) AT 323, 415K

X, ' Pexyy/ kPa Pcal./kPa &/ mo1™"
0.0 0.0 2.773 | - ' =
0.1111 0. 7724 11,020 11,043 278
0. 2076 0.8549 15. 936 15,892 L6l
0.3249 0.8950 20,025 20, 041 ' 623
0.4277 0.9153 22, 711 22,787 702
0.5787 0. 9367 26,122 | 26,041 716
0.7183 0.9527 28. 545 28,614 617
0.7772 0. 9599 29.675 29,655 540
1.0 1.0 34,103 - -
RLS. = 0.048 kPa
s.D. = 0.07 Pa
G, = 1.0781 G, = 0.0847 G, = 0.0902
G5 = 0.0427 /
By, = ©0.001975 o mol”' ¥, = 0,0001200 & mo1”"

B,y = =0.001380 @ mol™" V,, = 0.0001622 ’ mol™"
B,, = ~0,001677 w mol v = 2,11 x 107 & mor”!
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The excess Gibbs energies are represented in figure (4.5.1)s They

are seen to be quite large and positive,

L.5.% Pentafluorocyanobenzene + Cyclohexane

The results for pentafluorocyanobenzene + cyclohexane at 312, 58K
and 323,15K are given in tables (4.5.3) and (4.5.4). There was no data
available on the second virial coefficient of pentafluorobenzonitrile
Biqs and as on using values of 0 and-0,002 a change of only 0,1 J molm1
was seen in the excess Gibbs functions B11 was put equal to zero at
both temperatures, The second virial coefficient of qyclohexane B22,
for both temperatures was taken from Hajjar, Kay and Leverett (80 )
and B12 for the equimolar mixture was assumed to be the arithmetic mean

of B11 and 322. The excess volume of mixing at XF = 0,5 was taken to

be the same at both temperatures aml was determined by Femby (15 ).
The excess Gibbs functions are represented in figure (4.5.2).

Eight coefficients were required to obtain a satisfactory fit for
the excess Gibbs functions. The results were determined by successive
addition of cyclochexane samples to an initial sample of pentafluorocyano-
benzene. It was intended to then determine the vapour pressures from
the cyclohexane rich region to the equimolar part of the vapour pressure
curve but the barrel of tap T,, positioned on the top of the manometer,
broke and there was not enough timé to allow repair of the apparatus
and continuation of vapour pressure work. There is thus a small but

accumulating error on the compositions of the mixtures.



- 62 -

TLBLE (4. 5.3)
THE RESULTS FOR PENTAFLUOROCYANOBANZENE (F) AND CYCLOHEXANE AT 312, 58K

X Yy Pexp/kPa Pcal./kPa &/ mo1”!
0.0 0.0 24,078 - -
0. 148L 0.0233 23. 446 23,413 868
0.1837 - 0.0203 23,356 23,395 99L
0. 24,23 0. 0223 23,269 23,273 ' 1159
0.3379  0.0247 23,038 23,009 1335
0. 4404 0, 0232 22,892 22, 906 1413
0.5062 0.0225 22,740 22,776 1405
0.5532 0.0253 22,592 22,574 1374
0. 5889 0. 0266 22,398 22,360 1336
0.6968 0.0247 21,318 21,363 1149
0. 7705 0.0315 19,696 19,665 956
0. 8467 0.0389 15.699 15. 709 709
0.9572  0.0837 7.995 7.9 262
1.0 1.0 0.685 - -
R.L.S., = 0,028 kPa
S.D. = 0,049 kPa
G, = 2.1663 Gy = -0.2934 G, = 0.3022
Gy = -0.0043 G, = =0.0209 G; =-0.8928
Gg = 0,532k G7 = 1,099
By, = 0.0 w mol V,4 = 0.0001253 w mol”

Byp = =0.001531 @ mwl™  V,, = 0,0001110 > mol”"
B,, = -0,000765 w mol™' V° =1.87 x 10° o mol”"

-
N
|
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TABLE (L.5.L)

THE RESULTS FOR PENTAFLUOROCYANOBENZ:ENE (F) AND CYCLOHEXANE AT 323, 15K

E -1

Xp e Pexp/kPa. Pcal./kPa G /J mol
0.0 0.0 36,269 - -
0. 1492 0.0249 35.028 34.999 839
0.1822 0.0239 34,831 34,860 954
0. 2421 0,025, 34555 34,570 . 1120
0.337L 0.0282 34,171 | 34,130 1291
0.439 = 0.0265 33.723 33.769 1362
0.5131 0.0291 33,362 33,344 1347
0.5576 0.0292 32,9 32,943 1312
0.59,0  0.030k 32,555 32,539 1271
0.7198 0.0322 30. 412 30, 441 1028
0.7913 0.0387 27.628 27.598 820
0.8510 0.0469 . 22,820 22,835 612
0.9320 0. 0940 12,443 12, 441 296
1.0 1.0 1.2440 - .-

R.M.S., = 0,026 kPa

S.D. = 0.045 kPa

G, = 2.0148 G, = -0.3239 G, = 0.2325
c;3 ==0, 1021 G4 = =0.1059 G5 ==0,633L
G = 0.2153 G, = O.L6LL

By, = 0.0 m mol " V,, = 0.0001255 w mol !
B,, = -0.001380 mmol”" V,, = 0,0001120 w’ mo1”"
B = ~0.00069 1 mol ! v o= 1.87::10'6 ™ mol” ]
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4.6 CORIILATION OF VAPOUR FRESSWRES WITH MOLAR [XCESS ENTHALPIES

Since the excess Gibbs functions have been measured at two
temperatures for pentafluorocyanobenzene + cyclohexane it is possible
to calculate the molar excess enthalpies, However the temperature
interval is small, because at lower temperatures the system phase

separates, so the calculation of HE is very imprecise,

Assuming that the excess Gibbs function at X = 0,5 is reliable
to+20J mol-1, then the excess enthalpy for XF = 0,5 at 323.15K is
calculated to be 3,0 + 1,2 kJ mol-1. The experimental value of the
excess enthalpy (chapter 5) is 2.12 kJ mol . Therefore the calculated
excess enthalpy is of the same order of magnitude as the experimental

excess enthalpy.



CHAPTER FIVE

FXCESS ENTHALPIES OF MIXING
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EXCESS ENTEALPIES OF MIXING

5.1 INTRCGDUCTION

For the process of mixing N1 moles of component 1 with N, moles
of component 2 in a @lorimeter amd applying the first law, the change

in thermodynamic energy Aw ;s given by,

Aw =W (mixture, To ) - L (unmixed, Ti) =q + Ws + Wexp (5.1.1)

where Ti and 'J?f are the initial and final temperatures,-q represents
any heat losses, Ws is the work of stirring, and Wexp is a term which
allows for the work done due to a change in volume of the calorimeter

or its contents.,

However the energy change at a given temperature, Ti, is required,
If it is assumed that the mixing process is exothermic, ie, Tf7 Ti’
then the calorimeter and contents will cool back to ’1‘:L and the measure
of the quantity of electrical energy, Wel, needed to raise the

temperature of the calorimeter from T; to Tf is,

L (mixture, 7,) - U (mixture, 7,) = Sf C, dr

=-q + Wel (5.1.2)
where Cf is the heat capacity of. the calorimeter and its contents after
mixing and it is assumed that any heat losses,~q, are the same as in

the previous stage,
' On subtracting (5.12) from (5.11) the following is obtained.

AL () = W (mixture, T.) -Ww (unmixgd, T.) =W+ Toxp el

(5.1.3)
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If the calorimeter is of the constant pressure type (83 ), in
which the components are subjected to a constant pressure, P, throughout

the mixing process then,
Wexp = - PAV (5.1.4)

where OV is the change in volume of the liquid mixture. The

enthalpy change on mixing, & H (Ti) is then given by,
AH(D) = Ws - Wel (5.1.5)

lost modern calorimeters, designed to study mixtures, involve a
sealed system incorporating an expansion bulb and are neither constant
pressure nor constant volume calorimeters, However if the expansion
bulb is sufficiently large, (as in the Larkin and McGlashan type
calorimeter described in section (5.2)), the mixing process approximates

to a constant pressure process with negligible error.

The quantities measured in the present work can thus be regarded

as enthalpies of mixing,

The above describes the basic principles of the calorimeter, In
practice a nulltechnique was used for all of the measurements and the
experimental technique is described in detail in sections (5.9) and
(5.10). |

The molar excess enthalpy HE, which is the quantity tabulated in

the section containing the experimental results (5.14), is defined by

B = OH/(N, + N

2)



- 68 -

where A H is the enthalpy change of mixing, N, is the number of

moles of component 1, and N2 is the number of moles of component 2,.

For an ideal solution there is no change in enthalpy on mixing
components 1 and 2 so & H is zero, Therefore any measured enthalpy

change directly gives the excess enthalpy of mixing.

Larkin and McGlashan (81,32) were responsible for the design of a
calorimeter which allowed high accuracy combined with ease of loading

and absence of vapour spaces,

The basic design . was adopted by Marcom and Travers (83 )
although they used a polystyrene jacket rather than a vacuum for thermal

insulation,

A single calorimeter, of the above type, is ideally suited to
measurement of endothermic enthalpies of mixing, However, use of such -
a calorimeter for exothermic enthalpies gives rise to errors of the
galvanometer bging operated on too low a sensitivity and indefinite

cooling curves,

Atwin calorimeter, utilising a null technique, was developed by
Armitage (65), It comprised two calorimeter vessels, of the type used
by Marcom and Travers (83 ), thermally insulated from. one another
and the thermostat bath by a polystyrene jacket, The null technique
enables the galvanometer recorder to be used at a high sensitivity and
makes the extrapolation of the cooling curves more accurate as the
overall temperature differences are small, This was the type of
apparatus used for the present measurements so will be described more

fully in section (5.2).

Several workers have adopted similar designs (84-36).
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5.2 CALORTIETER VESSELS

The vessels used are shown in figure (5.2.1) and were made by
Messrs., Jencons (Scientific) Ltd., They contained a glass partition
to separate the two components, a pocket to accommodate an electric

heater and had a neck with a B7 socket,

' The calorimeter thermometer consisted of three thermistors
(Standard Telephones and Cables type M52 with a resistance at room
temperatures of 450 n) wired in parallel on the surface of the vessel
such that they were adjacent to the mercury rather than the liquids,
This was done $0 that the thermistors did not record any instantaneous
non-equilibrium temperatures which can occur in the liquid after mixing,
The copper discs of the thermistors were stuck to the surface of the

vessel with a little Araldite,

The calorimeter heater consisted of a length of eureka wire
(cotton covered constanton of 38SWG) wound onto a teflon plug, éf‘ the
type shown in figure (5.2.1), machined such that the heater was a push
fit into the glass pocket of the vessel, The teflon plug contained two

holes from which the heater wires protruded.

The thermistors and heater wires were soldered to copper wires
which were sheathed and soldered to a four way, non-reversible plug.
The wires were bent until the plug was in a suitable position and then

all the exposed wires were thickly coated with Araldite.

The calorimeters were sealed, when loaded, by gently pushing into

the socket the bulb attachment shown in figure (5.2.1)



FIGURE (5.2.1)

KDAT OF L'TXDiG CALORII12TER Am 3XRINSI(E BULB
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5.3 HEFATER CIRCUIT

The heater circuit is shown in figure (5.3.1). It was designed

so that heat could be put into both or either calorimeter, as necessary,

Two four-decade resistance boxes were used, One was the heater
current control, which was set to give the required current through
the heater (the value of which was calculated.from an estimted
enthalpy change‘), and the other was the dummy heater resistance, The
dummy heater resistance was set equal to the total resistance af the
part of the heater circuit to be used in the measurement., The heater
supply battery was connected through the dummy heater resistance so as

to allow the battery to stabilise before heating was commenced.

The heating times were measured usiné a 50 MHz timer Counter
TC98 (from Advance Instruments). The instrument was wired so that on
closing switch SA the counter was triggered and on opening it the
counter stopped., The time was displayed digitally so it could be

readily noted.

The heating currents were determined by measuring the potential
drop across a one ohm standard resistance (type 1659, Tinsley and Co.
Ltd.) using a potentiometer (type 4025, H. Tinsley and Co.). The
standard cell for the potentiometer, (a Western cell type 1268 from
H. Tinsley and Co.) was housed in a vacuum flask to minimise temperature
variations, A two volt constant voltage supply connected to the mains
supply was the driving cell for the potentiometer., The potentiometer
reading, for the balance point as observed on the spot galvanometer,
représented the current flowing in the heater circuit as the sfanﬂard

resistance was exactly one cohm,
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The resistance of the calorimeter heater, P‘H’ was obtained in the
following way. A small current was passed through the heater and its
leads and the potential drop, Vs’ across the standard one ohm resistance,
Rs , and the potential drop across the heater and its leads, RH+L’ were

noted,

Then, RH+L - VH+L x Rs = VH-I-L

The resistance of the leads, PI.’ were determined in a similar way to
the resistance, RH+L’ with the difference that the calorimeter was
replaced by a four way connector with its heater terminals Jjoined by

a short piece of wire,

Then, By = Ry - R

The resistance of the leads, RI.’ and the resistance of the heater,
RH’ were both redetermined at each new temperature at which measurements

were done,

5.4 THERVISTGR CIRCUIT

The two sets of themmistors formed two arms of a Wheatstone bridge
network, as shown in figure (5.4.1). The out of balance current was

measured using a recording galvanometer (Type B.D.2 from Kipp and Zonen).

The galvanometer series resistance and the dummy bridge resistance
were both four-decade resistance boxes. The dummy bridge resistance was
used to stabilise the six volt battery, which supplied the current to
the bridge and the galvanometer series resistance protected the recorder,

in between experiments by being set at a high value,
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‘The bridse balance control was a sikx-decade resistance box ranging
from 0,01 to 9999.99 ohms. This resistance was altered until the pen
of the reccording galvanometer had been centred on the chart paper

prior to doing an experiment,

5¢5 CALORILWTER JATKET

The calorimeter jacket consisted of a brass cylinder, (diameter
11 cm and length 15 cm), fitted with a removable end plate held in
place by eight 2BA bolts and made water tight by an 'O' ring inset

between the cylinder and end plate.

A short piece of brass tubing was soldered to the sides of a hole
mzde in the Jjacket so that the calorimeter leads could be brought out
and connected to the rest of the circuitry., The leads (eight core,
screened cable) were protected in the thermosfat bath by stout rubber
tubing which surrounded them and was held in place on the brass tube
by a 'Jubilee' clip. Two four-way, non-reversible connectors were

used to connect the leads to the external circuitry,

5.6 STIRRING MRCHANISH

The céloximeter Jacket was supported in the themmostat by a stand
equipped with suitable gearing to emable adequate stirring. A handle
on the top of the assenbly was 1lif ted through 90° several times to
promote stirring of the liqﬁids. The gearing was such that the angle
of rotation could not be exceeded and so there was no possibility of

the liquids coming into contact with the ground glass joint.

5.7 THE THILRIIOSTAT

The themostat consisted of a large galvanised tank, lagged with
expanded polystyrene and covered with wood, The tank was fitted with

a wooden 1id covered with 'Formica', The underside of the 1id held a
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frame to support the regulator, heaters, and stirrer, and a hole in

the centre accommodated the calorimeter assembly.

The permanent hcater consisted of a 'heater rod', and variac
transformer., The intermittent heater consisted of a length of Pyrotenax
resistance cable of resistance 10201 wound on the frame and connected
- to a reduction transformer. The output of‘.the. transformer was controlled
by a mercury-toluene regulator, of comventional design (57), and an

electronic relay..
The bath was stirred by a Gunn, continuous rating pump stirrer,

The temperature of the thermostat was taken using a mercury in
glass thermomcter, calibrated by the National Physical Laboratory.
The stability of the thermostat was investigated using a platinum

resistance thermometer as in section (6.5).

5.8 LOADING OF THE CALORIMETHR

The calorimeter was thoroughly washed out with Vconcentrated nitric
acid, folléwed by deionised water and finally with Analar acetone, It
was attached to a vacuum line and pumped on for thirty minutes by which
time all of the acetone had evaporated. The calorimeter was then filled
with mercury from a reservoir incorporated into the vacuum line, It
was clamped, above a mercury tray, with its B7 socket almost horizontal

and the end of the glass partition visible from above.

The two components were injected into the sides of the calorimeter,

in turn, using ' hypodermic syringes fitted with bent 2" 26G needles,
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Each component had to first be syringed out of its storage
amooule using an 8" needle so when this needle was replaced with the
2" one care was taken to ensure that, all the air had been expelled
from the needle and syringe, no mercury had been introduced into
the syringe, and that no liquid was leaking from the joint between

the needle and the syringe.

The weight of each component taken was calculated by difference
weighings, The smaller volume component was syringed first and its
weight noted, then the volume of the second component, V2, required

was calculated from the expression

Vv, = W, M, X, ‘ (5.8.1)

X
P M, X,

Where W‘l is weight of component 1, M is molecular weight, and

X is the mole fraction.

The expansion bulb, shown in figure (5.2.1), was gently inserted
into the B7 socket of the calorimeter. Some mercury was forced into
the bulb., The bulb was held in place by an elastic band attached to

giass hooks on the sides of the stem and passed around the calorimeter, -
The calorimeter was then placed in the polystyrene jacket.,

A reference calorimeter was llhoaded , in a similar way, with one
of the two liquids being mixed and also put into the polystyrene jacket.
The calorimeters were then inserted into the brass Jjacket and the end
plate bolted into place before the assembly was carefully lowered into

the thermostat bath.
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The calorimeters were allowed to reach thermal équilibrium by

being left in the theriostat overnight.

5.9 ENDOMH:IR#IC MUASURELENTS - OP:RATION OF AI'PARATUS

Measurements of endothermic energies of mixing involved only one
calorimeter, (cal. 2), in current input, although the reference

calorimeter (cal.1) was present as the fourth arm of the Wheatstone

bridge.

When thermal equilibrium had been achieved switch SE was set in
the bridge position and the galvanometer series resistance was reduced
to a suitable small value., The bridge balance control was adjusted, ‘
if necessary, until the recording galvanometer was zeroed and the

recorder was started,

The potentiometer, in the heater circuit, was standardised and
the previously set current in the dummy heater resistance circuit
was checked, This‘was done by having switch SD in the 1 ohm position
and measuring the potential drop, V, across the standard resistance.,

This directly gave the current.

The recorder was allowed to draw a suitable base line for about
thirty minutes, Switches SB and SC were checked to be set in the
Cal., 2 position before switch ;A was thrown into the heater position,
which also started the timer,

The recorder pen was seen to move to one side of the chart paper,
The precise value of the current was measured by adjusting the

potentiometer reading to give zero deflection of the spot galvanometer.
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After half the provisional heating time had elapsed, that is at
sixty seconds, the brass jacket was inverted ten times to promote
mixing. The recorder pen was seen to move to the opposite side of
the chart paper. The position of the pen was closely observed so
that when it began to move back to the zero point switch SA was opened,
stopping the timer, and put back into the dummy position., By the
procedure accurate compensation was obtained, The brass jacket was
inverted a further 'ten times to promote a uniform temperature., Both

the time and heater current were noted,

After thirty minutes the cooling curve had been traced out and
steady corditions prevailed so a calibration for the stirring correction

was done, This merely inwolved inverting the brass Jjacket twenty times.

When steady conditions were again achieved, after only about
twenty minutes, switch SA was thrown so as to pass a measured amount
of heat into the mixing calorimeter, The current was accurately
measured with the potentiometer, as before, and switch SA opened after
about thirty seconds so that the recorder pen remined on scale., The
calorimeter was again stirred twenty times to promote a uniform

temperature distribution, The time and heater current were noted,

When a suitable cooling curve had been traced the recorder was

switched off and its pen removed,

The resistance of the calorimeter heater was then measured as

described in section (5.3).

The method of calculation for the endothermic enthalpies of mixing
is given in section (5.11) along with a typical recorder trace and |

experimental data,

i



_77._

5,10 EXOTHFRNIC MFASURE}MGNTS - OPERATION OF APPARATUS

Again a null technique was used but mixing was carried out in

calorimeter 2 whilst heat was put into calorimeter 1.

When thernal equilibrium had been achieved the galvanometer
series resistamce was reduced to a suitable value, the recorder was
started, and zeroed with the bridge balance control, and the value of

the set heater current was checked.

After thirty minutes, when the recorder had drawn a suitable
base line, switch SA was put into the heater position end the timer
and heating current were simultaneously switched on, Switches SB and
SC were checked to be in the Cal, 1 position, The heater current was
measured with the potentiometer by evaluating the potential drop across

the 1 ohm resistance, switch SD was set in the '1 ohm' position,

The recorder pen was deflected in one direction but after sixty
seconds had elapsed the calorimeters were stirred ten times causing the
pen to be deflected in the opposite direction, As soon as the pen
started to move back towards the zero point switch SA was put in the
dummy position, In this way accurate compensation was achieved. The
calorimeters were stirred a further ten times and the heater time and

cwrent were noted,
Thirty minutes later the calorimeters were stirred twenty times,

After a further twenty minutes the calibrations for calorimeters

1 and 2 were made in the following way.
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S;evitches SB and SC were put in the Cals, 1 and 2 position and
SA in the 'heater' position, thus putting the same current through
both calorimeter heaters, The accurate value of the heater current
was measured, as before, and after sixty seconds the caloximete:s
were stirred ten times, The current was allowed to flow for
approximtely as long as in the mixing process. Switch SA was set

in the dummy position at the end of this time; and the calorimeters

were again stirred ten times, The heater cuwrent and time were noted,

When steady conditions had existed for about ten minutes, usually
thirty minutes after the previous measurement, the calibration for

calorimeter 1 was done.

Switches SB and SC were set in the Cal. 1 position before SA was
put in the heater position. Heat was put into the calorimeters for
about thirty seconds so that the recorder pen remained on scale, The
heater current was measured during this time but all the stirring of
the calorimeters, that is twenty times, had to be done at the end of

the heating time, The current and time were noted.

When a suitable cooling curve had been traced the recorder pen

was removed and the recorder switched off.

The resistance of calorimeter 2 was determined as described in

section (5.3).

The calculation of the exothermic energies of mixing is given in
section (5.12) along with a typical recorder trace and experimental

data,

‘ £
5,11 CAICULATICN OF THE ENDOTHERWIC MCLAR EXCESS ENTHALPY CHANGE, Hw°

A typical recorder trace and corresponding experimental data are

shown in figures (5.11.1) and table (5.11.1).
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A 2 is seen to be egual to zero so no stirring correction has to
be made in the calculation of the enthalpy change, However if a value
existed the quantities A ’ and A 3 would have to be adjusted

accordingly.,

r & o were in the same direction as A‘l and A 3 then it would
have to be subtracted and conversely it would. have to be added if it

were in the opnosite direction,

The enthalpy change on mixing A i’ is equal to the electrical
energy, Wel, required for compensation in the mixing process with

an adjustment made for any slight over ar under compensation,

For table (5.11,1) the enthalpy change is over compensated for so

the adjustment has to be subtracted.

AH = Wel = i, R, t, - A Wel (5.11.1)

A deflection, A 3, is caused by ig R2 t2 Joules therefore a

deflection A , would be caused by ig R, t, A, . This is the amount

,A3

of heat by which the mixing has been over compensated therefore,

.2
Awel = A, 45 Ryt, (5.11.2)

AB
Substituting (5.11.2) in (5.11.1)

.2 .2
AH = iy Ry t, - A1 iR, t

2 %2 Y2 (5.11.3)
AB
= AH =(i2Rt - A igRt ) /(n,+n,) (5.11.4)
ende 152" T 2 2"2 172 o lle
n,+n A

171 3
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TABLE (5.11.1)

EXPERINTNTAL DATA COTRESPONDING TO FIGURE (5.11.1)

Date = L4L.6,75 Temperature = 333.15K
System: Pentafluorobenzonitrile (1) + Cyclohexane (2)

Mrt (1) = 193,084 d (1) = 1.563 Mwt (2) = 84,162 d (2) = 0.779

wt.of syringe + (1) = 14.9701g wt.of syringe + (2) = 13.3186¢g

wt,of syringe- = 14,4879g wt.of syringe = 13.0508¢g

wt.of (1) = 0.4822¢g ﬁ.of (2) = 0,2678¢g
n, = 0,002,493k n, = 0.0031820
Total number of moles = 0,0056793
X1 = 0.4397

HE x 2180 3 mol-1

Expected value of heat = 12,38 J

Suitable current = 0.05769 A

1st.heater current,i, = 0.05767 A

Ist.heater time, t1 = 120.34 S

1st.deviation, A1 = 0.2 cm, (over conpensation)

2nd.deviation, A 2 = 0 cm

2nd.heater current,i, = 0.,05767 A

2nd,heater time, 5 = 29,04 S

3rd,deviation, A3 = 7.6 cm,

Resistance of Cal.24+ leads = 31.29 ohnms.

Resistance of leads = 0.43  ohnms,

Resistance of Cal,2 = 30.86 ohms,

Therefore, A H = 12,24 J

and H° = 2,156,0 J mol
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E
5.12 CAICULATION OF THE EXOTHERMIC EXCESS ENTHALPY CHANGE, HEXQ

A typical recorder trace and experimental data are given in figure

(5.12.1) and table (5.12.1).

The liquids are mixed in calorimeter 2 and heat is given out,
To compensate for this electrical energy is put into the reference

calorimeter, calorimeter 1,

Again, as in the case of endothermic enthalpy changes, a correction
due to stirring must be ~applied to the deviations as described in section

(5.11) if any deflections due to stirring exists,
The enthalpy change, A H, can then be calculated as follows,

If C, is the heat capacity of calorimeter 2 and C y the heat

capacity of calorimeter 1 then from the mixing process and its compensation,
A1 (i° R, 4

2
C. = iR, t
111 + Vi ur 5.1 3) (5.12.1)

1

o]

-AH
2
The electrical work has to be adjusted to account for under

compensation, This is done by using the calibration far calorimeter 1,

However from the heat input into both calorimeters the following
must also be true,

A

2 _ .2
] LRt + A L (13 R, t, ) - (5.12.2)

.2
2 i, R2 t2
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Table (5.12.1) FEXPERTIENTAL DATA CORRESPONDING TO FIGURE (5.12.1)

Date = 17.12.74. Temperature = 323,15K
System: Pentafluorcbenzonitrile (1) + Toluene (2)
Mwt (1) = 193,084 a(1) = 1,563 Mwt (2) = 92,141 a(2) = 0.867

wt of syringe + (1) = 33.1325g wt.of syringe + (2) = 31.9867g.

wt,of syringe = 32,1601g  wt.of syringe = 31.876Lg.

wt,of (1) = 0.9724 g. wt.of (2) = 0.1103g.
n, = 0,0050361 n, = 0,0011971
Total number of moles = 0,0062332

X,l = 0. 8079

B R - 620 Jmol!

Expected value of heat = 3,844 J.

Suitable current = 0,03793 A

lst.heater curren‘t;,i1 = 0,03790 A

lst.heater time, t1 = 119,03 S

lst.deviation, & ) " = 2,4 cm (under compensation)

2nd,deviation, A\ > = 0 c¢m

2nd.heater current,i, = 0.03161 A

2nd, heater time, t, = 117.75 8

3rd.deviation, A.3 = 5,5 ¢cm

3rd,heater curren@ ,i3 = 0, 03790 A

3rd,heater time, t3 = 36,58 S \

Lth.deviation, A = 3.7 cm

L }
Resistance of {Ja_lorime’cer 2 =30,83 ohms

Therefore, A H = -3.79. J

and H == 609.2 J mo1”!
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Again using the calibration of calorimeter 1 to obtain accurate

compensation,

Combining the above two equations gives (5.12.1) and (5.12.2),

A1 2 A3
2 — .°R .2 272
i R‘lt‘l A, (:1.3 1 t} ) = i, R,t, + Ak (:l.3 R1tj> (5.12.3)
.2
-AH i, R2 tz
Therefore,
Ar =- SR, (5t A_1_(_2t )) (5.12.4)
=T o2t My Mt KT V33 ol
.2 A3 L2 .
is b, + —= (i .ty )
2 2 AL 3 73

and the molar excess enthalpy is,

5.13 TEST MFASURE.ENTS

The type of apparatus used here had been rigorously tested when

first constructed ( €5,66),

Therefore only a few measurements were mede on an exothermic system
and an endothermic system so as to become familiar with the experimental

techniques,

The endothermic system which was used was hexafluorcbenzene +
cyclohexane at 313.2 K. The excess enthalpies of mixing, HE, are given
in table (5.13.1) a) along with the corresponding mole fraction of

hexafluorobenzene, XF.



TARLE (5.13.1 a)

The excess Enthalpies of Mixing, HE, for the system hexafluorobenzene +

cyclohexane of 313,2K,

X, H/J mo1”!
0. 2148 1117,
0. 4125 1489, 4
0.5755 1478.5
0.6951 1239.1

TABLE (5.13.1 b)

The excess Enthalpies of Mixing, HE, for the systeni hexafluorobengene +

benzene at 313, 2K,

X HE/J mol” !
0.3569 -287. 1
0. 4045 : -349.9
Oo 491 5 "I-IJ-FO. 2

0. 6483 -459.4
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The results are represented with those of Andrews, Pollock and
Morcom ( 9 ) in figure (5.13.1). They are seen to be in excellent

agreement,

The exothermic system which was used was hexafluorobenzene +

benzene at 313.2K,

The excess enthalpies of mixing, HE, are given in table (5.13.1 b)

along with the corresponding mole fraction of hexofluorobenzene, XF.

The results are represented with those of Duncan and Swinton (a )

in figure (5.13.2). They are also seen to be in excellent agreement,

5. 14 MOLAR EXCESS ENTHALPY OF MIXING RESULTS

Measurements on the following systems were made, to complement
the excess volume results given in_ chapter (6), and to give a clearer
picture of how pentafluorocyanobenzene behaves in those systems as
compared to the behaviour of other fluoro-carbons (9,25,13) in similar

systems,

The systems studied were pentafluorocyanobenzene with benzene,
toluene, p-xylene and cyclohexane at 323,15K. Some measurements were
mede at 343.15K for the first three systems so that their excess heat

capacities, CE, at equimolar compositions could be determined.

Pentafluorocyanobenzene and dyclohexane was studied at 333.15K and
308.15K in addition as it appeared to have an excess heat capacity of

opposite sign to that expected.

The results are given in tables (5.14.1) to (5.14.4) and represented

in figures (5.14.1) and (5.14.2).

The results were fitted to a polynominal of the form, -



TABLE (5,14.1)

Excess Enthalrices of Mixine for Pentafluorocyanobengene + Bengzene at

523.15K

X
11

0.2982
0. 4646
0.6313
0. 7662

0.9016

1

RM.S. = 4.6 J mol !

S.D.

Excess Enthalpies of Mixing for Pentafluorocyanobenzene + Benzene at

6.1 J mol !

H?/J m::l_1

-308.0
~475.0
-487.1
-361.0
-175.5

1

H, = -1957.0 J mol ', Hy = 756.8 J mol”

= 1049.0 J mol™"

33, 15K
xF

0.3837

0.5385

0.6395

Hﬁ/I mol-1

-388.9
-491.0
=478, 4
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TAPLE (5.14.2)

Ixcess Enthalnies of Mixinpg for Pentafluorocyanobenzene + Toluene at

23,15K

Xp H?/J o1~
0.0673 | -169.9
0.1167 -353.6
0.2228 -623,0
0.3509 -826,8
0. 4221 -945.0
0. 5035 =-993.1
0.5998 , -978.2
0.7152 ' -85L, 4
0.8079 -609. 2
0.8819 | ~389, 2

Hy = =3959.4 J mol_1, Hy, = 6440 J mol-1, Hy = -160.6

J mo1” , B, = -666.8J mo1 T, By = 1727.1 7 mo1™!

RMS. = 9.0 J mol ™

S.D. = 11.8 J mol "

Iixcess Enthalvies of Mixing for Pentafluorocyanobenzene + Toluene at

343, 15K
Xp H?/J mo1

0.4215 -899.5

0. 5021 -948.0

0. 5845 -926.6
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TABLE (5.14.3)

Excess Enthalpies of Mixing for Pentafluorocyanobenzene + P-xylene at

523.15K

Xg /7 mo1™!

0.1457 -815.9
0. 1942 -1014.5
0.3233 \ -1515.9
0.3973 -1694.0
0.4887 -1737.8
0.606L -1631.1
0.6941 -1433.6
0.7969 - 997.1
0.8740 - 657.8

H, = =7006.2 J mol™", H, = -308.5 J mol ™"

Hy = 1562.5 J mo1”"

RM.S. = 135.5 J mol ™!

S.D. =15.9J mo1” !

Excess Enthalpies of Mixing for Pentafluorocyanobenzene + P-xylene at

543.15K

Xp | /3 mo1 !
0.3999 -1349.7
0. 1489 “14,50.9
0. 5082 -1505. 2

0. 5665 -1456.8
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TABLE (5.1L.4)

Excess Enthalpies of liixing for Pentafluorocyanbenzene + Cyclohexane

at 323,15K

Xa HE/J mo1”!
0. 0408 551. 4
0.1103 1122,1
0.1656 1456,8
0. 2075 168L4.3
0.3690 . 2092.2
0. 4777 2140.9
0.5495 - 21123
0.7080 1681.7
0.8359 1196.9
0.8898 809.8

at 208.1§K

X HY/J mo1™!
0.2039 1605.9
0.3124 1880, 0
0. 4438 2059.5
0.4529 | 2072.0
0.5171 2072.7

at 333.15K

Xp K/ mo1”"!
0.4397 2156.0
0.4853 2175.5
10,5079 . 21540

0.5507 | 2100.0



TABLE (5.1..).) Continued

Excess Enthalpies of Mixing for Pentafluorocyanobenzene + Cyclohexane

at 3,3,15K
X, H/J mo1”
0.3762 2144.9
0. 4656 2186.1
0.4791 2183.9
0.5538 2111.6

0. 5548 2111.7
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HE = Xp (1 - Xp) Z Hi (1 - 2Xp) " (5.14.1)

i=1

Where H; is coefficient i (J mol™') and n.  is the number of

coefficients required for a smooth curve,
The root mean square deviation (R.M.S/J mol-1) is given by,
RS = (S (85)2 /)2 (5.14.2)
where m is the number of experimental points,

The standard deviation (S.D./J mol ') is given by,

2 \1"
8.0, = (Z (s1)° /m - (n ) (5.14.3)
Both of these quantities for each curve fit is cuoted in the tables.

a .
The excess heat capacities, Cp , at equimolar compositions for the

systems studied are given in table (5.14.5).

The temperature dependence of the excess enthalpies for the system

pentafluorocyanobenzene with cyclohexane is shownin figure (5.14.3).
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TABLE (5.14.5)

The Excess Heat Capacities c” for Equimolar Mixtures at 323,15K
T

SYSTEH | cg /7 ma™" K7
Pentafluorocyanobenzene + Benzene 0
Pentafluorocyanobenzene + Toluene +2.3
Pentafluorocyanobenzene + p-Xylene +11.6

Pentafluorocyanobenzene + Cyclohexane + 3.3



CHAFTZR SIX

EXCESS VOLUIES OF VMIXTNG
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EXCESS VOLISEIS OF IXCEIG

6.1 Z.YRQDICTIGX
The excess volume, "d% of a mixture is defined by
E:X, V. + Xo - X1V1 - )QZVZ

T/here X is mole fraction, V is partial molar volume of given

cong)onent and V  is the molar volume of the pure couponent.

Excess volumes of mixing can be determined either by precise

density measureixnts and application of the following expression;-

=Xt + Xg 14 XA + Xg Mg
10
12
X - iiJole fraction, II - molecular weight, 72 " (density of

solution, /~- density of pure conponent, or by direct measurement of

the volume change.

The drawba.ck to the first method is tl'iat the density measurements

have to be made with a high degree of accuracy.

The second method, in which the volume change on mixing the tvro
liquids in a dilatometer is obser*.>ed, can be carried out using a
dilution dilatometer of various designs , or a single conposition

dilatometer again of numerous designs (45-is).
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6.2 THE IETHOD: AFIYdIATUS

The apparatus used v.as a single composition dilatonster v.hich
had been developed at Leicester ( ). The design is shov/n in
figure (6.2.1) and consisted of a boat-shaped vessel fitted v/ith a
no socket ard a capillary side arin. The side arm was made from a
length of Veridia precision bore tube with a right angle bend, a
B10 cone at the bottom, and a snail glass cup attached to the top by
araldite. A scratch was made quite near the top of the tube as a
reference mark. Kooks were present on the capillary so that an
elastic bend could be attached to go around the centre of the vessel

and ensure a tight joint.
6.3 KX2IRL.d:;;TAL TECHIDjUE

The dilatometer was cleaned using concentrated nitric acid and
thorouglily washed with de-ionised water, and then with ’Analar' acetone.
It was dried in an air oven, then evacuated and filled with 'mercury,
when full it \/as removed and clanped with the BIO socket almost

horizontal.

The two componci'its, which had been degassed, were injected into
the appropriate sides of the u-tube from Hanilton hypodermic sioringes
fitted with bent 3" long 260 needles. The weights of the components
v/ere known by difference weighings of the syringes. Suitable amounts
were injected, depending upon the estimated excess voluirie, and the
densities of the components. It was possible to use a vessel i.ith one
crdarged side arm if measurenonts at the extreme ends cf the mole

fraction range \/ere being cairicd out.



(6.2.1)

vni.ii'l: 07 yr(Dio APPAJI/ATUS



Tho rc ;Ldmr;P c; ylllary selected (dis.i.ictcr 0. OCilJ % or 0, CCC™)

i}

and its cone liditH.y greased ’itr Apiczon Type L grease before being
pushed hard into the socket, tn’ing care to exclude all air. The elsstic

band was then attached to the hooks to hold the joint tightly in place.

The dilatometer v.ns then imr.crsed in the thermostat and allowed to
reach thermal equilibrium, which took about half an hour. It v/as then
taken out and the vessel warracd with a hot air blower, so expelling some

mercury from the side arm until the meniscus was at the required level.

The dilatometer was replaced in the theruiostat and checked to be
vertical in all planes by observation through the cathetometer telescope.
A fter the dilatometer liad reached thermal equilibrium the height of the
meniscus, relc.tive to the reference mark on the tube, was measured
tlirough a glass Vindows in the side of the thermostat using a Precision
Tool and Instrument Co, Ltd., cathetometer, A further measurement was

taken to check tint the reading’.as constant to v.'ithin + 0.002cm,

The components were then Liixed by removing the asseiribly from the
thermostat and rotating it through 90°, such that no liquid came in
contact irtth the joint, end roclcLng the vessel from side to side twenty
times. The process was completed quickly so that the tinread of mercury
rdrained in the capillary. The new meniscus height, after re-establishment

of thermal equilibrium was reached, was again measured as described above.

The volume change on nixing, A V, v/as then calculated from the equation,

A V=TI d* AL = AXAL
4
v/here AL is the measured change in thread height on mixing, d is

the diameter of the tube, and A is its cross sectional area.
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Then if 11, moles of comr.oncnt 1 onu moles of component 2 are

mixea.

=AYV and =

6.4 CAILAMATia. 07 OAI'LLi'dtT TbX:L

The cross sectional area v/as required to a high degree of accuracy
and v/as determined by iweighing the canillary containing a knom lcn,gth
of mercury. The weighings were mr'dc on a balance reding to .—r0.000Ig
and the thread was msasurod with a travelling microscope. The length
of thread was taken as the average of four readings. The results are

shown in table (6,4.1).
6.5 kAT 1 TI:r:' OdTAT

The thermostat consisted of a large galvanised tank, lagged with
expanded rolystyrene rnd covered \/ith wood except on one side where a

'/indo-,/ 'was '“resent.

The water was heated by permanent and intorriit bent heaters. The
permanent heater was unde from Fyrotenax rosistant cable coiled around
a m-zital fm.'o aha controlled by a variac transformer. The intermittent
heater was also made of coiled resistance cable but controlled by a
variac transforiiier, contact therenmeter, and electronic relay system.
The water was stirred with a powerful puma stirrer from Lessrs. D.A,Gunn

(Engineering) Ltd.
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The jc-.rver.eturo cl' the tiK;r.;oet.et rae ooseivod usin% a raorcur” in
rd.ar.;; thel'zoceter col.ihr.'jtcd oy the h'ationel Phj'sical Laboratory. The
stability of tlr: ther.ostat v.as dcterained using a plotinuia resistajece
thoraonctor ('Tyne 1-ploySA joa..rs. P, Tinsley and Go. Ltd.) and a
Precision Comparison :ridge h odd vH’ hlA - Roserount Engineering
Conpzn'iy Lirdted). The tc i-'cn. Lui'c nas fornd to be steady to within

- 0.001X for long noidods.

6.6 REGILTS

The results of the oxpcrirnental m'“asurer.ents of the excess volumes
mol for the systei.is studied, arc given in tables (6.6.1) to
(6.6.8). The role fraction values quoted are always those of the

fluorocarbon.

The results v/ere fittea to an excess functiozi vDolynomial of tlie

form
i =n
vrt= p@ad-xg; 21 g (1-2 Xp
X =1
The coefficients ("™ mol ) and smoothed values of (m” mol *)

are given in the tables along \dth the root mean square devicitions
(R.L.3. r? mol *) and standard deviations (o.L. «p mol *) for uhe best

curve fit.

All the measurements were carried out at p2p.15K except for
pentafluorocyenobenzene v/ith N,N.-di;rictlq/lp-toluidine v/here a solid
complex was forned at about 32p K. In this case the excess volanes were

msasured at 323.1pIL
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TABLE (6.6.1)

ygsfor the system licxofluorobenzeno (F) + N,N-dimcthylaniline (DBA)

at 323.1IpK
X 10~ X 7% E::p/ mol " 100 X fittcd/m~ mol"*
0.1229 -0.1283 -0,1280
0.2679 -0.3014 -0.3020
0.3291 -0.3687 -0.3677
0.A107 -0.4349 -0.4366
0.3231 -0.4824 -0.4821
0.6069 -0.4680 -0.4699
0.6670 -0.4437 -0.2,366
0.7308 -0.3810 -0.3797
0.7937 -0.202.-8 -0.3038
0.8034 -0.2972 -0.2880
0.8937 -0.1626 -0.137}
= -1.913 X 10"" y2 =+ 0.2,-68 X 10
y» = 0.828 X 10%~ q, = -0.229 X 104~
R.L.S. 6.41 :x 10"5 f

1

8.D. 771 X 10 o mol
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TABLE (6.6.2)

for the systcn hcxafluorobenzenc “p) + isooroiyylcyclohexane (IPCH)

at 323.15K
31 100 X ex-n/r? mol 10" Xm'/~fitted/mol
0.2163 1.3317 1.3339
0.3103 1.7390 1.7221
0.3867 1.9302, 1. 9426
0.4933 2.0971 2.0989
0.6370 2.0091 2.0034
0.6080 1.8631 1.U803
0.802,0 1.4311 1.4130
-0

= 8.403 X 10 = -0.943 10

R.LI.3. 1.073 X 10 ~ 77 mol ~

S.D. 1.216 X 10"~ mol""*/
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TABLE (6.6.3)

VE for the system hexafluorobenzene (F) + N,N-dimethylp-toluidine (DMT)

at 323,15K

X 10° x V& Exp/u’ mol 10° x V° fitted/w mol
0.1322 -0. 2587 : - -0.2591
0.2066 -0.3990 - =0.3979 r
0. 3441 -0.6211 -0.6239
0.4112 -0, 7083 -0, 7055
0. 5229 | -0,7702 -0, 7701
0.6367 -0.7155 O -0.7192
0.7056 -0.6337 ~0.6293
0. 8065 -0.4332 0. 4351
0.9132 -0.1922 | -0.1917
V, = 3.062 x 1070 V, = 0.615x 1078, Vs = 1,399 x 107
vV, =-0.920 x 1070 Vg = -0.398 x 107°, Vg = 0.355 x 1078
RM.S. = 2.216 x 10°  m mol |
S.D. = 3,287 x 1077 0 mol”



(6,6.1)

Vs FOR KiXAFLUQRCBSNZSTiS V/ATE IFCH. , BVA AND DLT

AT ]2;.15K

iPCH
2-0
1-0
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‘o
01
00

- 1%0 X
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TABLE (6.6.4) -

VE for pentafluorocyanobenzene (F) + N,N-dimethylaniline (DMA)

at 323.15K

Xa 106 x V" /m3 mol ™!
0.1610 - =0,1222
0. 2453 -0.1890
0.3388 - =0.26L45
0.4203 ‘ -0, 3065
0. 5289 -0.3127
0,6329 : -0, 2465
0.7136 : ~0.1567
0.8085 ~0.0754
0. 9074 -0.0202

It was not possible to curve fit the data with a low enough number

of coefficients to make the process meaningful.
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TABIE (6.6.5)

E
V  for pentafluorocyanobenzene (F) + N,N-dimethylp-toluidine (DMT)

at _323,15K

106 x v /m5 mol-1

F
0.2100 =0, 4544
0. 3261 . -0.6817
0.4316 -0.8259
0. 5447 -0.8232
0.6760 -0.6091
0. 7502 . =0.4487
0.8983 -0.1465

It was not possible to curve fit the data with a low enough number

of coefficients to make the process meaningful.



FIGIRE (6.6.2)

V"s FOR PRvVRRLL OFOCYGROBFFZFFE ''ITK Dr.R. AT
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TARLE (6.6.6)

VE for pentafluorocyanobenzene (F) + benzene at 323,15K

)

0.0770
0.1926
0.3258
0.4300
0.677k
0. 8001

V1 =

R.M.S.

S.D.

2.296 x 10 V, = 1.942 x 10 °,

10° x V& exp/m mo1”

0.3378
0.5960
0.6819
0.6340
0. 3802

0. 2376

6
2

3.29%5 x 1077 0 mol

4165 x 1072w mol"

6

10° 5 V& fitted/m —

- 0.3312
0.,6019
0.6798
0.6342
0.5789
0. 2389
-4

V3 = 1,007 x 10
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TABIE (6.6.7)

Ve for pentafluorocyanobenzene (F) + toluene at 323,15K

Xp ‘IO6 x Vo Exp/m3 mol”
0. 0854 0.1915
0. 1491 0. 2794
0.2918 0.3427
0. 3864 - 0.3255
0. 4653 0. 2849
0. 5607 d%n

0.7366 : 0. 1383

It was not possible to curve fit the data with a low enough

nunber of coefficients to make the process meaningful.
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TABLE (6.6.8)

—

V'E' for pentafluorocyanobenzene (F) + p-xylene at 323,15K

) :

X, 10% x V& Exp./md mol
0.0877 0. 0696
0.1485 0. 082}

0.2296 ) 0.0619
0.3222 0.0087
0.3768 -0.0258
0.5062 -0, 0930
0. 6000 -0.1085
0.6833 . 0.1016
0. 8026 -0, 0741

It was not possible to curve fit the data with a low enough

number of coefficients to make the process meaningful.
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Tlio rcDU.ltc for the cyctc .s containing ioxafluorobcnzcne are given
in figure (6.6.1). The gcnt":'fluorocyanobcnzone results are represented
in figures (6.6.2) and (6.6.0). The former figure gives the results
for the aromahie amines and the ’latter the results ’vith benzene,

toluene and p-xylene.

The temperature dependence for an equlmolar coir®osition of the
system pentafluorocyanobenzene and benzene is found to be -0.003 x 10
7 A

mol ' v/hen the only literature data avail3.ble (IS ) is used in

conjunction v.ith the present data at 323.151-. This indicates that the

excess volume is nearly independent of teiuperature.



CHAPTER SEVEN

PHASE DIAGRAMS
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PEASE DIAGRAMNS

7.4 INTRODUCTION

The phase rule, which is usually written in the form,
C + 2 = F + P |
vwhere C is nurber of components, P the number of phases and F
the number of degrees of freedom, applies to all macroscopic systems
in a state of equilibrium and which are influenced only by changes
in pressure, temperature and composition, It is assumed that under
ordinary conditions the equilibrium is not affected by gravitational,

electrical or mzgnetic forces,

If a two component system is treated as being at some fixed
pressure, for oonvehj.ence atmospheric pressure, then the remmining
significant degrees of freedom are temperature and composition,
Diagrams can therefore be made showing the phase behaviour in terms

of these variables.,

LIQUID - LIQUID EQUILIBRTA

7.2 TECHNIQUE

The two components were injected into a small pyrex ampoule of ‘lcm3

capacity, their weights being determined in the usual manner (6,3) and
the ampoule was then attached to a vacuum line by a B10 cone, The
sample was only quickly pumped on, to remove air, and it was then frozen

down in liquid nitrogen and sealed,

The effect of pressure on the critical solution temperzture has
been shown to be undetectzble with this technique by R.W. Smith (94),

as would be expected (100),

The ampoule was totally immersed in a large beaker of water which

was warmed slowly on a hot plate and stirred by a magnetic bead,
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The temperature of the bath was measured with an N.P.L. certificated
mercury in glass theri.iumeter to + 0,1K, The point of niscibility was
detected visually so the liquid ineniseus had to be v/ell defined. This
was achieved by illuinineting the meniscus from behind and then it was
observed as a sh".rp red line. The ampoule was shaken frequently and
the point of miscibility was taken as being the point at which the
meniscus disappeared. This procedure was repeated at least tv/ice for
each sample end the average taken as the result. The results had a

rep.roducibility better than + 0,5 h,

7.3 RESULTS

Table (?.3.1) shows the mutual solubilities of pentafluorocyano-
benzene and isopropylcyclohcccane together T.-ith the mole fraction, X”",of

pentaflu.orocyanobenscne. The results are represented in figure (7.3.1).

A few prelimini'.ry measurements have been made on pentafluorocyano-
bensene and cyelohexane and these are given in table (7.3.2), These
measurements were carried out v/hile naking calorimetric measure./ients
on tnis system, because it '.as thoughtthat phase separation might be
occuiring in the calorimeter. There was insufficient time to determine

the complete mutual solubility cuiwe.

Both systems have upper critical solution temperatures but the

peaivs occur in different mole fraction regions,

SOLID - LIQUID EQULLLBRLI
7.4- A3PABOTUS

The apparatus used was a seeled dov.n version of the N.P.L, freezing
apparatus described by lierington and Handley (101), viih a few modific-

ations, It was developed in Leicester by RW,Smith (102),



TATLA (7.3.1)

F:UTUAL SOLIBILITES (E PZi*Al'TjbGR20 0 i2i.ii ISOPROPYLCYCLOHZuMNJ(E
LAXTUAES
X Teirpcrature/K

0.214 292.6
0.282 293.3
0.400 293.3
0.411 293.7
0.439 296.0
0.300 296.8
0.333 297.7
0.604 290.7
0.633 299.3
0. 741 300.4
0.776 299.8

0.890 296.8
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(7.3.2)

PiSLLAINMRY 1.:3ASLLl :3'ITS ON TiiE LUTUAL SCLU3n.ITI7S 0;

BHINOINE AMO Cf (LCBINCANE NIXTUISS

4 Tenperature/K
0.207 298.2
0.440 299.6
0.302 299.4

0.334 298.7
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The cell, v/hich is shov/n in figure (7.4.1 ), consisted of a pyrex

U-tube, -with a squared off end, and slight indentations in the glass
wall to facilitate mixing. One end of the U-tube incoiporated a
Quickfit screw thread joint which held the thermocouple pocket, while
the other end was sealed by means of a Suba seal serum cap. The t/zo
limbs of the U-tube were joined at the top by a length of capillary
tube incorporating a straight through stop cock between the limbs and
BIO cones at either end. The stop cock bore was jacked with glass wool
and left open so tk’t equilisation of the pressure difference across

the cell occuiTed ever a period of minutes.

A length of pyrex tube “/zs sealed into the bottom section of the
cell between the limbs so that it could accommodate a cooled piece of
thin metal rod and enable the introduction of a cold spot in order to

induce crystallisation in a super cooled sample.

The liquid in the cell v/as stirred by continuously applying pressure
pulses of dry nitrogen to one side of the cell using a pulsing meter
of the type described by Preston and Y/orthington (lod). Plastic tubing
was used to connect the pulsing meter to both the nitrogen supply and
the cell, as shown in figure (8.4.2), The pulse was ‘relayed* through
a 20 cm high U-tube conta.ining mercury, to ensure that the cell was a

closed system.

On the opposite side of the cell to the U-tube a vessel, of volume
15 cm”, provided the optimum stirring v/ithin the cell. This vessel
and the U-tube both had taps which allowed the equipment to be flushed

out v/ith dry nitrogen before introduction of the sample.

The cell was supported by a polystyrene lid in the top of a small

silvered dewar. This was then surrounded by another silvered dewar
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which Aafs placed in liquid nitrogen as the coolant medium.

This gave a linear cooling rate for temperatures above 273.15K
but was too slow a rate of cjoling for temperatures below this. The
required rate of cooling was achieved bp using only one silver de’var

around the cell and immersing this in the liquid nitrogen,
7.5 CALIfRATIET Of TliiR QCOIPLB

A three junction thermocouple v/as made from a length of 30 s.v/.g,
copper-constantan thermocouple wire (Type 1A Saxonia Electrical Wire

Co. Ltd.), using the technique described by Hart and Elkin (104).

The reference junction used for the thermocouple consisted of a

dewar containing a mi}cture of water and crushed ice.

The sensor junction of the thermocouple was then placed in a
series of baths, the teuiperatures of which ivere measured using a
pletinum resistance thermometer. The EM? generated by the thernocouple
was measured using a Solartron LH 1604 digital volreter which was
coupled to a Solartron data transfer unit 3230 and printer type 3244.

An average of tiiree readings were taken for each result.

The thermocouple used by previous workers was re-calibrated using

the technique and fixed temperature baths described by Smith (59).

The calibration values obtained which are shown in table (7.5.0>
v/ere used to plot a curve of the deviation of the emf generated by the
thennocouple from that of a standard thermocouple whose response had
been precisely determined over a wide temperature range (105). The
deviation, ~ E, was plotted against the observed eri". as sliown in
figure (7.3.1). This allc.ved an observed emf to be corrected to a
standard emf and then by use of the standard ther...ocouple tables (105;

the temperature could be obtained.
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The cell was v/ashcd vd.th warm chromic acid, then dstilled water

followed by onalar acetone. It was dried in an air oven for two hours”

The'ther.iocounle pocket and serum cap were inserted into the side
arms of the cell and all the ground glass joints were li*tly greased
wath silicone grease before assembling the apparatus as shown in

figure (7.4.2).

The cell was flushed out v/ith dry nitrogen and the sample introduced
into the cell, by way of the serum cap, using a hypodermic syringe v/ith
a long needle. The weight of each consonant was known by difference
weighing of the syringe. The minimum total volume of the sample was
6 cm”. This volume adequately covered the thermocouple junctions when
the sample was being stirred. The nitrogen supply had to be altered

each time until the pulsing meter operated at about 1Q0 pulses per minute.

The required cooling rate was obtained as described in (section
7.4) and the typical length of a cooling run was about two hours.
Readings of the emf values were talon at intervals of one minute up to
the region of an arrest point v/here they v/ere noted every tv/enty seconds.
The emf values were plotted against time, as shov/n in figure (7.6.1)

and the freezing point determined,

7.7 T3ST imSbRaaTS

The measurements made on the system hexafluorobenzene and cyclohexane
are given in table (7.7 .0 and shown in figure (7.7.1) along with the
measurements of Duncan and Swinton (S ). The tv/o sets of data are seen

to be in excellent agreement.
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TARDE (7.7.1)

PRIEZ2\G POUITS 0/' EDIAJDUOROBT"ZHRE (p) AND CYCLOHIXAME ICDCTURES

Freezing Point/K Eutectic Temperature/K
0.0000 279.70
0.0512 255.74
0.1128 257.18
0.188:) 252.15 252.19
0.518) 251.21 252.19
0.80)7 258.20
0.88)5 272.14
0.53”6 274.21

1.0000 278.05
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7.8 RESULTS

The measurcrents made on the system hexafluorobenzene and
N,N-dimethylp-toluidine are given in table (7.8.1) and shown in
figure (7.8.1) These measurements completement the earlier measurements

made by Hall (34).
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TABTI3 (7.8.1)

FREEZITIO POUITS (P K":XAS5T;UOR0?:'0I1Z:-a3 (?) + N,N-DZvLETKYLP-TOLUIDmE

riXTIRES
Freezing Point/K EutecticTeniperature/K

0.0000 245.58

0.0224 245.75 255.17
0.0406 - 241.10 255.17
0.0564 245.46 255.17
0.1258 275.90

0.1552 286.58

0.1986 299.70

0.2551 502.25

0.5651 512.27

0.2k422 515.18

0.5172 515.55

0.5822 515.55

0.6584 509.40

0.6678 507.50

0.6975 504.76

0.7266 501.07

0.7605 295.45 270.76
0.8284 276.78 271.29
0.8921 274.88 270.76
0.8750 271.11

0.8999 271.64 270.99
0.5481 274.44 , 270.94
0.9788 276.18

1.0000 278.05
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DISCUSSION OF RESULTS
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DIGCUSSim

8.1 HEXAI'UOROREKZETE SYSTHS

8.1.1 Introduction

Arritage et al (84-) determined the excess enthalpies of
hexafluorobenzene + N,N-dimethylaniline, and N,Nl-dimethyl p-toluidine
(plus several other amines) at 296.15K, 323. 15K, and 343.15K. The
values were large and exothermic

(K,l4-dimethylaniline system, = 0.5 at 323.15"

hE =-1760 J mol_l; MN-d.imethylp-toluidine system,

Xp = 0.5 at 323.15K = -2616 J mol"" ).

The amine v/ith the greater electron donating power gave the
most exothermic result, which suggests that donor - acceptor

complexing is possibly talcing place.

As described in chapter 1, we may regard the excess property
X”, as being made up of tv/o contributions, a physical, non-interacting

E
contribution X['“P , and a chemical, complexing contribution X

In order to estimate the physical contribution X”p, a model,
non-interacting system was chosen, namely hexafluorobenzene +
isopropylcyclohexane. Isopropylcyclohexane v/as selected as being
as close as possible, in shape, to N,M-dimethylaniline but ivith there
being no possibility of any specific interaction occurring with

hexafluorobenzene.

The actual chemical contribution to the excess enthalpies
h ~ (Xp=0.5) for both amine systems, was obtained by subtracting

(Xp=0.5), for isopropylcyclohexane + hexafluorobenzene (if=1280Jmol *).
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B
H (X5=0.5) for the N,N-dimethylaniline system was -3040
J mol-lI , and for the N,N-dimethyl p-toluidine system was -3896

T mo1,

Armitage et al (17) then derived a value for Hr‘c, for both
systems, from the spectroPhotometrié data that they had obtained,

HLC for the N,N-dimethylaniline system at 323.15K was -2810 J molm1

and for the N,N-dimethyl p-toluidine system was -3856 J mol-1.

Unexpectedly isopropylcyclohexane + hexafluorobenzene was a
reasonable model for hexafluorobenzene + N,N-dimethyl p-toluidine,
although the isopropylcyclohexane did not have the same skeletal shape

as the amine,

The agreement was even more remarkable is view of the various
assumptions made. In particular it was assumed that the equilibrium
constant Kx’ determined from spectroscopic measurements using dilute
solutions in an inert solvent, could be used to calculate the extent

of complex formation in the binary system when no solvent was present,

In view of this it was felt that a completely independent estimate
of Kx’ in the absence of solvent, was desirable, Such an estimate

may be obtained from the excess Gibbs function measurements,

8.1.2 Excess Gibbs Functions

The excess Gibbs functions for N,N-dimethylaniline + hexafluoro-
benzene at 322,52K, and the excess Gibbs functions for isopropylcyclo=-

hexane + hexafluorobenzene at 323,15K, are shown in figure _(8.1.2a).
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The excess Gibbs functions for hexafluorobenzene + N,N-dimethyl-
aniline are seen to be negative, (at XF=O.5, GE=-207 J mol_1). This
is consistent with the excess volume and enthalpy data, and indicates

complexing in the liquid state,

The excess Gibbs functions for the non-interacting analogue of
N,N-dimethylaniline + hexafluorobenzgne » lsopropylcyclohexane +
hexafluorobenzene, are large and positive; (at XF=O.5, GE=721;. J mol-1).
This equimolar value for the excess Gibbs function is close to that
for hexafluorcobenzene + cyclohexane, (XF=O.5, GE=755 Jmol-1) determined

by Gaw and Swinton (1G),

The excess Gibbs function for the chemical (or complexing)
E
contribution G o to the N,N-dimethylaniline + hexafluorobenzene system,
can be obtained by taking into account the non-interacting contribution

E ’ .
G o’ as measured by isopropylcyclohexane + hexafluorobenzene.
E | -1
At X=0.5 G ¢ is then -931J wol .

Saroléa - Mathot (47 ) has developed a theory of associated
solutions which can be mde use of to obtain GEC in terms of the
equilibrium constant for complex formation Kx, and the stoichiometric

mole fractions of components, XA and XE in the following mahner:-

If there are N, moles of A and NB moles of B, initially, and
{

for convenience NA + NB = 1 mole then if complexing takes piace,

at equilibrium there are NA‘I moles of uncomplexed A

NB'] moles of uncomplexed B

N

( in 1 mole of mixture)

moles of complex, AB
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and 8,1

D - A 8.2

The association constant K, is defined by
I"AR ( r r fIft)

1*ai 8.3

from Sarolea - ilathot (47)

Substituting 3.1 and 8.2 in 8.3

- Nntt CNA h g ~ M 8.4
CN” - Noft) f - N'ai)
Therefore
K( Nha 43,5

and v/riting equation 8.5 as a quadratic in

0 8.6-
Solution of this quadratic gives ]
N - (ANt N i t|G-I(NatNg)"(11 - k(if KNn*8$
1( ItK")
8.7
In terms of mole fraction then.
vl ond o Citk) -/ ~ LE(Vtk) KXp Xg o g g
and by removing (1+K) from the denominator
V— 1-J1I- (4KXAXg)/ (11 A

t- X,i *1 J therefore (Xp*hXg) -1

and

A6 A A3 8.10
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Substituting 8,10 in 8.9 gives

X - | I-\/an*‘)(;*’zxn)’\a”L\—KXAX(")/(I*'r_K)
A% 2 8.11

and this redwes to

li\/X:+xZ+-2xAXaU—K\/ﬁ+K)
2

Rap =
8.12
When K=0O, X,.must be zero end this is only true if the

negative root is adopted,

Koo o= A= Lxé ey 2xxe 1=K/ (1K)
As ‘

2 8.12

The excess Gibbs function for this system arises out of complex

formation and so it can be termed GEC.
G, = RT( Xy lod, + Xolnfg)
C A QTB g 8 8 8013

It has been shown by Prigogine, Mathot and Desmyter (107) that

for associated solutions, the activity coefficients are given by,

~ . , XG'
£ =l Xa ;o fa= o A
TOXE X, BTOXE Xg 8.1

where X, , X3 are the mole fractions of A and B, Xm and xg; are
the effective mole fractions, when taking into account the presence of
X X
complexes AB, and Xu,, Xz, are the values of Xai s Xgiin the pure

1iquids A and B.

X WK
so 8,14 becomes
/ . ~ .
P . 2 . 8.15
*ﬁ Xn %6 XB
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Xa, is given by

_ Na - Npo
Xm -

8.16

Dividing through by Na + Ng on the mght hand Bid(’,)

xﬂ - )\g e X'ﬁﬂ 8.17
: i - Xasa

Similarly for Xai »

s Xa - Xna 8,18
Xg - )

i - Xas

Substituting 8.17 and 8,18 into equations 8,15,
F - Xa _— Xaa 3 PP): Xa = Xaa
A )(n(i*XAe) Xe(l"XﬂB) 8.19

If in equation 8.13 the expressions for Fﬁ and ‘Fg are substituted,

GI’:': RT | Xn ]n(x;;"XHG )1— XB\A(XG-XAB
¢ Xa (1 =Xnag Xa(1-Xag)
8.20

This equation, together with equation 8.12,

X - | — \:/X:fx.:* QXAXB(\_KXB/(\‘FKA
AR . 2_

(where X = Ky ) can be used in conjunction with the experimental
value of th,' to obtain a value for the equilibrium constant of

complexing K .
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For N,N-dimethylaniline + hexafluorobenzene, the equilibrium
constant Kx, which is obtained, is 2.3 (at 723K). The spectroscopic
value for Ki is 3.1, The agreement, though moderate, is encouraging
in view of the assumptions that have to be made in évaluating the
equilibrium constants both from spectroscopy and vapour pressure

7

measurements,

8.1.3 Solid - Liquid Phase Diagrains

The solid-liquid phase diagram far hexafluorobenzene + N,N-dimethyl-
p-toluidine is given in figure (8.1.3a), and shows a well defined
maximum at X, 0.5, indicating the existence of a 1:1 solid complex

with a melting point of 315.6K.

This result is again consistent with the idea of 1:1 complexing

occurring insolution,

The solid-liquid phase diagrams for both hexafluorobenzene - +
N,N-dimethylaniline and pentafluorocyancbenzene + N,N-dimethylaniline
have been studied by Hall et al (34) and show the existence of congruently

melting 1:1 solid complexes as shown in figure (8.1.3b).

8.1.4 Excess Volumes of Mixing

The excess volumes of mixing at 323.15K for hexafluorobenzene +
N,N-dimethylaniline, N,N-dimethyl p—toluidine and isopropylcyclohexane

are shown in figure (8.1.4a).

The aromatic amine systems both have negative volumes of mixing,

with the N,N-diemthyl p-toluidine system being slightly more.negative,
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(8.1.3b)
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FIGURE. 1. Phase diagram for xCoF o+ (1 — A*lICeHsNCCHala.

320

310

300

290

280 T

270

0 0.2 0.4 0.6 0.8 1

FIGURE 3. Phase diagram for xCeFsCN + (I —x)CgHsN(CH:)2.
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The sign and magnitude of the excess volumes of mixing are often
regarded as giving an indication of the strength of the unlike interaction
in a binary mixture, A large negative excess volume is taken as

indication of possible complex formation.

By adopting the same model as used previously the chemical

(complexing) contribution V’:: can be obtained for both amine systems

2
if VED is measured by isopropylcyclohexane + hexafluorobenzene in both

cases, For the N,N-dimethylaniline system V'E = -2,564 x 10 é m3 mol

and Xg = 0.5, and for the N,N-dinethyl p-toluidine system Ve, 9hk x 100
m3 mol"l and X5 = 0,5, These quantities are considerably more negative

than the excess volumes for the systems and are stronger evidence for

possible complexing,

However it must be remembered that molecular packing in the pure
components, as well as in the mixture, make a mjor contribution to

the ¥volumes of mixing so their interpretation is speculative,
ki

8.1.5 Sumrary

The excess thermodynamic functions at 323,15K for hexaf‘iuorobenzene
+ N,N-dimethylaniline, and isopropylcyclohexane are given in figure

(8.1.5a).

All of the excess functions for hexafluorcbenzene + N,N-dimethylaniline,
together with the other thermodynamic (35) and spectroscopic (17, 32,33 )
evidence available for other amine systems, indicates that strong

complexing occurs in these systems.

The actual nature of the specific interaction is thought to be of

the charge - transfer type.
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For charge transfer to occur, there must be a favourable overlap
between the highest filled orbital of the donor molecule and the
lowest unfilled orbital oﬁ the acceptor, lMorcom ard Armitaée 35)
have carried out a Hiickel woelcular orbital calculation on both
hexafluorobenzene and N,N-diemthylaniline, Figure (8.1.5b) gives
the highestfilled T orbital far N,N-dimethylaniline (II) and the

two lowest unfilled orbitals of hexafluorcbenzene, (III, IV),

A considerable degree of overlap is possible between configurations
(II) and (III) if the donor and acceptor molecules are 'off set' (V);
Such a configuration could account for the charge-transfer bands observed
by Beaumont and Davis (33), and therefore it would eppear that charge

transfer complexing is occurring in these systems.

8.2 PENTAFLUOROCYANCBENZENE + EYDROZARBON SYSTEMS

8.2.1 Excess Volumes of Mixing

The excess volumes of mixing results at 323.15K for pentafluoro-
cyanobenzene with benzene, toluene and p-xylene are shown in figure
(8.2.1a), The eurves are all skewed but to various degrees and the

p-xylene curve is S shaped.

The results of Swinton and Duncan (7 ) for the parallel hexafluoro-
benzene systems at 313.15K have similarly shaped curves, as shown in
figure (8.2.1b), although the p-xylene curve does not change sign. The
values for VE at XF = 0.5 are also quite close but more positive than

those for the pentafluorocyancbenzene systems.

Stubley (J2) has also obtained results for ‘pentafluorobenzene with
benzene, toluene and p-xylene at 298.15K. As expected these results are
the most positive of all the three groups of results and are given in

figure (8.2.1b).
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Figure (8,2.1c) shows the results for all the three groups of
systems &t KF = 0.5 plottea against;the number, n, of methyl groups
substituted in the arometic nucleus., The excess volumes decrease
with increasing substitution of the aromatic ring. The aromatic
hydrocarbons have ircreasingly lower ionisation potentials in the
series from benzene to p-xylene. There is also an enhancement of
interaction between fluorocarbon snd hydrocafbon in the series
although this is not necessarily due to the decreasing ionisation

potentials,

VEC at XF = 0.5, the complexing contribution to the excess
volume, is obtaired by using the fluorocarbon + cyclohexane system as

the model for the fluorccarbon + benzene mixtures., Then the VEc values .

are as follows:- hexafluorovenzene + benzene V'Ec = —1.7?;{106 m3 mol‘-1 s
pentafluorobenzene + benzene VEC = --1.27x106 m3 mol'-1 and pentafluoro-

cyancbenzene + benzene VEC = -1.51x10° w0 mol™' all at 323.15K. The

complexing contribution to the pentafluorocyanobenzene + benzene system
is apparently less than for the hexafluorobenzene + benzene, This is
and unexpected résult if qonxplexing is due to chargetransfer complexing
because pentafluorocyanobenzene would be eipected to have the strongest
complexing interaction with benzene., The shape and polarisability
ihterpreta.tions of the thermodynamic functions seemss more probable
although as mertioned previously, interpretation of excess volumes is

speculative,

Powell and Swinton (11) have found that when studying the series
hexafluorobenzene with alicyclic hydrocarbons (with increasing methyl
substitution), and perfluoromethylcyclohexane with alicyclic hydrocarbons

again with increasing methyl substitution) at X, = 0.5 and 313.2K the
g g P



t)

Degree. of

A rom al’iio

+ 3.RO:.L.TIC T1iY:)ROC/JRBOI\

A C(FgH SVablej (iz) dr 27S-\5K

O C*F(* SvoinVon(*7) aV 313'l6K

'T Loork

\ 2

n
rneVVALj\ su.biViV u,Vion in

K2*droco.rboo.



- 132 -
. ‘[1‘ .
plots of V- versus degree of methyl substitution were parallel to, but

rmore positive than, the corresponding hexafluorobenzene plot, as shown

in figure (8.2.14d).

Therefore it is unreasonable to attribute the decrease in VE,
in the hexafluorcbenzene, pentafluorocyanobenzene systems, to
increased methyl substitution and conseguent TU - 77 interaction if
complexing of this nature is impossible in the system where there

is no TU bonding structure,

8.2.2 Excess Enthalpies of Mixing

The excess énthalpies of mixing at 323.15K for pentafluoro-
cyanobenzens + benzene, toluene and p-xylene are shown in figure
(8.2.2a), All of the excess enthalpies are exothermic, which
indicates the existence of complexing. VYhen the values at XF=O.5 are
compared with the results of Andrews et al (9) for the hexafluoro=-
benzene systems there is little difference between the two sets of
systems. These results are shown in table (8,2,2a) along with the
corresponding pentafluorobenzene values at XF=O'5 obtained by Stubley

(13) and Scott (25) and the excess heat capacities at X;=0. 5.

The excess enthalpies of the benzene + fluorocarbon systems
appear to be largely independent of temperature change, except for
a small positive excess heat capacity for the hexafluorobehzene
system, Most of the other systems also have a positive excess heat
capacity. This is consistent with the existence of some interactions
in the liquid state which decreases with increase in temperature of

the mixture.

The toluene + pentafluorobenzene system behaves unexpectedly in
that it has a negative cxcezs heat caypcity. This is more comnmon in

a non-interacting system for example hexafluorobenzene + cyclohexane,
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FIGURE 2. Excess volume of mixing F® for cquimolar fiuorocarbon-fhydrocarbon mixtures
at 313.2 K as a function of the degree of substitution # of the hydrocarbon. O, Series A: hexafluoro-
benzene—aromatic hydrocarbons; A, Series B: hcxafluorobenzenetalicyclic hydrocarbons;
o, Series C: pcrfluoromeihylcyclohexane-}-alicyclic hydrocarbons.
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TATLE (8,2.2a)

FEATS OF MIXING (J mol” ') AT 323,15K AND Xy, = 0.5

Zenzene Toluene p-Xylene

(at 328K)
CeFsH 60 . -370 o -761
CcFy -415 -979 ~1543
CgF5CN 190 -993 -1735

EXCESS HEAT CAPACITIES cl'“P (7 mo1”! K‘1) AT X=0,5 AND 323,15K

Benzene Toluene pXylene
C6F5H 0 -1.5 -
C6F6 1.8 16.7 12.3
C6F5CN o] 2,3 11.6
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The heats of mixing rzsults for the pentafluorocyanobenzene and
hexafluorobenzene systems do not differ as much as expected. However,
as with the amine systems, the excess enthalpies can be regarded as

’ 3 "
being mede up of two contributions, HEP and H o

Taking the non-interacting model to be fluorocarbon + cyclohexane
in the fluorocarbon + benzene systems then HEG at XF = 0.5 and

323,15K are,

= -
Pentafluorobenzene + benzene H“c = ~1483 J mol 1
Hexafluorobenzene + benzene HEC = =1905 J mol-1
Pentafluorocyanobenzene + benzene HEc = =2615 J mz:vl"-1

It is now apparent that there is considerable difference between
the interactions in the three systems, as measured by the exothermic

chemical contributions.

in)
H‘“C is least nsgative for pentafluorobenzene + benzene and
becomes progressively more negative through hexafluorobenzene + benzene

to pentafluorocyanobenzene + benzene,

The excess volume results for these systems gave chemical
contributions that did not differ greatly, however, as stated earlier,
excess volume results can not be easily interpreted, Excess enthalpies

of mixing give a clearer indication of the actual energy changes tlet are

occurring on mixing two components.

"
The H“C results become more exothermic as the fluorocarbon

increases in acceptor ability.

The excess enthalpies foar pemtafluorocyanobenzene + cyclohexane

at 323.15K and three other temperatures are given in figure (8.2.2b).
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The excess enthalpies ere very large and endothermie, i\hich is
consistent v.ath previous results for fluorocarbon + alicyclic
hydrocarbon systems, however when the heats of mixing v/ere obtained
at 333.13K they indicated thr,t the system had a positive excess heat
capacity (at = 0.5 and 323.13%) oy 3.3 J mol * K\ This is
unusual for a non-interacting system, increase in temperature in a
non-interacting system usually brings about a decrease in the excess

enthalpies.

The temperature was increased to 343.13% and this positive

excess heat capacity still persisted.

A temperature was chosen below 323.13% but above the upper
critical solution temperature of the system (X* = 0.43, U.C.S.I.

-299.6 %) and again a positive excess heat capacity was obtained.
8.2.3 Sxcess G-ibbs Functions

The excess Gibbs functions at 323.13% and 312.3&% for pentafluoro-

cyanobenzene + cyclohexane are sher.vn in figure (8,2.3a).

The excess Gibbs function at = 0.5 and 323.13% is almost bivice
as large as the result for the corresponding hexafluorobenzene +
cyclohexane system determined by Gaw and Sv/inton (to ) (X* = 0.3
GE =733 ] mol_1 § This large positive result is typical of
fluorocarbon + alicyclic hydrocarbon systems and indicates that the
unlike interaction is snail and that the system is close to immiscibility.
In fact the izppor critical solution temperature is 300K Since the
excess Gibbs functions are at two temperatures it is possible to calculate

the excess enthalpies.
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Hov.tver the tei.iperri.turc interval is s::n.ll, because at laver
ter.ipera.tures the system pliaso sepR.rates, and so the calculation
is very imprecise. Assuming the excess G-ibbs functions at
= 0,5 are reliable to + 20 J mol , then the excess enthalpy
at 525,15%1is calculated to be 5.0 + 1,2k J mol \ ivhich is of
the same order as the experimentally determined excess enthalpy of

2,12 KJ mol"\

S,5 BdNTAfIOliaROCIAITaBENZhriE + AROIATIC AIINE SISTdL.S

8,5.1 Excess Volumes of Mixing

The excess volumes of mixing results for N,Ki-dimethylaniline
+ pentafluorocyanobenzene at 525.15%and W,6N-dimethyl p-toluidine
+ pentafluorocyanobenzene at 528.15% are given in figure (8,5.1a),
Both sets of results are negative which indicates that strong

interactions must be occurring.

The -dimethyl p-toluidine system has more negative excess
volumes which is consistent with the existence of donor - acceptor
complexing and stronger electron donor interacting more strongly with
the pentafluorocyanobenzene. These measurements coralement the
studies initiated by Hall and Morcom (ib ), in v/hich excess enthalpies
and spectroscopic measurements ha.ve been made on pentafluorocyanobenzene
+ M,b4-dimethylaniline and charge - transfer complexing is thought to

be occurring,

8,4 SUGGESTIONS iUHTHBR STUDY

The central theme of the vrork was to have been the determination
of excess G-ibbs functions for a range of pentafluorocyanobenzene
systems, including substituted aronatic liydrocarbons and aromatic

amines.
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Uiiforturiately due to greater difficulties than v/ere anticipated
with the vapour prcrsure mcasurer.ients only the pentafluorocyanobenzene

+ cyclohexane system VDS studied.

Therefore the main aim for future studies lies in the vapour
pressure measurements of the above mentioned systems, with pa.rticular
interest being f>cusedon the N,N-dimethylaniline + pentafluorocyano-
benzene system with a viev/to determining an equilibrium constant of
complexing which v/ill be independent of solvent, and comparing

this with the spectroscopically derived K™

The COmpsrisen between the results for the parallel hexafluoro-
benzene systems with those obtained for the pentafluorocyanobenzene

systems should also be of interest.
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A. 1 PROGRAMMVE PCR- THE EVALUATION (F. VAPOUR PRESSURE

ficrsr;

A_.
=5 o WNO U wN

- A A
a b wOwN

1A
17
1A
19
2H
21.
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44

EVALUATION OF VAPOUR PPE9SURE; ".... T rereresenenreen———
"BEGIN"
"INTEGER" I,I,N;
"REAL" RT;TT7U5U;MM2»MVAP7U7L7ALPHA;A7B7C7D,R,G7DENS7PS5i
"REAL" "ARRAY" M»P4C1M3;
"REAL" "PROCEDURE" PWG(T);
"REAL" T;
PHG: =135Q5.1/(1"AT*(A+T*(UAT.(C4.T*D) )));
"REAL" "PROCEDURE" EXPCOR(H,T);
"REAL" U,T; . . 3; -
"BEGIN"
fi;=H*(1-*-ALPtIA*(Trr20) ) ; ."hT/
EXPCOR:=H;
"END" OF PROCEDURE EXPCORJ 'vT
"READ" :i;
"BEGIN" _ - J-tn
ALPHA:=1.9..-5
f
R:=8.3143; e ererr———
n:=9.01268; "ooe
MN2; =0.020;
MVAR:=0 .08416;
A; =1,81456..-4;
R:=9.203K-9; ' . " A 3
C:=6.6n3u-12;
n: =6,732if-14; "d
SAMELINE;
"FOR"™ | :=1 "“STEP." 1 "UNTIL" N "DO"
"BEGIN"
"READ" RTI/TT;
H5n;=0.543;
NnENS:=PilG(TT) ;
"PRINT"''L'" 'S25' EVALUATION OF VAPOUR PRESSURE 'L4' 'S20"7
'G=";FREEPOIiINT(6),G,'"N/SECt2 'Lo ™ ,"'"'SI8 '7TROON TENP="'7ALIGNEP(2'
''L' 'S12'TUERMOS5TAT TFM2A=', ALIGNED(2»3),TT," SIO' H5="', ALIGNEO’
;H5D7
'N';"L2'"'S5"'" CUT-nFF'S35'MERCURY DENSITYs', ALIGNED(571 ), DENS,
'KG/Mt3 'L"7'0USERVFD HEIGHT'SA";
"FOR" J:=1 "STEP" 1 "UNTIL" 4 "DO"
"BEGIN"
"READ" UT7LIi
HCJ];=u-L;
"PRINT" '=',ALIfiNEn(2,5),HCJ37' M'S3"J
"END" j;
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f
ro1
45 "PRINT" "''L'CORRECTEP WEIGHT'S]"!
46 "FOR" j:=1 "“STEP" 1 "UNTIL" 4 "DO"
47 "PRINT" '= ALIGNED!?,5),EXPCOR(HCJ3,RT)7' M'S3"i
48 M5D:=H50-L1i
49 "PRINT" ''L'PRESSURE!/ CUT-OFF)'s2"; ...
50 "FOR" J:=/ "“STEP" 1 "UNTIL" 4 "DO"
5t "BEGIN" F4[J]:=nrjl*DENS»G;
5? "PRINT" '=',ALIGMED(6,1 ),P4CJ3," PA~32"!
53 "END" J; e
54 RT:=RT+273.15;
55 TT:=TT+273.15;
56 P5:=H5D*MVAP*P4[1]*G/!P*TT);
57 "PRINT" "I 3''S1T'M!N2) =',ALIGNED!1,3)7MN2,' KG/MOL'SIO'M!VAP)
58 MVAPXKG/NOL'L?","PRESSURE OF VAPOUR'S3's P5P A'L 2 'VAPOUR PRE
59 "S4";
60 "FOR" J;=1 "STEP" 1 "UNTIL" 4 "DO"
61 "BEGIN"
6? P4a[J]:=P4[J]-P5!
6-? "PRINT" '=', \LIGUSR(671 ),P4[J],'PA'S2";
o'r "END" j;
6*A "END" I;
66 "END";
67 "END" OF EVACUATION OF VAPOUR PRESSURES;
308 MC
534 CODE
P2? TOTAL e _
&RUN;
FVALUATI

DRO

EVALUATION OF VAPOUR PRESSURE

'l e. N di-1.eM jie, =mM

v 1 .I 1 I Z
. M- i‘i'Iw *
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A. 2 PROGR7AJ.E K)R THE GAIOJLATICE OF TH2 EXCESS GIBBS FUNCTIONS

<8Jiin;CHO 015a7F»?L-E; JMH?4 |

&ALGOL;
LIBRARY
ALGOL
4L 1ST;
i FRFE energy CALCULATIONS USING FULL EQUATIONS;
2 "UFUIN"
7 ««iMTESFR" J;
U "NOOLEAil" USITE;
S "INTFGEU" I,N;vEniM;
A "INTEGER"™ CYCLE;
7 "REAL" P10,011,VIO;P20,B22,V20,U12,P12,U127R1,T7KVE;
8 SANELINE;
0 "READ" N;VFDIM;
in "UEGIM"
11 "REAL" X;
12 "REAL" "ARRAY" f11,M2.VT1:N];
17 "REAL" "ARI*aY" XI,P,Yiri:N],VECO:VEDIM-I];
14 "PROCEDURE" CFVP(N1 ,M2,Y1,/P,VVAP, XI) ;
15 "REAL" J1,N27YI,P,VVAP, Xi;
1A "UEGIN"
17 "REAL" TNOM,V;NI;N2,7,Y2.RTV,A;
IS Y2:=1-Yi;
19 Z:=(R11*Y1*Y1+2*P12*Y1*Y2+922*Y2*Y2)/VVAP;
20 RTV :=R1*T/WAP ;
21. TNOM:=(-RTV+SQRT(RTV*RTV-4*P*RTV*Z))/(2*RTV*Z);
22 A:=P/(RTV*(i +Z*TNOM));
23 N1:=Y1 #A;
24 M2 :=Y2*A;
25 X1:=(N1-Y1)/(N1+N2-H1-P2);
26 "END" OF CORRECTION FQR VAPOUR PHASE;
27 "PROCEDURE"RPNV(V;K,N,XI,Vi;V2);
28 "INTEGER" N;
29 "REAL" K7X1,V1,V2;
30 "REAL" "ARRAY" V;
31. "DEGI'N"
32 "INTEGER" 1I;
33 "REAL"VE»DTFF;X2I'Z7CALC;
34 VE:=DIFF:=0;
35 X2:=1-Xi;
36 2;=xi-X2;
37 "FOR" |: =0 "STEP*’ 1 "UNTIL" N-1 "DO"
38 "REGIN"
39 CALC;;=XI*X2*VCI]*Zf(ITI1)I(1-K*Z);
40 VE:=VE+CALC*Z;
41 niFF:=DIFF+2*CALC*(1-Z2f2/(2*XI1*X2)-K*Z/(I"K*Z));
42 "END" I;
43 vi;=VE+x2*niFF;
44 V2:=VE-xi*niFF;
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45 "EMU" nr fMVjCEnURE RORYV;

4A "SEAL" "FRO'JEDIIL'E" S"M(A»K,N);
47 . "VALUE" K,ri;

48 "INTEGER" K,N;

40 "REAL" "ARE'AY" A:

50 "REGJN" "II."TEffER"

51 "REAL" S;

57? S:=0;

57 "fOK" I;=1 "STEP" 1 "UNTIL" N "00" S:=S+ACT-K];
54 SIJM;=8;

Ss "END" nr ppjCEDUSE suwm;

56 "REAL" YPROCEUUffE" SUUPROD (A»K,0, L,N);

57 "VALUE" K,I ,Ni

58 "INTEGER" K,L»Ni

50 "REAL" "ARRAY" AiBi
60 "REG IN" "INTEGER” I

6T . "REAL" 'JP;
62 r.P:=o;
67 "FOR" i;=1 "STEP" 1 "UNTIL" N 00" SP:=SP+ACI,K]*UCI,L]J;

64 SUMPROU:=SP;

65 "END" OF PfUjCEDURE SUMPRUO;

66 "REAL" "PROCEDURE" PPUOUCT(A»K#N)i
67 "VALUE" K,N;

68 "INTEGER" K,N;

6" "REAL" "ARRAY" Al

70 "UFGIN" "INTEGER" [!

71. "REAL" P;
72 P:=i;
77 "FOR" |:=1 "STEP" 1 "UNTIL" N "DO" P:=P*ACT-K];

74 PRODUCT:=p;

75 "END" OF PRuGEnURE PRODUCT,;
ITEM INSERTED

76 "LIBRARY" UfjSYMDFT;
ITEM INSERTED

137 "LIBRARY" UNSYNSOL:

154 "PROCEDURE" BARKER<VI,P,N,PARAMETERSVSKEWED,YITWRITE) ;

155 "INTEGER" N,PARAMETERS:

156 "REAL" "ARRAY" XI,P,Yi;

157 "BOOLEAN" NRI TE :

158 "BOOLEAN" SKEWED;

159 "BEGIN"

160 "INTEGER" |, J, COUNT, MI MUS;PLUS, UIM;

161 "HOULEAiIJ" STORE;

162 « STORE:=WRITE:

167 WRITE:="FAIl SE";

164 CUUNT:=0;

168 MIMUS:=PARAtIETERS-I;

166 "IF" SKEWE”?

167 "THEN" DIM:=PARAMETEPS

168 "ELSE" I)Ili:=MINUS;

169 PLUs;=nir+i;

170 06:

171 "IF" WRITE "THEN"

172 "PRINT" ""F'';DIGITS(2)7'"'S51'N0, Of EXPERIMENTAL POINTS=":N,""L"
177 ""S50'NU, OF PARAMETERS EVALUATED:'.PARAMETERS,"L":

174 "BEGIN"

175 ".REAL" "ARRAY" RC1:N.1:11 70701, G2/EGIVEG2,*FX1, FX2,'FK17FK27

176 GECALCCG:MINUSI,npniiri:N,0:DIM3 7ACi;PLUS7i;PLUSr,u0Ci:PLUSI7

177 CCi;PLUS,i:ii;
178 "REAL" VRPPIO7VUPP20,FI7TF2,PID,P2D,X2;Y2,X7GE,RMS7TRNSLAST7K7B8PPIC
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1 {PP20, VIVffS V2VPP,Z, vr;v2;
"REAL." [*ST; .

"REAL" uCPI,CUP2:

"SMITCIP' ta(',e;=I;
PST;=101325.0;

i"ie" (PAHAHtTEP5=1) "TWE'I" "BEGIN"
GLO0]:=4»L.N(2»PI12/(Pin>P2'l) );

K:=ﬁ;

"EULI";

PIF:=0;

"FOR" 1;=1 "STEP" 1 "UNTIL" N "DO"

"JEuIN"

"IF" (d"LE"™ MINUS) "AND" PARAM6TER3=1) "THEM"
r,[1]:=0;

"IF" WRITE "THEN"
"PRINT" FRFEPQINT(4)d'S50",XICI3»"*16"7ALIGNED(6#I1);PCI3»"L";

"END" I;

07:

"FOR" CjL’MT:=CnUNTA”I"nO"

"HFGIN"

"IF" WINTE "THEN" ' -
"PRINT" 7\ 2", ''S56'TEMPERATURE:', ALIGNED (3,2) 7T7'K'L''S27 ",

'"PNREI'Jc7'pNRE2'L''S5'P'S23'B'S23'V'S23'P'S23'U'S23'V'L"'S","
ALIG'IEn(A;i )7PIQ;FPEFpnriT(7) 7TPREFIX("SI15").nii;VI0 7ALIGNED(6,1),
P20, FHGEPO T.JT(7),B?2,V?0, SAMEL INE;''L2'VS53'INTERACTION COEFFICIENTS';
''L''S32'U'S65'P'L'"'S2P",BI27"S56",ALIGNED(671)#P12;

"IF" ("KOT" WRITE) "TIEN" "GO TO" Q

"PRINT" "F",niniTSf2)7" S57'ITERATION MO  COUNT, " L' 1i

"FOR" J:=0 "STEP" 1 "UNTIL” MINUS "00"

"PRINT" "S56'GC ',niGITS(l) 7J7'3=", ALIGNEO(1,6)7G[J3, "L "I

"PRINT" "S59'K=', ALIGNER(176) ,K, "L ";

"PRINT" ''S5'X1'S16'P(FXP)'S13'P(CALC)'S14'RESID'S16'Y1;S18?2GE'L";
0-

"FOR" 1:=1 "STEP" 1 "UNTIL" N "00"

"BEGIN"

X2:=1-XiCn; !

Z:=X1[1]-XP;

"FOR" J:=0 "STEP” 1 "UNTIL" MINUS "DO"

"BEGIN"

FXICJ]: =(X2t2)<»(Tt(J-1))AA((2»J+1) ¢ XIEI3Z-X24KAAZ*(1-2*J*XIC13))/((I-
K*Z)£2);

FX2[J]: =(X1[I3*2)*(zd J-1) )*(X1CLl3-(2*U'"1) *X2+K*Z* (2*U*X2-1))/( (1-
K*Z)'2); |

FK1LJ3: = (XPt2)» (7t J) *GCJI1» (2» ( (2*T-»-1)»X1i:13-X2) " (1"2*J*X1CI3)* (1"K*Z))/
((1-K*Z)'3);

FK2[J]: =(X1 [13f2)*(ZN)*S[J3*(2*(XICI]"(2*D*i)*X2)t(2*J*X2"1)*(1"K*Z) )/
((1-K*Z)f3);

01[J1:=FX1CJ1*0[D3;

G2CJL:=FX2rjl>nC:i3; .
EG1[J]:=FXP(G1[J3) ;

Ea?CJ3:=EXP(S2CJ3) ; . .
GECALCCJ]:=XI[I3*XP*G[J]14(ZtJ)/(1-K*Z);

"END" J; )

VDPP10:=(V10"311)*(Pri3"Pin)/(Ri*T);
VjPP20: =(V?ii-B22)»(prn-i*2n)/(RI*T)i
HBPPIU:=LI1*RII*(PrnTPIR)*(P[I3"AP10)/(2*(RI*T)t2);
HdPP2ii:=P2?»n22*(PCI3-P20)*(PCI3AR20)/(2*<RI»T)i2)i
RPMV(VE,KVE,VEI)IM,Xirn;VI,V2);
VIVPP:=VI»(PCn-PST)/(RI»T);
V2VPP:=V2*(PCI3-PST)/(R1*T);

7
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n )Ri : =rxi: ( o+ +

r :=EXF (V A'dVpp );

ri :=pRu iLi;T( 1,PAANE™E9S);

rz :=PKOQjicT(rorM , PA*A*L'"ros) ;

Yv:=roRj«rp*"2n*Y2/priT; Yiri];=i-Y2;
Pin:=XILI]*P10"cnpi*rxP(-Pril*ni2»Y2t2/(R1*T))t
P2n;=X2»F2n*CUP2*LYpf-P[1]*D12*Y1CI]f2/(RI*T))i
R[I,I]:=r[f]-(ri»P1J+F2*P2D):

0OG: =(11«T«S1l I(iiriCALF,1 .PARAMETERS);

"IF" W.MTF "TilFN"

"PHIUT" ''S2' ',FPEFPniMT(4) ,Xir n /ALIGNED(6,1) ,"S13", PCI]|"S10",
(PCn-PC 1,11J), ALIGNEn(8,4),''S11",P[ 1,13 ,'JFKFEPOINT (4), "SIO "7Y1CI3,
ALIGIED(4,2)7' *014" ,Ge, " L"

"FOR" J:=0 "STEP" 1 "UNTIL" MI NUS "DO"

NDPHOr 1 ,J]:=FI1*Pin*FXI[J3 +F2*P2D»FX2CJ];

"IF" SKEWED

"THEN"

DPDGi: | ,Di:n ;=FI*Pin»SUM(FKI7I/PARAMETERS)+F2*P2D*SUM(FK2,I7TPARAMETERS
"ENJ" |;

R ISLAST:=RUS;
R'is:=sOfa(Sij'ipRun(P, 1,p,'i;n)/n) ;

"IF"  WwRITE “"THFIl"
"PRINT" "I "S52'R.:i.S. DEIATI10N=",SCALED (5)»RMS7" 14" 1
RWS; =SORT(R.IS*RNS»N/(N-PLUS) );

"IF"  WRITE "TIIFM"

"PRINT" "S58'STANDARD DEVIATION="', SCALED(5),RMS7" 14" ,
'"Sj2'X1'563'GE'C"'";

"FOR" X;=0 "STEP"™ 0.1 "UNTIL" 1 "o00"

"PFUIN"

X2:=1-X;

Z:=X-X2;

"FOR" j;=0 "STEP"™ 1 "UNTIL" MINUS "DO"
NECALCCU];=X*X2*G[J]«ZfJI(I-K*Z);

ME : =R1*T«SUN(GECALC,!,PARAMETERS);

"IF" WRITE "THFN"

"PRINT" "S29",FRFEPOTNT(4) ,X, "S59" ALIGNED((472)#(5E;"L* *;
"END" X;

"IF" (ANS(RNS-RNSLAST)(RNS»I,0w-5)

"THEN"
"GO TO" L;

"FOR" J;=1 "STEP" 1 "UNTIL" PLUS "DO"
"BEGIN"

CCJ,13 : =3UMpPRO1)(P,I,npnG, j-i,N) ;
"FOR" I:=1 "STEP" 1 "UNTIL" PLUS "DO"
ACI1;j]1;=SUMPROD(DPDG,I-1,0PDO0;j-17N);
"END" J;

U JSYNDET(PI US,'2.0,-37, AiX7I7R71) I
U'JSYNSOL(PI US, 1, A, R,C);

"FOR" J:=0 "STEP" 1 "UNTIL" MINUS "DO"
0[J3:=G[j]l*+cCJ+i,i];

"IF" SKEWED

"THEM"

K:=K+C[PLUS,13;

"GO TO"O07 ;

"END" COUNT,;

L: "IF" STORE "THEN" »'REOIN" STORE:= "FALSE";
write;:"True";

"GO TO" G6 "END"

"END";

"END" OF PROCEDURE 3ARKE£R;
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"rOR" 1:=0 "STFf”’ 1 "UNTIL" ''EniM-1 "DO"
"RFAO" ‘'Ir[11; I
"RFAN" Kvr::

"RFA9" T,noTuil,VIO,P20,322,V20,812,P12;
R1:=5,7143;

ni?:=2*J12-J11-U22;

"FDR" [:=] rsTFP" 1 "UNTIL" M "1)0"

"JFGIM"

"TFAH" ufltjzuz2ii],pril/VII];

xicii: =11CI ]/ (uir i] +N2ri i ) ;

VCl J;=VC 13-.JU I3«V1l §-N2C I]*v201 *
"END" 1;

"FOR" I:=1 "STFP" 1 "MNTII." 10 "DO"

"JEfiGIN"

WRITF ;="Fa1.3F";

ni: 3ARKER(X1,P,N,I,"FALSE",Y1/URITE) ;

"IF" WRITE "THEN" "00 TQ" 02 "ELSE" WRITE;:" TRUE";
"FOR" J;=1I "STFP" t "UNTIL" N "DO"

"UEOIN"

CFvp(Ni[j]l],u2CJ],Y1 CJ3 ,PCJ.I, VCJ3, X) ;

"IF"f(AuS(X-XICJ])>0.08001) "AND" WRITE) "THEN" WRITE:

xiCJl: :x;

"END" j;

"GO TO" ci;

02:

"END" I;

"END"

"END" OF FREE ENERGY CALCULATIONS USING FULL EQUATIONS
NO

CODE

TOTAL

JT
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J.M. BRIIDLEY. PH.D. THESIS. 197,

SUMMARY

An apparatus has been developed to measure the vapour pressures

of mixtures by a static technique,

The apparatus has been tested by reproducing the vapour presswes
and excess Gibbs functions for mixtures of hexafluorobenzene +

cyclohexane,

Excess Gist functions have been determined for hexafluorobenzene
+ n,n-dimethylaniline, and isopropylcyclohexane, An equilibrium

constant for complex formation Kx’ has been calculated from these

_ quantities and compares favourably with the spectroscopically determined

K.
X

Excess Gibbs functions have also been determined for mixtures -

of pentafluorocyanobenzehe + cyclohexane at two temperatures,

" -~ The solid~tiquid phase diagram has been determined for hexafluoro=-- -

‘benzene + n,n-dimethyl p-toluidine and shows the existence of a 1:1

complex in the solid,

The liquid-liquid phase diagram for pentafluorocyanobenzene +
isopropylcyclohexane has also been determined, and tle system shows

an upper 6rit::.cal solution tempera'.ttre.-'.

Excess' volumes of mixing hgve been obtained for hexafluorobenzene
+ n,n-dimethylaniline, n,n-dimethyl p-toluidine and isopropylcyclohexane
and pentafluorocyanobenzene + n,n-dimethylaniline, n,n-dimethyl p-toluidine,

benzene, toluene and p-xylene,

L'



- Excess enthalpies of mixing have been measured at two
temperatures for pentafluorocyanobenzene + cyclohexane, benzene,

toluene and p-xylene,

The experimental evidence suggests that strong complexing
occurs in solution between aromatic fluorocarbons + aromatic

hydrocarbons, and also aromatic amines,

In the former case the interaction appecars to be mainly of
an electrostatic nature, whereas in the latter case the major
contribution to the interaction arises from charge transfer

forces, the emine acting as an electron donor,

- o - = e —— e




