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THE LiBRARY
CANTERBJRY UNIYERSITT COLLEGE

CHRSTCHORG, M2,

The obleet of thils investigation was to test some recent
theorics of the equilibrium behaviour of liquid mixtures.
sueh theoretical wors has becn done on this subject, tut very
few experimental measurcnents have been made on mixtures
simple enouch to be satisfactorily described by the models

proposed. This worikt was undertaken to provide data for

simple mixtures that could be expected to be reasonably well
deseribed by the theoretieal models.

It can be shown that for a system of prescribed tompera-

ture, volume and content the observed or equilibrium value
of a proverty whose value 1s Op when the system 15 in state
r of energy Ly 1s given by

_ ZI‘ fI‘L o Ep/kY _ ‘
F = -Z—Lr e ey i (1.1.1)

The quantity 2p o~ Er/ET i3 called tl‘.le. partition Tsio-
tion of the system, and will be denoted by (.
i.0. 3 =Lp e~ Br/KT (1.1.2)
If a guantity F 1is defined by
F=« kT In%

o

(151. 3)
it can be shown that F has all the properties of the lelm=-

3 can be cval~

hioltz free energy. If the partition functinn
unated, then F and all the other thermodynamic properties of
the system may be found by aporopriate differentiation.

e shall now proceed to describe a model which will

allow us to make an ap-roximate evaluation of the partition
function, and hence the thermodynamic properties, of ligquid
mixtures.

7he model to be discussed, and the theoretlical and

mathematical treatment of the model, are due mainly to



Guggenheim.l

In determining the thérmodynamic properties of liguid
mixtures we will only be concerned with the differences be-
tween the thermodynamie properties of the mixture and its
purc components, so any property of the pure components that
may be assumed to be unchanged on mixing will have no effeet
on these differences. X-ray analysis has shown that liguids
have pronounced short range order in their structure, so are
mach more like a solid than like a gas, and remembering that
propertics that are unchanged on mixing will not be dis-
cussed, a reasonable model of the liquld state applicable to
mixtures will be as follows.

In a erystal cach lattice sitec is surrounded by a defin-
ite invariable number of nearest neighbours, so in a liquid
mixture it will be assumed that each "lattice site” is sur-~
rounded by a definite average number, not necessarily
integral,; of nearest neighbours. There will be fluctuations
about this average nusber, but these fluctuations will be
assumed to be small enough to affect only a negligiblerraction
of lattice sites. However, these small fluctuations in the
envircnment of nearest neighbours throughout the lattice will
be sufficient to destroy all long range order.

4 erystalline lattice can only be occupied by units
sufficiently similar in size and shape so as to be inter-
changeable on the lattice without distorting it. These
units may eilther be single molecules, in which ease wc shall
refor to them as monomers, or in the case of mixtﬁres of
molecules of widely differing shapes and slzes they may be
segments of a molecule such that the whole molecule 6¢cupies
an integral mumber of sites. In this case we shall refer to
the segment of a molecule occupying one site as an "clcment®
of that molecule, and to the whole molecule occupylng r sites

(having r elements) as an r-mer.

= Separat £ Degrecs cedon .
To evalnate the partition function the approximation
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will be made that the energy of the system may be expressed
as the sum of the energles of the different degrees of {ree-
dom of the systen, assuméd independent. The partition funec-.
tion  can then be expressed as a product of factors rclating
to the separated degrees of freedom,

For a erystallinc solid, the degrees of freedom relating
to the positions and motionz of thé centers of mass of the
eloments occupylng the lattice sites will be assumed to be
separable from other degrecs of freedon. It will also be
assumed that the energies of such degrees of frecdom as rota-
tion are assumed independent of the environment, which scems
likely to be a reasonable approximation, Then s, the parti-~
tion funetion, 1s given by

4= dint,  dtr, (1.3.1)
whiere the internal partition function (4pt. refers to all
degrees of freedom other than those relating to the positions
and motions of the centers of mass of the elements occupylng
the lattice sites. The free encrgy of mixing is then deter-
mined only by the translational partition funetlon (tr, &5 on
comparing a mixture with its pure components all contributions
to the free energy of mixing from Jint., willl cancel.

| It will now be assumed that for a c¢rystal the transla-
tional partition function may be expressed as the product of
the partition function of the positions of the elements,
assumed fixed on their lattice sites, and the partition func-
tion of the vibratlons of the elements about thelir lattlce
sites. Then

tr., =  Jae., L (1.3.2)
whore Qgc, is the partition function for the acoustic modes
of wibration énd L i3 the configurational partition func-
tion relating to the arrangement of the elements, assumed to
be at rest, on their lattice sites.

The approximation is now made that e, is determined
enly'ﬁy the number of elcments of each type present, and 1s
independent of the environment of the elements, or in cther

words Jac, is unaffected by mixing. Then the froc cnergy of
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pixing is determined only - the change in L. , the config-
urational partition functlion, on mixing. Later scetions of
this work will show how )2 may be determined using various
approximations.

To the above approximations, for a quasi-crystalline
liquid mixture, the froe energy of mixing AF of I moles of
species 4 and Iip moles of species B 1s given from cquation
€1.1.3) by
~AF/KT = (G4iz) In g =Ny in Nf - Hz In 8

(1.3.3)
vhere L p denotes the configurational partition function
of one mole of the mixture and 1§, .8 denote the con-

figurational partition functions of one mole of pure /A and

ol )

pure 3 respectively.

The configurational partition function <L may e
written, fron eguation (1.1.2) as '

QO =Y, e Be/kT (1.2.1)
vhere the summation extends over all possible configuratiors
of the system, and Ep; is the configurational ecnergy of the
system when it has the configuration specified by c.

e will now consider mixtures of stralight chain or
branched chaln molecules occupylng sites on a lattice which
has a co-ordination number z. 4 mumber ¢, is defined such
that 2z q; is the number of palrs of nelghbourlng sitcs to a
nolecule of species A, of which one site is occupied by one
of the r; elements of specles 4, and the other is not. Then
for straight chain and branched chain molecules, ¢; 1is related
to r. by

dza(ry;=-q) = 7, =~ 1 (1,4.2)
e will consider in thils work molecules which may contain two
types of eclements not energetically alike, We will denote
these elements by "a'" and "b", The treatment may be cxtended
to molecules containing more than two types of elowents (such

as branched chaln sy which eontain Oflg -, Chpn = and

A7 LTOCsrinonh
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CiI 2 clements) but this wori is confined to mixtures contain-
ing only two types of element. Each kind of moleculc
{species 1 or B) may or may nct contaln both kinds of clements.
lilumbers s, and t; are defined such that of the = g; contacts
of cach .. molecule z q;s; come from "ah elements and z g,
come from "b' elements, Then

s, + t5 = 1 (1.4.3)

"The approximation will be made that thoe configurational
encrgy may be regarded as the sun of the mutual energics of
all pairs of nearest neighbours in the system. This approx-
imation does not mean that all interactions between next-
nearest and more distant neighbours are ignored, but merely
that it 1s assumed that such distant interactions are regarded
as making a contributlion to the configurational energy which
is independent of the composition of the mixture.

Guggenheinm and MeGlashanz have shown that for regular
mixtures the effeet of considering next-nearest neighbours is
neglisible, and the offect will be assumed to be negliglible
for the more general cases studied in this wori.

We will denote by Z -73a/2 the contribution of each aa
contact to the enersy of the configuration, and by Z - yp/2 the
contribution of each bb contact, A quantity w is defined
such that (w3 + wpp + w)/z 18 the contribution to the config-
urational energy of cach ab contact. For a binary mixture
of 7, molecules of species 4 and lip molecules of species 3,

we will use the following abbreviations.

G= 2oz (Nyay + Epip) | (1.2.4)
s = 3444 (1.4.5)
t = (1.4.6)

e will denote the number of ab contacts in a given con-
figuration by 2z(li_ q. + lipgply; this is a definition of y.

Ve may now construct Table 1.1 by direct counting of contacts.



Table 1.1.
Hnd of Energy per Bunmber of Energy of all
Contact Contact Contacts such Contacts
aa 2 wy,/z 3 (s = y) Ziwaa(s~y)/z
ah (Wyq Fipy+w) /2 23y 2oy (Wag+Wwpha) /2
B 2 wpb/2 2t - y) Z20wph(t-y)/2
all 3 2 (swag+twpn+yw) /2

Then from equation (1.4.1) we may write the configura-

tional partition function 1. as
0 =Ly ela,Npe3y) e 2} (swaa+twph+yw) /2KT

| (1.4.7)
where the summation extends over all possible values of y
(1.e., over all possidble configurations) and g(sslipaily) 1s
the number of eanfigurationa having the same number of ab
contacts and hence the same energy for a particular value of
T

Equation (1.4.7) 1s exact if we regard as negligible the
effect of non-nearest nelghboursz interactions. The eguation
has only been solved exactly for the artificial case of a
linear array (i.e., z = Z) of i and B molecules each occupying
one slte. ile will now discuss the approximations that have
been made to solve the egquation for various types of mixtures.
The terminology of Guggenheiml will be used.

If w is put egual to zero in equafinn (1.4.7) the expon-
ential term 1s independent of y and may be removed {rom the
summation. The remaining summation ean now be carried out
exactly only for the cagse when the & and B molecules cach
occupy one site (r; = rg = 1) as the arrangement is then com-
pletely randuﬁ. This leads to formulae for ideal mixtures.
If either of the molecules A or D occupy more than one site
(ry or B # 1) the summation cannot be carried out exactly,
even though the arrangement of molecules is random. aAn
approximate solution leads to formulae for mixtures of mole-
eules of different sizes having zero energy of mixing, herein-
after referred to as athermal mixtures.



If w is not equal to zZero approximations to both terms
in the summation must be made for a solution to be obbLzined.
The simplest approxiration is made by assuming the arranzge-
ment of molecules is still completely random even though w is
not equal to zero. For mixtures of monomers, formulac {or
regular mixtures are obtained, and for mixtures containing an
r-ner, formulac for mixtures of molecules of different sizes
having a finite energy of mixing, hereinafter referred to as
non=-athermal nixtures, are obtained. The above apnroxima-
tion is referred to as the zeroth approximation. liore oxact
approximations are obtained by'determining the number of ab
pairs (4Qy) by various approximate combinatory formulae,
which allow for préferred configurations caugsed by w, the
encrgy of interaction, being finite. These approximations
are referred to as the first, or quasi-chemical, and higher
approximations, All the above cases have been considerod by
Guggenheim.l |

The above approximations, and the types of nixtures to
which ther apply, are shown in Taile 1l.2.

‘Zable 1.2.
0 ::Zy g(ii,, Ng, ay) o= A0(sVaa + twpp + yw)/zkT

w = 0

Random Hixing

r,=Irg = ryorrg# 1
Ideal Mixtures ~ Aithermal Mxtures
w # o0
v given by random value y given by approximate

combinatory formulae

r ==l r, or rpF 1 rﬁ;rnzl' r; or rp¥l
Regular Hon=Athermal Regular lion~ithermal
Mixtures Hixtures Mixtures Mixtures

(Zeroth Avproximation) N (Zigher ipproximations)
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~a this work, formulae will be derived for the general
case of a mixture of r -mers and rp-mers, The zcrotih approx-
Imation will be used (l.e., the arrangement of molccules will
be regarded as random) in spite of a finite value of w.
From the formulae we will derive, by putting r; = rg = 1 and
W = 0y formulac for ideal mixtures may be obtained, and by
putting ry = rﬁdformulae for regular mixtures may be obtalned,
Ve will now proceed to find the partition function for the

above general case,

e will now find an approximate formula for n for
athermal mixtures, From this expression we will derive a
formula for A y S5 the molar entropy of mixing for an athermal
mixture, We will then find A, U, the molar energy of mixing
of a non-athermal mixture, assuming the arrangement of mole-
cules to be random., By combination of the formula for Ay S
and A p Uwe will obtain an expression for Ap F, the molar
free energy of mixing for a non-athermal mixture;

Assuming w to be zers, we may write the confipurational
partition function - , from equation (1.4.7) as

Q = e Zswaartwmd) Ly ooy, wm, o) (L.5.1)
In determining the free energy of mixing, all the expornential
terms will cancel, 30 we may write

N =Xy g Gz, e o) (1.5.2)
How E:y g (I, Ny %y) 1s the total number of ways of arrang-
ing W molecules of species 4 and Iy moleéules of specles D
on a lattiee of I, + Ip sites. Denoting this guantity by
g (3,, lin), then

iIn L = 1ln g (I, Iy (1.5.3)
and the free cnergy of mixing, AF, will be given from equa-
tion (1.3.3) by
- AF/KT= (T #ig) In g(Ni fin)~1i;1n g(i;,0)-Ngln g(C,ky)  (1.5.4)

e vill now conslder a mixture of Ni molecules of monomer,
i, molecules of rj-mer and Np molecules of rp-mer. I lig is

the total number of lattice sites to be filled, then
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173 = Hl R 1":1_ H_‘.; +‘I'I:3 ;‘?B (1;5.5)
dince the arrangement of molecules is random, the frequency
of occupation of a chosen site by a monomer moleculc will be

Ny
ﬁl + 1‘4‘1 171 + I‘B NB

(1.5.6)

I a site 1s occupied by a monomer molecule, then tbe_chances
that a glven néighbonring site is occupied by ansther monomer
molecule or by an element of an r;-mer or rgp-mer are ags Ni to
(q; ¥ + gz ). Then the frequency of occupation of 2

chosen pair of sites by two monomer molecules 13 given by

RJ_ . NJ .
Hy +ry Ny + 7y I Ny + q; N, + ag Hp (1.5.7)

Now consider a group of r, sites so interrelated that it
is possible for them teo be occupied by a single T ~mer mole-
cule. The frequency of occupation of a chosen one of these

sites by any element of an rj-mer molecule is
rp i . )
Hy +r3 Ny + rp Np ‘ (1.5.8)

o

and the freguency of'its occupation by a particular eclement
of an r;~-mer molecule (regarding the individual elements as
distinguishable) 1is

=y
e

H1 + 3 Ny + T3 g (1.5.9)

Conseguently the frequency of occupation of the group of rj

sites by a single r,-mer molecule is proportional to

Ny
I + ry Na + rp Kp (1.5.10)

. By extension of equation (1.5.7) the fregquency of occupation

of the group entirely by monomer molecules is proportional to

v, -1
i) Ny =
iy rgfﬁi + Ty Np N1 + q; Nz + g Np
(1.5,11)

Av approximation has been made in the above argusent in
assuming that when two sltes are not occupied by elements of
the same molecule the probabilities of occupation of the two
sites in any particular manner are independent, It can easily
be shown that this assumption is at least sometimes false,
Consider a palr of nelghbouring sites, P and . Let R denote

another site neighbouring both P and . Let & be occupled
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by an element of a molecule. Then it has been assumed that
all concelvable manners of occupation of site P, not prevented
by the occupation of site 3, are equaliy probable. 4An orror
is made in not excluding those manners of occupation of sgite
P such that some element of the molecule occupying site P is
competing for site R with an element of the molecule cecupy-
ing site I, MeGlashan® has derived formulae for a nixture
of dimers and ﬁonnmers, considering groups of threc and four
sites, and has also derived formulae specifically excluding
some of the "impossible" configurations referred to above.
These higher approximations lead to values of thermodynamic
funetions very c¢lose to those derived for dimers and monomers
using the treatment given above. It will be assumed that
the errors arising from the "impossible" configurations are
amall, and they will be neglected in this work,

The equilibrium conditions between the molecules will
now be derived by applying the principle of detailed balanc-
ing4 to the elementary processes of |
(a) the removal (evaporation) of an rj-mer molecule from a
selected group of r, sites and its simultaneous replacenont
(condensation) on these sites by r, monomer molecules from
the gas phase and the inverse process of
(b) the removal of r, monomer molecules from the same set of
gites and thelr simultanecus replacement by an r -umer moleculc
from the gas phase,

The rate of process (a) will be directly proportional to
the r,-th power of p1, the partial bressure of monomer in the
gas phase, and tb the frequency of occupation of the set of
sites by an r -mer molecule. Fromequation (1.5.10) tke rate

will be proportional to

e
s i s 2 &;j
L ﬂl + Ty I‘Tﬂ + Iy ﬁB g e 3.1;..)

P
The rate of process (b) will similarly, from equatiocn (1,5.11)

be propertional to pe o= 1

W N1 I
i FTFTENLTYED ( R fo43>

(1.5.13)

where p; is the partial pressure of r,-mer in the gas phase.



it equilibrium the rates ol process (a) aud process (b)

muat be egual and consequently

:v?i"‘)'l*" = ¢} i‘“{ (Np + qu Wy + qp )R 7 1 (1.5,14)
where C%_depends only on the geometrical properties  »f the
wolecules and is lndependent of Wi, Ny and Jp. Dow Hhie rela-
tion between the partial pressure, p, of a perfect gas and
its abseolute activity, A » i3 given by

AN=g (D) (1.5.15
vhere @ (T) 1z %ho partition function of the gascous mole-
cule with the volume factor removed. Hence the ratio M /p
is independent of p. IDauation (1.5.14) may therefore be
written

e = 0. M a=-1
—xigr < Ol -r* (1 + qi Wy + ap Np)”

where Cz, like ¢}, is independent of W1, N and Ig.
Similarly, by considering ryp monomer molecules and an

rp~mer, on rp sclected sites, it can be shown that

A7 e ) - )
~ﬁx543- = 3 ﬁ%—(ﬁl +ay fy o+ qpEn)E - (1.5,17)

Then climinating A\, betveen equation (1.5.16) and equation

(1.53.17) we have
f;ifi‘;jx

A oy rﬁl ~ N - ¥ I'B 7“ r.r}a.

Ay TB

-

If [y 15 novw put equal to zero (1.0., we are nov consid-
ering a mixture of II; molecules of ri-mer and ¥p molecules of
r3~mer) then

ry - Ty

(q; Ty + ap a0 (1.5.19)

& now change to the variables liz; ¢ , where
g = T,ll; + PRilgy @ = rplin/lg, 1- @ = r:1./Ng
Dgquation (1.5.12) now becomes

Ty - T
"TB"’B Tf.""‘)""(g“" ?‘%‘;'%)) )
(1.5.20)
where Cl is indepexndent of P .
Now for a2 mixture of I: molecules of r.-mer and I mole-
cules of rgy-mer at constant temperitare and volume, th¢ Helm-

holtz free encrgy is given by
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AF = IU:& 4 1}73- KR /UL 3 I{{B (3..5.?41)

i

ut as p KT in A , equation (1.5.21) may be written
AF/KT = In A, dHy +In Agpdip (1.5.22)
or changing to the wvariables Ns, 4;0 ' "
AF/HgkT = ""3"55 1n —;ﬂ—m i@ (1.5.23)
e may regard the free energy as a function of Ny and ¥
henee the free energy of mixing, AF, is given by
AF=F (g, @) = (1L -¢) F (ligy 0) = ¢F (g, 1)
(1.5.2%)
Cowparing ejquation (1.5.24) with equation (1,.85.23) we see AT

is gliven by

@ ‘ 1
A ~ . X J-JL . A“’S 43
AF/ligkT "‘]""'rﬁ o 1n -B%AA a¢ - F%ﬁ , T e c@
Yy 0 (1.5,25)

Equation (1.5.25) gives the free energy of mixing of a
ulxture containing N; molecules of r.-mer and lp molecules of
rp-ner, To obtain the meolar free energy of mixins, A 4 F,

AF mst be divided by the total number of molecules,; namely

(;__Z_ f;), and multiyli»ad by Avagadro g number, N = E' Then
peg

l -(.,
ALF/RT = TB"'?(ITB"T:‘F (j In "‘BI’" dJ_ ¢5
0 O (1 5,26)

Substituting for 1In -%-’a;,é in eguatlon (l.a.uo) from equation

e

(1.5.20) and perferming the integrations we obtain, after
reverting to the variables i, I

- . (r J:sepiin)
(I#0) AgF/RD = 3, T+ 22a5F, 1o pReer .,,un-ﬂ)
. b og) I;ﬁ on 1' ai _‘lj"'_,;":))

P I’ B’ M, 2 o) -5 WN& ‘

¥ Ey In E e ¢ eRlE 18 ST A0

(1.0.27)
Then by differontiating with respect to temperature, we
obtaln Tor A ;¥ the molar entropy of mixing,

T, I; i gy (ToI-arslin)
-—-—-ﬂ%-—‘i— 7 P A —-‘-i-—‘
Tl rphp * 22 10 T \+q~pﬂl")‘

- (L3 +ig) Aps/E= Hy 1n

| rp Ip N
+ lip 1n T 0, +rpiyg * Z2qplg

(l. le ua)

on~Athermal

We will now make the assumption that for systems with
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amall heats of mixing (i.e., v is small) the arrangcment of
nolecaies 1s randon. Thns the entropy of mixing is given
correctly by equation (1.5.228), although equation (1..5.:3‘7) no
longer gives the free energy of mixing, Guggenheiml has
derived formulae for a model which allows for preferred con-
Tigurations, due to the finite energy of interaction, but it
has been shown® that the differences in thes values of derived
thermodynamic functions for the two models are vefy'small.
These differences are less than the experimental errors in
the determination of thermodynamic functions in the systems
to be considered later, 8o this work will be confined to
mixtures whose entropy of mixing is given by equation (1,5,28).
Table 1.3, analogous to Table 1.1, may now be constructed
for a completely random arrangement of Np moleeules of r;~-mer

and Ilp molecules of rg-mer, using the same notation as before.

fable 1.3.
Eind of Energy per Number of Energy of 4ill
Contact Coantact Contacts - such Contacts
a4 2w3a/% = Qs2 Eﬁszwaa/z
ab (waa+vbb+w)z 2085t 228t (waatwp#v)/2
bh WNo/'T oS 2qt%wpy/2
Al Q 23 (swag+twpprotw)/z

From Table 1.3 it is seen that the configurational energy,
Ugs Tor a random dlstribution is given by
Ue = 23 (8waa + tupp + siw)/z

(i \Harqpsplipdwaa + (9.8, +qptplin)vpy
v (1.6.1)

How combining equation (1.5.28) for the molar entropy of

mixing with equation (1.35.2) for the molar energy of mixing
we obtain for A ,F, the molzr free eucrgy of mixing.
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Ve will define w such that egquation (1.6.3) gives the

correct value of the free energy of mixing to the apnroxima-
slou used during the treatment. So defined w is rather a
complicated average anerg&; Cconsider a neighbouring palr of
sites 1n a gystez both accupied Uy a clements, and another
neighbouring pair of sites both occupied by b clements. Let
W donote the intermolecular onergy of the vhole systen when
the two palrs of sltes are occupled 23 deseribed while all
other sltes arce occupied in all conecelvable ways, and the
averaze over all physieally possible configurations, attach-
ing the relevant Soltzmann factor to cach configuratlion, is
taken. How suppose cach of the given palrs of sites to be
pecapled by two elouncnts, one a and one b, and let Uy denote
the inbtermolecular energy of the system, averaged in a similar
manner to that used to define Wy, ~ Then the quantity w,
dofined by equation (1.5.3) may be regarded as being given by

Sw = Wo = Wy (1,7.1)
Then 2w may be loosely described as the average work regquired
to interchange the manner of occupation of two palrs of sites
isothermally, or still more loosely as the inerease in the
intermolecular free energy when the manner of occupation of
the twe pairs of sites is changod as deseribed, Then w so
defined i3 independent of the composition of the mixturc.
This 1s in fact the basic approximation on which the trsatment
rests,

The whole of the above argument applies only.to oné
tempsrature, but nothing in the argument requires that w
should be temperature independent. VWe wlll now considor the



effact of allowing w tp be Lemperature depenﬁent‘5
Jefining w by eqation (1,.3.3) we obtaln AU, the molap

energyr of mixing Tronx

(1.7.2)
sitp+spta- w5 Gl
(sptp+spty sdt SL'I:J_,)(, —%l )
(1.7.3)
If ve define a quantity u by
‘a = W - Tdw/dT : (1.7.4)
emation (1.7.3) dbecomes
o= ‘ (s tp+spt =5 .t ~sptp) T
(1.7.5)

Equation (1.7.35) correctly gives the molar cnergy of
mixingz, Equation (1.5.2) on the other hand, gives AU only
fpr the case wvhen dw/dT 1s egual tc zZero and henee u is equal |
to w.

e may then esll v the co-operative free energy of foru-

abtion of a single ab euntact and u the co-cperative total

cnergy of formation of sueh a contact.

e will now derive from equadion (1,7.3) exyressicﬁs for
A#U for the mixtures gtudied experimentally,
(a) Carbon tetrachloride: Chloroform and Carbon tetra-
chlozidet Iyclohexans,

Ia these mixtures we will agsume that each molecule
_occuples one lattice site, znd that the moleenles ave -ner-
getically’different; Then for the varlous parameters in
equaticn (1.7,5) we have the following values.

Ty =1,9:=1, 8, =1, t; =0

Py=1,95=1, 53 =0, t3 = 1

Then equation (1.7.5) reduces to

Tu (1.2.1)

If we denote by x the mole fraction of species T in the
mixture, equation (1.2.1) becomes

Al = x (1-x) Nu (i,8.2)



Emation (1.2.2), which gives the energy of wixing
according to the zZeroth approximation, 18 Indepeundeut of 24
the co-opidination mraber of the lattice. Egquations oo
regular oixbtures derived from the zeroth approximation can be
obtaincd from the first approximation for regular mixbtures by
putting = esual to infinity.l In the twe regular solutions
conslidered here the differences betwéen the values derlved by
the two approximations are negligible compared to the experi-
mental errors, so only the zeroth approximation will e used.
(%) 3Senzenes Diphenyl,

It has been shown™ that for mixtures of hydrocarbons the
extent of agrcement between theofy'and experiment iz 1Insensi-
tive to the value chosen for the co-oriination number z, the
agroement beinr comparable for z = 4 and g = 2, Iydroearbon
rixtures are npore complicated examples of non-athermal mix-
tures than are benzenei:diphenyl mixtures, and we will assume
that the value chosen for z makes only a trivial difference
to the extent of agreement between theory and experiment for
benzeneidiphenyl mixtures, and we will use the value z = &
as the smallest likely to oecur, Then assuming cach benzene
molecule (species i) occupies one lattice site and cach
diphenyl molecule {(species B) occupies twoe lattice sites and
the Cgilg and Cglis- elements are energetically different, we

have

1';‘31, ‘lﬁ'-"l, 3&31’ tA-’-ﬁO
;=2 au=H, s3=0, tg= 1

(1.2.8)

The quantity measured experimentally 1s, however, the
energy of diiution and not the enorgy of mixing. Consider a
mizxture containing i, moles of bhenzene and Np moles of
. diphenyl, diluted by the addition of ANy moles Qf‘benzéne.

If AU; is the energy of mixing of N, moles of benzené
and ¥p moles of ﬁiphenyl. then

X
P Tty

LIRS

I.‘IU. (l'%p"ﬁ')



I ATy is the eneryy of uixing of (W + AH,) molos of
tonseae and Ip moles of diphenyl, then
ST AN

Y Tz -~ M ) . ™=y
A%z = S+ AR )+00, {1.2.5)

if AgpU 1s the energy of dilution of I, moles of bonzene

A
ant Lp moles ol diphenyl with AN, moles of benzene, then
Anii is given by

Anl = ATg = Al | (1.2.8)

25 Al ANE
(30, 45 A N, 400

oG

]

BHanig) (1.3.7)

Yhen the molayr energy of dilution, l&me. is given by
L 25 AN Np2 ) .
Apgl = T, BN +ip) (SRt A T A +BT5) (3N +0igy ~u (1.8.8)

&

If we denote Tne initial mole fraction of diphenyl by X3, and
e Dinal mole fraction of diphenyl by Xo, then edquation
(1.5.2) reduces to

A

S ?'5 12 (xl-xg) » “ <
DY = Tx3) (3+2x1) Iz (1.5.9)

(c) Iexane: Decane,

4s the extent of agreement between theory and exporiment
is insensitive to tihe value chosen for z, we will}arbitrarily
cnose the valus 2z = 2 of a body centered cubic lattico. We
shall regard the hydrocarbon moleculcs as csmpfiaéd of fyo
kinds of elements, namely CHo= middle groups and CHa~ cnd
groups. Tompa~ has given geometrical measons for agssuming
the clements to be ~CHo=CHo~ middle and =CHo-CH~ end groups,
apnd Van der Waals’ has given stronger reasonsg for choosing as
clements -~CH2-l0o- niddle and CHg- end grouns, [However,
both these proposals lead to molecules containing halfl iante-
gral nusbers of elements, which can have no geometrical inter-
pretation, ioreover, the extent of agreement between theory
and experiment 1s comparable for all the adbove choices, so we
will use the simple choice apecified above, assuming that the
CHz= and CHg- groups each occupy one lattice site, Then for
the various parameters in equation (1.7,5) we have the follow-

ing - values, . Jenpting decane a5 species B and hoxane as
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Substitution ¢f the above wvalues in eguation {(1.7.5)

gives for Aglf the expression
AU = 0,200 ¢EEL (1.3.10)

vhere x iz the nols fraction of hexane in the mixture,

-
=

cons e,

%

Theorics that have been developed to predict equilihrium
properties of liquid mixtures yvield expressions for the free
enorgy and epnergy of mixing at constant total volume, but
cxperimental determinations of vapour pressures and hesgts of
rixing glve walues for the free energy and cnergy of mizxing
at constant preasure. 4 theory has been develcoped by Scat-
chard® to correct the experimental constanpt pressure values
to conatant volume. Following is =a treatmentg of thie problem
which makes clear the various assumptions that must be made to
apply the theory. |

It will be assumed that the elements of theo compouents
are such that these elements all lle on lattice sites, the
lattice being simllar for the pure components and the mixture.
the lattice having a flxed and unalterable volume of V. per
mole of sites at all temperatures. The value of the frce
energy derived from theory is then ziven by

AgF (Ty xy Vo) = Fp (T, Xy Ve)=(1-X)Fp(Ty 05 Ve)=xFu(T,1,Ve)

(1.3.1)
where A pF is the molal free energy of mixing per molec of
mixture at temperature T, and Fy (T, x, V) is the molal frec
energy of a mixture of mole fraction x occupying a volume Ve
per nmole, at a temperature T, From equation (1.2.1) A F
can be calculated as a function of T and x, A pF being inde-
pendent of Vas |

The ekparimental determination of vapour pressures leads

to values of the free cuergy given hy
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Dyl (T2%,P5) = G (T,%,P5) ~ (1-x)Gp(T,0,P4) - X0y (Z,1,P3)
= & [Tox, 70T, %,P,)] - (1-:)[7,0,7(T,5,7,)]
e [i‘,l,V(fz,l,Paij (1.9.2)
where Py i3 the experimental pressure, usually one atmosphere,

-

T T (D =y D)
1s the nolar volume of o nivture of nole fraction x av Zen-
naratire T and pressure P,
How as
G [To%T (TuxaFa)] = Fy [Teme¥ (1,x,05)] + PV (,:,5,)
| (1.9.2)
then
AL (Tx,Py) = 7 o3, 7 (2,x,Py)] - (10T [7,0,702, 0,7, )]
-xFr 7,1,V (T,l,Pa)]+Pa{v (Tyx3P4)-{1~x)T(T,C,Pg)
-xV (7,1,P4) § (1.9.4)
The compressibility, i, of a 1liquid is defined by
K=-3 ¥ (1.9.5)
Then the pressure, P, exerted by a liquid in undergoing a
volume change from V (T, x, P3) to V (T, x, P) 15 given b~
T (T,%x,P)
p:p&-gﬂn UKV ar (1.9,5)
Vv {T,x,Pg)

and 33 at a givea tamperature

dFm = - PdV (1.9!7)
then
7 (T,x,P) ,
dfp = - Py = 5 1/K 7 4v) av (1,2.8)
VY (T4%XsPg)

Integration of equation (1.9.8) gives
r [T’ Xy v (Tg Xy Pa)] - F (Tg X, ve)

N"\;r (T,X,Pa} V (T!xlp)
=-J P, - J VAV av) &V (1.9.9)
Vo V (Ty%,P,)

14V d4vav

(1,2.10)

v (T,x,P,) _{V (Tyx,2)

= Py [VeV (1,xPR)] 4 'fVe

Substitution of squation (1.9,.1C) inte equation (1,92,4) zlves
A G (T5 X, Py)

= Py (T, X, Vo) ~ (1-x) Fy (T, 2, Vg) - X ¥ (T, 1,4 Ve)



V(O sXsPs) (V{TsXsP) T(TeX,Pa) V(T,5,7)
Lr 5 1/HT ATA7=(1-x) fv f 1/4VAVav
33! |

?(T;lea} E’(T;xp?a)

jY(T,x,Pa)_‘(‘V(T,x,P)
-X

1/% ¥ avav
Ve V(TyxaPy)
(L.2.21)
viere X 1s given by
H= K[T.=x VT, x, Py)] (1.7.12)

Then
AF (T, =, Vo) = AyG (T, %, P,)
gv(&‘.‘.x,?a) jv(f:c,x,r’) a )F'(T,x.Pa)jvm,x.P)
= o - )

1/H ¥ dvav( 1/%vavay
Ve V(T,X,i 1) V( y ’X’P&)

V(Ty%,2,) V(T4,7)
+xf f " 1/4vavav
Ve T(T,%,0g)
(1.9.13)
mach 1s the required equation.
Trom egquation (1,9,13) by differentiztion with reshroct to

tewperature 2t constant pressure, formulac for the quantitles

Amg (T’ X3 Ve} - A;}S (‘?3 X D&} (1,f«.14)
and A'{dﬂ (Tg Xy vg) - AmH (I}:’Q Xy Pd.) (1-~n J)

may be obtalned,

Toremalac (1,.2,18) (1. *1.14») and (1,2,15) are exact, bhut
cannot be applied unless knowledge of the volume, tempe:eature
and composition dopendenes of X is available, It 4% is
assuned that X is mdepeﬂdent of volume, &35 in Seatehard'ts
treatuent, eguation (1.9,13) can be integrated to give

ALF (T4 %5 Vo) = ApG (T, %, Py)

o m [Ve 1a SATaBaPa) 'Vni + Vg = ¥V (T,x',iza}]
ogdiEse [Vo n Hadalad + vo - 7 (2,0,Fa)]

Ve
+ sy [Ve 1o Bhadafed 4 vo - v (7,1,7,)]
(2..2.13)

Differentiation of equation (1.9,16) with resnect o
teuperature at constant volume gives

ATQS (:‘g X, 'VQ) - Amﬁ (I‘, x, P'i)

N ;,‘;.x‘ [“‘3 F{T,%,2, )+ 1n(T,x )Q?.Li.é,ﬁ){v RUAE
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(1,2.17)

where the eoefficlient of thermal expansion, € , is Jefined by

L& | 1,618,
A = ',f (-{Iﬁ} n (l.ﬁ'}o 8)

Sombinastion of eguations (1.9.16, and (1.9.17) leads to
an expression for

A 7 (T4,%g) ~ AT (T,%4P3) (1.2.19)

To apply equadtiocn (1,2.190) the dependence of & , H , and

the molay volume on the compositlon and tenmperature must be
1G -

ENOWT, Tood and Zray—> nave experlmentally determined the
eonpozltieon and tenmwrature depeniseuce of the molar volunes of

rigtures of curhon Totrachloride and eyclokexare, and by assull-
Ing that o and K Tor the nixtures were additive in the vol-

wie Traction have ecttalred numerieal resulits to apoly to exper-

imentally deternined values of the free energyll

and energylg
ot niving of these diguids. Sore caleculations have becn
carricd out using the same numerical values as Wood and Gray
for the molar volumes and for ¢ and K, but assundng that /K4
and & /X weore addlilive iv the mele fraction., It was found
that the resulis difTered apsreciably from those of ood and
Grayy, and as both treatments assume that X is Andependeant of
pressure it is seen that little can be gained in applying
correctlons obtalned in such an arbitrary manner, “reclse
knowledge of the composition, pressure and temperature depend-
ence of & and X 13 pecessary before the experimentally
deterined valaes of the free cnergy and heat of mixing at
constant pressure can be corrented Ho constant volume.

The results of Wood and Gray and the results of the
autior, show that the heat of mixing at constant volume 1ia
anoroximately temperature independent. The application of
tiic correction mahes‘littie differcnce in the extent of agree~
ment hetwveen theory and cxperiment for the carbon tetrachloride:
cyeclonexane system, as the form of the heat of mixing vorsus

mole ifpaction picts 1s not appreclably changed, even though



»n

the magnltade of the 7alue o7 W at cach hamperature 1s. is

7131 he seen later, an arbliinzary comstant iz Inbrodaned ke

£

gompare the experinzsnial Tree onergy and ensrgy of sdxing
valuaed, and this constant will dnclule the corrections to
eonstant volune, Suffieclent data was pot avallabvle ©o carry
1% ealeulations Tor correction to constant velume of the
other gystens stullied, and as 1t secus likely that the corw
rociions play no part in the comparison of theory with experw
Iment, excent for the hydrocarbon gystems, the constant
prossure resulis cobtaiped in this work will be directily com-

pared o the values derived from theory,

3,10, . Theorw Allevlac for grtentation,

Barlordd nas developed a theory applicadble to miztoren
eontaining weakly nolar noleecules, The quasl-crystalline
nalel is used, but 21lowance 15 made for the dependence of
the interactlon energies of neighbouring assymetrical mole-
cules upon thelr relative orientation. Good agreecmort
between theory and experiment is obtained foi the systens
mecthanolicarbon totrachloride and methanolibenzenc, ard gual-

itative agreement iz obtained for the system ethanolichloroform.

1,11, _Corformal Solution Theory.
Longuet-Higginslé‘has developed a theory for a class of
mixtures defined az conformal, HNo model of state iz ucsed in
the treatment, which applies equally well to mixtures of
1igulls and to mixtures of imperfect gases. Zy assuming that
the mu:tiial potential energy of a pair of molecules iz a par-
ticular function of the distance between them, the mutual
potential energy between all pairs of molecules in the mixture
is found (c¢.f. the gquasi-crystalline treatment, where cnly the
mszal votential energy between neishbouring pairs of molecules
is considered). From the expression for the pbtential energy
of the whole systom, the thermodynamle functions of mizing are
found. The resulis are similar to those obtained from the

quasi-crystailliae treatment and in addition the theory nredicts
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some 20ailibrliua otepsrtics whilsh
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e P B T ~r ey o
raaogent Leiween Sasory and cuperl-

srrshallins troatneat, %

zent 13 obtatnsd Sor ”“? heats, onftreples and volumes of

Lesward-Tones sni \«Vuhshjre*ﬁ to mlxtures of liguids, It

e agsuned ,L»t the distanco between neighbouring molceculics
Lo the pixture is the gsame as bevween neighbouring molocules
o both pure corponents, which is equivalent to the guesi-
crysballine model, and that the mutual potential encegy of a
palr of molecuiss Zg Ziven by = peyticilar funetion ol the
dlstance hetveon then (c.f, Tonguet-Migsins ' treatment). Ty
aongideration of the zotiop of a-mgleculé in a "eceil" formed
by its neareat nelpnbours, cexpressions Tor the thermedynawmic
fenctions of mlxing are found, The results are similar to
tihose ochbalned €rom the quasiQergtallina ﬁoﬁel., and agree=-
ment between theory and experiment for the system carbon-

tetrachlerideinecpentane is cbtained,



iidrovel’ measured the heats of mixing of a large number
of binary mixtures at 25%° C. The calorimeter consisted of a
double walled coppcer vessel, having a graduated capillary
tube communicating with the sPace between the wails. The
space and a portion of the capillary tube were filled with
xylene, the whole acting as a sensitive thermometer, The
calorimeter was contained in a thermostated Dewar flask and
partially filled with water. The liquids to be mixed were
contained in a "U" tube and separated by mercury, the limbs
of the tube belng sealed off, The '"U" tube was placed in
the water in the calorimeter and the liquids mixed by invert-
ing the "U" tubej the temperature change being compensated
for by addition of mcreury to the calorimeter, The heat
effect on mixing was calculated from the weight and tempera-
ture of the added mereury., The accuracy of the results is
not high as an appreclable vapour space existed over the
1igquids, and no corrections werc made for evaporation and con-
densation on mixing,

Hany of the blnary mixtures Investigated contalned a
highly polar c¢omponent, and are not suitable for comparison
with the theory given before, but the systoms ecarbon tetra-
chloride:chloroform, carbon totrachloride:benzenc and benzency
chloroform were investigated, and gave parabolic A Il versus
mole fraction plots, in agreement with the theory for regular
mixtures,

18 peasured the heats of mixing of |

Carroll and iilathews
several binary mixtures of polar molecules at atmosphoric
prossurc and the boiling point of the mixtures. The liquids
wore mixed in a thermostated brass calorimeter, one liquid
being directly placed in the éalorimeter. the other being
contalned in a glass ampoule, The témperature change on
aixing wvas followed adiabatically by the thermostat, using a

thermopile between the calorimeter and the thermostat as a
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null instrument. Corrections were made for evaporatlon and
condensation on mixing iInto the vapour space present, and
calibration was carried out by eleetrical heating. Owing to
the difficulty of maintaining adiabatice conditions during a
process of short duration, the results are not of a high
aceuracy.

vo1at® mecasured the heats of mixing of several binary
mixtures of Group IV tetrachlorides, benzene and fi-heptane at
25° ¢.  The calorimeter consisted of an alr thermostatod
Dewar flask. One ligquid was placed in the calorimetor, and
after thermal equilibrium was attained the other liquid was
poured in, the temperature change being followed by a plat-

i num resistance thermometer. Calibration was carried out
by electrical heating. As the vapour space was small com-
pared to the volume of the mixture (330 ml) tho correction

for evaporation and condensation was negligible, Since about
twenty seconds were required to mix the liquids, considerabdble
uncertainty in the temperature change on mixing existed, and
the results cannot be regarded as accurate.

Parabolic A p veorsus mole fraction plots were obtained
for the systems studlied, in agreemeht with the theory for
regular mixtures. 7

Van der Waals’ has measured the heats of mixing of sev-
eral binary mixtures of hydrocarbons between 20 and 73° C.
The calorimeter consisted of one of‘a palr of "twin" Dewar
flasks, the liquids to be mixed being placed in "wells” in a
mixing wvesscl mounted in the calorimcter. Inversion of this
vossel mixed the ligquids, the temperature change being fol-
lowed by means of a thermopile between the Dewars.  Calibra-
tion was carried out by electrical heating, and corrections
were made for evaporation and condensation on mixing. Tne
results show a considerable scatter, and as the correction
for evaporation and condensation was sometimes as high as
30° of the total heat measured}.the results cannot be regarded
a8 highly acecurate. Discussion of the results will be post-

poned to a later section,
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thitaker and Cheeseman®U have measured the heat of mixing
of the systems carbon tetrachloride:chloroform, carbon tetra-
ghlnride:methylene ciiloride, chleroformimethylene chloride,
benzeneitcarbon tetrachloride and benzeunesethylene dichloride
betwoen 15 and 30%° €. The calorimeter consisted of a vacuum
jacketed and thermostated mixing vessel, in which the liquids
to be mixod were separated by a tinfoll diaphragm, there
being no vapour space. 1Mixing was effected by breaking the
diaphragm, the temperature change being followed by means of
a thermopile between the calorimeter and the thermostat.
Calibration was carried out by electrical heating. Owing to
the absence of a vapour phase, the results are of a high
accuracy.

The results for all the systens studled except the
benzenciethylene dichloride system show that a A pil versus
mole fraction plot i3 parabolic, in agreement with the theory
for regular mixtures. The temperature coefficient of the
heat of mixing of some of the mixtures studied wiil be dig-
cussed in a later seetion. The non-agreement of the results
for the benzenesethylene dichloride system 1s probably due to
the polar nature of the ethylene dichleride molecule.

Tompl21 has measured the heats of dilution of some high
polymer solutions. The calorimeter consisted of a single
Dewar flask; gimilar in design to that used in this worlk.

The temperature change on mixing was followed by means of a
thermistor, and calibration was carried out by elcetrieal
heating. The accuracy of the results is aomparable'to the
acecuracy obtained in this work,

Scatchanl, Ticknor, Goates and mcCartneylg have neasured
the heat of mixing of the systems benzeneécarbon.tetrachloride.
.carbon tetrachloridetcyclohexane, benzenetcyclohexanc and n~
hexanexnshexadecané, %nd also the heats of mixing of scveral
binary mixtures containing methanol, at 20° C. The calor-
imeter consisted of an air thermostated "U" tube containing
the liquids, which were separated by mercury. Cork stoppers
closcd the ends of the tube. The liguids werc mixed by
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inversion of the "U"™ tube, the temperature change being fol=-
lowed by means of a thermoplle between the calorimeter and
water at room temperature. The change in heat contont was
calenlated from the change 1nvtemperature and the heat capac-
ity of the calorimeter and liguids. lie corrections wero
made for evaperation and condensation on mixing, or for
absorption of liquid by the cork stoppers. Corréctions of
up to 20¢ of the total heat of mixing were applied to correct
for heat exchange with the surroundings. The results cannot
be considered to be accurate, as too many uncertainties exist
in the corrcctions for heat exchange with the surroundings,
and no fqrther purification of the commerelal liquids used was
ecarried out, As can be secn in Graph ¢ the results for the
system carbon tetrachloridescyclohexane differ appreciably
from the results of this work,

Ferry, Gee and Treloars? have measurcd the heats of
dilutionaf solutions of low molecular weight homologues of
rubber with benzene, acetone, carbon disulphide, toluenc,
heptane, carbon tetrachloride and chloroform, The calorinm-
eter consisted of one of a pair of thermostated Dewar flasks
containing two concentrié bulbs, the inner bulb being sealed
at the bottom by a pool of mercury. The liquids werc»ﬁlaced
in each bulb, and mixing was carried out by 1lifting the end
of the inner bulb out of the mercury. The temperaturc
change was followed by a thermopile between the Dewars, while
galibration was by means of electrical heating. 4 large
vapour space was present, so the results cannot be regarded
ag highly accurate. Guggenheiml has analysed these results,
together with the wvapour pressure results of Gee and his col-
laborators®3s 2% and finds reasonable agreement between

theory and experiment.



The calorimeter wﬁs designed to measure positive heats
of mixing, down to heats of mixing of the order of C.1 joule
per nmilliliter of mixturesy to contain up to one milliliter
of cither component;y to have‘no vapour phase and to be suit-
able for measurements between 10 and 70° G. The calorimeter
design wags a modification of those of Tomﬁaal and Calve%,gs
and vas constructed of pyrex glass and is shown in Figurc 1.

The instrument was a twin calorimeter consisting of two
identical vessels (U) each containing two inverted bells coa-
structed.as/shown (3) and covered by two caps (i) joincd by a
tube cariying the therwopile (?). In one of the vessels,
hereinafter referred to as the calorimeter, the heat absorp-
tion on mixing was compensated by elcetrical heating, while
the other vessel acted as a reference bath for the thermoplle.
This was found to be necessary as the thermostat temperature
showed variations of about 0,001° C. about the mean value.

By placing}the reference junctions in a separate vessel and
not directly ir the thermostat the influence of these varla-
tions was suppregsed, as the heat capacities and hoat transfer
coefficlents of the two vessels were approximately the same.
D.50 ground glass joints (Gl) provided water tight seals for
the caps and B,14 ground glass joints (Gg) vacuum tight scals
for connection to the vacuum system. Dow Corning Co. high

vacuun silicone grease was used on all ground glass joints,

A ten junction thermopile of 0.018 inch diameter copper
and constantan wirecs, of length 19 centimeters, having a
resistance of about six ohms was used. The ends of the
thermopile were insulated with "Araldite" cement, and tiie
thermopile and leads wore held in the calorimeter by U. L,
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Edwards and Co., .40 wax,

Dpu P : ster.

The thermal E.M.F, was fed directly to a Leeds and
Horthrup Co, type 2235a galvanometer, through mercury pool
contacts mounted in the thermostat. TUsing a four meter
light path, and about 340 grams of mercury in the calorimeter,
the-sensitiﬁity was of the order of 80 millimeters deflectlon

per 0.1 joule. 7he scale was read to the nearest millimeter.

Sade . The Heater.

The heating coll (H), having a resistance of approximately
30 tha, was made from about 12 inches of enamelled constantan
wire wound round the outside bell. The resistance of this
was determined by'comparison,wifh standard resistancoes, using
thoe potentiometer, to 0.001 ochm. A correction for the
resistance eof thé leads was made. The heater was insulated

from the mercury, and cemented to the bell, with clear lacquer.

A Leeds and Northrup Co. type .2 potentliometer was used

in conjunction with a Cambridge Instrument Co. Weston liormal

Cell and a Canbridge Tnstrument Co. type 41159 "spot" galvan=-
ometer to find the E.M.F. across the standard 50 ohm resist-

ance to 0.00C01 volt,

The thermostat was constructed of copper and was ther-
mally lagged with wood filre bhoard on the bottom and sides
and by wood on the top. It was about two feet square and
contained two 200 watt immersion heaters, a mechanical
stirrer, a copper cooling coll and a mercury toluenc regula-
tor. Une heater was connected to the mains through a
variable transformer and a reclay actuated by the mercury
toluene regulator, and the other through a variable resistance.
The temperature was kept constant to better than 0,001° C.
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botween 10 and 45° C., and to better than 0.002° C. between
45 and 70° ¢, |

The calorimeter was contalned in a copper bath suni: into
the thermostat and provided with a mechanical stirrer, as it
was found that the small variations in the thermostat temper-
ature as the relay operated heater went on and off caused
variations in the calorimeter temperature. The inner bath
acted as a buffer against these thermostat temperature varia-

tions.

. . Svstem.
The Jackets of the calorimeter and reference vessel were
evacuated to provide thermal insulation with a mercury diffu~
sion pump backed by an oll pump, through the I.14 ground glass
joints (Gp)., 4 vacuum of better than 102 miliimeters of
mercury was obtalned, as showh by a vacuostat mounted in the

vacuun system.

A o The Electrical Cirouit.
The circuit to enable the E.MF. across the calorimeter
heater to be measured is shown 1ln Figure 2.'
H is the calorimeter heaterj D a ballast resistance of
approximately the same resistance as the calorimeter heater;
3 a standard 50 ohm resistance; V a wvarlable resistanceg

A a two volt lead accumulator and X and ¥ are mercury pool

gwitches.

4 glass membrane across the top of the inside bell was
made by breaking the solid rod at X (Figure 1) and then heating
the top of the bell to redness and placing it against a thin
1.5 centimeter diameter buld blomnfromC.5 centimeter tubing.
The rod was then rejoined, and to prevent premature rupture of
the seal by the pointed "breaker" mounted in the outside bell,
a strip of adhesive tape was wound around the tube carrying
the outside bell, to give a clearance of about two millimeters
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betweon the breaker and the membrane.

| The calorimetcer was filled‘to the top with clecan mercury
and thie inside bell placed so that its lower edge was about
5 millimeters below the —ercury surface, The bell wasjthen
completely filled with mercury by sucking the air out with a
length of fine plastic tubling bent to a "U" shape. | The
lighter 1iquid was introduced into the inside bell, using a
one milliliter hypodermic syringe with its needle bhert to a
'O shapes the syringe being weighed hefore and after filling
the boll, to the nearest 0,00001 gram. The bell agscmbly was
then lovered until the lower edge of the outside bell was
below the mercury surface, and the bell was then filled with
mercury and the heavier liquid intreduced as before. The
whole bhell assembly was then lowered, with the solid rod
runuing down the alot going the full length of the ealorimeter.
ereury was sucked off until about 5 millimeters remaincd
above the top of the outside bell. The cap was then placed
on, the thermopile fitting in the shorter slot, The refer-
ence vessel was filled with the same amount of mercury as in
the calorimetor (abgut 340 grams)., No seal was pregent in
the reference vessel, and both bells were filled with mcrcury,
as a series of blank runs with benzene in both bells of the
reference vessel showed that a heating effect of less than
0.005 joule cccurred on lowering the outside bell, but this
effect was independent of the presence of benzene or a seal,
and was therefore produced ty stirring when the outside bell
wvas lowered. When the bells in both vessels were lowered
sirmltaveously a heating or cooling cffect (referred to the
calorimeter) of less than 0.002 joule was obhserved. The
technique of lowering both bells together was followed through-
ount the work, | |

After fiiling, the calorimeter assembly was placed in the

inside bath and connected to the vacuum system. When temper-
ature equilibrium had been reached the vacuum was appllcd,
and after a further hour the run was commenced. The minimun

time from f111ing to the start of a run was about five hours.
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The heatlng current, adjusted by the variable resistance to
give a heating time of about ten seconds was switched on
through the ballast resistance when the calorimeter was filled
to ensure a steady current during the run.

Just beforce the run was commenced the galvanomcter leads
were disconnccted and the "open circuit" galvanometer reading
obtained, The leads were then reconnected and readings taken
at Tifteen second intervals for a peried of two minutes before
the scal wss broken. The seal was then.brokén, and the
heating current switched on as soon as possible for the cal-
culated timé for exaet compensation. This preocedure of
compensating as soon as the liquids are mixed is similar to

7 Por the carbon tetrachlor-

that employed by Van der laals,
ideichloroform and benzene:diphenyl systems a stop wateh,
reading to C.1 second, was used, and for the carbon tetra-
chloridetcyclohexane and hexanetdecane systems the pukes from
an eleetriecally maintained pendulum and the heating current
giving parallel traces on a moving strip of paper wvere used
to determins the time.the heating current flowed, Galvanon-
eter readings were taken at fifteen second intervals untll
tenmperature equilibrium was reached, as shown by constant, on
uniformly changing, galvanometer readings, The galvanometer
leads were then disconnected and the "open circult" zero
found to determine the zero shift of the galvanometer Jduring
the run,

An electrical calibration was carried out by ohserving
galvanometer readings hefore and after the heating current
was on for a known time, The "open circuit" zero was again
checkei; and the heating current determined by measuring the
E.M.F., acress the 50 ohm standard resistance while the current
was flowing through the calorimeter heater, Before and after
the run the E.M.F. aeross the 50 ohm standard was determined,
with the hallast resistance in the eirocult, to ensure that
the current had remained steady during the run.

In the determination of the heat of mixing of the systems

carban tetrachlorideschloroeforn: and carbon tetrachloridces
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cyelohexane Tive two voll accumulators were used in series,
‘with a voltage divider to the potentiometer and a 100 ohm

resistance in series with the thermopile and galwvanometer,

3,10 Typdcal Runs.

Jetails of two typical runs follow. Run (a) for carbon
tetrachloridetchloroflorn is typical of thils system and the
system carbon tetrachlorideicyclohexane, and run {b) is
tynical of the systems benzenesd;phenyl and hexanecidecane,
(a) Carbon tetrachloride and chleroform at 25° C,

The galvanometer deflections given belo# are shown
plotted against time in Graph 1.

Welght of chloéoform 0.75624 grans.,

HWolght of carboun tetrachloride =  1.12704 granms.

[

g%gg Deflection Iime Deflection Iime Deflcction
mites and centi- '

(mi
Seconds meters)
0.00 26,0 7.15 263 10.00 3.3
e 00 26,0 7.30 22,28 10.15 3S7.5
5,00 26,0 7445 | 26.1 10,30 40,5
5.15 23,8 8.00  26.1  10.45  4l.1
5.3C 24,1 C.15 2G.1 11.G6 Zl.1
5,43 C.6 8.30 26,1 11.12 40,9
3,00 27.4 S.45 26,1 11.30 4G, 7
c,15 27.2 9.00 2.1 11,45 £0.5
.30 26,9 9,15 26,1 12,00 20,3
G458 26.7 2.3C 26,1 12,15 2.1
7.0C 26.4 0.43 27.8 12,30 36,0
Heating time during run ‘ = 1C.3 seconds
(beginning at 6.02?
Heating time during calibration = 11,9 scconds

(beginning at 2,30
Seal broken at 5,00.

26,2 centimeters,

]

Open zers before run
Cpen zorc after run = 26,0 centimeters.
26,C centimeters.

6.0 centimeters.

B

Open zero bhefore calibration

i

Open zero after calibration
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E.l:.F. across 50 ohm standard with

]

calorimeter heater in circuit 5.06931 volts.

Resistance of calorimeter heater

Hi
3

k)
o
&
o
g
[ £+
[}

Thien energy liberated during run
= (2:09981)% ¢ 25 525 x 10.3 joules
_ = 3,1260 joules
and enecrgy liberated during calibration
= ‘5*9%%53)2 x 22,525 x 11,9 joules
' ' = 3,6123 joules,
From Graph 1, and allowing for the zerc ecorrection, it
is socen that the calorimeter has cooled by an amount corres-
ponding to 0,1 centimeter deflectionm, The deflection céused
by 2.0123 Joulea is seen to be 15.8 centimeters. Then the

energy =quivalent of a deflection of 0.1 centimeter is

3. 615
QL 3,612 .

= 0.0220 joules.
Then the heat of mixing is given by
AR = 3,1266 + 06,0222 joules
= 3.1485 joules,
(v) BDenzene and diphenyl solution at 45° C.
| The galvanomoter deilectlons given below are shown
plotted against time in Graph 2.

velght of benzene

[

) 0.G2262 grams.
Jeight of diphenyl solution = (,28907 grams,
HMole fraction of diphenyl in solution = 00,2870,

ilme .Qs%lﬁskisn Iime Deflection Iime Deflection
(ainutes and centi-
' seconds) meters)
0.00 28.2 345 23.0 730 28.0
0.15 28,2 4,00 28,1 7.5 23,6
3,30 23,2 4,15 28.1 3,00 28,7
0,45 22.2 4,30 28.2 8.15 22,7
1.00 . 28.3 4,45 28.2 3,30 4.7
1.15 28,3 5.00 28,2 2,45 8.7
1,30 28.3 5,15 33,2 3,00 41,2
1.45 28,9 5,30 23,3 2,15 41.5
23,00 28.3 S48 28,3 2,30 41,5
2 28,0 5400 28,3 .45 21,4
2.9 28,3 G, 15 AL 10,00 41,3
2eB5 28,2 G.a30 28.4 10,15 41,0
3. 00 2.0 6,45 8.5 10.30 40,7
Je15 28.1 7.00 28.5 10.45 205

Sed30 23,0 7,15 23.5 11,06 20,3
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deatlng time during run = .3 seconds
(teginning at 2.08)

Heating time duri calibration

1 10,0 seconds
(hezinning at &,15

i

3eal broken at 2.00

Upen zero before run = 25,0 centimeters.
Upen zero after run = 24,2 centimeters.

)

Cpen zero belfore callbration = 24,5 centimeters.
Open zero after calibration = 25,0 ceontimeters.

B.x.F, across 50 ohnm standard with

i

calorimeter heater in cireuit 1.21951 volts.

Aesistance of heater = 33.445 ohms.
Then energy 1iberated duriasg ran

b=
= (= 05 ) X 23,145 x 6.6 joules

it

0,.1313 joules
and energy liberated during calihration

= ( 219# ) X 33.345 x 10,0 joules

= 0,199¢ joules,

From Graph 2, and allowing for the zero eorrection, it
15 scen that the calorimeter has ecooled by an amount corres-
pondling to G,7 centimeter deflection. The deflectinn caused
by G.122C joule is seen to be 13,2 centimeters. Then the
cncrey equivalent of a deflection of 0.7 centimeter is

02 £ 04990 4,1,

= (,01060 joule.
Then the heat of mixing is given by

A = 0,1313 + G,0106 Joule
= Oi 1‘119 joule.
Sadda Purification and Storage of liaterisls.

(a) Hercury,

411 mercury used was first towered through a solution of
mercurous nitrate in 57 nitrie acid and then distilled three
times in vacuo. After mercury had been ﬁsed in the calor-
imeter 1t was towered and redistilled in vacuo, and stored in

stoppered flasks.
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{} Carbon tetrachloride.

Loalytlcal Reagent quality carbon tetrachloride was
fractlonated Zour times, the middle fraction of each distil-
lation belng retalned, The final product was stored over
amivydrous sodium sulphate in 3 stoppered flask,

(¢} Chlsrofeorm.

Six hundred millileters of ‘nalytieal Reagent quality
ciiloroform were shaken with five suceesslve lots of six
mndred milliliters of distilled water to remove alcohol,
present as a stabiliser, The chloroform was then dried for
22 hours over anhydrous calelum chloride and then fraction-
ated, the middle fraction belng washed as beforec, dried over
arbyvdrous calclum chloride and frachtionated once agsin. The
middle fraction was washed, dried over calcium chloride for a
weell, then fractionated from phesrthorous pentoxide onto
caleclum carbanate, The middle fraction was filtered, de-
gas3zed and sealed off into a storage flask,

(i) Cyclshexzane.

Commercial ouallty eyelchexane was purified by 'Wililam-
30n36 nsing the following method. The ecrude materlal was
shaken for slx hours with a nitrating aeid consisting of five
parts of concentrated nltrice aeid énd nine parts of concen-
trated sulphuric acid, ibout 300 ml. of acid belng used per
liter of cyclohexane, The cyeclohexane was then washed with
distilled water and then with a 17 sodium hydroxide solution.
After further washing with distilled watef it was dried by
standing over anhydrous calecivm c¢hloride for two days. The
dry cyclohexane was thern fractionated twice, the first and
Jast guarter of each distillation belng discarded. ohe
product was stored over scdium wire in a stoppered flask,

(e) Hydrocarbons.

The hyﬂrocarbons'uﬂed were mass spectrograph ctandard
samples obtained Trem the Department of Scientific and
Industrial Research, Chemical Research Laboratery, Teddington,

and were used without further purlification.



(f) Denzene,

Analytical Reagent quality benzene was washed with sue-
cessive lots of concentrated sulphuric acid until uo yellow
ecoleration of the acld was produced, thern washed with dis-
tilled water and dried over arhydrous calcium culoridec, then
over sodiux wire. It was then fractionated and the mlddle
fractlon was recrystallised seven tines in a cryometer
(Figure 3) similar in design to thatdd Pigmermans. ¢  The
product was stored over sodinm wire in a stoppered f{lasgi,
() Uiphenyl.

Sommerclal gquality diphenyl was recrystallised three
times from purified alcohol and atored in a vacuun dessicator.
7wo rans were carried out with this product, then the diphenyl
was agala recrystallised. Ho significant difference was |
found in the results. The final product was gstored in a
vﬁcuum deasicator.

() Solutions of diphenyl in benzene,

To make up and store the benzenetdiphenyl solutions the
storage flask shown in Figure 4 was used, The flask was
weighed, the required amount of diphenyl introduced through
the neek (4) and the flask reweighed. The side arw was
filled with clean mercury, the flask rewelghed, the bonzene

‘intrnduced through the neck (i) and then the necl: was sealed
off and the flask and detached neck reweighed,

To £111 the hypodermic syringe a volume of clean mercury
equal te the volume of $elutian,to he taken was put in the
syringe. The syringe was then fitted onto the ground glass
joint (B) after the mercury in the side arm had been railsed
to B by warming the flask, .The syringe was euptied of
mereury, the flask tilted to oupty the side arm and then the
solution was drawn into the syringe. The flask was tilted
to refill the side arm with mercury and the syrinsze removed

and fitted with the bent needle.

(aj Corrections for heat exchange,

“ne argoment following is largely that of Van der raals.7



Scale: 2/3 Size.

Fig. 4. Storage Vessel.




48 the heat absorption on mixing and the electrical cnergy
supplied cever simultaneously balance one another, the calor-
imeter tenpcrature shows small variations from the thermostat

temperature durlng a run, and these varlations are accompanied

by heat transfer between the calorimeter and its surroundings.
if the temperatare of the thermostat 1s T and the temperature

of the calorimeter is T, there will be a flow of heat approx-
imately nroportional to (9-Ty) from the surroundings to the
calorineter. 458 the zalvanometer deflection & is proportional
to (7=%a), then

A3/db = -k (G=G,)
where {(3Gg) is the deviation of the galvanometer delfleetion
from 1ts value Go at temperature T = To, t the time and k a
eongtant equal to the heat transfer coefficlent of the calor-
imeter divided by its heat capacity. A4s k is small,

AT/ At = <k (C—-GQ)A,,‘,“
expressing that for a short time, At, the change in galvan-
eneter deflection is proportional to At of the mean value of
(i=7g5) in that interval, This is represented by the stralght
lines 48, TE z2nd 7L in Traph 3, ©n apnly a correction for
inexact compensation, as shown hy 8§G, a point & on the
elonsablion o7 M 1s Ifound such that the verticeally and hori-
zontally hatched areas afe equal, These areas represent
heat loss anl zaln, respecetively, and when they arc cqual thé
calerimeter has gained as much heat from its surroﬁnﬂings as
it has lost to them, and 8§ G then gives the amount of galvan-
oreter deflection corresponding to the inexact compensation.
The gawe procedure is applied to the callbration curve FilL,
ard from this curve the cpergy eaulvalent of & G is abtained.‘
Pris energy equivnlent is added to or subtracted from the
enerzy supplied during the run.

The above arsvment is largely academic, as in nearly all
the exrerinents the lines i3 and FE vere horizontai, and 6 G,
~the difference in galvanoreter deflonotions before and after
the ™, was legs tnan one cenbtlmeter, The arrars introduced

in veading the scale (to the nearest millimefer) and in the
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cxtrapolatlons, in the value eof the heat of mixing are csti-
mated £t~ be about Z of the heat measured.
{L, Other errors.

The value obtained for the heat of mixing is directly
proportional to the time the heater is supplﬁing cnergys to
the resistance bf the heater and to the square of +the current
passing through the heater, The errors iun ma.lug ithe
elcetrical measuremcnts will be regarded as neglisible, so
the only error to be considered in the above measurcnents is
in the dectermination of the tiwe. in the systems carbon
tetrachloridetehloroi'orm and benzenetdiphenyl a stop watch
reading to tenths of a sccond was vsed, In deternining an
interval of %ten seconds a 27 error may be made, Dilank runs
showed that the stirring effects acconpanying the breaking of
the seal caused the cvolution or absorption (referrcd to the
calorimeter) of £.002 joule, The errors in welghing out the
components arc estimated to be less than 1. Zhen the over-
all error in measuring C.1 joule iz 7, and in measuring 1.0
joule, 5. in measuring the heats of mixing of the systens
carbon tetrachloridcscyclohexane and hexanetdecane a pendulum
operated relay was used, and 1t 1s estimated that in deter-
mining an interval of ten seconds an crror of =% may be made,
Tor these latter systems the error in measuring C.1 joule is

G, and in measuring 1.0 joule, <.
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are the reszlts obtained in this investi-
zakloa, 11 welghts given arve ix zrzus, and have baen
corrected to vacuo, The heat of mixing 1s given in Joules,

and is the cunergy absorbed when the weights of components

glven are mined,

511 measurenents were made at 25° ¢,

Yleight HYeight Heat of Hedght Jeleht feat of
CHClj 'CClu_v Mixing CHClBW: ;CClu Hixing

e DT 1,0390 2,7225 G TO00 1,1&l S, 5686
£, 7002 1.1362 S. 1815 1,133% £.7203 20 9540
0, 7T555 1.1271 S, 183 dee 1230 Oﬂ Gl 20290
C.7332 1.1357 3413 1.2000 0.320% 1.7278

D205 1.1108 2,2355

. Yiole fraction _
Tewperature  Jelght elght of Ciz d1o in Heat of
(°c. Cc Hg Solution Solutlon Dilution

10 0,780 0, 1008 0.24802 0. 0760

RS C,06355 C,Z220 G, 24828 G. Y776
¢ C.1001 0.4312 Q.2492 20,1808
1c GPERY Sk w,iT:3 G242 C.1245
10 2.4017 0.225% U, 2402 C.1872
1¢ . 2028 0, 4280 2402 C.1053
25 LAB0S L2083 0.1234
25 d.l 270 C.3037 G.1574
e 0,475 C.2E83 3, 2080
25 O.J&ld 0.237C O.Bﬁq

=5 o 3 C,E50 5.env2 C.2182
25 Ca 5317 O, 3773 . 3037 C.2414
35 A0 7“54 Q3680 O 2422 Dclggﬁ
et ) f, Sli"'i /.. ::J‘q.dz_: O " 18

?‘5 :':’3 ('1"1 ‘m 1;,—:-;2
G 5.2492 £.1617
306 D.2422 C.1567
205 5,70 - Ce 9”?0 0.0629
e e SR C‘ . -(23;%’ ¢.28 G, 1277
45 0.63828 00,3807 .um7ﬁ ’ G, 1415
5 Oe2l2 O, TSR 02,2870 0,157
45 Te Y G 767 0. 2870 G. 1630
ot Ce%aV 0 0.4310 D 3037 o, 1727
e Ceabli: QL 0088 J.2482 , €,105&
<) 0.4057¢ Oflaqb 0.2422 C, 1565¢
e 0,008 G.2225 .32403 . 0208

a0 Gy 4455 O, 4007 0,2452 0,1017
Sy 0,023 2, 4305 <2370 C. 1222
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fs

3 22 ! d ohegxane.

Tom x()grature Welght C Cla Welght Cg Hio Heat of llixing

uw,

1G G. ug G 8352 la O‘E}%
0 O.GSS C. 4773 1.51C0
ic - 1,137 ¢,2401 1.2050
10 1.4218 72,0971 Q. 5197

28 9 . 218 \.). GE0 O. 7271
25 G, 2134 7.5”"” 131457
25 G.56145 0, 4849 1. 3986
25 G,79¢ 0 S04 1.4503

25 1.507C 3.2960 1,3873
=8 « 2030 G_JCLI 1.1030
25 1.3975 G. U038 G,.3C73

40 0. 0506 0.5311 . 2313
20 AFRGTEN S G728 1.3817
20 1. 1315 0, 2807 l 1697

<G 1.4510 C,0862 C. 5260
2 0. 1060 0.5282 ¢. 5027
58 C,328 0.5269 0.2821
oo 0.7120 €, 2403 019816
55 1,0069 0. 3000 1.2871

Tom erat§re VYeight CgHy.  Weight CioHss — Heat of Mixing
C.) -

10 0, 1559 rLRass .1120
10 . 2094 u.7 275 G.1743

Ve n e P rrnig € o 1015

R [RIPE i ik T e et Al

o £.4011 0.4441 ¢.1029
e LLo5z £.3300 211910
10 L5252 0.299¢ £.1922

i, 25067 0.5511 w. 1199
E 9,020 0,497 35,1899
a8 o L707 02733 , 1282



The molar volumes of carbon tetrachloride and chloroforw
at 257 C. are In the ratioc of 1:1.2, but it has been shown®®
that for'spherical nolecules to be interchangeable on a
lattico the ratio of the molar volumes may be as great as 112,
Carbon tetrachloride and chloroform molecules zay be regardéd
as spherical, so thc assumptions made before ( § 1.2) are
valid, and the molar heat of nlxing should be given by

Apl=x (1-x) Iu (5.1.1)
vherc x 1s the mole fraction of carbon tetrachloride in the
mixture.

The results obtained in this work at 25° C., togother
with thoso of Iirobel” at 25° C. and those of Uhitalzor and
Ghoesemangg at 24,7° C,, arc shown in 3raph 4 plotted as ApH
versus the mole Jraction of carbon tetrachloride in the mix-
ture, ?alues of Ilu were found by obtaining the bost straizht
line through the origin to £it a AT fersus x (1-x) plot, by
the mothod of least squares. These valucs are as followsi-

(1) ‘“'hitaker aad Cheeseman, im = 923.0 joules/mole.

(2) Tirobe, u = 932,38 Joules/molc.
(3) This work, Ku = 933.0 joules/mole.

Comblnation of all the experimental data lcads to a
value of iu of 938 Joules/molc. Graph 4 shows that all the
data 1s fitted, within experimontal error, by the exprossion

Ayl = x (1-x) 920 jounles. (5.1.2)
Thus the molar heat of mixing 1s glven correctly by the theory
for regular mixturcs,

Uhitaker and Cheeseman found that the heat of nixing of
equinolar mixturecs was independent of temperature over the
ranze 15 to 30° C., and thus lu is independent of teﬁperatureu
tow Prom equation (1.7.4) we have

Hu = hw - §4 (Gw)/de (5.1.3)
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Then

o= -7 ) Gu/T2 ar (5,1.4)

48 ITu is independent of -temperaturc integration of
equation (5.1.4) gives

Hw = Hu + AT (5.1.5)
vhere i 1s a comstant, which may be zero, positive or ncpa-~
tive, The molar free cnergy of mixing should thus bo given
by equation (1.G6.3) with Uw given by equation (5.1.5). Un-
fortunately ne vapour pressurc data could be found to test

thls assumptlon.

Du2 & .

The molar volumcs of benzene and diphenyl are in the
approximate ratio of 1:1.,7 over the experimental temperature
rangc, but 1t will be assumed that the molecules pack on a
lattice with each benzene molecule occupying one lattice site
and cach diphenjl molecule two lattice sites. The model
will be applied, using a value 2 = 6»for the co~ordination
mumber of the lattlee, even though the molecqles are not
spherical but planar, Then the molar heat »f dilution should
be given, from equation (1.3.92) by

=x2) .. .
Ay = %ﬁ%}% T (8.2.1)

where x1 and x2 are the initial and final mole fractioms of
diphenyl in the mixture.
The results obtained in this work at 1G, 25, 35, 45 and

60° C. are shown in Graph 5, plotted as ADyU versus -

[ T od =y -
Lo+2X2) (S+2x1
all lie, within experimental error, on a straight line through

. The experimental points at one temperature

the origin, showing that the results are in agreement with -
equation (5.2.1).

VYalues of Iu for cach temperature were found by obtainlng
the best straight line through the origin to fit tho above
plots, by the method of least équares. These values are as
followss

10° C., Hu = 571 joules/mole.

259 ¢,, T

i

=
|

= 482 jo.les/mole.
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35° C.y Tu = 424 joules/mele,

459 C,, Im = 351 joules/mole,

60% C., Tu = 208 joules/mole,

These values can be represented, within experimental
error, by the equation

u = 2193 - 5,737 joules/mole (5.2.2)
vhore T i1s the tenperature in degreces absolute,

From equation (5.1.4) we have

mw=-7 { @/ ar (5.2.3)
and on 3ubstitﬁting for lu ffom equation (5.2.2) and perform-
ing the integration we have

Hw = 2193413,197 logjgp T+AT joules/mole (5.2.,4)
vhere 4 18 a constant.

Vapour pressure measurements carried out on benzenc:
diphenyl nixtures by Everett and Penney‘g9 and by Daxendale,
Enustun and SternSC over a temperatufe range of 15 to 75° ¢,
have been analysed by Lverett and ﬁcGlashan.l They found
that the experimental results were in agreement with theory
and that equation (1,6.3) correctly gave the molar frec
eneréj of mixing if iiw were given a temperature independent
value of G3C 4+ 10 joules/mole. If we assume that equation
(5.2.4) corrcetly glves the value of Iw at 35° C, (1.c., 630

Joules/mole), equation (5.3.4) becomes

ffw = 2193-13.197 logyp T=37.88T jonles/mole (5.2.5)
From equation (5.2,5) the following values of Hv are
obtaineis:
)

]

257 0,y Iw = 031 joules/mole,
35° C., M = G35 joules/mole,
45 ¢., Uw = 645 joules/mole,
Cos Tiw = 642 joules/mole,

The above values of Hﬁ’are in vory good agreement wilth
the constant value of Nw of ©3GC 3 10 Joules/mole dircctly
derived from vapour pressure measurements. However, if{ the
aroblem of findins the relationship between Niu and ifw is
approached in the rcverse manner to that used_abbve; that is
if we try to find iu, using_ﬁggmsygerimental valucs of ilw in

CAMTERRURY UNNVIRSITY COLLEGE
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cquation (1.7.4); 1t is found that the experimental accuracy
in the determination of Iiw is not sufficient to find an
accurate valuc of d(Nw)/dT. Hore accurate determinations of
vapour pressures than have hitherto been made are required
before the value of Ilu (and hence the heat of mixing) can be
predicted from values of IIw derived from vapour pressurc data.
The only previous determination of the heat of dilution
of benzenezdiphenyl mixtures that could be found was that of
Tompa.9l He found a value of Iu of 74C joules/mole at 25° C.
However, as Tompa made no corrections for the heat changes of

evaporation and condensation on mixing, this figure cannot be

regarded as accurate,

The molar volumes of carbon tetrachloride and eyclohexane
are in the approximate ratio of 111.1 over the experimental
temperature range, 4s in ( 6 5.1) the molecules will be re-
garded as spherical, each molecule occupying one lattice site.
Then the molar heat of mixing should be glven by

Al = x (1-x) Hu (5.3.1)
vhere x is the mole fraction of carbon tetrachloride in the
mixture. ’

The results obtained in this work at 10, 25, 40 and 55° C.,
together with the results of Scatchard, Ticknor, Goates and
1eCartneyt® at 20° C. are shown in Graph G, plotted as Al
versus the mole fraction of carbon tetrachloride in the mix-
ture. | Values of Iin for'each temperature were found by
obtaining the best straight line through the origin to fit a
A 1 versus x'(l-;).plot, by the method of least squares.
Graph G shows that within experimental crror, the data for
each temperature fit equation (5.3.1) with the following
values of lNu.

10° C., Ilu = 623 joules/mole

252 ¢,, Mu = 593 joules/mole

40% ¢., Hu = 562 joules/mole

559 ., fu = 532 joules/mole
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These values can be represented, within experimcntal
error, by the equation

Ju = 1198-2,037 joules/mole (5.3.2)
vhere T 1s the temperature in degrecs absoluie.

From equation (5.1.4) we have

= -7 [ (m)/2” ar - (5.3.3)
and on substituting for Hu from equation (5.3.2). and perform-
ing the integration we have
 Hw = 1198#4.677 logig T + AT Joules/mole (5.3.4)
where 4 is a eonstant. |

Vapour pressure neasurements carried out on carbon
tetrachloridetcyclohexane mixtures by Secatechard, Wood and
ﬂochelll have been analysed by Guggenheim.l ‘He found that
the experimental results were in agreement with theoryj
equation (1.5.3) giving the molar freec energy of mixing for
the values of Iw shown below in the third column of Table 5.1.

If it is assumed that equation (5.3.4) correctly glves
the value of Iw at 40° C. (4.e., 264 joules/mole), cquation
(5.3.4) becomes

Nw = 1193+4,67T logio T =~ 14.647 joules/mole {5.3.5)

Values of Nw, derived from equation (5.2.5), together

with the experimental values, are shown below in Table 5.1.

 Iable S.).
e T omtm (020 Epism b
30 273 274
40 263 264
50 254 258
60 246 2485
70 237 236

The above values are in exccllent agreement, but as in
(¢ 5.,2) values of liu and hence the heat of mixing cannot be
'accurately found from the experimental Nw values avallable,

The only previocus determination of the heat of mixing of
carbon tetrachloride:cyclohexane mixtures that could be found
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was that of Scatchard, Ticknor, Goates and'McCartneylg at
20° ¢. Their results are shown in Graph G, and theilr aceur-

acy has been discussed before ( §2).

If it is assumed that the molecules are constructed of
the elements CHp= and Cliy-, occupying a lattice with co-
ordination number 2z = 8, then the molar heat of wixing should
be given from equation (1,3,10) by

Agll = 0.2496 TEEEEL— (5.4.1

where x 1s the mole fraction of hexane in the mixture.

The results obtained in this work at 10 and 25° ¢, are
shown in Graph 7, plctted as Apid versus the mole fraction of
heiane in the mixture. Values of Nu at each temperature
were found by obtaining the best straipght line through the
origin to fit a Ayl versus 00,2426 I%ééﬁé%i plot, by the method
of least squares. The values arc as follows:

10° ¢,, Nu = 843 joules/mole

25% C., liu = 577 joules/mole.

In Graph 7 curve (1) is given by equation (5.4.1) with

H

Ta equal to 243 joules/mole, and curve (3) is given by
equation (5.4,1) with Ilu equal to 577 joules/mole. It is
seen that within experimental error the points lie on the
theoretical curves.

Van der Waals’ has measured the heats of mixing at 20° C.
of mixtures of hexadecane with decane, octane, heptanc and
hexane. The results, which are not particularly accurate,
show an appreclable scatter about the theoretical curvés
derived from equation (1.7.5). Van der Waals found that his
results at 20o C. could be represented by the empirical cx-
pression

Agl = 5.1 (v - 1‘5)3 x (1-x) joules/mole (5.4.2)
By finding the best parabolas to fit the results of this
work, and interpolating between 10 and 25° C., 1t is found
that for the system hexane:decane cquation (5.4.2) corroctly

gives the heat of mixing at 20° C. Shown in Graph 7 are the
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Graph 7. Results for the System C6H1M"G1OH
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Curves 3 and L, 25°c,
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best parabolas to fit the data (eurves (2) and (4)),

The scatter of the cxperimental results of Van der Uaals
about the theoretical curves derived from equation (1.7.53) is
comparable to thelr scatter about the curve given by equation
(5.2,2), but as is seen in Graph 7 the results of this work
are better fitted by eguation (1.7.5) than by equation (£.4.2),
The values of @lu to give the best agreement of Van der Jaals!
results at 20° C. with theory were found by the method of
least squares. The values are as follows:

2463 Joules/mole
1724 joules/mocle
1435 joules/mole

1213 joules/mole
565 Joules/mole

Hexadecanecidecane , u

it

i}

- Hexadecancioctane 5 Iu

HJexadecanetheptane, Hu
Hexadecaneshexane, Nu
Hexanes:decane, Hu

H-nt

The value for the system hexanesdecane was found by
interpolation between the values at 10 and 25° C. obtained
in this work.

idceording to the theory glven belore all the above walues
should be equal since all the molecules are assumed to be |
constructed of the same elements, and Nu is the energy of
formation of a mole of CHp=:Clg~ contacts. A different
cholce of clements to "build® the moleculés from makes no
appreelable difference to the extent of agreement in the Iu
values given above. ” |

Tampaﬁ has analysed the wvapour pressurc measurcments of
Bronstead and Koefoed32 on the Systems hexadecane thexanc,
hcxadecanetheptane and hexanetdodecane, It was found that a
value of Nw of 284 joules/mole, constant to 437, fitted the
experimental data for the three systems studied.

An explanation o the disagreement of the Hu valucs, and
the agreement between the Iiw values may 1ie in the fact that
the results have not been corrected to constant volume. It
13 to be expected that the volume change on mixing will be
greater the greater the differonce in chain length between
the component molecules of the mixture, and that the compress-
ibilities and coefficients of thermal expansion for the
mixtures will change in a-regular manner with change in chain
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length. The ccrrectioh to be subtracted from the experi-
mental heat of mixing values will thus be greater the greater
the difference in chainllength between the component molo-
cules, and the constant volume values of liu wlll be more
nearly constant than the experimental constan£ préssure
values., The correction to constant volume to be applied to
the experimental vapour pressures ic negliglibly small, so the
constarey of the experimental liw values will not be affected.
Uptil aceurate volume, compressibility and thermal expansion
data 1s available the results cannot be corrected to congtant
volume,

By integration of the Nu values over the_experimental
temperature range, agreement between the Nu and Hw values may
be obtained, but there is little significance 1n the result
as Dronstead and FKoefoed only made measurements of vapour
pressure at 20% C., and introduction of an integration con-

stant ensures perfoct agreement at one temperature.



A calorimeter has been built to measure the heats of
mizxing of binary liquid mixtures in the absence of a wvapour
phase. The operation of the calorimeter was checked by
measuring the heat of mixing of the gsystem carbon tetrachlor-
tdetchloroform at 25° C.s and comparing the resnlts with those
obtained by other wurkers.on the same system. I!lMeasuroments
were made over a tamperature range of 10 to co° C. on the
systems benzeneidiphenyl, earbon tetrachleoridescyclohexanc and
n=hexanctn-decane.

The results werc found to be in good agrecment with those
predicted from a thoory develovned by Guzgenheim and co-workers,
based on the quasi-crystalline model of the liguid state,
excent that in the case of the hydroecardbon mlxture, the
results, when considered with results on the same type of
system obtained previously, showed a discrepaney between theory
and experiment. A suggested explanation of this discrepancy
has‘been put forwvard.
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