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1. ZW>REXJQ.TU:! II'{TROUUQTIOiJ. 

The object or this investigation was to test aomo recent 

theories o:r the equilibrium behaviour of liquid mixtures c 

~.:uch theoretical work has been done on this subject, but very 

few experimental measurements have boen made on mixturec 

simple enough to be satisfactorily described by the models 

proposed. This work was undertaken to provide data for 

simple mixtures that could be expected to be reasonably welJ.. 

described by the theoretical models. 

1.1. 8tatist1ca1 Thg;rmgdynamies qt Hixtures. 

It can be shown that for a system of prescribed tempera­

ture, volume and content the observed or equilibriurrr value ~ 

o£ a property whose value is ~r when the system is in state 

r of energy Er is given by 

I cR - Er/1;? 
(f = r r e ··' I:r c- Er/lfJ.. (1.1.1) 

?he quantity Lr c- Er/kT is called tho partition :::·~L.:·­

tion of the system, and will be denoted by Q. 

i.e. Q = Lr o- Er/k7 (1 .. 1.2) 

If a quantity F is defined by 

F = - kT ln Q (1~1.3) 

it can be shown that F has all the properties or tho Eolm-

holtz f"ree energy. If' tho partition function ~l can be oval-

uated, then F and all the other thermodynamic properties of 

the system may be found by appropriate differentiation. 

He 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, o~ liquid 

mixtures. 

1. 2. The '.Xlas~-Crystallino Hodel. 

~c model to be cliscussed, and tho theoretical. an(l.. 

mathematical treatment of the model, are due mainly to 



Guggenheim. 1 

In determining the thermodynamic properties of' liquid 

mixturGs we will only be concerned lv.lth the differences be­

tween the thermodynamic properties of' the miXture and its 

pure components, so any property of the pure components that 

may be assumed to be unchanged on mixing will have no effect 

on those differences. X-ray analysis has shown that liquids 

have pronounced short range order in their structure, so are 

much more like a solid than like a gas, and remembering that 

properties that are unchanged on mixing will not be dis­

cussed. a reasonable model o£ the liquid state applicable to 

mixtures will be as follows. 

In a crystal oaeh lattice site is surrounded by- a ae:fin­

ite invariable number of nearest neighbours, so in a liquid 

mixture it will be assumed that each "lattice sito't is sur­

rounded by a defini.te average number, not necessarily 

integral, or nearest neighbours. ~ere will be fluctuations 

about this average nu.rnber, but these fluctuations will be 

assumed to be small enough to affect only a negligiblerraction 

of lattice sites. However, these small nuctua tions in the 

environment of nearest neighbours throughout the lattice v.rill 

bo sutficient to destroy all long range order. 

A crystalline lattice can only be oecupied by units 

sufficiently similar in size and shape so as to be inter-

changeable on the lattice without distorting it. Those 

units may either be single molecules, in which ease we shall 

refor to them as monomers J or in the case or mixtures of 

mol.ecul.es of widely differing shapes and sizes they may be 

segments of a molecule such that the whole molecul.e occupies 

an integral number or sites. In this caso we shall refer to 

the segment of a molecule occupying one site as an 11 elomentn 

or that molecu~e, and to the whole molecule occupying r sites 

(having r elements) as an r-mer. 

To evaluate the partition func-t:ion the approXimation 
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Will be made that the energy of tho system may be expressed 

as the sum of the energies of the different degrees of free-

dom of the system,. assumed independent. The partition func-. 

tion ~i can then be expressed as a product o:r factors relating 

to the separated degrees of freedom. 

For a crystalline solid • the degrees or fre€dom relating 

to the positions and motions o.f the centers of mass of the 

elements occupying the lattice sitos will be assumed to be 

separable from other degrees of freedom. It will also be 

assumed that the energies of such degrees of i:recdom aa rota­

tion are assumed independent of the environment, which seems 

likely to be a reasonable approximation. 

tion f'unetion. is given by 

Dt v r. 

Then Q, the parti-

(1.3 .. 1) 

where the internal partition function ~int. refers to all 

degrees or freedom other th~n those relating to the J)OS1t1ons 

and motions of the centers of mass of the elements occupying 

the lattice sites~ The tree energy or mixing is then deter-

mined only by the translational partition function :'Jtr., as on 

comparing a miXture with its pure components a11. contributions 

to the tree energy of mixing from :~int. will cancel. 

It will now be assumed that for a crystal 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 vibrations o.r the elements about their lattice 

sites.. Then 

(1.3.2) 

where Qac. is the partition function for the acoustic modes 

of vibration and _o_ is the configurational pat-ti tion fnnc­

t1on relating to the arrangement of the elements, asstuned to 

be at rest, on their lattice sites. 

The approximation is now made that iac. is determined. 

only by the number or e~ements of each type present • and is 

independent or the environment or the elements, or in other 

words Qac. is unaffected by mixing. Then the froo energy of 



mixing is determined only ~:;,· the change in ...fl. , the config­

urational partition function, on mixing. Later sections of 

this \rtork Will show how ...n. may be determined using variou:J 

approximations. 

To the above approximations, for a quasi-crystalline 

liquid mixture, the froe energy of mixing A F of r;;:. moles of 

species 1:.1. and liB moles of species B is &"iven from equation 

(~.1.3) by 

(1.3.3) 

~1crc JLm denotes the configurational partition function 

of one mole of the mixture and _{}_ ~. ....n..E denote the con-

figurational partition functions of one mole or pure n ~d 
pure 3 respectively. 

1 ,:1 • i• Tbe Cgnfiguta~iopal Part1thon Funetign • 

The configurational part.ition :function ...0.... 

written, from equation (1.1.2) as 

-" - Ec/16' ...fl - Lc G 

may be 

where the summation extends over all possible conf'ieura'Gior:.s 

o:f tho system, a.nd Ec is the configurational energy of the 

system when 1 t has the configuration specified by c. 

~'!e will now consider mixtures of straight chain or 

branched chain molecules occupying sites on a lattice which 

has a co-ordination number z. i'l;. number q.:-i is definoc1 such 

that z qA is tile number of pairs of" neighbouriog si tcs to a 

molecule or species A, of which one site is occupied by one 

o£ the r~ elements of species A, and the other is not. Than 

for straight chain and branched chain molecules, q_,} .. is related 

to r_:~ by 

J.,- z (r, - q", ) 
"" ..-.1. Lt. = 1 (1.·1.2) 

Ue will. oonsider in this work molecules which may contain two 

typc3 or elements not energetically alike. lve will denote 

those elem.ents by ttan and '•bn,. Tho treatment may be extended 

to moleaules containing more than two types of elements (such 

as branched chain 
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CII :: elements) but this work is confined to mixtures contain-

ing only two types of element. Each kind of molecu.J.c 

(species J. or B) may or may net contain both kinds of clements. 

numbers s:.,. and t~l are defined such that of the z q..l contacts 

of each A molecule z q_J,S.A come f'rom "au elements a.nd z qj,tA 

come :from "bu elements. Then 

(1.4 .. 3) 

J.'he approximation will be made that tho coni'igurational 

energy may bo regarded as the smn of" the mutual energies or 
all pairs of nearest neighbours in the system. This approx-

imation does not mean that all interactions between L~xt­

noarest and more distant neighbours are ignored. but merely 

that it is assumed that such distant interacti.ons are regarded 

as making a contribution to the eonf'igurational energy which 

is independent of the composition of the mixture. 

Guggenheim and 11cGlashan2 have shown that for regular 

mixtures the e:f:f:'eet of considering next-nearest neighbours is 

negligible, and the affect Will be assumed to be negligible 

for the more general eases studied in this work. 

l'!e will denote by Z.. ~-'J.a/z the contribution of each aa 

contact to the energy or the conf'igura.tion, and by 2. '"~biz the 

contribution of each bb contact. A quantity w is defined 

such that <waa + Wbb + w)/z is the contribution to the config-

urational energy of each ab contact. For a binary mixture 

of ?J~\ molecules or species A and IJB molecules of species s. 
we will use the following abbreviations. 

(1.4.4) 

(1.4.5) 

(1.4 .. 6) 

~,:e will denote the number of ab contacts in a given con­

figuration by Zz(l;.:.-.8;. + NBqB)y; this is a definition of y. 

~·Je may now construct Table 1.1 by direct counting or contacts .. 



Y~nd of' 
Contact 

ab 

bb 

A .. ll 

Energy per 
Contact 

Z Wa,a/Z 

<vaa.+Wbb+W)/z 

Z. Wbb/Z 

~ble l•l· 
Number of 
Contacts 

Q (s - y) 

Z.G.y 

~·· {t - y) 

6. 

Energy of all 
such Contacts 

Z~iwaa (s-y)/z 

.z.;~ly( Waa+Wbb+\:1) /Z 

z~JWbn<t-y)/z 

Z.:J ( SVaa+t\.fbb+yw) /Z 

~en from equation (1.4 •• 1) we may write the configura­

tional partition fUnction ..n... as 

Jl =ly g01A,NB,~y) e- .Z.Q(swaa+tWbb+yw)/zkT 

(1.<-1. 7) 

where the summation extends over al.l possible values of. y 

(i.e., over all possible eonf'igurations) and g(NA,IJB,Qv) is 
"' 

the number or configurations having the same number of' ab 

oonta.ets and hence the same energy for a particular val.ue of 

Equation (l..<t. 7) is exact if we regard as negligible the 

effect of non-nearest neighbours interactions. The equation 

has only been solved exactly for the artificial case of a 

linear array (i.e., z ;: Z.) of .A and B molecul.es each occupying 

one site. de will now discuss the approximations that have 

been .made to solve the equation for various types of' mix.tures. 

Tho terminology of Guggenheim1 will. be U$ed. 

It w is put equal to zero in equation (1.4.7) the expon­

ential. term is independent of y and may be removed i':rom the 

sllllmlation. The remaining summation can now be carried out 

exactly only £or the oase when the A and B molecules each 

occupy one site (rA : rn = 1.) as the arrangement is then con-

pletely random. This leads to formulae for ideal mixtures. 

If either or the molecules A or B occupy more than one si tc 

(rA, or rJ3 # 1) the summation cannot be carried out exactly, 

even though the arrangement of molecules is rand~. An 

approximate solution leads to rormulae f'or mixtures oi' mole­

cules of different sizes having zero energy of mixing, herein­

after referred to as athermal mixtures. 
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If w is not equal to zero approximations to both terms 

in the summation must be made for a solution to be obt~ined. 

The simplest approximation is made by a.s.suming the arrange­

ment of .molecules is still completely random even though w is 

not equal to zero. Por mixtures of monomers, formulae i'or 

regular mixtures are obtained, and f'or mixtUres containing an 

r-mer, formulae for mixtures o~ molecules of di:fterent sizes 

having a fin! te energy of miXing, hereinafter referred to as 

non-athermal mixtures, are obtained. The above approxima-

tion is referred to as the zeroth approximation. Hore exact 

approximations are obtained by determining the number of ab 

pairs (ZQy) by various approximate combinatory formulae o 

which allow for preferred configurations caused by w, the 

energy of interaction, being :finite. These approximations 

are referred to as the f'irst, or quasi-chemical. and higher 

approximations. 

Guggenb.eim. 1 
All the above cases have been considered by 

2he above approximati.ons, and the types of mixtures to 

which the:"' apply, are shown in Ta-;:rle 1. 2. 

Ideal 1-'uxtures 

y given by random value 

r"=r~l c• .Jj 

·Table 1.2. 

w = 0 

Random 1-lixing 

w r1 o 

Atherma.l Hixtures 

y given by approximate 
combinatory formulae 

rA=rn=l A;;. or rnl'l 

Regular 
Hixtures 

Non-A thermal 
Hixtures 

Regular non-Athermal 
l<!ixtures l11xtures 

(Zeroth Approximation) (IT1gher ;.,pproximations) 



:c n this work. formulae ld.ll be derived for the general 

case of a mixture of r a-mers and rn-mers. The zeroth approx­

imation will. be usod (i.e. • the arrangement of molecules will 

be regarded as random) in spite of a finite val.ue o~ 1.;., 

From the formulae we will derive, by putting rA = lli = l and 

w ;;. o, formulae for ideal mixtures may be obtained, and by 
:::/ 

putting rJ. = r]3 i'OriilUlae for regular mixtures may be obtained. 

Ue will now proceed to find the partition function f'or the 

above general ease. 

1.5. Eyaluat1on of tbe Partition Fypg~ion. 

:Je will now find an approXimate formula for _n_ for 

athermal mixtures. From this expression we.will derive a 

for.mula for A m ~ the molar entropy of mixing for an athermal 

mixture. \fe will then find Am u, the molar energy of' mixing 

oi' a non-a thermal mixture, assuming the arrangement o£ mole-

culas to be random. By combination of' the formula for L\ m S 

and /j. m U we will obtain an expression for Am F, tho molar 

r.ree energy of mixing for a non-atherrnal mixture~ 

Jlssuming w to be zero, we may write the configurational 

partition function __()_ , from equation (1.4. 7) as 

_o_ = e~~ ZQ(swaa+tWbb) L y g (N::_, 1;:3, Qy) (l.S.l) 

In detormini.ng the free energy of mixing, all the exponential 

terms will cancel, so we may write 

_()_ = Ly g (lJA, HBt Qy) (1.5. 2) 

IJow ~ y g (U)~ u13 }y) is the total number of ways of arrang­

ing n.1 molecules of species ; .. and !i-s molecules of specie~l B 

on a lattice of NA + Hn sites. Denoting this quantity by 

g Cn,i, HB), then 

ln Sl. = ln g (H) .. , Hn) (1.5.3) 

and the free energy of mixing, .6 F • will be g1 ven !'ron equa­

tion (1.3.3) by 

(1.5.4) 

lie l-11.11 now consider a mixture of NJ. molecules of monomer, 

1~~ molecules of rA-mer and NB molecules of ra-mer. If lis is 

tho total number oi' lattice sites ·to be filled, then 
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(1.5.5} 

3incc the arrangement of molecules is random, the frequency 

of occupation of a chosen site by a monomer molecule will be 

il1 + r:., lfA + 113 NB 
{~.S.G) 

If a site is occupied by a monomer molecule, then tho chances 

that a given neighbouring site is occupied by another monomer 

molecule or by an element of an r;.~,-mer or lj3-mer are as N1 to 

Then the frequency of occupation of a 

chosen pair of sites by two monomer molecules is given by 

N1 + q, rL + q;:; liB' 
... .i-1,. .........,. 

(1.5.7) 

now consider a group of r..\. sites so interrelated that it 

is possible for them to be occupied by a single rA-mer mole-

cule. The frequency of occupation of a chosen one of these 

sites by any element of an rA-mer molecule is 

, r-4 Ila 
(1.5.8) 

and the frequency of its occupation by a particular element 

of an r;..-mer molecule (regarding the individual elements as 

distinguishable) is 

(1.5.9) 

Consequently the frequency of occupation of" the group of rA. 

sites by a Sill8le rA-mer molecule is proportional to 
-,.,. r. A 

* - !' (1.5.10) 

By extension of equation (1. 5 .. 7) the fret}Uency of occupation 

of the group entirely by monomer molecules is proportional to 

( 

nl ) r,\. - 1 
Nl + q,.;_ }[,~:;_ + <lB ND 

(1 .. 5.11) 

An approximation bas been made in the above argumeEt in 

assuming that when tt .. ro sites are not occupied by elements of 

the same molecule the probabilities of occupation of tho two 

sites in any particular manner are independent. It can easily 

bo shown that this asswnption is at least sometimes false. 

Consider a pair of neighbouring sites, P and ~ .. Let R denote 

another site neighbouring both P and Q. Let :J be occupied 
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by an element of a molecule. Then it has been assumed that 

all conceivable manners o:r oecupation of site P, not prevented 

ey the occupation of site :i, are equally probable. ll.n o:rror 

is made in not excluding those manners o~ occupation of site 

P such that some element of the molecule occupying s:ite P is 

competing ror site R with an element or the molecule occupy-

ing site ~. IlcGlashan3 has derived formulae :f'or a miXture 

of dimel's and monomers, considering greups of three and four 

sites, and has also derived formulae specifically excl.udine 

some or the "imposs1ble11 configurations referred to above .. 

2hese higher approximations lead to values o:f thermodynamic 

functions very close to those derived for dimers and monomers 

using the treatment given above. It will be assumed that 

the errors arising from the "imposs-i blett co~igurations are 

small, and they will be neglected in this work. 

The equi.li brium aond1 tions between the molecu.l.es will 

now be derived by applying the principle of detaile<l balanc­

ing4 to the elementary proc-esses of 

(a) the removal (evaporation) o:r an rA-mer molecule from a 

selected group of' r ;-l sites and its simultaneous· replacem0nt 

(condensation) on these sites by rA monomer molecules from 

the gas phase and the inverse process of' 

(b) the removal. o:f r;1 monomer mol.eeules from the same set rJf 

sites and their simultaneous replacement by an r.1_-:mer molecule 

from the gas phase. 

The rate or process (a) will be directly proportion;:1l to 

the r.ii,-th power of' Pl• the partial pressure of monomer in the 

gas phase, and to the frequency of' occupation or the set of 

sites by an r_,"-mer molecule. From equation (1. 5.10) tte rate 

will be proportional to 

~1e rate of process (b) w111 similarly, from equation (l.G.ll) 

be proportional to 

\.Vhere PA is the partial pressure or· r_;.-mer in the gas phase. 
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At eq::il.ibriu:m the rates oi' process (a) a::1•l process (b) 

nrtlst be cqu .. =tl and consequently 

(1.6.14) 

\-lhere cl depends only on the geometrical propexties ryf the 

1~01:! tho rela-

tion between the partial pressure, p, of a perfect gao an'l 

its absolute activity, ).. , is given by 

{1 .. 5.15) 

uherc; ~ { :r j 1::.: tho pa:rti ti on f\mcti on of' the ga.Geou& mole-

culr; -;,d tl:. the volume factor remm.recl. Hence the ratio ~ /p 

is independent or P~ 
'\'lri tten 

Equation (1.5.14) may therefore be 

. .,.; ~~~ :::. G.~~ frt CN1 + Cl:i N~:l. -~ 11B NB)rA - l 

whezoe C.cl' like r.:l, is indepenrlent of' U1, UA and IJ13 .. 

{1.5 .. 16) 

Similarly, by considering rn monomer molecules and an 

rn-mer, on rn selected sites. it can be shown that 

X B ~- 1 
- )\l ra == :;;~ ~ ·(Hl + 1., 'l I1 ~ + nn N'=')l"B -

..:...1 l'il """..\. .... _. .J,.~ '"il..D ~ 

Then clindm.t1ng A, be't':.;een equation (1. 5.16) and equation 

(1.6.17) we have 

(1.5.18) 

If tr1 is now put equ;;ll to zero (1,e~, we arc um; consid­

erir .. g a mixture of II.1 molecules o:f r .. \.•mer and NB molecn1es of 

l'J-mer) then 

(1.5.19) 

:'!'C no,., change to the variables Us, rp , where 

Equation (1 • .5.19) now beeomes 

A Il r"'i 1 (p r.;.~ {£U-
X?: 1 D = C (1- f )rB rA ... 

Yhere C1 is . indepeudcnt Of C{J • 

Now for a mixture of N , molecules of r ·-mer and H.,.., mole-... ~c:. .w 

cules of 1"3-mer at coMtant temperature and volume, the Hcl.m­

h.ol tz fr.ee energy is given by 
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d F = }' ~"-- d 'l'T 
.U."'~ + 

but aG jJ = k7 ln ~ ' 
equ.ation (1. 5. 21) may be tfl"'i tten 

d.'F /kT ::: ln ~ )_ d n A + ln A B d NB (1.5.22) 

or changing to the variables Ns• 'fl • 
, "' r· * 1 AD . •1 d OJ dF f!J.,.kT ;;; n ,. rn T 

~ ra zan "A 
(1.5.23) 

:re may regard the free ep..ergy as a function of N s and f/J • 

henac the free energy of: mixing, .6 :F.,, is g:i, ven by 

ll F = F (l'I s • ffJ ) - ( 1 - rp ) F (H s, 0) - f/ F (Ij s , 1) 

(1.5.24) 

Comparing e .. Iuation (1.5.24) with equation (1.5.23) wo see ~ F 

ill given by 

AF/1<5 kT = J. \9! ln ~~ d'f'- ~flln ~~ o:m 
rl\ lJ3 j "'A ~ .d. ;;;> T 

- 0 0 (1.5.25) 

Equation (1.5.25) gives the free energy of mixing o~ a 

mixture containing Nf,, molecules of" r ~-mer and N3 ruoloculos of 
- .c>. 

To obtain the molar free energy of' mixing: • Lj B F 1 

A F must be divided by the total number of mol~cules" tJamely 

(l~t + fn>, at~d :multiplied by Avogadro's nunber, lJ .:.: ~ .. Then 

J
'P \ r )1 .,.. 1 1\B A ' ar"'A 

~m.F!RT = _113_+_rp..,t-=rn--. --r-..cl.'""") ( ln 'AArn d~- rp ln X!.rJJdf') 
r- 0 0 (1.5.2G) 

., b tit ti .to 1 .\ B ..1 . {1 ) tiU s u ng .~.or n AJ.rB in equation .. 5.26 fro~n equation 

(1.5.20) and performing the integra·f;ions we obtain, aftel' 

(1 • .5.27) 

Then by differentiating with respect to temperatura, \ole 

obtain for A mS the m.ola.1• entropy of mixing, 

\:le will now mal:m the assumption that f'or systems vli th 



sm.a-11 heats oi" Llixi::1g (i .. o" j w is small) the arrangement of 

r1olcc:.lles is random. 2hus the entropy of mix:tug is given 

correctly l1y e<1uati0n {1.6.2£), although equation (~.5.27) no 

longer giv"3S tho tree energy of mixing. 

derived formulae for a model whiCh allows for preferred con­

figurations, due to the finite energy of interaction, but it 
"l 

has been shown- that the differences in the values of derived 

thermodynamic ·functions for the two models are very small. 

These differences are less than the eXpe:rimenta1 errors in 

tho detel'mination .of• thermodynamic functions m the systems 

to be considered later, 110 this worlt will be confined to 

m.txturos whose entropy of mixing is given by equation (1.5.28). 

7able 1.3, analogous to Table 1.1, may now ba constructed 

for a completely random arrangement of NA ·molecules of rA-mer 

and lJB molecules or 1J3-mer, using the ~ame notation as bef'ore •. 

Kind 0f 
Contact 

ab 

bh 

cl.ll 

Energy per 
C('Jntaet 

2waafz 

(waa+'·r1Jb+W)z 

TabJ.e l.)i. 

number ot 
Conta.ets 

·~ Qs .... 

2Qst 

Q 

Energy of iu.l. 
3Uch Contacts 

2Qs2vadz 

2Qst(waa+Wbb+W)/z 

2Qt,blz 

2q(swaa+tvl'bb+stw}/z 

From '£able 1.3 it is seen that the configurational energy, 

Uct ~or a random distribution is given by 

Uc = 2c;: {swaa + Wbb + st-w)/z 

= (CLt·..: 1_NA+<JBSJ31Tnhtaa + (q.&tAHA+<lBtBNB)'Wbb 

+ ( QAS ~1-IAtlBSB!In) (qAt 11N f\+CWWIJl 
<L·~NA + t]BIIB 

(1..6,.1) 

J.lhen the mtJlar total energy of mixing# fj. mU, i~ gj. von by 

( • /' •'::!) 
.l.e'.i.Je tJ 

Nou combining equation (1,5,28) for the molar entropy of 

mixing with equation (l..G.2) for the molar energ}'" of mixing 

we obtain for ~ y1F, the n10ls.r free energy of mixing. 
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Ue will define w suoh that equation (1.6.3) givo3 the 

correct va1ue of the i~ee energy of mixing to the approXima-

tio~1 used during the treatment. S.o def'!ned w is rathc1~ a 

complicated average energy. Consider a neighbouring pair of 

sitos in a s7s -~e~ both occupied by a elements • and another 

neighbouring pair of sites both occupied by b elements. Let 

·:~~ donoto -~he iutermolecul.ar energy of' tho 'thole system when 

the "t1:ro pai.rs of s1 tes are occupied as described 11.rhile all 

other sites arc oi:cu.pied in all concei vablo ways • and the 

ay~Terage over all physically possible configurations, attach­

ing tho relevant Boltzmann £actor to each configuration, is 

taken. Now suppose each of the given pairs of, :-zites to be 

occ-upied by tl.1o el0ucnts, one a and one b, and let :Js denote 

the intermole~1lar energy of tho system, averaged in a similar 

manner to that used to define \11• Then tho quant~ty w, 

defined by equation (1.6.3) may be regarded as being given by 

(~. ~1.1) 

~1en 2w may be loosely described as the average work required 

to interchange the maltner or occupation of two pairs of sites 

isotharmally, nr atill more loosely as the increase in the 

intermol.ecular :free energy wen the mannel ... of occupation or 

the two pairs of sites is changed as described. Then vr so 

defined is independent of the composition of the l'llU:turc. 

~lis is in fact the basic approximation on which the treatment 

Tho whole of the above argument applies only to one 

temparature, but nothing in the argument requires that w 

should be temperature independent. He will now consider the 



/:!. effect of allowing ,,, to be temperature dependent. u 

Jef'ining w by e:Ju::ttion (1.6 •. 3) ';le obtain ~ mU, tho molal" 

energy o:r. mixing f"rom 

tL.?.2) 

= (G,c..tB+SBt_A-S 2. ti~-sBtn) (!l'.·-?~U) 

(1.7.3) 

If' ue define a quantity u by 

u = '11 - i'dw/dT 

(1.7.5) 

Equation (1.7.5) corroctly gives the molar energy of' 

mixing. Equation (l.G.2) on the other hand, givss ll Iilu only 

~or the case when dv/dT is equal to zero and hence u is equa~ 

to vi. 

c:.:re may then es...ll i'l the co-operative tree energy of i'or· .. ~i­

ation o:f' a single a.b eontaet und u tho co-opera-tive tot;;;;:.l 

cncre;Y of !'or~:Js.tion of su~h a contact. 

1,3. yalues tor QAmRarigpnldtR Exn&rimont. 

Ue will now deri.ve from equ:ltiou (1.7 .. 5) expressiollB .for 

8 mU for the miXtures studied experimentally. 

(a) Carbon te·trachloride: Chloroform and Carbon tetra­

ch.loride a Cycl.ohexane. 

ra these mixtures vre will assume that each mol.eeule 

. occ-upies one lattice s1 te 11 (:;.Dd that the Llolcculos .1re -:::ncr-

gotically difrerent. Then for the various parameters in 

equation (1 .. '7.5) we have the following values~ 

rA = 1, q,, :::; 1,. GA = 1. t~\ ::: 0 
,;-~ 

rs -- 1, qB = 1, SB = o, "t3 -- 1 

'£hen equ.~tion (1.7.-5) reduces to 

{1.8 .. 1) 

If we denote by x the mole :fraction of' species 

mi%V.ll"e, equation (] .• 8.1} ·becomes 

L\ rn.U = X (1-x) Uu (1.8.2) 



~~qua.tion (:t,.8.2), 'tvhich gives the energy of mixinc 

,;.ccording to t:hG zeroth ap:proxima:tion, is independent o:L z, 

Equationn :Lo::.? 

reg;.:;.lar ;:d.xtu..:Nt~ derived from the zet-oth approximation ean be 

obt31nc-d .from the first approximation for regular Bixtures by 

p~!ttirl.{; z ec:uaJ. to ini'in1 ty •1 In tho two regular solut;ions 

considered here the differences between the values derived by 

the "bw1o a:pproxiluat1ons are negligible compared to tiw (;xperi­

mental errors, so only the zeroth approximation will be used. 

(c) 3enzene: Diphenyl. 

It has been shown'"" that for mixtures of hydroca.rbons the 

ex·tcnt of agreement between theory and experiment is insensi­

tive to the value chosen f"or tho co-or11nat1on number Zt the 

agreement beinz cornpara ble for .z = ·1 and z = 8. Hydrocarbon 

m:'.xttu•es are more complicated examples of non-atbarmal mix­

tures than are benzene:diphenyl mixtures, and we will assume 

that the value chosen for z makes only a trivial differ once 

to the extent of agreement between. theory and experiment for 

benze.netdiphen.yl mixtures, and we will use the value z = 6 

as the smallest likoly to occur. Then assuming c~c.h benzene 

moleeu.1e (species ii) occupies one lattice site and each 

diphen.yl molecule (species E) occupies two lattice sitos and· 

the C()Hs and C()lis- elements are energetically di£ferent, ,;..re 

have 

r._; :: 1, <l& = 1, SA = l• tA = 0 
5 t-B = 2, Q3 = '3t SB = 0, 'tB = 1 

Then equation (1.7.5) reduces to 

5N.J.Nf! Nu 
D. nP = (N.\+N:s5 (3N~i.+i5NB) (1.8.3) 

The quantity mea$ured experimentally is, however,. the 

energy of dilution and not the energy of mixing~ Col'J.flider a 

miXture contain1ng N..1 moles of bera..zene and llB moles of· 

diphcnyl, diluted by the addition of !!:. NA moles of benzene. 

If l:l U1 is the energy of m!rlng of NA moles of benzene 

ancl 1~ molerJ of diphenyl, then 

(1.8.,4) 



--·"'- ~-;;8 i.s the energy or ItdXi:ug of (11A + AiJ,1) moloz of 

and Un ;aolos o~r dlph0nyl, ·then 

(1 
,., ~ .. 

• ,~. b} 

If A·6f1 is the energy of di~ution of' l~A moles of bcn.zene 

ani! DB moles o:t eli phenyl with L\ N ,,, moles o:f benzeno, then 
~. - . 

11 L)U is given by 

AU 1 (1.8.6) 

(1.8.7) 

'?neu the molar energy of dilution, .t1 DnP, is given by 

Ir we denote the initial mole fraction o:f diphenyl by x1 , and 

·:_;~~t- ~"'inal mole fraction of diphenyl by x2, then equation 

(1.8.8) reduces to 

(1.8.9) 

(c) Hexane• Decane. 

lis the extent of agreement between theory a1:d exporL"'lent 

is insensitivo to the value chosen for z* we "ollil1 arbitrarily 

chose the value z :: 8 of a body centered cubic lattico.. vle 

shall regard the hyd:~ocarbon molecu.los as C!;Jmpl•ia ed o.f tvo 

kinds of elements, namely CHff= middle groups and CB3- end 

groups .. Tompa0 has given geometrical Jleasons for a.s::u.ming 

the elements to be -CH::,-CHz- middle and -CH2-CH3 eml groups, 

and Van der Haals7 has given stronger reasons f'or choos:tng as 

elements -CH:;-.~!:I2- m.·Vldle and CH3-·· end grou_ps. However'~ 

both these proposals lead to mol.ecules containing hul.f inte­

gral numbers of e1ements • which can have no geometrical inter-

pretation. noreover, tho extent .of agreement between theory 

and experiment is comparable f'or all the above choices, so we 

will use the simple choice specified above, assuming that the 

Clf2= and cn3- groups each occupy one lattice s1 te* ?hen for 

the variou.s parameters in equation (1. 7 ,5) we have the follot~·-

ing - values, lenoting decane as species B and h.oxane a.s 



l8. 

r-.t3 = 10, ClB = ~' s:::; = ~· t:g = ~ 
Substitution of tho above va~ues in equation (l.?.£,3) 

gives for lJ. 11p the expression 

(1.8.10) 

,.fhere x is the I;J.ole fraction of hexane in the mixturcfl 

Cotrsst:JA1.QQ tQ , Cog.staqt Yo1nme. 

'l"ha.ories that have been developed to predict eq.uil1briu1n 

proporties of liqUid mixtures yield expressions for the i"roe 

en orgy and energy of mixing at constant total volume~ bnt 

experimental determinations of' vapour pressures IJ.nd heatn o:r 

mixing give values :ror the free energy and energy of r.dxi.ng 

at constant pro3sUI"e. ~ theory has been developed by Scat-
n 

chard0 to correct the experimental. COruJtant prt1ssuro 'rt..lues 

to con;1 taut vo 1ume. Follm1ing is a treatmcnt9 of t~:1e problem 

which makes clear the various assumptions that must be m:tdo to 

a.ppl.y the theol'y. 

It will be assumed that the elernents of the CO!Tpor:e~:.ts 

arc such that these e~ementa all. lie on lattice sites. the 

lattice being sind.lar :for the pure components and the m.:txtura, 

the lattice r~vin~ a fixed and unalterable volume of V0 per 

mole ot sites at all temperatures. The 'Value ot the f'rce 

energy deri vod f'rcnu theory 1 s then given by 

A rrl (Tt Xt Ve) : Fm (T• Xt Ve)-(1-x)Fm.(Tt Os Ve)-xFm(T,l, Ve) 

{l .. S.l) 

where /J. ~ is the molal free energy or mj.xing per mole :Jf 

mixture at temperature T, and Fm (T, x, Ve) is the r.J.olal frez 

energy o~ a mixture of mole fraction x occupying a vol~1mo Ve 

per mole, at a temperature T .. From equation (1.. D .. l} fJ mF 

can be calculated as a f"unction o:r T and .x, ~ m:F beil'lf, inie­

pendent o't V e. 

The experimentAl 'ietermination of vapour pressures leads 

to values of the free energy given by 



l:lm,-:_' (T ,x,P3) .. - G;:l (T 7Jx,Pa) - {l-x)Gm (T,O,Pa) - xG:1 (? ~l,Pa) 

·- Gr1 [T,xJIIV(T,x,Pa~ -{1-x)Gm[T,O,V(T,0,?,::~.~ 
-xC~·:: [ ::' ,1, V('2,l,Pa ~ (1. 9. 2) 

"';Jhere :?a is tho expe:i:!.mer.~tal press~e, usua1ly one atmosphere, 

HO'\'l a~ 

Gt::. ( T ,x, -:,r (~~\X,Pa~ = F!'>l ( T ,x, V (T ,x ,Pal] + Pa V {T ,x,.F\1 ) 

(1.9.3) 

then 

~mG (T,x,Pa) -- ~m r~~xJV {T,x,Pa,~ -(l-x)Fr,1[T,O.V(T)C,Pail 

-xFn[T11., V (T,l.,Pa)) +Pa{V (T,x,Pa)-(1-x)V(T ,O,Pa) 

-xv ('1' ,l,P3).} (1.9.,4) 

The eompressi b111 ty, .1{ , of a liquid is defined by 

(1.9.5) 

Then the pressure, P, exerted by a liquid in undergoing-a 

volume change i'rom V (T, x, Pa} to V (T, x, P) ia given b;:-'" 

rv (T,x,P) 
P = P a - .,.. (n P lf.)· ~ V dV 

\1 -"· ,.x,. a 
( l q ~) 
-·-. y, 

and as at a given temperature 

dFm ::: - PdY (1.8.7) 

then 

S
v (T,x,P) 

dFm ~ - (Pa - 1/~ V dV) dV 
V (T,x 1 Pa) 

(1.9.8) 

Integration of equation (1.9.8) gives 

(1.9.9) 

(1 .. 8 .. 10) 

Sttbstitution of equation (1.9.10) into eqUl.ltion (l~9.ll) ;;ives 

.1 mG (T, x 1 Pa) 

= Fm (Tt x, V0 ) ... (1-x) Fn~ (T) O, VE..) - x Frr1 (T, 1, Ve) 



{l. t2. ]_}.) 

\:here ~ is g1 veu by 

.1i = ,X [T, x, V (T, x, Pa~ 

~her.:. 

IJ. r;.tJ (T, x, Ve) - AmG (T, x 1 Pa) 

cV(T,x,Pa,) JV{7,x~P) SV(T,x,Pa) S1'{2,x,P) J l/.1f V dVdV+(l-x) l~VdVdV 
Ve V(T.x,Pa) Ve V(T,x,Pa) 

+x (V(T,x,P:.l) SV(J"!,:~,P) 1/~VdVdV 
J Ve · V(~.x.Pa) 

(1 .. 9,.1,.3) 

'~rl~ich is the re~\rl.red equation. 

teru.perature at oonstant pressure, f'o:rmulao for the qt~·:J.nti t,.es 

AmS (T, X7 VeJ - A:r;.1S (m -'·, X: Pa) 

and L\mU (T. x, Ve) - ilmH (T. x, Pa) 

may be obtained. 

t-orm.alao (1,.9.13) (1.9.14) and (1.,9, 15) are exaet, lxtt 

cannot be applied unless k'"Dowledge of the volume, temperature 

and composition dopcnd.cnoe of .1\ is available. I::" it ts 

assumed that .1<; is indG)tmdent .of volume, as in Sc:ltcha! .. -:1' s 

treatment, equation (1,.9.13) ean be integrated to give. 

Ll mF (2, x, Vt:) - Ll mG (Tt x, P:t) 

{1.9.16) 

Dif'f.ercntj_ation of' equation (l.,9.1C) with respect to 

te.wperature at constant volume gives 

fl 12B ( :' , X, V c) - ..0 0 S ( T, X, ? :l } 

_ ct~· · [,.r ":~(i':'! ,. ) ,1 ""-u·{M )!!l!(T,xl{,.r 1 V(T 1x_.P,..). ,.r -:-rln -n.~ 
- 1.( ; '< e- J .L ,x .. ~J ~:t -x- d.ll l. ,x d?rn \: e n ,,. +~ e-v \j. ~~ J' _,x ~ ve . 



T:Jhere the eooi"ficient of thermal expansion, « , is ::.erir:od by 

Gombirution oi.· oqu~"tions (1.9.16) and (1.9.17) leads to 

(l~D.l9) 

~o <'\pply (::quation (1.9.10) the dependenc:e of rJ.., ~,and 

the T.1o1e~:r. 'toll-:...~c f)'C_ the composition anG. tonper·aturo rau.st be 

L!.!Oi<iTi, \rood ar..cl ('.:ray·10 have cxperir.l011tally cle·tel'rlincd the 

~or the :c.ixturvs ·..Iere additive in the vol-

ULlC fraction have obt.:dr:.cd numer:i.cal retJlJ_lts to apply to exper­

imentally determined val.ues of the free cnergyll and eucrgyl2 

o:r :.:i:~ing of these liquids .. Some ca.1culations have been. 

canicd O'.lt using the same numerical values as ~'lood and G-r<ly 

fo1• the molar volu.m.er; and for t:J. and -1\ • but asstudtlfi tl~lt 1/.X 

and d- I .1) \tore a<.ldlt!vB in the l:lole fraction .. It wac found 

thut the l .. e:'iult:s dif~ered app~c~~ably fi"orn. those of Hood and 

Grayf and as both treattn.en.ts assume that ~ is 1nd.cpcn-(_lent of' 

pr£~ssure it is seen that little can be gained in applying 

co:rl"eetions obtained in such an arbitrary manner .. 

knowledge of the co::nposition, pressure and temperatura depend­

ence o:f o.. _a.nd .X 1$ necessary before the experimentally 

de·t~:r·~d:ced vaL1es 1f' the :free energy and heat of mi:xing at 

constant pressure aan be corrected to coni tant volu.'1nc; 

The re~ults of' 1!1ood and Gray and the results of the 

author, show that the neat of mixing at constant volu.-me is 

Tlle application of' 

thG correction ma~:es 11 ttle difference in the extent of a.gree­

meD"~; 'bot-1-reen theocy a.nd experiment for the carbon tetrachloride: 

cy-cl0hex~oJ.ne. systm.~. as 'the form of' t-he heat or mixing vorzus 

mole ll"a.c.tion plots is not appreciably changed, even th.ongh 



--:::,, -. 
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Sufficient data r.1a.s not available to earry 

:~oc·::ions play no J>art· in the eOtUparison of theory \d, th oxper ... 

went, o-xce:)t f'o!" the hydrocarbon systems, the constun.t 

J.jrcssure resul.i;::; obtained iu this vo:"lt \111.1. be directl-;r com-

The quas1-crysta1~:tne 

model ia used, but a1101;,l'Uncc is made tor the dependence of 

the interaction ('-merg1es of neighbouring assymetrical mole-

CT.:tles U_i1on their rel.:J.tive orientation.. Good o.greemor:t 

be;t-woon thooey- and experiment is obtained 'for tho systemc 

metha.nol;ca.rbon tetrachloride and methanoltbenzenc, 3.l'!d. qt:.al­

it.--:ltlve agreement i.::; obtained for the system cthanol#0hlol"oform .. 

'l;, U... Corrl'om&]. ~U2n tfleory;., 

tonguet-H1ggins14 has developed a theory for a class or 

mixturlls defined as conformal .. No model of state is used in 

the treatment, whlch applj_es equally "Well to mixtures of 

licpi-ls and to :mixtures or imperfect gases. By assu:miug that 

the IliEtlt&l potenti;tl ene.rgy of a pair o:r molecules is a par­

ticular function of' t.'-le distanee between them, the mutual 

potential energy between all pairs ot molecules in the mixture 

is round (e.r. the quasi-crystalline treatment, whe?e {.mly tte 

m1.1't"J.al potentia.l enerzy between neighbouring pairs or molecules 

is considered) • From the eXpression for the potential energy 

o:? the whole system., the thermod)'l'lamic functions of mi.xing are 

found. The results are s1m11,ar to t.hose obtained f'rom the 

qu.~:..s:t-cry.st:-:tll:i··le treatment and in addi t1on the theory predicts 



''~·-·:-. 
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com.riderat1on of the ;::ot.i on of C.\ molecule 11:;. a u cell" for..ned 

by its neal"e.:rt. neighbours, ex:1ress1.ona f?r the thermodynanic 

f'u."lctio~J...'l of miJd ng are f'onnd. The results are .similar to 

tl::.cse c:b'tiiinf.::d fl~o:ul the quasl-crystalllne model , and agree-

mcnt ·between theory and ex-periment for the system ca.rbon­

tetrachloridc:necpen.ta.r:.a is obtained. 



2 I PREjJOUS DETE@·!Iri·•TIOHS OF R&f\TS QF MUJijG. 

Hirooe17 measured the heats of mixing of a largo number 

of binary mixtures at 25° c. The calorimeter consist~ of a 

double walled copper vessel, having a graduated capillary 

tube communicating with the space between the wal.ls. The 

space and a portion of the capillary tube were tilled \iith 

xylene, the whole acting as a sens1 tive thermometer. 7lle 

calorimeter was contained in a thermostated Dewar flask and 

partially filled w1 th wa. tor. The liquids to be mixed wore 

contained in a ''Uu tubEl and separated by mercury, tho limbs 

of the tube being sealed off'. The "trt' tube was placed in 

the water in the calorimeter and the liquids mixed by invert­

ing tllo "Uu tubeJ the temperature change being compensated 

for by addition of mercury to the calorimeter~ The hea:t 

effect on mixing was calculated from the weight and tempera­

ture of the added mercury./ The accuracy of the results is 

not high as an appreciable vapour space existed OVCl" the 

liquids, and no corrections wero made for evaporation and con­

densation ~n mixing. 

~:!any o.f the binary mixtures investigated contained a 

highly polar component, and are not sui table tor comparison 

with the theory given before, but the systems carbon tetra­

chloride;cllloroform, carbon tetraehlorideabenzene and benzene; 

chloroform were investigated, and gave parabolic b. n{l versus 

mole fraction plots, in agreement with the theory for regular 

miXtures. 

Carroll and I·lathews18 measured the heats of miXing or. 
several binary mixtures of polar molecules at atmospheric 

pressure and the boiling point of the mixtures. The liquids 

wore mixed in a thermostated brass calorimeter, one liquid 

being directly placed in the calorimeter, the other being 

eonta.inod in a glass ampoule .. The temperature change on 

mixing was 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 evaporation and 

condensation on mi.Xing into the vapour space present, .:1nd 

calibration was carried out by electrical heating .. 0\dng to 

the difficulty o£ maintaining adiabatic conditions during a 

process of short duration, the results are not of a high 

accuracy. 

Vold19 measured the heats of mixing of several binary 

mixtures of Group IV tetrachlori.des, benzene and N-heptane at 

The calorimeter consisted of an air thermostated 

Dewar .flask. One liquid was placed in the calorimeter, and 

after thermal equilibrium was attained the other liquid \Jas 

poured in, the temperature change being followed by a plat-

1 ~1um 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., Sinco about 

twenty seconds were required to mix tbe liquids, considerable 

uncertainty in the temperature change on mixing existed. and 

the results cam1ot be regarded as accurate. 

Parabolic [). mii versus mole f'raction plots were obtained 

for the systems studied, in agreement with the theory for 

regular miXtures .. 

Vander Haals? has measured the heats of mixing of sev­

eral binary mixtures of hydrocarbons between 20 and 73° ~. 

The calorimeter consisted of one of a pair of' "twin'• Devar 

f'lasltS, the liquids to be mixed being placed in "wells" in a 

miJdng vessel mounted in the calorimeter. Invers1on·or this 

vossel mixed the liquids, the temperature change bEring zol-

lowed by means of a thermopile between the Dewars. Cali bra-

tion was carried out by electrical heating, and corrections 

were made for evaporation and condensation on mixing.. The 

results show a considerable scatter, and as the correction 

for evaporation and condensation was sometimes as high as 

ao;:; of the total heat measured,. the results cannot be regarded 

as highly accurate. Discussion or the results Will be post-

poned to a later section. 



Nhitaker and Cheescman20 have measured the heat of mix1ne 

of the systems carbon tetrachlor:tde:chloroi"orm. carbon tetra.­

chloride:methylene chloride. chl.oroformamethylene chloride, 

benzene:carbon tetrachloride and. benzeneaethylene dic..llloride 

between 15 and 30° c. 'l"11e calorimeter consisted of a vacuum 

jacketed and thermostated mixing vessel, in which tho liquids 

to be mixed wore separated by a tinfoil diaphragm, thoro 

being no vapour space. Hixing was etteeted by breaking tho 

diaphragm, the temperature chango being followed by means of 

a thermopile between the calorimeter and the thermostat., 

Calibration was carried out by electrica1 heating. Owing to 

the absence or a vapour phase, the results are ot a high 

accuracy. 

'Zhe results :for all the systems studied except the 

benzenotethylene dichloride system show that a A mii versus 

mole fraction plot is parabolic, in agreement with the theory 

The temperature coefficient of the 

heat of mixing of some of the mixtures studied will bo dis-

cussod in a later section. The non-agreement of the rcsul ts 

for the benzene:ethy-lene dichloride system is probably due to 

the polar rr..ature of the ethylene dichloride molecule. 

Tompa21 has measured the heats of dilution oP some high 

polymer solutions. The calorimeter consisted of a single 

Dewar nask, similar in design to that used in this work. 

The temperature change on miXing was :followed by means of a 

thermistor, and calibration was canied Qut by electrical 

heating. The accuracy of the results is comparable to the 

accuracy obtained in this wark. 

Seatcham, Ticknor. Goates and 1-IcCartneyl-2 have n1easured 

the heat of mixing of' the systems. ben.zene:earbon tetrachloride, 

carbon tetrachlorideacyclohexane, benzeno:cyclobexano and n­

hexaneln-hexadecane, and also the heats ot mixing or several 
( 

binary mixtures containing methanol, at 20° c. The calor-

imeter consisted of an air thermostated ''U" tube containing 

tho liquids, which were separated by mercury. Cork stoppers 

closed the ends of the tube. The liquids were mixeu by 



inversion of the r'U" tube,. the temperature change being fol­

l.owed by means of a thermopile between the calorimeter and 

water at room temperature. The change in heat content was 

ca.l.culated from the change in temperature and the heat capac-

ity of the calorimeter and liquids. Ho llOrrections tr1ero 

made for evaporation and condensation on mixing, or for 

absorption of liquid by the cork stoppers. Corrections of 

up to 2~ of the total heat of mixing were applied to correet 

for heat exchange with the surroundings. i'he resul.ts cannot 

be considered to be accurate, as too many uncertainties exist 

in the corrections tor heat exchange w1 th the surroundings, 

and no further purification or the commercial liquids used was 

carried out. As can be seen in Graph G the results for the 

aystam carbon tetraohloridelcyclohexane differ appreciably 

from the results of this work. 

Ferry, Gee and Treloar22 have measured the heats of 

dilutionof solutions of low molecular weight hamologues of 

rubber with benzene, acetone, carbon disulphide, toluene. 

heptane, carbon tetrachloride and chloroi'"t>rm. The calorim-

eter consisted or one of a pair of thermostated Dewar flasks 

containing two concentric bulbs, the inner bul.b being sealed 

at ·the bottom by a pool of mercury_ The liquids were placed 

in each bulb. and mixing was carried out by llrting the end 

of the inner bu.l.b out of the mercury. The tempera turc 

cb.ange was followed by a thermopile between the Dewars t while 

calibration was by means o~ electrical heating. A large 

vapour space was present. so the results cannot be regarded 

as highly accurate. Guggenheiml has analysed these results. 

together with the vapour pressure results of Gee and his col­

laborators23• 84 and finds reasonable agreement between 

theory and experiment. 



a,Ja. The Qalorimeter. 

The ea1orimeter was designed to measure positive heats 

of' mixing, down to heats of miXing of the order of 0.1 joule 

per milllli ter of mixture J to contain up to one milllli ter 

of either component J to have no vapour ·phase and to be suit­

able tor measurements between 10 and 70° C. The calorimeter 

design was a modification or those of Tompa2J. and Calvet,25 

and \fas constructed of' pyrex glass and is shown in Figure l. 

~be instrument was a twin calorimeter consisting of two 

ideritioal vesse~s (C) each containing two inverted bells COil­

structed as shown (B) and covered by two caps (.A) joined by a 

tube carrying the thermopile (T). In one ·of the vcssel.s, 

hereinafter referred to as the calorimeter. the hoat absorp­

tion on mixing was compensated by electrical heating, while 

the other vessel act~J as a reference bQth for the thermopile. 

This was found to be necessary as the thermostat temperature 

showed variations ot about 0.001° c. about the mean value. 

By placing the reference junctions in a separate vossel and 

not directly in the thermostat the influence of these varia­

tiona was suppressed, as the heat capacities and hoa.t transfer 

coefficients of the tvo vessels were approximately the same. 

3.,50 ground glass joints ((}1) provided water tight seals for 

tho caps and B.l4 ground glass joints (G-2) vacuum tight seals 

for connection to the vacuum system. Dow Corning Co. high 

vacuum silicooo grease was used on all ground glass joints. 

iZ·?· The TQmnopile. 

A ten junction thermopile of 0. 018 inch diameter copper 

and constantan wi~s, b.f lerigth 19 centimeters, having a 

resistance of about six ohms vas used. The ends of the 

thermopile were insulated w1 th n_;uoalditett cement, and the 

thormopilo and leads wore held in the c:alorimetcr by i·J~ E. 
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Edwards and Co. U.40 wax. 

q.Q. tb§ Qi~angmru4ex~ 
'i'l::~e thermal E. M.F. was fed directly to a Leeds and 

northrup Co. type 2285a galvanometer, through mercury pool 

contacts mounted in the thermostat. Using a four meter 
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light path, and about 340 gram$ of mercury in the cal.orimeter, 

the sensitivity was of the order o:r 80 millimeters deflection 

per 0.1 jou~e .. ?he scale was read to the nearest millimeter. 

fJ.4. The I;Iea'fift£" 

The heating coil (H), haVing a resistance or approxim.ately 

30 ot'.LlS, was made f'rom about 12 inches of enamelled constantan 

wire wound round the outside bell. The resistance of this 

was determined by comparison with standard resistances, using 

tho potentiometer. to 0.001 ohm. A correction for the 

resistance or the leads was made. The heater waa i~~ulated 

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

. 3. 2, toe Potenticpej;er. 

A Leeds and Horthrup Co. type £:,2 potentiometer vas used 

in conjunction with a Gambridge Instrument Co. \\Teston normal 

Coll and a Cambridge Instrument Co. type •11159 11spot'1 galvan­

(llleter to .find the ;E~M.F. across the standard 50 ohm rcBist­

ance to 0.00001 volt. 

_3.§. The Tberme•t&t· 
The thermostat was constructed of oopper and was ther­

mally lagged with wood .f'ibre board on the bottom and sides 

and b:f wood on the top. It was about two teet square and 

contained two 200 watt immersion heaters, a mecb.anieal 

stirrer, a copper cooling coil and a merCQrY toluene regula-

tor. One heater was ccmneeted to the mains through a 

variable trans£ormer and a relay actuated by the mercury 

toluene regulator, and the other through a variable resistance. 

The temperature was ls:ept constant to hotter than o. OGl ° C. 
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between 10 and 45° c. t and to better than 0.002° c. bcbmen 

45 and 70° c. 
The calorimeter was contained in a copper bath sunk into 

the thermostat and provided w1 th 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.· 

,., z 9· • 

The jackets of the calorimeter and re~erence vesse~ were 

evacuated to provide thermal insulation with a mercury diffu-

aion pump backed by an oil pump, through the B.l4 ground glass 

joints (G-2). A vacuum of better than lo-3 millimeters of 

mercury was obtained, as shown by a vacuostat mounted in the 

vacuum system. 

The circuit to enable the E.M.F. across the calorimeter 

heater to be measured is shown in Figure 2. 

H is the calorimeter heaterJ B a ballast resistance or 
approximately the same resistance as the calorimeter heater; 

S a standard 50 ohm resistance; V a variable resistance, 

A a two volt lead accumulator and X and Y are mercury- pool 

switches. 

~Q. Jiium:iment§l Proced.uz:q. 

li glass membrane a;cross the top of the inside bell was 

made by breaking the solld rod at X (Figure 1) and then heating 

the top o:f the bell to redness and placing it against a thin 

1.5 centimeter diameter bulb blownf'rom0.5 centimeter tubing. 

The rod was th.:ln rejoined" and to prevent premature rupture of 

the seal by the pointed ''breakerrt mounted in the outside bell, 

a strip ~ adhesiTe tape was wound around the tube carrying 

the outside bellt to g1Ye a clearance or about two millimeters 
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bet"\Jocn the brealter and the membrane. 

The calorimeter was filled to the top ~th clean mercury 

and tl1e inside bell placed so that its lower edge was about 

5 millimeter-s below the :·2ercury surface. The bell was then 

completely fil.lecl with mercury by sucking the air out with a 

length of fine plastic tubing bent to a t't}« shape. The 

lighter liquid was introduced into the inside bell, u.aing a 

one milliliter hypodermic syringe with lts needle bent to a 

t'[fu shape, the syringe being weighed before and after i'illin.~ 

the boll, to tho nearest 0.00001 gram.. The bell assembly was 

then lmmred until the lower edge of the outside bell was 

below the r:rercury ~urface • and the bell. wa.s then fill.ed . with 

mercury and the heavier llq,uid introduced as before.. The 

whole bell assembly was then lowered, vi th the solid rod 

running down the slot going the full length of the caJ.orimeter. 

1!ercury was sucked off until about 5 millimeters t-emainc~l 

above the top of the outside bell. The cap ns then placed 

on, the thermopile f."1tt1ng in the shorter slot. The refer­

ence vessel was filled with the same amount or mercury as in 

the eal.orimetcr (abc:>ut 3-!0 grams). no seal was present in 

tl.;.o .reference vessel, and both bells were filled with mercury t 

as a series of blank runs with benzene in both bell:l o:r the 

reference ve3sel showed that a heating effect of less than 

0.005 joule occurred on lowering the outside bell, but this 

effect was independent of the presence of benzene or a seal, 

and was therefore produced by stirring when the outside bell 

l'.ras lowered. When the bell.s in both vessels wer·e l.o\!It:Jred 

simultaneously a heating or cooling effect (referred to tho 

ca.lorimeter) of 1esg than 0.002 joule was observed. Tho 

technique of lowering both bells together was followed through­

out the work. 

After filling, the calorimeter assembly was pl.aeod in the 

inside bath a.nd connected to the vacut11n system .• l'Jhcn temper-

ature equilibrium had been reached the vacuwn was ap~1liod, 

and af'ter a fUrther hour the run was commenced. The minimum 

time fr :L1 filling to the start of' a run was about i'ive hours. 
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The heating aurrent, adjusted by the variable resistance to 

give a heating time of about ten seconds was switched on 

throueh the ballast resistance when the calorimeter- wa.s filled 

to ensure a steady currer:t during the run. 

Just bofore the run was commenced the galvanometer loads 

were disconnected and the "open cirCUit'' salvanometer reading 

obtained. The leads wel"e then reconnected and readings taken 

at ~ifteen second inte~~ls for a peri~l or tvo minutes before 

tr1e seal was broken. The seal was then broken, and the 

heating current switched on as soon as possible tor tho cal-

culated time for exact compensation. This procedure of' 

compensating as soon as the liquids are mixed is similar to 

that employed by Vander Haals. 7 For the carbon tetrachl.or­

j,deachlorof'orm and benzenetdiphenyl systems a stop watch, 

reading to 0.1 second, was used, and ror the carbon tetra­

chloride:cyelohexane and hexane&decane systems the pubes from 

au e1ectr1cal.ly maintained pendulum and the heating current 

giving para1l.el traces on a moving strip o£ paper ''ere used 

to determine the t~e the heating current flowed. Galva nom-

eter readings were taken at fifteen seoond intervals ·until 

temperature equilibrium was reached, as shown by constant, on 

uniformly changing, galvanometer readings. The galvanometer 

leads were then disconnected and the "open circuit" zero 

:found to determine the zero shift of the galvanometer during 

the run. 

li.n e1ectrical calibration wa$ carried out by observi.ng 

galvanometer readings before and af'ter the heating ourront 

was on for a lmown time. The "open cirauit0 zero l'Ta.s again 

cbecl~ed,. and the beaUng current determined by measuring the 

E.M.F. across the 50 ohm standard resistance while the current 

was flowing through the calorimeter heater. Before and af'ter 

the run the E.M.F .. across the 50 ohm standard was determined, 

with the ballast resistance in the circuit. to ensuro that 

the current had remained stead7 during the run. 

In the determination of the heat of mixing or the systems 

carbon tetrach1oride: chloroform and carbon tetrachlorL1c: 



cyclohe~anc five two vo~t accumulators were used in series, 

with a voltage divider to the potentiometer and a 100 ohm 

::t. .. esistance in series 1d.th the thermopile and galvanometer. 

\a,J,.Q. _ Tnl4caJ. Ry,WJ. 

Jetai1s o~ two typical runs follow. Run (a) fo~ carbon 

t:et::t"'achlnride: chloroform is typical of this system a.nd tho 

system carbon tetrachloridelcyc1ohexane~ and run (b) is 

typical or the systems benzenetdi~lenyl and hexanetdocane. 

(a) Carbon tetrachloride and chlcro:form at 25° c. 
TI1e galvanometer deflections given below are shown 

plotted against time in Graph 1. · 

l'!eigbt of chloroform = 

l·loight of carbon tetrachloride = 

0. 75624 grams. 

1.12704 grams~ 

(minu~; .and 
J&f'leQUWl 

(cent!-
Seconds meters) 

o.oo 26.0 

3.00 26 .. 0 

s.oo 26.0 

5.,15 23.8 

5.30 &1:.1 

5.45 2G.G 

6.00 2:7.4: 

G.l5 'Z7.3 

6.30 26.9 

G.~1G 26.7 

7.00 26.4 

Heating time during run 
(beginning at 5.05) 

7.15 

7.30 

7.45 

8.00 

8.15 

8.30 

8.45 

9.00 

9.15 

9.30 

9.43 

Heating time during calibration 
(bt~ginning at 9.30} 

Seal. broken at s.oo. 
Opan zero before run = 

Openzoro after run = 
Open zero bef'ore calibration = 
Open ze1•o af"t0:r ca11bration :::::: 

26.3 10.00 32. :.3. 

<:>.~ n 
. bot{., • c.:; 10.15 37.5 

26.1 10.,30 40.5 

26.1 10.45 .:.U.l 

2G.l 11.00 ·~:1.1 

20.1 11.15 40.9 

26.1 11.30 40.7 

26.1 11.·15 40,.5 

26.1 12.00 ·~0 .. 3 

26.1 12.15 '-~(;.1 

Z'l,., .c.. 12.30 30 i":'• ,_)1. ~o...~ 

= 10.3 seconds 

= ll.9 seconds 

26.2 centimeters. 

26.0 centimeters~ 

26.0 centimeters. 

26.0 centimeters. 
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E.I~.F. across SO ohm standard with 

calorimeter heater in circuit 

Resistance of calorimeter heater 

'Tihen enerey liberated during run 

: {5·~g81)2 x 29.525 x 10.3 joules 

and energy liberated during calibration 
~ M981 2 

: (.W,SQ *) X 29.525 X 11.9 joules 

= 5,06981 volts. 

= 29 • 526 OhrilS • 

= 3.1266 joules 

:c 3,6123 joules. 

From Graph 1, and allowing for the zero correction. it 

is seen that the calorimeter has cooled by an amount corres-

ponding to 0,1 centimeter deflection. The deflection caused 

by 3,GL~3 joules is seen to be 15,8 centimeters* lJ."hen the 

energy ~qu1va1ent of a. def'loction of 0,1 centimeter is 

Q,l f ~§123 j 1 5, OU-OS 

= 0.0229 joules. 

nlen the heat of mixing is given by 

.t1H : 3.1266 + o.om'.9 joules 

= 3.1.495 joules. 

(b) Benzene and diphe~l solution at 45° c. 
The galvan.oma:ter dei'lecticms given below are sho\m 

plotted against time in Grapb 2. 

!:!eight o:r benzene = o. G2'2e2 grams. 

:-Ieight of diphenyl solution = 0.28967 grams. 

Hole fraction of' diphenyl 1n·so1ution = 0.2870 .. 

~ DerjQ~Qll .u.. ;QgtJ.i12til.!aD 4W o~,;J.~at;J.gn 
(:minutes and centJ.-

seconds) meters) 

o.oo 28.2 3.45 28.0 7.30 28.6 
0.15 28.., ...... ·1.00 28.1 7.·15 23.G 
0.30 23.2 4.15 23.1 8.00 28.7 
0.45 28.2 4<130 28.2 8.15 28.7 
1,00 28.~ -~1.45 28.2 8.30 34 •• 7 
1.15 28,.3 s.oo 28.2 8.4:..5 30.7 
1.30 28.3 5.15 38.2 9,.00 .:.tl.2 
1.45 28,3 .5.30 2.3,.:3 ~ •. 15 .. u.s 
2.00 28.3 5.45 28.3 9.30 41..5 
2.15 28.0 c.oo 28.3 9.45 41.4 
2.30 29 ,, 6.15 23.·1: 10,00 41.2 ..... 
3.45 28.8 c.ao 28.4 10.1:3 ..11.0 
•'") 00 
'-'• 28.3 G.·l5 38.5 10.30 ·10. 7 
3"15 28.1 7.00 28.5 10.-\lf:5 4G.5 
3.30 28.0 '7 .. 15 28.5 ll .•. oo 40.3 
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aeating time during run 
(beginn~ing at 2.05) 

= 6.(;; seconds 

Heating time during calibration 
(beginning at 8.15) . 

= 10.0 seconds 

Seal broken at 2.00 

Open zero before run = 25.0 centimeters, 

Open zero after run = 24.8 centimeters. 

Cpen zero bei"ore calibration = 24.8 centimeters. 

Open zero a.i'ter cal.ibration = 25.0 centilneters. 

E.>:.F. across GO ohm standard with 

calorimeter heater in circuit 

~esistance of heater = 33.445 ohms. 

Then energy liberated during run 

- cl·i•Dsl>2 <)~_, ,,AC::: t:! ... j 1 - 0 (5 x .. ,.:,> •. "t"'_~r.o x v. u ou es 

~nd energy liberated during calih~ation 

= (l· 2t8§1)2 
x 33.<1:45 x 10.0 joules 

= O,lal3 joules 

= O.J.9DO joules. 

From Graph 2, and allo·wing for the zero correction, it 

i:J seen ·that the euJ.or.i.meter h~s cooled by ::.m amount corres-

ponding to 0.7 centimeter deflection. The deflection caused 

by 0.1990 joule is seen to be 13.2 centimeters. Tb.on 'the 

energy equivalent of a def'lec.tir:m o£ o. 7 centimeter :ts 

Q.~.& 0.~990 jo'~ 1 ~ 13.2 .. L\--l.\,;; 

- O,.OlOO joule~ 

Then the hee1t o:r mixinc is given by 

ll H = 0 .. 1313 + o. OlOG joule 

;: 0.14,19 j oulc. 

(a) Hercury. 

~\11 mercury used was first towm•e.i througrl a solution of 

mercurous nitrate in $\ nitric acid and then distilled three r 

times in vacuo .. After mercury had been used in the calor-

i:meter 1 t was tO"Jered and redistilled in vacuo,. and stored in 

stoppered flaslts. 
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{b) Carbon tetrachloride. 

Analytical Reagent quality carbon tetrachloride was 

±'-:a.ctionat.ed j~ot.n~ times, the ndddle fraction of each distil-

latior: beii"lg reta1.nect. 1ne final product was stored over 

.:wli1ydrous sodim1 sulphate in a stoppE;•red flask. 

(c) Ghloroform .. 

Six hundrea m11L11ctors of Analytical Reagent 1uality 

cr~oroform "Nere shakon i'Ii th five successive lots of six 

hundred milliliters of distilled water to remove alcohol, 

present as a stabillser. The chloroform was then rlriod f'or 

~1~.3 hours over anhydrous calcium chloride and t,hen fraction­

a,tod, the m1d:11o fraction being 'itmshed as beroro, dried over 

a.nh~ldrous c::1lcium cll1o!'ide and. fl"action-tited onae aga.in. The 

mijJlo fl .. acti.on was vrashcd, dr1ec1. aver eale1um f".hlor:tde .for a 

vJeol~, then i'.ractiol"Ulb~d ±'rom :phosphorous pentox:tde onto 

calcium earbonate4 ?he middle fraction was £iltored, do-

gassed aml sealed o:ff into a storage flask. 

(d) Cyc.lohexane. 

Commerci:J.l quality cyo::lohexano ~w-as purified by 1:Iilllam-
'~ 

:;;on'•"-' using the following method,. The crude materi::tl was 

shaken for six hours '\!rith a n1 tr:J.ting acid consisting of five 

parts of concentrated nitric aeiu and nine parts of concen­

trated sulphuric acid, "l.bout 300 rtll, of' acid being used per 

liter of cyclohexane. The C"'JClohexnno was then Wd.Shed 'd th 

distilled water and then with a 1~~ sodium hydroxid.G solution~ 

~lrter further washing with distilled water it was dried by 

standing over anhydrous calcium chloride for two days. The 

dry cyclohexane was ·thEm fractionated twice, the first and 

1:1st quarter of each distillation being discarded. The 

product was stored over sodium w:f.re in a stoppered fiaslr. 

(e) Hydrocarbons. 

Tho hydrocarbor~~ used were mass spectrograph standard 

aamples obtained from the Department of' Scientific and 

Industrial Research"' Chemical Hesearch l.Ja.boratol"y, ?eddington, 

and were used without further purificat"ion. 
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(f) Benzene. 

)..nalytical Reagent quality benzene vas washed ·with suc-

cessive lots of concentrated sulphuric acid until no yellow 

coloration or the acid was produced. then washed \..,rJ. ch dis­

tilled water and dried over anhydrous calcium c·~.lorido, then 

over aodium. wire. It was then fractionated and tho middle 

fraction was recrystallised seven times in a cryometer 
-:-·,1"'"'! 

(Figure 3) similar in design to thatae Timmermans~ .~_,{ The 

product was stored over sodium wire in a stoppered flasli:. 

(g) Diphenyl. 

Commercial quali·ty 'liphenyl was recrystalllsed three 

times f'ro.m puri:f'ied alcohol and stored in a vacuur~ dessicator. 

Two runs wero carried. out with this product, then. the diphenyl 

was again recrysta111sed. No significant difference \.ras 

found in the results. The final product was stor~t in a 

vacuum dessica.tor .. 

(h) Solutions of' diphenyl in benzene. 

To make up and store the benzene t diphenyl sol1.1tions the 

storage flask shown in Figure •1: was used. The flasb: was 

weighed, the required amount of" d1phenyl introduced through 

the neck (A) and the flask reweighed. The slde ar:~s was 

filled with clean mercury, tt-;e f'laslc reweighed, tho benzene 

introduced through the neak (A) and then the necl: \lias sealed 

of'i' and the flask and detached neck rmreighed. 

To fill the hypodermic syringe a volume of clean mercury 

equal to the volume of solution to be taken was put in the 

syringe .. The syringe was then fitted onto the ground elass 

joint (B) after the mercrury in the side arm had been raised 

to B by warming the flask. The syringe was emptied of 

mercury, the flask t.iltcd to empty the side ari11 and then ·the 

solution was draw into the syringe. The flas1<: ~.,ras tilted 

to refill the side arm with mercury and the syringe removed 

and fitted with the bent needle. 

(a) ~orrections for heat exchange. 

~-1he argument follmdng is l:.i?goly -that of Van dcr :"·aals. 7 
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Fig. 4. Storage Vessel. 



As the heat absorption on mixing and the electrical energy 

SUlJPlied rrever si1:1ultaneously balance one another, the calor-

imete1, te:-.1pcrature sh:"J\fS sm.all vari~tion.s from the thermostat 

teruperature dur:ti.:.g a run, and these variations are accompanied 

by l:e .. :.:t t:;.~.~ .. nsf'c,r between the calorimeter and its surroundings. 

rr the taat;K'r~'it·.l.:re nf the therm:>stat is To and the temperature 

of the calorbleter is T, there ·w.tll be a flow or heat approx­

irntcly rrro:pol•tional to ( J:-T0 ) from the. surr·oundings to the 

.~.~s the ;_:;alvanometer deflection G is proportional 

to ( :::-rrn), then 

£1G/dt = -lr (G-G·'J) 

\Jhcre ( 'J-Cr0 ) is the devi'ltion of the ga.l.vanometer deflection 

fr·Oi""fr its value Go at te:n;Jc:rature T = T0 , t the time and k a. 

c?nstant CCi'l.lal to the heat t.r3.nsfer noef:fic1ent of tho calor-

inH::~t.cr div:i.dcd by its heat ca:paeity. 

~ G/ ~t = -k (G-Gn) >.~r 
.... "a).\ • 

As k is srrillll, 

eXJ:)ressing that :for a. short time, ~ t, the change in galvan­

omete:~ def'leot:ton is :proportional to b.t of the mean va1ue of' 

This is represented by the straight 

i:wxa.ct. cow:pennation. as sh(Jwn. by 5 G, a point E on the 

elm1.>.;ation o::.' I-t· is i'ou:1:1 snch that the verti.call:r <lnd hori-

zontaD.y hatched ::u .. G3..S are equ·:\1. Those are~ls represent 

heat los.J and 3ain,. respectively, .J.nd when they arc equal the 

calorimeter has gained as much heat from its surroundings as 

it h':ts lost to them, ar:Jd S G then gives the amount; of' galvan­

ometer dei'lection corresponding to the inexact compensation. 

?.ae sa1;,~e procedure is aJl})lierl to the calibration C'J.rve F:-r:a.., 

;.~r16. i'rom t;ilis curve the energy equivalent o.f S G is obtained. 

~l:is energy equivalent is ad.Jed to o:t• subtracted fi'om the 

ener2;; su.:pp1ied durin;; the 1--un. 

C'he a11cve argt;rnent is largely academic, as in nearly all 

exr·erinents the lines ~:J3 and F'H 1:-ere horizonta.:!.t and o G, 

the d.if'i"erenco in s;;1J.vanorcter de.flc~tions h€:rore and after 

The 2::-rors introduced 

in 1 .. eading the scale (to the nearest :millime tel') ci.nd in the 
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extrapolations • in the value of the heat of miXing are esti­

mated t": be about 2~~ of the heat me:1sured. 
' 

(b) Other errors. 

The value obtained for the hE1a:t of' mixing is directly 

proportional to the time the heater is supplying cne1.'gy, to 

tho resistance of the heater and to the square of the current 

passtng through the heater. 

electrical measuremG:nts ,rill be reg.u•ded as negligible. so 

the only error to be considered 1n the above measureuonts is 

in the determination of the time. In tho systems carbon 

tetrachloride:chloroi'orm and bcnzene:diphcnyl a stop ll3.tch 

reading to tenths or a second \'fas used, In deternining an 

inter,ral of' ten aeconds a _2;'j error may be made. blafllt runs 

showed that the stirring ef':rects accompanying the creaking of 

the seal caused the evolution or absorption (referred. to the 

calorimeter) of 0,.002 joule. 7ne errors in weighing out the 

components arc estimated to be l.ess than ~:; .. 7hen tho over-

all -error in measuring 0 ,.1 joule to 7';; • and in measuring l. 0 

joule. a.;. 
•' 

In measuring the heats of mixing of the systems 

carbon te·trachloridctc7clohexane and hexanetdecane a pendulum 

operated relay was used, and it is estimated that in deter­

mining an interval of ten sec:mJs an error of if;; may be made. 

For these latter systerns the error in measuring C.l joule is 

G;-~, and in measuring l.G joule, 
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I'hc l'ollo·,r.tn6 are the resr..tlt.s obtain.ed in this :tnvesti-

The he::L t of x.::d.xing is g:l.ven :tn joules, 

~~nd is tho cG.crgy absorbed ullen the weights of co12:lponcnts 

;"ell meaourements t:et"e made at 25° C. 

~ __ :eight l·!eight Heat of 
CHC13 

·eel-
4 Kirin.g 

l~). 02~/~} 1.~0.80 2. 70S:5 
0 .. 7GG2 l~.13G2 3.1815 
o. ... ~ ..... •'"'~' ;._-'"' 1.12?1 3~1·~r3 1 t.J<1V 

G. '7DS9 1 .. 1357 3.8"11G 
}:J • ?·!.)G~) l.ll0S1 :.2 -~ 2.33.3 

-~ "" 3e~mla! 11~ J2l1Gll:·:~ • . . ,;.I .:-~:;I • 

TE1Jiperat:Jr e "/;;-ight ~I eight 

~:!eight 

CHC1
3 : 

...... \ .-• .r"'\~-~ .... -~ 
l_, .. ~. ~)tJi) 

1.1325 
J_.lt335 
1.2000 

.cc14 
1.16!7 
C.?202 
o.-11o1 
0.3299 

:.:ole fractior.t 
of C12 rtlC 1n 

(O C .. ) Cr 
~ 

I{G Solution Solution 

10 o .. 7.)80 0.1008 0.2492 
1:' o.G25~:J (:T,292(> ~- r"JJf""'f'\ 'J.-. ~~x~.-~ 
10 0~,1061 0.,.:1312 0 .. 2492 
1(' .~..... , - ~-\·().C) 

..,.. .... ~t,..t4J:_...o 
I"' ~_,~~ .~ 
~-~ .... ·~ { 0:\..1 C.24~82 

10 0,.4017 0.4~~59 0.2492 
lC 0.~025 r·. ft""'C,'r"'. v.,.-.&...._J;\.. (;.,2·192 

·-r---~=-;-~} :>. '"/ :~-:~= (,1903 (\ C"'\1'" "'("\ 
'·~· _. ,.Ji,.~;::,v 

85 D. 7D90 0.1070 C.,3037 
<"' .-,:>.".'; ~;.4.•:0C) 0.~1:7:3-2 C~2G93 
<)£" 
i.-t-tJ 0. E\3~37 o.a8l4 0.2370 ...,_ 

:c~- • ..:~~1c~ :;·:-~ c-.~J.. .. 75c:, I" <')t~<::J t,:.CJ \...'• Wl,_,.•/ u 
, ..... ,--

6~:.- O .. E-317 0.3773 0 .. 3037 

S5 o. 7CJ05 C.2G9C 0 .. 2--192 , ... , ....... 
C~ ~,~ ... 1.-14 .,..... t . ....,_ .. f"".rl 

0~2492 "'~~ ~__:. \,._: ... ~J..Li=·,'(-_ 

~3--5 r- ~ ..... .......,1') u .. r..:_~~ •. ./~:::..w C.3SG8 (;.2482 
0;,) (;. £j?'t\:.? o. ~11:35 0,2492 
8G C.L!.42S 0.4?11 0 .. 2~92 

~I" ... .;c;..-_) .!"·,. lj('\ -~· 1'·~ c...!-. I ,--__;•..;;;V 0.1010 0.2--0'70 
'"' , ... ~<.S;JlZ () *J 22L~~r( o. 2ff!f) . ;D 

4:5 o .. e2'48 0.3807 0.2370 
o'~~.:; rc. ·-1 '!, '!-\ v. ~::·.:::_.~"-:. ·0~ i:27:}3 :;;2270 ., ,. 
·~:"::) 0. 4'1_.tl'l G iJ.:7G7 0.2870 
·~ rt. JY .,{~/-.... o .. ..-J:31o ;;).3037 J~~i..) \..J.~.;c( v~ 

,.,. ,., 
(~:. 3Sl,S: o .~ :j:~s:J 0.2~192 l_j:\,;' 

GO 0.405'1 0~·~1253 0.2498 
;:3:J o.~1oas o.~~2~~G 0.3492 
G:J 0.-4458 0.4G9"i" o. 2-19'J ..... ~ o. ,108;5 o.--1aos 0.28?0 -}·) 

Heat of" 
1-:i.xing 

3.5686 
2.9540 
~:!.0290 
1 7?70 .. ~ ·C.} 

IT eat of 
Di1ution 

0.0760 
0.1776 
0.1808 
0.1945 
0.1872 
0.1953 

0.1234 
0.1574 
0 .. 2050 
0.2239 
G.2198 
0.,2414 

0~1236 
0 .. 1338 
Ot;l522. 
0 .. 1617 
0 .. 1567 

0.0629 
0.1277 
0.141~; 
0.1579 
O .. J.G30 
011797 

0.1058 
0.1059 
G .. 0008 
0.1017 
0.1222 
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lC 
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lC 
10 
,f)!::: 
4.6<-i 
''"}~ 
-LoV 

25 

25 

25 

·1:0 
"'"" ·~:\) 

•10 
<:!-() 

55 

Temperature 
<o c.) 

10 
10 
IG 
10 
l~(': 

10 

0~338C 
O.GE-31 
1.1317 
1.4216 

0.21.·16 
0.·113';~ 
0.61.::1.5 
0~79F1 
l.G0'70 
1.2C~l 
1.;]97D 

0.3306 
o.G518 
1.1313 
l.~.t5lr:\ 

0.1~)()(; 

0.3280 
0.7128 
l.OOGO 

0.1~359 
0.2034 
''· ,.,r~":-''7 \_ . ..: -...J.- ·-~- J 

C.4011 
:.·7:.6"~2 
{).58fj·3 

\·leight C(3 H3.2 

0.6363 
0.4773 
0.2-101 
0.0971 

o.csoo 
C,5252 
0.,(.1949 
0.3947 
0.2060 
(". •"'VYI '1 v,.;;....y,.,;...• 

0.0538 

O.G3ll 
Q.i172-9 
0.-8407 
0.0063 

O.GS38 
0.6269 
C.2:1t33 
0.3000 

0.7328 
C;. 737G 
-~'i ·r:r:"f ~ 
-· .. v·-t..._-,_) 

0.,1441 
C~3G!J9 
0.8996 

O .. f3Sll 
0.4-~'7 
o.:3?33 
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Hc:lt of IIixing 

1.0524 
1.5160 
1..2950 
0.6107 

0.7271 
1..1<1:37 
1.3986 
1 .. 4503 
1.35"?3 
1.1030 
0.3G?3 

(;..931.3 
1 .. 3517 
1~1()97 
C.5260 

C.5BZ7 
0.8821 
C.961G 
1.2271 

Heat of 111x1ng 

0.1120 
G.l.?4:3 
0,,1815 
C.1929 
8.1910 
0.1922 

C>-1199 
::>.1399 
0.1282 



b.!· ..:J,:U[ij,Y§IS OF RE§ULTS 0 

,- 1 
(.), ' Carbon tctrachlorigo!Ch:tgroforJ!J .. 

:L'he molar volumes of earbon tetrachloride and chloro:f"orr;: 

at 25° c. are in the ratio of 1:1.2, but it has been shown28 

that for spherical moloC!Ules to be interchangeable on a 

lattice the ratio of the molar volumes may bo as groat as 1:2. 

Carbon tctrachlol'ide and chloroform molccu1es may bo regarded 

as sphericalt so the :.iSSUl11ptions made be:fore ( § 1. 8) arc 

valid, and the molar heat of miXing should be giveu by 

L) m:I = x (1-x) iJu (5.,1.1) 

vrhere x: is the mole fraction of' carbon tetrachloride in tho 

mixture~ 

:?he results obtained in this work at 25° c., toeother 

irlith those of Eirobel7 at 25° c. and those of Uhitakcr and 
~o o Chocsoman""' at 24.7 G-t are. shown in Graph 4 plotted an A mH 

versus the mole ~raction of carbon tetrachloride in the mix-

turo. ~values of nu uere round by obtaining the best straieht 

line through the origin to fit a A mE: 'fersus x (1-x) plot • by 

the moti1od of least squares. These values are as followsz-

(1) ~Ihitaker and Cheeseman, iru = 923.G joules/mole. 

(2) liirobe, IJu = 930.3 joules/mole. 

(3) This work. IIu :::: 9&.1.0 j oules/molo. 

Combination of all the experimental data loa<fu to a 

value of :ru of 928 joules/mole .. Graph 4 shows that all the 

data :to fitted, vlithin expori.monta.l error, by the cxpronsion 

L)m.II :::: x (1-x) 988 joules. 

7hus the molar heat of m1x:1ng is eiven corroctJ.y by tho theory 

for regular mixtures. 

1.Jl11 taker and Cheeseman found that the heat of' .mixin8 of 

equimolar mi.xturcs was independent of temperature over the 

range 15 to 30° c., and· thus IJu is independent of temperature. 

i!ow from equation (1. 7 .L~) ue have 

Hu = Hw - f' d (U~rr)/dT (5.1.3} 
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Th.en 

Uw = - T ) (Nu)/T2 dT 

:;.s nu is independent of ·temperature integration of 

equation (5.1.4) gives 

I·Iw = Nu +AT (5.l.5) 

where A is a constant, which may be zero, positive or nega­

tive. Th~ molar froe energy of mixing should thus bo given 

by equation (l.G.3) -;dth Ih-1 given by equation (5.1.5).. Un­

fortunately no vapour pressure data could be found to tost 

this assumption. 

50 tHe 

The molar volumes of benzene and diphenyl arc :ln tt.o 

approximate ratio o:f 111.7 over the experimental temperature 

range, but it will be assumed that the molecules pack on a 

lattice w1 tl1 each benzene molecule oocupying one lattice site 

and each diphenyl molecule two lattice sites. The model 

\dll be applied, using a value z = 6 for the co-ordination 

number of the lattice, even though the molecules are not 

spherical- but planar .. Then the molar heat .,f dilution should 

be given, from equation (1.8.9) by 

( ,... ,, 1) D.(,_.,_• 

where X1 and x2 are the initial and final mole fractions of 

diphe:nyl in the mixture. 

Zhe results obtained in this work at 10, 25, 35, 45 and 

G0° c. ~e shown in Graph s. plotted as .L\DmU versus · 

~§ X? 'fl-:12l .. The experimental points at one temperature 
(.;.+2x2) 3+2xl) 
all lie, within experimental error, on a straight line through 

the origin, showing that the results are in agreement with 

equation {5.2.1). 

Values of Hu for each temperature were found by obtaining 

the best straight line through the origin to fit tho above 

plots, by. the method of least squares. 

follows: 

10° C. t Hu = 5'71 joules/mole. 

'"5° c L.> ., Hu = 492 j o:~les/mole. 

These values are as 
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se.O c •• IJu :::::: 424: joules/mol.e. 

45° c., I:Ju = 351 j oules/molc. 

60° I"< T'' = 29G joules/mole. ...... , .. JU 

~esc values can be represented, w1 thin experimental 

error, by the equation 

Nu = 2193- 5.73T joules/mole 

uhorc r;: is tho temperature in degrees absolute. 

From equation ( 5.1. 4;) we have 

Hw :::: - T s (Nu)/T
2 

dT (5.2.3) 

and on substituting for lJu f:flom equation (5.2.2) and perform­

ing tho 1nteeration i.>j-e have 

Uw = 2193+13.19? loglO T+AT j·oulos/mole 

where J. is a constant. 

(5.2,.4) 

Vapour pressure measurements carried out on benzene: 

diphenyl oixtures by Everett and Ponney29 and by B~xendala, 

Enustun and Stern30 over a temperature range of 15 to 75° c. 
have been analysed by r:verett and :IcGlasha.n .. 1 They found 

that the experimental. results were in agreement w1 th theory 

and that equation (l.G.3) correctly gave the molar free 

energy of mixing if i~w were given a temperature independent 

value of 636 ± 10 joules/mole.. If we assume that equation 

(5.2.4) correctly gives the value of Nw at 35° c. (i.o. 1 636 

joules/mole), equation (5.3-.4) becomes 

Nw = 2193-13.101' loglO T-37. OOT joules/mole (5.2.5) 

From equation (5.2.5) the .follorlng values of Uw are 

obtained: 

85° .... 
~..~ .. lht = 631 joules/mole. 

350 c., 1Iw = 635 j oulos/mole. 

·15° c., lJw == G4S joules/mole. 

e:.r:P <;,J c •• Nw == &19 joules/mole. 

Tb.e above values of Hw are in voey good agreement "VTith 

tho constant value of Nw of 636 :.t 10 joules/mole directly 

derived from vapour pressure measurements. However 1 if the 

problem of rindine the relationship between Nu and iiu is 

approached in the reverse manner to that used aboveJ that is 

if we try to :find nu. using the experimental values of Uw in 
T:-:E Lb:;t; ... :.."i"\'r' 
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equation (1.7.~1); it is found that the experimental accuracy 

in the determination of Hw is not sufficient to find an 

accurate valuo of d(lht)/dT. Hore accurate determinations of 

vapour pressures than have hitherto been made are required 

before the value or :1u (and hence the heat of mixing) can be 

predicted from values of llw derived from vapour pressure data. 

The only previous determination of the heat of dilution 

or Qenzene:diphenyl mixtures that could be found was that of 

Tompa. 31 He ~ound a value of Nu 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. 

r:: 9 9· t CarRon tet£aghlgrid~:cxcl9h§xane· 
The mol.ar volumes of carbon tetrachloride a.nd cyclohoxane 

are in the approximate ratio of lJl.l over tho experimental 

temperature range. As in (f. 5.1) the molecules will be re-

garded as spherical, each molecule oecupying one lattice site. 

Then the molar heat of mixing should be given by 

LlJi = x (1-x) l~u (5.3.1) 

where x is the mole traction of earbon tetrachloride in the 

mixture. 

The results obtained in this work at 101 25, 40 and 55° C., 

together with the rosul ts or s ca tohard • Ticknor, Goa tos and 

HeCartney-12 at 20° c. are shown in Graph G, plotted as 6. mH 

versus the mole traction of carbon tetrachloride in the mix-

ture. Values of Uu for eaeh temperature were found by 

obtaining the pest straight line through the origin to f'i t a 

~ mi-I versus x· (1-x) pl.ot, by the method or least squares. 

Graph G shovs that within experimental error, the data for 

eaeh temperature fit equation (5.3.1) with the following . 
values of Nu. 

10° c., IJu = 623 j oulesjmole 

<")s0 c '"' .. Uu = 593 joules/mole 

.,wo c., nu = 5G2 joules/mole 

55° c.' nu = 532 joules/mole 
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Jbese values can be represented • w1 thin experimental 

error • by the equation 

:Ju. = ll98-2.03T joules/mole 

v1here T is the temperature in degrees absolute. 

From equation (5.1.4) we have 

Hw = - T J (Hu)/T
8 

dT 

(5.3.2) 

(5.3.3) 

and on substituting for Hu from equation (5.3.2). and perform• 

ing the integration we have 

N'w :;; ll93-J4.67T log10 T + AT Joules/mole 

where A is a constant. 

(5.3.4) 

Vapour pressure measurements carried out on carbon 

totraohloridezcyalohexane mixtures by Scatchard, l'Jood and 

nochelll have been anal.ysed by Guggenheim. 1 ·He found that 

~1e experimental results were in agreement with theory; 

equation {1.6.3) giving the molar :free energy of' mixing for 

the values of Hw shown. bel.ow in the third column of Table 5.1. 

I.f it is assumed that equation (5.3.-'!) correctly gives 

the value o:r Hw at 40° c. (i.e., 264 joules/mole), equation 

(5.3.A.1) becomes 

Nw = 1198+4.67T log10 T ... 14.64T joules;molo (5.3.5) 

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

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

•ul& §.J.. 

Tcm~erature !Jw from equation (5.2. 5) Experimental. Iiw 
o c .. } (joules/mole) (joules/mole) 

30 2'73 274 

40 263 264 

50 254 255 

60 246 245 

70 23? 236 

The above values are in excellent agreement, but as in 

( 1 5.2) values of llu and hence the heat of mixing cannot be 

accurately found from the experimental Uw values available. 

The only previous determination or the heat of rdxing of 

earbon tetrachlorido:cyclohexane mixtures that could be found 



47. 

w-as that of Sea.tchard, Ticlmor, Goates and l~eCartne~2 at 

Their results are shown in Graph G, and their accur-

aey- has been discussed bof'ore ( § 2). 

If it is assumed that the molecules are constructed of 

tho ele;nents CH;1= and CII3-, occupying a lattice with eo­

ordination n:u:aber · z ~ 3, then the mol.ar heat of mixing should 

be given from equation (1. 8.10) by 

~mrr = o.2496 I.~l i Nu (5.4.1 

where x is the mole. fraction of" hexane in the mixture. 

The resul.ta obtained in this work at 10 and 25° c. are 

shown in Graph 7, plotted as A mil versus the mole fraction of' 

hexane in the mixture. Values of Nu at each temperature 

were :found by obtaining the best straight line through th.e 

origin to fit a AmH versus 0.2496 ~x plot, by tho method 

of least squares. The values are as follows: 

10° c. , ~~u = 843 joules/mole 

25° c •• nu = 577 joules/mole. 

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

nu equal to 843 joules/mole. and curve {3) is given by 

equation (5.4.1) With 1Ju equal to 57? joules/mole .. It is 

seen that within experimental error the points lie on the 

theoretical. cur'\"es. 

Van dar Waals7 has measured the heats of m1x1ng.at 20° c. 
of miXtures of hexadecane with decane, octane~ heptane and 

hexane. ~e results, which are not partieularly accurate, 

show an appreciable scatter about the theoretical curves 

derived trom equation {1. 7 .5) .. Van der !:Jaals found that his 
0 

results at 20 c. could be represented by the empirical ex-

pression 
..., 

~·ma = 5.1 {rA - rnl~ X (1-x) joules/mole 

By finding the best parabolas to tit the results o£ this 

work, and interpolating between 10 and .25° c .. , it is found 

that for the system hexane:decane equation (5.4.2) corroctly 

gives the heat of mixing at 20° c.. Shown in Graph ? are the 
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bost parabolas to fit the data (curves (2) and (4)). 

The scatter of tho experimental results of' Van der Uaals 

about the theoretical curves derived from equation (1.?.5) is 

comparable to their scatter about the curve given by· equation 

(5.·1. 2), but as is seen in Graph 7 the results of this work 

are better fitted by equation (1.7.5) than by equation (5.4.2). 

The values o:r Tin to give the best agreement of' Van der :Jaals' 

results at 20° C. with theory were ±"ouwl by the method of' 

least squares. The values are as follows: 

ITexadecane ldecane , Hu == 8463 j oules/mo1e 

Hexadecane;oetane , Hu = 1?84 joules/mole 

Rexadecane :heptane, rru = 1435 j ou1esjmole 
Hexadecane:hexane, Nu = 1213 joules/mole 

Eexane;decanc, Nu = 665 joules/mole 

The value for the system hexane :de cane was found by 

interpolation between the values at 10 and 25° C. obtained 

in this work. 

_lccording to the theory given before all the above values 

should. be equal since all the molecules are assumed to be 

eonstructed of the same elements, and Uu is the energy of' 

formation of' a mole of CH2=:cu3- contacts. A different 

choice of elements to "build" the molecules from makes no 

appreciable difference to the extent of' agreement in the Nu 

values given above. 

1l'ompa6 has analysed the vapour pressure measurements of 
3'""1 

Brort..stead and I:oefoed r,;. on the systems hexadecane a hexane • 

hcxadeca.necheptane and hexanetdodecane. It was found that a 

value of' Hw of 284 joules/mole, constant to ~, fittccl the 

experimental data for the three systems studied. 

An explanation o:r the disagreement of the Huvaluos, and 

the agreement between the Nw values may 1ie in the fact that 

the results have not been corrected to constant volume+ It 

is to be expected that the volume change on mixing will be 

greater the greater the difference in chain length .between 

tho component molecules oi" the mixture, and that the oompress­

ibilities and coefficients of thermal expansion for the 

mixtures will change in a regular manner w1. th change in ehain 
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length .. The correction to be subtracted f'rom the expert-

mental heat of :mi.xing values will thus be greater the greater 

the difference in chain length between the component mole­

cules, and the constant volume v-alues of Nu ld..ll be more 

nearly constant than the experimenttiU constant pressure 

values. 7-he correction to constant volume to be applied to 

the experimental vapour pressures, is negliglbly_small, so the 

constancy of the e:xperintental Uw values will not be affected. 

Until accurate volume, compressibility and thermal expansion 

data is available the results cannot be corrected to constant 

volume. 

By integration of tho Nu values over the experimental 

temperature range. agreement between the !'lu and Nw values may 

be obtained, but there is little significance in the result 

as Bronstead and Koefocd only made measurements of vapour 

pressure at 20° c., and introduction of an i.ntegration oon­

stant ensures perfect agreement at one temperature. 



§I St:U·WMX. 
~ calorimeter has been bUilt to measure the heats of 

mixing of binary liquid miXtures in the absence Qf a vapour 

phase. ?he operation of the calorimeter was checked by 

measuring the heat of mixing of the system carbon tetrachlo~­

id(;)tchloroform at 25° c .. " and comparing the results vith those 

obtained by other workers on the same system. l4:eaauroments 
0 \'i'el"e made over a temperature range of 10 to 60 C.. on tho 

systems benzene•diphenyl, carbon tetrac:hl.oride;cycJ.ohexano and 

n-he.xanctn-deeane. 

The results were f'ound to be in good agreement with those 

predicted from a theory developed by Guggenheim and co-workers, 

based on tho quasi-crystalline modf)~ of the liquid state, 

exee9t that in the ease of the hydrocarbon. mixture, the 

resul.ts, when considered with resu1ts on the same type of 

systan obtained previously, showed a dis crepaney between theory 

and experiment .. A suggested explanation of this discrepancy 

has been put forward. 
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