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ABSTRACT 

An approach based on the “graph” theory has been evolved to predict molar excess 
enthaipies, HE, and molar excess volumes, VE, for a number of binary mixtures of non- 
electrolytes. The calculated HE and VE values compare reasonably well with their corre- 
sponding experimental values. The limitations of this approach have also been discussed. 

INTRODUCTION 

According to the mathematical discipline of graph theory, if atoms in the 
structural formula of a molecule are represented by letters and the bonds 
joining them by lines, the resulting “graph”, which describes the topology of 
the molecules, gives the totality of information contained in that molecule 
[l-4]. The elegance and versatility of graph theoretical methods have been 
utilized to (i) enumerate [5] isomers for alkanes, (ii) determine the relation- 
ship [ 63 between the structure of a molecule and its chemical properties, and 
(iii) study [7 3 multi-stage synthesis where optimization of yields is a pre- 
requisite, etc. In the present investigation an approach (based on graph 
theory) has been evolved to predict HE and VE values of binary mixtures of 
non-electrolytes. 

THEORETICAL ASPECTS OF THE APPROACH AND THE RESULTS 

According to graph theory, if 6i, 6j, 6h, etc. denote the degrees of i, j, k, 
etc. vertices of the graph of a molecule, then the connectivity parameters g, 
of the first, second, third etc. degrees are defined by 

(1) 

“f = C C C (6i6j6k61)-11* 

i<j j<k k<l 
(3) 

* To whom correspondence should be addressed. 
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Accordingly the 'g, *& 3$ connectivity parameters of benzene,o-xyleneand 
2,3_dimethylpentane (to name afew)wouldbe 

2 

2 0 2 

2 2 

'E=6(1/dm)= 3.0 (sinceeachvertexisofthe I 

second degree) 
5 

Degreesofvarious 
I 

'e = 6(1/d2 X 2 X 2)= 2.12 

vertices of the ',$=6(1/d2X 2X2X 2)=1.5 
C--C skeleton of 
benzene 

3 
2 6 3 ’ 

2 2 

2 

Degrees ofvarious 
vertices of the 

C-C skeleton of 
o-xylene 

1 

3 2 

i 
3 v : 

Degrees ofvarious 
vertices ofthe 
C-C skeleton of 
2,3-dimethyl 
pentane 

4:=1/~~+1/~~+1/~~+1/~~ 

+lf~ZZ+l/~~+l/~EZ+l/~E= 

+ l/JFS= 3.81 

~=l/,/lX3X3+1/~3X3X1+1/~3X3X2 

+l/dlx 3 x 2 +1/t/3x 2x 2 +1/42x 2x2 

+1/~2X2X2+1/~2X3Xl+1/~2X3X3 

=2.95 

'~=1/~1X3x3X2+1/~1X3X3X1 

+1/~3X3X2X2+1/&X3X2X2 

+1/,/3X2X2X2+1/~2X2X2X2 

+1/~2X2X2X3+1/~2X2X3Xl 

+1/,/2X2X3X3+1/~2X3X3Xl 

+1/&x3x3x2=2.593 

',$ =l/J~+l/J~+l/~%Y%-l/J~ 

+l/dm+l/dm = 3.18 

'~=1/~~-+2/~~+1/~3X3Xl 

+l/J3X3X2+1/&X3X2 

+1/43 X 2 X1=2.96 

"~=1/~1X3X3X1+1/~1X3X3X2 

+l/~lX3X3Xl+l/~~X3X3X2 

+1/~3x3x2x1+1/~1x3x2x1=2.49 

The connectivity parameters of the first degree of a molecule may be 
assumed to represent a measure of the oscillations ofitsbondlengths(since 
it depends on the degree of its closest vertices taken two at a time), andas 
the bond length remains practically constant with concentration and tem- 
perature, 'f would be independent of temperature and concentration in a 
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binary mixture. In order to understand the physical significance of ‘g, “E and 
“5: etc., we evaluated these parameters for n-heptane, 3-methyl hexane, 2,3-di- 
methyl pentane, n-octane, 2,5-dimethyl hexane, 2,2,4-trimethyl pentane, 
n-nonane, 2,3,5-trimethyl hexane, 3,3-dimethyl pentane, benzene, toluene 
and o-, m- and p-xylenes. It was observed that while %$ and 4g obscured the 
effects of branching in isomeric alkanes, it was clearly brought out by jg. 
Thus the “t values for the various isomeric compounds vary in the order 
n-pentane < isopentane; a-methyl pentane < n-hexane < 3-methyl pen- 
tane < 2,3dimethyl butane; n-heptane < 3-methyl hexane < 2,3-dimethyl 
pentane; 2,2,4-trimethyl pentane < 2,5-dimethyl hexane < n-octane; 
n-nonane < 2,3,5-trimethyl hexane < 3,3-dimethyl pentane; and m-xylene < 
p-xylene < o-xylene. 

Further, the molar volumes at 293.15 K of these compounds vary in the 
order isopentane < n-pentane; 3-methyl pentane < n-hexane < 2,3dimethyl- 
butane < 2-methyl pentane; 3-methyl< hexane < n-heptane < 2-methyl 
hexane < 2,3dimethyl pentane; n-octane < 2,5-dimethyl hexane < 2,2,4- 
trimethyl pentan e; 3,3dimethyl pentane < 2,3,5-trimethyl hexane < n-non- 
ane; and o-xylene < m-xylene < p-xylene. 

The necessary density data were taken from the literature [S-16]. 
It is thus apparent that within the same isomeric species the molar volume 

of a molecule varies inversely as its “$j. Again 1/3.$ for most of the molecules 
is less than unity, and as branching in a molecule of the same isomeric 
species would allow only a part of its surface area to interact effectively with 
the corresponding surface areas of other molecules, 1/3t would also represent 
a measure of the probability that its surface area interacts effectively with 
the corresponding surface areas of other molecules. 

Now in a binary (A f B) mixture, the A--A and B-B contacts in the pure 
components would be replaced by A-B contacts, so that the change in 
energy when A and B are mixed is due to the change in the interaction 
energies of the close neighbouring molecules. The A---B contacts in turn 
depend on the surface areas of A and B that can come into effective contact, 
and since l/“.$ of a molecule is a measure of the probability that its surface 
area interacts effectively, l/“E is a quantity of considerable interest in the 
thermodynamics of binary mixtures. Following Huggins [ 17,181, we assume 
that if XAB is the interaction energy per (A-B) contact and if mixing is 
regarded as perfectly random, HE can be expressed by [17,X3] 

where x_~ is the mole fraction of component A in the mixture and SB is the 
effective contacting surface fractions of B defined by 

SB = (J-m-A) VB/(XAVA + (1 -xx,) VB) (5) 

Since 1/3E of a molecule has been identified with a measure of the probabil- 
ity that its surface area interacts effectively, and as VB varies inversely with 
3&, VB/VA in eqn. (5) should be replaced by 
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Hence 

SB = (I - xA)(3’&/3EB )/Lx* + (1 - X_4)(3’$A/3EB)] 

and 

(7) 

HE =xa(l -XX,) XAB(~~A/~$B)/[XA + (1 --A)(3L13$,)] (8) 

Evaluation of HE from eqn. (8) requires, in addition to a knowledge of 
XAB, “.$ parameters of the A and B components of the binary mixture. The “5: 
of components containing four or more carbon atoms can be readily deter- 
mined from eqn. (3), but the same cannot be said of small molecules that 
contain two or less than two skeletal carbon atoms. Since these small mole- 
cules cannot fold themselves, the whole of their surface areas can come into 
effective (A-B) contact and hence for these small molecules we have 
assumed 3& = 1. The only unknown parameter XAB in eqn. (8), which cannot 
be determined by independent methods, can be evaluated from the HE values 
at any composition (preferably between 0.2 and 0.8). In the present investi- 
gation we have evaluated it from the HE data for an equimolar mixture. This 
XAB value was then used to calculate HE values for the mixture at XA = 0.3 
and 0.7. The HE values calculated in this manner for various mixtures are 
recorded in Table 1 and are also compared with the corresponding literature 
values [19-631. Reasonably good agreement between the calculated and 
experimental HE values lends credence to our basic assumption that l/3.$ 
of a molecule is a measure of the probability of its surface area that can 
come into effective A-- -B interaction and that for small molecules 3E = 1. 

In order to further check as to how far the HE values as calculated from 
eqn. (8) compare with those evaluated from 

HE=xA(l - &d(vB/vA)/[xA + tl--A)(vB/vA)I (9) 

we computed IIE values from both of these equations and compared them 
with their corresponding literature values [19-63] (see Table 1). An exami- 
nation of Table 1 reveals that the HE values calculated in both ways compare 
reasonably well with the literature values for most of the binary mixtures; 
eqn. (8) being better in some cases. One important limitation of eqn. (9), 
however, is that it cannot be employed if the relevant density data of the 
components of the binary mixtures are not available (e.g. cycle-octane, l-oc- 
tene etc.). No such limitations are inherent in eqn. (8); it requires HE datum 
at one composition (preferably 0.3 < x1 < 0.7) only. One apparent weakness 
of eqn. (8) is that it requires HE to be either positive or negative. This 
approach would thus fail for those mixtures where HE changes sign with 
composition. 

It would now be interesting to see if this approach can also be used to pre- 
dict VE for binary mixtures of non-electrolytes. We have already pointed out 
that the molar volumes of an isomeric molecule varies inversely as its 3,$. 
Further, for n-pentane, n-hexane, n-heptane, n-octane, n-nonane benzene, 
toluene and xylenes, etc., both the ‘E and molar volumes of the molecules 
vary in the order: 

n-nonane > n-octane > rt-heptane > n-hexane > n-pentane; and xylene > 
toluene > benzene. 
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This suggests that the molar volume of compound in addition to its depend- 
ence on 1/3g should also depend directly on the length of its C-C chain, i.e. 
on its ‘g value. Consequently, the molar volume of a compound should vary 
inversely as its 3$ and directly as its ‘g values. 

Kier and Hall [64] represented the molar volumes of alkanes in terms of 
their 3$ and ‘g connectivity parameters by 

v = (Y/3.$ + p’g + y (10) 

where a, /3 and y are constants. It was observed that the molar volumes at 
293.15 K of benzene, toluene, o-, m- and p-xylenes could be represented by 

V (cm3 mole-‘) = -9.555/3g + 40.8 ‘E - 27.3 (11) 

The parameters LY, fl and y of eqn. 10 were evaluated from the molar volumes 
at 293.15 K of benzene, toluene and p-xylene. These were then used to cal- 
culate molar volumes of m-xylene and o-xylene. The calculated and experi- 
mental V values of m-xylene and o-xylene are 122.9 (122.7) and 124.2 
(123.1) cm3 mole-‘, respectively; the quantities in parentheses are their 
experimental molar volumes. 

Again, while the molar volumes at 293.15 K of monobromoalkanes con- 
taining five or more skeletal carbon atoms are reasonably well represented by 

V (cm3 mole-‘) = -9.555/3t + 49.0 ‘E - 2.72 (12) 

(monobromoalkanes) 

those of monochloro- and monofluoroalkanes can be well described by 

V (cm3 mole-‘) = -9.555/3$ + 70.0 ‘E - 2.72 

(monochloroalkanes) 

and 

V (cm3 mole-‘) = -9.555/3&! + 45.0 ‘E - 2.72 

(monofluoroalkanes) 

(13) 

(14) 

The calculated and experimental V values for some of the compounds at 
293.15 K are: n-heptyl bromides 156.6 (157.0); isoamyl bromide 122.1 
(125.5); n-octyl bromide 180.5 (176.4); sec. butyl chloride 107 (106); tert. 
butyl chloride 109.0 (109.9); n-hexylfluoride 118.5 (117.5); n-heptyl fluo- 

ride 145.0 (147.0); and n-oxty! fluoride 165.1 (164.0) cm3 mole-‘, respec- 
tively. The quantities in parentheses are their experimental molar volumes at 
293.15 K; the necessary data were t&en from the literature [65-69]. On 
the other hand, the molar volumes of alkanes could also be well represented 
by 

V (cm3 mole-‘) = -9.555/3g + 56 1g - 2.72 (15) 

(alkanes) 

The calculated and experimental V values for some of the alkanes are: 
22dimethyl butane 131.6 (132.5); n-pentane 119 (115); 3-methyl pentane 
133 (129.5); 2,2dimethyl pentane 155.9 (149.7); and a-methyl pentane 
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138.4 (141.6) cm3 mole-‘, respectively. For small molecules for which it is 
not possible to evaluate 3,$ and ‘f by eqns. (1) and (3) it was observed that 
their molar volumes at 293.15 K can also be expressed by 

V (cm3 mole-‘) = --9.555/3e + const. + const. 

= --9.555 + p”g + ^I’ (16) 

Consequently, we assumed that the molar volumes of components A and B 
of the (A + B) mixture can be represented at any temperature by 

vA=a/3EA+P~1EA+Y~ (17) 

v, = a13’& + P&B + ?B (18) 

The ideal molar volume of the mixture x,A + (1 - xA) B would then be 

V ideal= c XAVA=XAQ/~~A +XJA~EA+XAYA+QXB/~& 

fxBh31~B +XBYB (19) 

The molar volume of the mixture would also be expressed by an expression 
analogous to (9), i.e. 

VIII = (r/3$, + Pm’Em + Ym (20) 

We now assume that 

3t: = XA~<A f (1 - XA) 3c~ 

OrFErn z XA~~A~~A+(~-XA)~~B~~B 

(21) 

(22) 

and 

Ym = XA?A +XB?B 

Therefore, molar excess volume 

(23) 

VE = v, -IX XAVB 

= 

XA3ftA + (1"-xA)3gB 

XAQ --- (1---Ak 

3tA 
3' 
&3 

(24) 

The only unknown parameter, CY, in this expression can be evaluated from 
the VE values at any composition. However, in the present investigations it 
was evaluated from the VE data for an equimolar mixture. VE values calcu- 
lated in this manner for the various mixtures at x1 = 0.3 and 0.7 are recorded 
in Table 2 and are also compared with the corresponding literature values 
[ 19,37,44,53-57,70-791. 

Examination of Table 2 reveals that this approach predicts accurately the 
VE data for most of the various binary mixtures. An apparent weakness of 
this approach is that for mixtures for which ‘EA = 3.$$, VE according to 
expression (24) should be zero. However, this is not the case, as is clearly 
brought about the VE data for benzene + cyclohexane mixtures. This 
approach, however, predicts that V E for benzene + chlorobenzene and 
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benzene + bromobenzene mixtures should be zero. The experimental VE 
values partially support this conclusion. 

The present approach thus predicts reasonably well the HE and VE data 
for most of the binary mixtures. 
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