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ABSTRACT

An approach based on the graph theory has been evolved to predict molar excess enthalpies //E of binary
muxtures of non-electrolytes The calculated HE values compare reasonably well with the corresponding
expenmental values The approach has alsc been successful 1n predicting HE data for binary mixtures at
other temperatures from HE data at two mole fractions at one temperature only

INTRODUCTION

Excess enthalpies, HE, of binary mixtures of non-electrolytes are due essentially
to the replacement of the i—1 or j—j contacts in the pure i and j components by the
i—j contacts in the mixture. The number of these i—j interactions depends on the
surface areas of the i and j components that come into effective i—j interaction so
that branching in a molecule would allow only a part of its surface area to come into
effective i—j interaction. Thus, H= would be influenced by the topology of the
molecules that undergo these interactions. Since the mathematical discipline of
graph theory deals with the topology of molecules, it should be able to predict excess
enthalpies of binary mixtures of non-electrolytes. The present paper is concerned
with an approach, based on the graph theory, to predict HE for binary mixtures as a
function of temperature and composition from theirr HE data at two mole fractions
at any one temperature alone.

THEORETICAL ASPECTS OF THE APPROACH AND THE RESULTS
According to graph theory, if atoms in the structural formula of a compound are

represented by letters and the bonds joining them by lines, the resulting graph gives
the totality of information contained in that molecule [1-4]. Thus the graph
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theoretical description of (say) n-pentane would be

NN

1 1

in which 2, 3 and 4 vertices would be of the second degree (since in each case each
vertex 1s directly linked to two nearest vertices) while those at positions 1 and 5
would be of the first degree. Consequently, if §,, §,. 8, ... etc. denote the degrees of i,
J- k. etc. vertices of the graph of a molecule, then the connectivity parameters of the
first. '£, second 2¢. and third degrees, >£, are expressed by

t=3 (88)7"" 1)

2'§= E_ = (618_]6!()_'/: (2)
1<) <k

=S T = (5.5,8k8,)""3 (3)

1<j 1<h A<l

The connectivity parameter of the first degree of a molecule depends on the degrees
of 1ts closest vertices and so 1t may be 1dentified with a measure of the oscillations of
its bond length. Since the bond length remains practically constant with temperature
and composition, '§ may be assumed to be independent of both. In order to
understand the relationship between 2§, 3¢ etc. parameters, on the one hand, and the
effect of branching on the molar volumes of components, on the other, we evaluated
these parameters for a number of non-electrolytes and it was observed that while 2¢
and *# etc. obscured the effect of branching on the molar volumes of isomeric
compounds. the same was clearly brought out by 3¢ values. Thus while the %¢ values
of the vanous isomeric compounds vary in the order

n-pentane < isopentane;

2-methyl pentane < n-hexane < 3-methyl pentane < 2,3-dimethyl butane;

n-heptane < 3-methyl hexane < 2,3-dymethyl 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
their molar volumes at 293.15 K vary in the order

1sopentane < n-pentane:

3-methyl pentane < n-hexane < 2,3-dimethyl butane < 2-methyl pentane;

3-methyl hexane < n-heptane < 2-methyl hexane < 2,3-dimethyl pentane;

n-octane < 2,5-dimethyl hexane < 2,2,4-trimethyl pentane;

3,3-dimethyl pentane < 2,3,5-trimethyl hexane < n-nonane; and

o-xylene < m-xylene < p-xylene
(the necessary density data were taken from the literature [5—13]). It is apparent that
within the same isomeric species, the molar volumes of most of the compounds vary
inversely as its 3£. 3¢ of a molecule may, therefore, be assumed to measure its
tendency to fold itself. Again the 1/3¢ value for most of the compounds containing
four or more skeletal carbon atoms was found to be less than unity, and as
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branching in a molecule of the same isomeric species would allow only a part of its
surface area to interact effectively in the 1—j interaction, 1 /3¢ may also be identified
to measure the probability that the surface area of a molecule interacts effectively
with the surface area of another molecule. For compounds belonging to different
1someric species, the molar volume should also depend on '£. Actually. Kier and
Hall {14] express the molar volumes of alkdnes by

V=gt By (4)
where «, B and y are constants. Since the number of 1~) contacts is determined
primarily by that part of the molar volumes of 1 and j that determines their tendency
to fold themselves, the 1/3¢ value of a compound 1s a quantity of considerable
importance in the thermodynamics of binary mixtures.

Now in a binary mixture of non-electrolytes, the i—i and j—j contacts in the pure
i—j components are replaced by i—j contacts in the mixture so that the excess
enthalpy is due essentially to a change in the 1nteraction energy of the neighbouring
molecules. Following Huggins [15,16], we assume that if x,, 1s the interaction energy
per i—) contact and if mixing is assumed to be perfectly random, HE can be
expressed by

HE =xxx,V,/(xV, +xV) (5)

where x, is the mole fraction of i in the mixture and V| and V] are the molar volumes
of pure 1 and j. Since the number of effective i~) contacts 1n a (1 +)) miature 1s
determined primanly by that part of the molar volumes of i and j that determine
their tendency to fold themselves

V,/V, < [(a/3£J)/(a/3$,)] (where a is a constant)
or

V,/V,= k(3§1/351) (where k 1s a constant)

Hence eqn. (5) reduces to

HE =x,x,xuk(3$, /351)/[35, + x}(zgl /3‘5J)] ©)

Evaluation of HE from eqn. (6) requires 1n addition to a knowledge of x, and &, 3¢
parameters of the pure components. Now while the 3¢ value for a molecule
containing four or more skeletal carbon atoms can be readily determined from eqn.
(3) (see Appendix) the same is not possible for small molecules that contain one or
two skeletal carbon atoms. Since these small molecules cannot fold themselves, the
whole of their surface areas can take part in effective i-j contacts and hence for
these molecules we have taken 3¢ = 1. The only unknown parameters, X, and k, in
eqn. (6) can be evaluated if HE data for the mixture at two mole fractions are
known. In the present investigations, we have evaluated these parameters from HE
data at one temperature and two mole fractions close to x, = 0.5. These values of x,
and k were then utilized to calculate HE data for the mixture at x, = 0.1, 0.3, 0.7 and
0.9. These values are recorded in Table 1 and are also compared with their corre-
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TABLE2

Comparnson of 77 values (in J mole =) as calculated from ceqn. (10) at different temperatures from the
HE data at the temperature and mole fractions v, of component | as specified i Tabie 1. with therr
corresponding expennmental values for vanous mixtures

Mixture Temp iIE v\ Ref.
(K)
01 0.3 07 09
Cxclopeatane (1) + 298 15 Cale 316 717 679 283 17
carbon tetrachlonde (2) Expt 305 680 66 0 295
308 13 Cale 306 694 657 274 17
Expt 280 628 640 250
Cyclohenane (1)~ 208 15 Cale 673 1322 146 3 61.4 i9
carbon tetrachlonde (2) Expt 600 144 0 1404 63 1
31815 Calc 60 9 138 8 1325 556 19
Expt 600 13211 1304 511
Cxrciohevane (1) ~+ 32315 Calc 513 1289 1528 722 27
2.2 d-tnrmethylpentane (2) Expt 480 1350 1550 700
Chrclohevane ()~ 208 15 Calc 528 1252 1297 56 6 24
2.3-dimeth:] butane (2) Expt 531 1274 1334 577
308 15 Cale St 1211 1255 548 24
Expt 520 1253 1338 585
Cyclohexane (1) + 33315 Calc 1112 2210 176 4 653 37
l-octene (2) Expt 720 1600 180 0 700
Cyclohexance (1) + 32315 Calc 660 169 1 2107 1029 26
n-heptance (2) Expt 500 1395 1957 951
Cyc(lohexane (1) + 32313 Calc 1310 3430 454 1 2322 30
n-hexadecane Expt 1100 2800 3500 1600
Cycloheptane (1)~ 298 15 Calc 548 1319 140 9 625 40
2 3-dimethyl butane Expt 600 1312 1342 615
Cyclooctane (1) + 28825 Calc =211 —412 —-310 —-119 41
cyclopentane (2) Expt —-160 -324 —-157 -06
308 32 Calc -197 ~385 -290 =111 41
Expt —-225 —487 =345 —103
Cyclooctane (D) + 298 15 Cale 71.7 1579 1421 580 42
2.3-dimethyl! butane Expt 68 0 152 8 144 | 605
31315 Cale 68 3 1504 1353 55.2 42
Expt 627 140 4 1308 544
n-Octane (1)+ 32315 Calc 83 197 206 89 36
2,2.4-tnmethyl pentane (2) Expt 65 150 155 75
I-Octene (N + 32315 Calc 157 333 283 113 38
n-heptane (2) Expt 120 300 321 150
I-Octene (1)+ 32315 Cale 460 1158 137.0 647 39

n-hexadecane Expt. 330 800 910 400



TABLE 2 (continued)

Mixture Temp. HE Xy Ref.

X

0! 03 0.7 09

n-Heptane (1)+ 298 15 Cale 157 379 411 184 35
n-hexadecane Expt 350 K21 710 300
Methyl cyclohexane (1)+ 32315 Calc 9.4 243 306 151 34
n-heptane (2) Expt 50 120 178 80
Decalin (1) + 32315 Calc 3164 666 1 3570 2207 67
benzene (2) Expt 2850 6200 480.0 2050
Decalin (1)+ 323 15 Calc 218 550 66 0 316 80
n-heptane (2) Expt 160 420 520 200
Decalin (1)+ 323 15 Calc 58 1 148 9 1854 906 81
n-hexadecane Expt 400 930 1220 510
Tetralin (1)+ 323 15 Calc 194 3 4142 3500 1391 83
cyclohexane (2) Expt 1700 3700 3400 1400
Tetralin (1) -+ 32315 Calc 1499 3640 3960 1775 82
n-heptane (2) Expt 1420 3750 3900 1750
Tetrahn (1) + 323.15 Calc 1699 4459 5934 3047 83
n-hexadecane (2) Expt 1300 4300 5600 2700
Benzene (1)+ 28815 Calc 419 991 101 8 443 52
carbon tetrachionde (2) Expt 376 881 910 420

31815 Calc 380 898 922 40 1 52

Exapt 540 1100 1140 540

Benzene (1)+ 32315 Calc 2792 6345 603 3 2523 59
cyclohexane (2) Expt 2700 6150 6050 2200
Benzene (1)+ 32315 Calc 3550 6100 6490 4020 61
n-heptane (2) Expt 2400 6600 7600 3200
Benzene (1) + 30315 Calc ~232 —-609 —-806 —412 53
methylene chlonde (2) Expt —154 -553 —-760 —294
Benzene (1) + 30815 Calc —-09 -23 —-25 —11 62
chlorobenzene (2) Expt ~0 ~0 ~0 ~0
Benzene (1)+ 308 15 Calc ~100 -256 ~310 —1438 62
bromobenzene (2) Expt ~125 =230 =310 —-126
Benzene (1)+ 32315 Calc 2858 7148 8345 3904 64
2.2,4-trimethyl pentane (2) Expt 2050 6600 8400 3930
Benzene (1)+ 288.15 Calc. 655 1950 2124 104 6 54
n-hexane (2) Expt 68.0 1771 220.1 109.1

31815 Cale 593 176.7 1924 94 7 54

Expt 567 140 7 1788 94 1

Benzene (1) + 32315 Calc. 3550 610.0 6490 402.0 61
n-heptane (2) Expt. 2400 6600 7600 3200
Benzene (1)+ 323.15 Calc 2976 8045 1179.1 658.1 68
n-hexadecane (2) Expt. 2970 7500 11000 5000
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TABLE 2 (continued)

Mixture Temp HE X Ref
(K)
01 03 07 09

Toluene (1) + 30315 Calc —-476 —1350 —-2159 —1289 53
methylene chlonde (2) Expt —484 — 1470 —2005 —-939
Toluene (1) + 308 15 Cale —302 -753 —R75 ~-407 62
chlorobenzene (2) Expt —126 —628 —586 ~167
Toluenz (1) + 308 15 Calc -200 —522 —-688 -350 62
bromobenzene (2) Expt =251 —418 ~554 ~146
o-Xylene (1) -+ 30315 Calc —591 — 1644 -2674 —~ 1667 73
methylene chlonde (2) Expt —~44 4 ~1€28 —2337 = 1046
o-Xylere (1) + 20305 Calc —268 —620 —610 —259 73
chlorobenzene (2) Expt —248 —-656 —~603 —241
o-Xviene (1) + 29305 Calc —-228 —-581 =717 —348 73
bromobenzene Expt -371 —892 —885 —-340
m-Xylene (1)+ 303 15 Cale —-631 —1593 -1904 —904 53
methylene chlonde Expt -—601 - 1287 —2108 —1023
m-Xylene (1)+ 29305 Calc —-279 —714 —-1024 =590 73
chlorobenzene (2) Expt —3R83 =910 —852 —-350
m-Ayvlene () + 293 05 Calc —618 —1392 —1303 —-541 73
bromobenzene (2) Expt —83.4 — 1662 —1594 —-785
m-Xylene (1) + 32315 Calc 1272 3036 3i83 1398 74
n-heptane (2) Expt 1600 3000 3230 1400
m-Xylere (D + 32315 Calc 2259 4806 408 3 162 8 75
cyclohevane (2) Expt 1800 4460 4400 1900
p-Xylene (H—~ 303 15 Cale —563 —1i615 —-2705 —1322 53
methy lene chlonde (2) Expt —454 - 1618 —2449 —1175
p-Xylene (1) + 29305 Cale -229 —581 —-699 —333 73
chlorobenzene (2) Expt —302 —~845 —898 —~378%
p-Xylene (1)+ 293 05 Cale —-305 —763 —-891 =417 73
bromobenzene (2) Expt —480 —-1092 —-1071 —-436
an-Hexadecance (1) + 32315 Caic 839 188 0 173 8 839 85
2,2 4-tnmethyl pentane Expt 500 1250 1150 500

sponding literature values [17-85]. An examination of Table 1 reveals that the HE
values as calculated by the present approach reproduce the experimental HE data

reasonably well.

It would now be interesting to see if this approach can be employed to predict HE
data for the mixture at a temperature 7, from its HE data at a given temperature T’

and two mole fractions close to x, = 0.5.
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HE according to eqn. (6) is dependent directly on x,, and as the temperature 1s
raised from T to T, the i and j components come into less effective i~} contacts so
that x, at T, would be lower than x,, at 7. In other words, HE should vary inversely
with temperature, i.e.

HE¥(T)) < 1/T, (7)
and

HE(T) e 1 /T (8)
Therefore -

HYT)/H™N(T)=T/T, (9)
Hence

HE(T,)=(T/T,)HE(T) (10)

Now HF at a given temperature T, HE(T), can be calculated from eqn. (6) in the
manner explained above and hence H* at any other temperature T,, HE(T),), can be
readily determined from eqn. (10). The HE(T,) values calculated in thus way for a
number of binary mixtures are recorded in Table 2 and are also compared with the
corresponding literature values. An examination of Table2 reveals that the HF
values calculated by the present approach again reproduce the experimental HE data
well.

Thus, the present approach provides a convenient method to predict HT for
binary muxtures, as a function of temperature and composition, if HE data at one
temperature and two mole fractions only are known. One apparent weakness of this
approach is that it requires HF to be either positive or negative. This approach
would then fail for those mixtures for which HE changes sign with composition. This
approach has also been quite successful [86] to predict ¥'E data for a number of
binary mixtures. The present approach also removes the shortcomings observed with
the earlier approach [86] to predict HE at the two extreme ends of the mole fraction
scale with some of the binary mixtures.
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APPENDIX

The connectivity parameters of the first, second and third degree of 2,3-dimethyl pentane can be
calculated as follows.

2.3-Dimethyl pentane

The carbon—carbon skeleton of this compound would be
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Now while the second and third vertices are of the third degree (since cach of them is directly linked to
three veruces). the first and fifth vertices of the first degree and the fourth vertex 1s of the second degree.
The graph of 2,3-dimethyl pentane with the degree of 1ts various vertices would be

E=1 /T3 1IR3 = 1/AX3 = 1/ AT + 132 ~1 /221 =318
= TR INT 21, /IX3R3 +1,/1X3%3 +1//3X3X1 —1//3X3%2 =1//TX3X2

+1//3X2TRT =263

and

=1, TX3<3<T +1//T3XIRT = 1/INIXIXT +1/y/1X3X3X2 +1//3X3%2X1

~1//TX3XNTIXT =249
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