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ABSTRACT 

An approach based on the graph theory has been evolved to predrct molar CYCCSS enthalples lIE of bmary 

mrxtures of non-electrolytes The calculated HE values compare reasonably uell wtth the correspondmg 

expenmental values The approach has alsc been successful m predtctrng HE data for bmary mtxtures at 

other temperatures from HE data at two mole fractrons at one temperature only 

INTRODUCTION 

Excess enthalples, HE, of binary rmxtures of non-electrolytes are due essentia!ly 
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 effectrve 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, rt 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 rmxtures as a 
function of temperature and composition from then HE data at two mole fractions 
at any one temperature alone. 

THEORETICAL ASPECTS OF THE APPkOkCH 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 [l-4]. Thus the graph 

l To whom correspondence should be addressed 
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theoretical description of (say) I?-pentane would be 

m which 2, 3 and 4 vertices would be of the second degree (since in each case each 
vertex IS duectly lmked to two nearest vertices) while those at positions 1 and 5 
would be of the first degree. Consequently, if 6,, 6,. 6, . . . etc. denote the degrees of i, 
J. k. etc. vertices of the graph of a molecule, then the connectivity parameters of the 

first. ‘5. second ‘& and thud degrees, 3t, are expressed by 

The connectlvlty parameter of the first degree of a molecule depends on the degrees 
of Its closest vertices and so it may be Identified with a measure of the oscillations of 
its bond length. Smce the bond length remains practically constant with temperature 
and composl tlon, ‘5 may be assumed to be independent of both. In order to 
understand the relationship between ‘& 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 “5 
and “5 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 4[ values 
of the various lsomeric compounds vary m the order 

n-pentane K isopentane; 
2-methyl pentane c rr-hexane -= 3-methyl pentane < 2,3-dimethyl butane; 
n-heptane < 3-methyl hexane < 2,3-dlmethyl pentane; 
X.4-tnmethyl pentane c 2,Mimethyl hexane c n-octane; 
rz-nonane < 2,3.5-trimethyl hexane c 3,3-dimethyl pentane; and 
9?2-xylene C p-xylene < o-xylene 

their molar volumes at 293.15 K vary in the order 
lsopentane < n-pentane: 
3-methyl pentane C n-hexane < 2,3-dimethyl butane c a-methyl pentane; 
3-methyl hexane ( n-heptane < 2-methyl hexane C 2,3-dimethyl pentane; 
n-octane C 2,5-dimethyl hexane C 2,2,4-trimethyl pentane; 
3.3-dunethyl pentane < 2,3.5-trimethyl hexane C n-nonane; and 
o-xylene < m-xylene C p-xylene 

(the necessary density data were taken from the literature [5-131). It is apparent that 
withm 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 /3t value for most of the compounds contaming 
four or more skeletal carbon atoms was found to be less than unity, and as 



branching in a molecule of the same isomeric spectes would allow only a part of its 
surface area to interact effectively in the I-J interaction, 1/3,$ may also be identifted 
to measure the probability that the surface area of a molecule interacts effectively 
with the surface area of another molecule. For compounds belongmg to different 
isomenc species, the molar volume should also depend on ‘5. Actually. Kier and 
Hall 1141 express the molar volumes of alkxnes by 

(4) 

where (Y, fl and y are constants. Since the number of I-J contacts is determmed 
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 constderable 
importance in the thermodynamics of binary mixtures. 

Now in a binary mixture of non-electrolytes, the i-i and J-J contacts m the pure 
i-j components are replaced by i-j contacts m the mixture so that the excess 
enthalpy is due essentially to a change m the interaction energy of the netghbourmg 
molecules. Following Huggms 115,161, we assume that tf x,, is the mteractron energy 
per i-J contact and if mixing is assumed to be perfectly random, HC can be 
expressed by 

HE = x,x,x,,~/Wl +x,y) (5) 

where x, is the mole fraction of i in the nuxture and V, and V, are the molar volumes 
of pure I and J. !hICe the number of effective I-J contacts in a (if J) mixture is 
determined primanly by that part of the molar volumes of i and J that determme 
their tendency to fold themselves 

v,/ V, cc [(a/34,)/ (cy/‘t, )] (where a: is a constant) 

or 

<,/VI = k(3&/3,$J) (where k IS a constant) 

Hence eqn. (5) reduces to 

HE =-~*x,X~,k(3E,/3~,)/[X, + X,(3E,/3$)] (6) 

Evaluation of HE from eqn. (6) requires m addition to a knowledge of x,~ and k, 3[ 
parameters of the pure components. Now whtle the 3< value for a molecule 
containmg four or more skeletal carbon atoms can be readily determmed 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 m 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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TABLE 2 

Companbon of flE values (in J mole - ’ ) a calcuiatcd from cqn. (IO) 31 dlffcrcnt tcmpcratur<\ from the 

IIE data at the Iempcr;lture and molt frxtmns 1, of component I n* >pcclficd in Tabic 1. sith thclr 

correspondmg evpcnmentnl \alucs for various rnIxrurc\ 

Xllulure Tcmp 

(K) 

IiE \, Ref. 

01 0.3 07 05, 

C! 1) + ‘98 15 

carbon telrachlondc (2) 

308 I5 

Qclohcxanc (I) - 298 15 
carbon tztrxhlonde (7) 

318 I5 

C~clohw.clne ( I ) + 323 15 

2.2 -I-tnncth~lpenwx (2) 

Cl clohctanc ( I) - 298 IS 

2.3-dlmefh?l butane (2) 

C> clohcuanc ( I ) + 

I -oc tent (2) 

C>clohcxant ( 1) t 
whcptanc (2) 

Qclohcxanc ( I) -L 
tz-hc\ada:anc 

C> clohep tanc ( I ) - 
2 3-dlmcrhjl butane 

C~clooctline (I)i- 

cyclopcntanc (2) 

C>clooctane ( I) + 

2.3-dlmethyl butane 

wOctanc (I) + 

30s 15 

323 I5 

323 I5 

323 I5 

29s I5 

‘88 25 

308 32 

298 1.5 

313 I5 

323 I5 

2,2.4-trimethyl pcntane (2) 

I -0ctene ( I) + 323 15 

n-heptane (2) 

I-Octene (l)+ 323 I5 

n-hexadecane 

CJIL 316 71 7 

Expt 30 5 6X 0 

C-ilk 306 694 

Elcpt 2s 0 62 X 

CdC 67 3 I53 2 

Eupt 600 I440 

CdC 60 9 I?S S 

Expt 600 I32 I 

Colt 51 3 17X0 

Expl 4SO I?5 0 

CdC 52 x I25 2 

Evpt 53 1 1274 

CA 51 I 111 1 

E?cpt 52 0 125 3 

CA Ill 2 ,210 

Expt 72 0 1600 

Calc 66 0 169 I 

Elcpt 500 139 5 

CdC I31 0 343 0 

Expt 1100 280 0 

Calc 54 8 1319 

Evpt 600 131 a 

Cnlc -21 1 -412 

E\pt -160 -324 

CLllC -197 -385 

Expt -225 -487 

Calc 71.7 1579 

Expt 6s 0 1528 

CdC 68 3 1504 

Expt 62 7 1404 

Cak 83 197 

&Pt 65 150 

Calc I5 7 33 3 

fipt 120 300 

CtiC 460 1158 

Expt. 33 0 800 

67 Y 

66 0 

65 7 

64 0 

I463 
1404 

Ii’ 5 __- 

1304 

152s 

I550 

1297 

1334 

I’5 5 

133 H 

1704 

1800 

2107 

I95 7 

454 I 

350 0 

I409 

1342 

-310 

-I57 

-290 

-345 

I42 I 

144 I 

2x 3 

29 5 

274 

25 0 

61.4 

63 I 

55 6 

51 I 

77 ’ __ 

700 

56 6 

57 7 

54 S 

58 5 

6S 5 

700 

1029 

95 I 

732 2 

1600 

62 5 

61 5 

-II 9 

-06 

-II I 

-I03 

5SO 

605 

135 3 55.2 

1308 544 

206 x.9 

I5 5 75 

28 3 II 3 

32 I 150 

137.0 64.7 

910 400 

I7 

17 

19 

I9 

27 

24 

‘4 

37 

26 

30 

40 

41 

41 

42 

42 

36 

38 

39 
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TABLE 2 (contmued) 

1Mxture Temp. II” x, Ref. 

(W 
01 03 0.7 09 

wHeptane ( I ) + 
mhexadecane 

Methyl cylohexane (I) + 

rl-hcptane (2) 

Decalin ( I ) + 
benzene (2) 

Decalm ( 1) -i- 
n-heptant (2) 

Decahn ( 1) + 
wheuadecane 

Tetrahn (I)+ 

cyclohcxane (2) 

Tetrahn ( 1) + 
n-heptane (2) 

Tetrahn (I j + 
rt-hcuadecane (2) 

Benzene ( I ) f 

carbon tetrachlondc (21 

Benzcnc ( I) + 
cyclohexane (2) 

Benzene (I ) + 
n-heptane (2) 

Benzene (I) + 
methylene chlonde (2) 

Benzene (I) + 
chlorobenzene (2) 

Benzene (I) + 

bromobenzene (2) 

Benzene ( I ) + 

298 15 

323 15 

323 15 

323 15 

323 15 

323 15 

323 15 

323. I5 

2X8 15 

318 15 

323 15 

323 I5 

303 15 

308 15 

308 I5 

323 I5 
2.2.4-trimethyl pentane (2) 

Benzene (I) + 288.15 

n-hexane (2) 

318 is 

Benzene ( I) + 

n-heptane (2) 

Benzene (I)+ 

n-hexadecane (2) 

323 15 

323.15 

Calc 157 37 9 

&PI 3.5 0 x2 I 

Calc 9.4 24 3 

ExPt 50 120 

Calc 3164 666 I 

fipt 285 0 620 0 

Calc 21 x 55 0 

&PC 160 42 0 

Calc 5x I 1489 

ExPt 400 93 0 

Calc 1943 414 2 

Expt 1700 370 0 

Calc 1499 3640 

&Pt 1420 375 0 

Calc 1699 4459 

Expt 1300 430 0 

Calc 41 9 99 I 

Expt 37 6 88 1 

Calc 38 0 89 8 

&Pt 540 II00 

Ca!c 279 2 634 5 

Expt 270 0 6150 

Calc 355 0 6100 

ExPt 240 0 660 0 

talc -23 2 -609 

&Pt - 15.4 -553 

talc -09 -23 

GPt -0 -0 

talc. -100 -256 
Expt. -I25 -230 

cak 285 8 7148 

ExPt 205 0 660 0 

talc. 65 5 1950 

EPt 68.0 177 1 

talc 593 176.7 

ExPt 56 7 1407 

talc. 355.0 610.0 

Expt- 2400 6600 

cak 297 6 8045 

&PL 297 0 750 0 

41 I I84 

71 0 300 

306 15 I 

I78 x0 

557 0 ,I0 7 
4x0.0 205 0 

66 0 316 

520 200 

1x5 4 906 

1220 510 

350 0 139 I 
340 0 1400 

3960 1775 

390 0 1750 

593 4 304 7 

560 0 270 0 

IO1 8 443 

910 420 

92 2 40 1 

II40 540 

603 3 252 3 

605 0 220 0 

649 0 402 0 

760 0 3200 

-806 -412 

-760 -294 

-25 -I I 

-0 -0 

-310 -I48 

-310 -126 

834 5 3904 

8400 393 0 

2124 1046 

220. I 109.1 

1924 94 7 

1788 94 1 

649 0 402.0 

760 0 320 0 

1179.1 658.1 

11000 5000 

35 

34 

67 

x0 

xi 

x3 

82 

83 

52 

52 

59 

61 

53 

62 

62 

64 

54 

54 

61 

68 



TABLE 2 (continued) 

Mwurc Temp HE _t, 

(M 
01 

Rcf 

03 07 09 

Tducnc ( I) + 
mcthykne chlonde (2) 

Tolucnc ( 1) J- 
Chlorotwnzcne (2) 

Tolucn: (I)& 

bromohazenc (2) 

o-x> knc ( I ) + 
mcth! lcnc chlondr (2) 

o-,~ylcrLc ( I) + 
Chlorobcnzene (2) 

o-X> lone ( 1) A 
bromohcnzcnc 

n1-,x> lcnc ( I ) -!- 
mcthylenc Chlondc 

nr-.x> hlC ( I ) + 

chlorotxnzenc (3) 

WA> Icne ( I ) + 
bromobcnzcnc (2) 

Ul-X>kne ( I ) + 
rz-hcptanc (2) 

nt-,A> ICIX ( I ) + 
c> Clohc\anc (2) 

p-Y>lcnc (1) - 

mcth~lcnc chlondc (3) 

p-Xqicnc ( I ) + 
chlorobrnzenc (2) 

p-Xylcnc ( I ) + 
bromobcnzcnc (2) 

,+Hexadecanc ( ! ) + 
2.2.4-tnmethjl pcntane 

303 15 

308 15 

308 15 

303 I5 

293 05 

293 05 

303 15 

293 0.5 

293 05 

323 15 

323 15 

303 15 

293 05 

293 05 

323 15 

Calc 
Expt 

Cnlc 

Fkpt 

Cilk 

Elcpt 

CillC 

Expr 

Calc 

E?cPl. 

CA 

Exp~ 

Calc 

E?cpt 

CA 

Expt 

Cillc 

&PI 

Caic 
Expt 

Calc 

fiP1 

Cilk 

Expt 

CA 

EKPI 

CL& 

Expt 

Calc 

&Pt 

-476 

-484 

-302 

-126 

-200 

-25 I 

-59 1 
-444 

-276s 

-248 

-72x 

-37 I 

-63 I 
-60 1 

-279 

-383 

-61 8 

- 83.4 

1272 

1000 

225 9 

1800 

-563 

-4.54 

-229 

-302 

-305 

-480 

83 9 

500 

-I350 

-1470 

-753 

-628 

-522 

-41 s 

-1644 

-IL28 

-620 

-656 

-58 I 
-SYZ 

- 1593 

-1287 

-714 

-91 0 

-1392 

-I662 

303 6 

3000 

480 6 

4460 

- 161 5 

-1618 

-5x 1 
-845 

-763 

-1092 

1880 

1250 

-215 9 

-2005 

-87s 

-586 

-688 

-554 

-2674 

-233 7 

-610 

-603 

-717 

-8x85 

- 1904 

-2108 

- 1024 

-x52 

-1303 

-1594 

3183 

323 0 

POX 3 

440 0 

-2705 

-2449 

-699 

-898 

-89 I 
-107 I 

I73 8 

1150 

-1289 

-93 9 

-40 7 

-167 

-350 

-146 

-1667 

-1046 

-259 

-24 I 

-348 

-340 

-904 

- 102 3 

-590 

-350 

-54 I 
-7x5 

1398 

1400 

1628 

I900 

-1322 

-1175 

-33 3 

-378 

-41 7 

-436 

Y3 9 

500 

62 

sponding hterature values 117-851. An examination of Table 1 reveals that the HE 
valves as calculated by the present approach reproduce the expenmental 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 T, from its HE data at a gven temperature T 
and two mole fractions close to x, = 0.5. 



HE according to eqn. (6) is dependent drrectly on x,,, and as the temperature IS 
raised from T to T, the i and J components come mto less effective i-J contacts so 
that x,, at T, would be lower than x,, at T. In other words, HE should vary inversely 
with temperature, i.e. 

HEW,) Oc l/T, (7) 

and 

HE(T) a l/T 

Therefore -. 

HE( T, )/H”(T) = T/T, 

Hence 

HE@-,) = wmHE(n 

(8) 

(9) 

Now HE at a given temperature T, HE(T), can be calculated from eqn. (6) in the 
manner explained above and hence HE at any other temperature r,, H E( 7’, ), can be 
readily determined from eqn. (10). The HE( T,) values calculated in thts way for a 
number of binary mixtures are recorded m Table 2 and are also compared wrth the 
corresponding literature values. An examinatron of Table2 reveals that the HE 
values calculated by the present approach again reproduce the expertmental HE data 

well. 
Thus, the present approach provides a convenient method to predict HE: for 

binary mtxtures, as a function of temperature and composition, If HE data at one 
temperature and two mole fractions only are known. One apparent weakness of thus 
approach is that it requires HE to be either postttve or negative. Thts approach 
would then fail for those mixtures for-which HE changes sign with composition. Thts 
approach has also been quite successful [86] to predict VE data for a number of 
binary rruxtures. The present approach also removes the shortcomings observed wtth 
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-dlmethyl pcntanc can be 
calculated as follows. 

2.3-Dunetllyl penlalre 

The carbon-carbon skeleton of ttus ccmpound aould be 



Xou ahiIe the second and third w&es are of the third degree (since each of them is dwectly hnkcd to 
three veruces). the fast and fifth ~crnces of the first dcgrec and the fourth bertcx IS of the second degree. 
The graph of 2.3-dtmethyl pcntanc utth the degree of its various vertvxs would be 
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