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ABSTRACT 

Molar excess enthalpies, H,E~ ( T 1, x,, x: ). for methylenebromlde ( t ) + pyndme ( j )+ ,8- 
picoline ( k ): pyridme ( l ) +/Lpicol ine  ( j ) + cyclohexane ( k ): benzene ( 1 ) + toluene ( j ) + 1,2- 
dichloroethane ( k )" benzene ( t ) + o-xylene ( j ) + 1.2-dlchloroethane ( k ): and benzene ( t ) + p- 
xylene ( j ) +  1,2-dichloroethane (k)  mixtures have been measured calorimetricall'~, as a func- 
tton of temperature and composition. The data have been analysed in terms of the Sanchez 
and Lacombe theory and using an approach employing the "'graph theoreucal'" concept of 
connectivity parameters to characterize its pure components. It has been observed that the 
H,~ (T, x,, x/) data calculated from the "graph theoreucal" approach using 3~ values based 
on 6 ~ considerations (that take into consideration the valency of individual atoms of the 
molecular graph constituent components) best reproduces the corresponding experimental 
H,~ A data. 

I N T R O D U C T I O N  

A recent study [1,2] utilized a "graph theoretical approach" (that em- 
ployed the graph theoretical connectivity parameters of the third degree of 
the constituent molecules) which successfully described molar excess volumes 
of ternary mixtures of non-electrolytes. The approach [1,2] makes use of the 
fact that the interactions in a ternary (i + j  + k) mixture are closely depen- 
dent on the interactions in the (i +j), ( j  + k) and (k + l) mixtures. Further- 
more, the Lacombe and Sanchez theory of fluid mixtures [3] suggests that the 
thermodynamic properties of ternary mixtures of non-electrolytes are de- 
terminable from the corresponding properties of the constituent binary 
mixtures. This prompted us to study molar excess enthalpies, H,~a, of some 
ternary mixtures of non-electrolytes and to analyse the data in terms of: (i) 
graph theoretical approach; and (ii) Lacombe and Sanchez theory of fluid 
mixtures. 

* Author to whom correspondence should be addressed. 
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Pyridine, /~-picoline, cyclohexane, methylenebromide, benzene, toluene, 
1,2-dichloroethane, o-xylene and p-xylene (BDH AR grade) were purified by 
standard methods [4]. The purity of the final samples was checked by 
measuring their density at 298.15 K and these agreed to within _+0.00005 g 
cm- l  with the corresponding literature values [5-7]. 

Molar excess enthalpies, H,~ k, of the various (l + j +  k) mixtures were 
measured as a function of composition and temperature in a double-walled 
glass calorimeter that has been described in detail elsewhere [8]. In essence, 
the calorimeter had three limbs and the three components were introduced 
by means of three separate hypodermic syringes with 9-in. long needles at 
their ends. The liquid components in the calorimeter were kept separated by 
a column of mercury and their compositions were determined by directly 
weighing the calorimeter. The calorimeter was placed in a water bath whose 
temperature was controlled to better than _+0.01 K by means of a toluene 
regulator. After thermal equilibrium, the contents of the calorimeter were 
mixed by tilting the calorimeter by about 60 ° from the vertical by an 
automatic machine and an appropriate current was passed through the 
calorimeter heater for compensation (for endothermic reactions only). The 
time for which the current was passed was noted with the help of an 
electronic timer (type 701, M / s  Systronic, Ahmedabad) with an accuracy of 
+0.0001 s. The current in the heater circuit was measured with a vernier 
potentiometer (M/s  OSAW, Ambala) with an accuracy of +_0.000001 V. 
Our measured H,~k(T, x,, xj) data are accurate to about 1.0%. 

RESULTS 

Molar excess enthalpies, H,~ k (T, x,, x j) for the various ternary mixtures as 
a function of composition at 298.15 and 308.15 K (recorded in Table 1 and 
plotted for some of the mixtures in Figs. 1-5) were fitted to the expression 

H,~k(Tl ,x , ,x j ) / (Jmol  1) =x,x,  H ,~(x , -x j ) "  
I 

+xjx  14 j k ( x  , - 
n = O  

+ x , x k  I L " , ( x ,  - )" 
t 

~ H n +x,xjx k ~'. Huk(X I -  X~) X, 
n = 0  
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T A B L E  2 

Value,,, of  the pa ramete r s  H/J:, H,l~t, and  H,"/~ of  eqn.  (2) a long with the s t anda rd  devta t ion,  o 
(H,t:~). of  the molar  excess entha lpms,  H,E~,(T._,,,._,%). for the various (i + j + k )  mix tures  at 

298.15 and 308.15 K 

Sys tem Temp.  H "  ' o( H,E,~ . ,:~ H,I1~ H,- I~  ) 

(K) ( J m o 1 - 1 )  ( J m o l  - I )  ( J m o l  i) ( J m o l  1) 

M e t h y l e n e b r o n n d e  I I ) 298.15 -- 7244.7 3609.5 215535 2.12 

+ p y n d m e  ( .1 )+ 308 15 - 5500 47046.5 305623 2.48 
,8-plcohne (/, ) 
P y n d i n e  ( t )+ 298.15 - 5700 11966 70650 2.54 
f l -p lcohne  ( 7 ) +  308.15 - 295.7 8123 - 78016.3 2.36 
cvc lohexane  ( k ) 
Benzene ( t ) +  298.15 315.3 - 15800 98.9 1.29 
to luene  ( j )+ 308.15 - 1626 1080.8 - 3 0 3 8 3  0.85 
1 ,2-d lchloroe thane  ( k ) 
Benzene ( i ) +  298.15 - 3002.8 889 111347 1.25 
o-xylene ( J )+ 308.15 - 993.8 - 14680.5 65312 0.89 
1.2-dlchloro- 
e thane  (/, ) 

Benzene ( i ) +  298.15 1022.3 1472.8 -43715 .1  0.91 
p-xylene  ( j ) +  308.15 - 5 2 4  - 15210.5 6997 0.97 
1,2-dlchloro- 
e thane  ( k ) 

j 0,o] k(i,o) 

-200 

-400 

-600 

I -~00 "T 

0 
E 
"r -iooo 
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Ftg. 1. Molar  excess enthalples ,  H E, of  m e t h y l e n e b r o m i d e  ( l ) + p y r i d i n e  ( j ) + f l - p l c o l i n e  ( k )  
at 298.15 K. 
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where x,, x j  and x k are the mole fractions of the ith, j t h  and the k th  
components in the (t + j  + k) mixture, respectively, and H,~(n = 0-2), etc., 
are parameters characteristic of the ( i + j ) ,  ( j + k )  and ( k + i )  binary 
mixtures. The parameters H,'~k (n = 0-2) of eqn. (1) were evaluated by fitting 

n ~ n t l  

t 

- x , x  k (x,  - x~ )" H,~. x , x j x  k ) 
t 

to 

2 2 (2) 

by the method of least squares; the necessary H", etc., parameters of some of 
the binary mixtures were taken from the literature [9]. These parameters, 
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Fig. 2. Molar excess enthalpies, H E, of pyridme ( t )+f l -p icol ine  ( j )+cyc lohexane  (k)  at 
298.15 K. 
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Fig. 3. Molar excess enthalpies, H E, of benzene (1) + toluene ( j )  + 1,2-dichloroethane (k) at 
298.15 K. 
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Fig. 4. Molar excess enthalpies, H E, of benzene ( t )+ o-xylene ( j ) +  1.2-dichloroethane (k) at 
298.15 K. 
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along with the standard deviation o(H,~k) of H,~(T, x,, xl) defined by 

o( HEjk)= { ~'[ ntEk(Zl'xt'xj)(exp)-- ntEk (T'xt'Xl)(calceqn'l)]2 } ) ( 3 )  

where m is the number of data points and n' is the number of adjustable 
parameters in eqn. (2), are recorded in Table 2. 
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Fig. 5. Molar  excess enthalples ,  H E of  benzene  ( t )+  p-xylene ( j )+  1 ,2-dichloroethane ( k ) at 
298.15 K. 
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DISCUSSION 

Molar excess enthalpies for methylenebromide(i)  + pyridine( j )  +/3- 
picoline(k) are negative at 298.15 and 308.15 K. On the other hand, when 
methylenebromide is replaced by cyclohexane in its ternary mixtures with 
pyridine and /3-picoline, the molar excess enthalpies become positive over 
the entire composition range. H,~ k for benzene ( i ) +  1,2-dichloroethane ( j )  
+ toluene (k), +o-xylene ( j ) ,  and +p-xylene ( j )  mixtures is positive over 
most of the x, and xj composition, and decreases in the order: toluene > o- 
xylene > p-xylene. 

The H,~,(T, x,, xj) data for the various ternary mixtures were next 
analysed in terms of the Sanchez and Lacombe theory [3] of fluid mixtures. 
H,~k(T, x,, x j) according to this theory is given by 

H , ~ , ( T l , x , , x j ) = r k T  P,jk E %d~,~,,~ + E -- (4) 
1 1=1 l=1 T1 

+ rkT Y'~ (5) 
t = l  [ TI 

where 

= * - 2c,*j. etc. (6) X,j C, + c .  

q~,=m,(p*) -~ (m,/p*) (7) 
t = l  

3 -1  

m,= x,M, E x,M, (8) 
t = l  

3 

r = Y] x,r, = r,j k (9) 
t = l  

r, = r,° [ V,*( V*,~ ) -  q (10) 
3 

Vm~lx = E oOv/~[¢ (11) 
t = l  

= ( 1 2 )  
I 

and 

~,j, = (V, , , ) - I  (13) 

and all terms have the same significance as described by Lacombe and 
Sanchez [3,10]. 
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Evaluation of Ht~k(T 1, x,, xj) by this theory requires a knowledge of 0,jk, 
the reduced density of the mixture, which in principle could be calculated [3] 
from the following equation of state of the mixture 

~,2~k + RT/,*jk[ln(1-~uk)+(1- 1/ru~)~,jk] + P = 0  (14) 

where 

e*jk = (,*,/,, + ,j*j,/,j + ,ZkePk) --(q',eOj2,j + eO, ePk2,k + eOjq'k2jk) (15) 

and 

P P * * (16) = V, jk/p,j k 

This would require a knowledge of the binary interaction energies {*j, cj*k, C*k 
of the (i + j ) ,  ( j  + k) and (i + k) binary mixtures but as such information, 
however, is not readily available, these were evaluated from the H,E(T1, 
x, = 0.5) datum of the (i +j), (j + k) and (k + i) mixtures by means of 

H'~= 2q~'~J'J['* + 'J*J- 2'*j] + RTru[ Y] ( q~"--O'Jq~' ) (17) 

where 

= Rr/,* (18) 

and 

~,j=[{V~E,+j)/~_./(x,r,°(V,*/~.f~b,V,*)(~(eo°V,*))}+~eo, V,] -' (19) 

, * and e* k parameters of the (t + j ) ,  ( j +  k) and ( i +  k) Once the e*j ejk 
binary mixtures, respectively, are known, ~,j for the (i + j  + k) mixture can 
be evaluated from eqns. (14)-(16). It should thus be possible to predict 
H,~k(T 1, x,, xj) data for a ternary (i + j  + k) mixture if it is assumed that the 
binary interaction coefficients Xu, Xjk and X,k for these binary system are 
independent of composition and that these binary mixtures satisfy eqn. (14) 
for binary mixtures. Since 

(~,sk) 2 +( RT/,*jk)[~uk(1 -- r,-j2 ) + In(1 -- 0,sk)] + P = 0  (20) 

methylenebromide (i) + pyridine ( j ) ,  +/3-picoline ( j )  and pyridine ( 1 ) + a- 
picoline ( j )  do not satisfy [9] eqn. (20) (as the experimental and calculated 

E values make very poor agreement with the corresponding experimental H,~ 
H,j values) but satisfy the following equation reasonably well 

RT[In(I-b,~)+(1-%)~,~] =0.01 to 0.051 (21) + + 

(the calculated H,~ values compare reasonably well with their corresponding 
experimental values [9]), it follows that the present ( i+j+ k) mixtures 
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would also not satisfy eqn. (14). Consequently, H,~ k values evaluated at 
298.15 and 308.15 K by eqn. (4) in the manner  originally proposed by 
Sanchez and Lacombe would not compare well with their corresponding 
experimental values. It was, therefore, imperative to know how much a 
particular (i + j  + k) mixture deviated from eqn. (14). A useful approxima- 
tion, however, would be to consider an (i + j  + k) mixture, as a mixture of 
(i +j), ( j  + k) and (i + k) binary mixtures and if the addition of, say, the 
k th component does not drastically effect the nature of the i-j interaction in 
the (t + j ) ,  etc., mixture, it follows that the extent to which the (l + j  + k) 
mixture deviates from eqn. (14) would be nearly one third of the sum to 
which the (i + j ) ,  ( j  + k) and (1 + k) equimolar mixtures deviate at 308.15 K 
from eqn. (20). Therefore, eqn. (14) for a ternary (i + j  + k) mixture (assum- 
ing it to be composed of three binary (i +j), ( j  + k) and (i + k) mixtures) 
would reduce to 

+ 

=3 

[',jk + RT/'*,jk[ln(1- 0,jk) + (  1 -  1/r,,k)O,jk] 

[• RHS of eqn. (20) for (i +j) ,  ( j  + k) and (l + k )] (22) 

where ~*jk and P,jk are defined by 

3 

,7,k = Z R r E Z  123) 
t = l  

P,j~ = 1/~,j  k (24) 

Once the equation of state for a ternary mixture, such as eqn. (22), has 
been established, P,~k and hence H,~k(T1, x,, xj) for the mixture at any 
composition can be readily evaluated. Such H,~k(T l, x,, xj) values for the 
various ternary (i + j  + k) mixtures are recorded in Table 1 and are also 
compared with the corresponding experimental values. 

An examination of Table 1 reveals that the H,~(T1, x,, x j) values so 
calculated are of the right order of magnitude but the quantitative agreement 
is not very impressive. The failure of the Sanchez and Lacombe theory to 
describe the H,~k(T, x,, x~) data of these ternary mixtures well for low values 
of x,, xj or x k at 298.15 and 308.15 K may lie in the assumption that the 
right-hand side of eqn. (22) for the constituent (i + j ) ,  ( j +  k) and (i + k) 
binary mixtures (evaluated from their HE(T = 308.15 K, x --0.5) data) was 
constant over the entire range of values of x,, xj or x k and T. Nevertheless, 
this theory makes a significant theoretical attempt to predict thermodynamic 
excess functions of multicomponent systems from a knowledge of their 
binary interaction coefficients. 

The H,E~. data were next analysed in terms of the graph theoretical 
approach [11]. 
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Graph theoretical approach 

In order to evaluate E Hu~(T 1, x,, xj) from the H E data of (i +j), ( j  + k) 
and (k  + i) by means of this approach [11], a ternary (i + j  + k) mixture was 
assumed to be characterised by the following contacts 

_/j/< = ~ j '  

j /<' 

_k/j = k_/" 

i "  so that H, Ejk should be due essentially to HE data due to the rj, jk '  and ki', 
jk, ki and ij contacts. If the contribution due to each of these unlike contacts 
to the measured H, Ejk is assumed to be additive then H,~ k should be given by 

, , H E E E E H, Ejk(T, x, xj)Cx [ ,j,+ Hjk, + H~, + H,j + H,~ + H,k ] (25) 

= K[ H, Ej. + H~. + likE,. + H,~ + H)~. + H,~] (26) 

where K is a constant of proportionality and H,) E, etc., represent the contri- 
bution of H E (due to i-j contacts) to the measured H, jEk value. 11, E, for an 
(i + j ' ) ,  or an (i + j  + k) mixture containing x, mole fraction of i is given by 
[111 

~ ( H 3 3 

H,~,(T 1 x, x j ) =  x , ( 1 - x , , x , j , K , j ,  t ~,/ ~j,) (27) 
' ' '3 3 x, + x,(1 - x,)K,j.( ~,/ ~j.) 

where 3~, denotes the connectivity parameter of the third degree for i, etc., 
and is defined by [11] 

3¢= E E E -°5 
l '<n l  n T < i ' l  n < o  

where 8 t, 8,., 8,, etc., denote the degrees of the lth, mth and nth, etc., vertices 
of the molecular graph of i. 

As 1/3~ of a molecule has been regarded [11] as a mesure of the 
probability that its surface area interacts effectively, K,j,(3~,/3~f) simply 
measures the relative probability of the surface area of j '  to interact effec- 
tively with the surface area of i so that for an (i + j  + k) mixture containing 
x,, xj and x k mole fractions of i, j and k, respectively, it should be given by 

3 3 3 3 3 3 K l (  ~,/ ~j , )=x,K,~(  ~, /  ~j)+x,K,k ( ~,/ ~k) (28) 

assuming that there are no specific interactions between i, j and k compo- 
nents of the (i + j  + k) mixture. Consequently, eqn. (27) yields 
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n%.(r,,x,,x,) =K[~x, t l  ( 1 - x , ) x u  

3 '3 3 x,i%( ¢) 
x x,)[x; "3 3 ' 3 - . Ku( ~,/ ~j)+x~K,k( ~,/-~k)] x,+(1 

. ,3 ] 
+ Y', x'xjx' jKu(3 ~,/3~j)3 (29) 

x, + xlK,,( ~,/ 'L) 

Further, as the i, j and k th  components  of the ( i + j + k )  mixture are 
assumed to undergo non-specific interactions, it is reasonable to assume that 

i t  t t  t t  X,j" = X,j + X,k 
" = . . . .  (30) Xjk" Xjk + X j, 
t t  H t t  

Xk.," = X k t  -]- X k j  

ii ~ i i  and X,j X j, 

Equation (29) then yields 

y: . . . .  H,~k(T, ,x , ,x , )=K x , (1 -x , ) (X , ,+X,k )  

X ,3 3 3 

3 3 
+ E x,x,x;;K,,( ¢ /  ¢) 

3 3 x, + xjK,;( ~,/ ~j) 
(31) 

It should therefore be possible to evaluate H,~k(T ~, x,, xj) of a ternary 
mixture from the H E data of the (i + j ) ,  ( j  + k) and (k + i) mixtures if K is 
known. It is further assumed that K is dependent only on the i - j - k  contacts 
so that it would be the same for all the (i + j  + k) mixtures. To evaluate the 
magnitude of K, E H,j~.(T~, x,, xj) data [12] at 293.15 K for benzene ( i ) +  
cyclohexane ( j ) +  n-heptane (k)  was utilized to find the best possible value 
of K for eqn. (31). It was observed that K = 0.2 best reproduced the observed 

E t !  H, jk(T > x,, xj) of this ( i + j +  k) mixture. (The X , K, etc., parameters of 
the (i +j),  ( j +  k) and (i + k)  binary mixtures were evaluated from their 
HE(T> x, = 0.4 and 0.5) data by means of eqn. (32)) 

,, 3 3 X 3 3 
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Alternatively, i a n d j  components of an (t + j )  mixture may interact as (l 
orji, and if a ternary (i + j  + k) mixture is assumed to be composed of three 
binary, (i + j ) ,  ( j  + k) and (i + k), mixtures there would then be six differ- 
ent binary contacts in these binary mixtures. These six binary contacts taken 
two at a time will give rise to 6C~ or fifteen tjk ternar'v' contacts. But in actual 
fact, i, j and k molecules interact as tjk, jik and jki, The number of qk 
contacts evaluated from binary contacts would thus be five times more than 
the actual tjk contacts. Hence, K in eqn. (31) should be 1/5 = 0.2. This value 
of K was then used to evaluate H,~ values for the present (t + j  + k ) ternary' 
mixture utilizing the binary interaction parameters like X'//. K,I. etc., of the 
(i +j),  ( j  + k) and (k + i) binary mixtures. Such H,~(T  1. x,. x~) values for 
the methylenebromide (1) + pyridine ( j )  +/~-picoline ( k ). pyridine ( i ) + B- 
picoline ( j ) + cyclohexane (k),  benzene ( i ) + toluene ( j ) + 1,2-dichloroeth- 
ane (k), benzene ( l ) + o-xylene ( j )  + 1,2-dichloroethane ( k ), benzene ( l ) + 
p-xylene ( j ) +  1,2-dichloroethane (k)  mixtures using 3~ values based on 8 
and 8" considerations [11,13] are recorded in Table 1 and are also compared 
with their corresponding experimental values. (H ,~ (T  l, x,, x~) values based 
on 8 considerations [11] of the molecular graph of the constituents of 
benzene (i)  + toluene ( j )  + 1,2-dichloroethane ( k ), benzene ( t ) + o-xylene 
( j )  + 1,2-dichloroethane (k)  and benzene (t)  + p-xylene (,/) + 1,2- 
dichloroethane (k)  mixtures at 298.15 and 308.15 K are denoted by an 
asterisk in Table 1. For benzene, toluene, 1,2-dichloroethane and o-, and 
p-xylene, since 8 = ~", 3~1 should be the same as 3~,~ so that the H,~( T, x,, 
x j) data for benzene (i) + toluene ( j )  + 1,2-dichloroethane ( k ), + o-xvlene 
( j )  and p-xylene ( j )  ternary mixtures as evaluated from eqn. (31) would be 
the same whether 3~ values are based on 8 or 8" considerations (of the 
molecular graphs of the constituent molecules) are taken into consideration.) 

Examination of Table 1 shows that the H , ~ ( T  l, x,, x j) data evaluated 
from HE(T=308.15, x , = 0 . 4  and 0.5) data of the ( l + j ) ,  ( j + k )  and 
(k + t) mixtures using 3~ values based on 8 ~ considerations best reproduces 
the experimental H , ~ ( T =  308.15 K, x,. x~) data of benzene ( / ) + t o l u e n e  
( j )  + 1,2-dichloroethane ( k ), benzene ( i ) + o-xylene ( j ) + 1.2-dichloroethane 
( k ) and benzene (i) + p-xylene ( j )  + 1,2-dichloroethane ( k ) mixtures. Con- 
sequently, H,~k( T l, x,, xj) data of benzene (i) + toluene ( j )  + 1,2-dichloro- 
ethane ( k ), benzene ( l ) + o-xylene ( j )  + 1,2-dichloroethane ( k ) and benzene 
( t ) + p-xylene ( j )  + 1,2-dichloroethane ( k ) mixtures at 298.15 and 308.15 K 
were evaluated from the HE(TL, x,) data of the (i + j ) ,  ( j +  k) and (k + i) 
mixtures using 3~ values based on 8 ~ considerations. Such H,~k(T~, x,, x,) 
values are recorded in Table 1 and they describe the experimental H , ~ ( T  I. 
x,, xj) data of all the mixtures well. 

The analysis of H, Ej~(Tt, x,, x~) data of the various (i + j  + k) mixtures 
studied here suggests that the H,~k(T ~, x,, xj) data of the present ternary 
mixtures are determined by interactions that involve primarily the valency of 
individual atoms in the molecular graphs of t, j and k mixtures. 



270 

ACKNOWLEDGEMENTS 

The authors  express their thanks to the Head  of  the Chemis t ry  Depar t -  

ment,  M.D. University,  Roh tak  for providing the necessary research facili- 

ties. S.P.S. thanks the C S I R  New Delhi for the award of a Senior Research 

Fellowship. 

REFERENCES 

1 P.P. Smgh and V.K. Sharma, Can. J. Chem., 61 (1983) 2321. 
2 P.P. Singh, R.K. Nigam, S.P. Sharma and S. Agarwal, Fluid Phase Equilibria, in press. 
3 R.H. Lacombe and I.C. Sanchez, J. Phys. Chem., 80 (1976) 2568. 
4 A.I. Vogel, Textbook of Practical Organic Chemistry, 3rd edn., English Language Book 

Society/Longman, London, 1978. 
5 R. Muller and H. Brennies, Z. Electrochem., 38 (1932) 450. 
6 E.A. Coulson, J.L. Hales and E,F.G. Hermgton, Trans. Faraday Soc., 44 (1948) 636. 
7 J. Timmermans, Physico-Chemical Constants of Pure Organic Compounds, Elsevier, 

Amsterdam, 1950. 
8 P.P. Singh and V.K. Sharma, Z. Phys, Chem. (Leipzig), in press. 
9 P.P. Smgh and S.P. Sharma, Indian J. Chem., in press. 

10 R.H. Lacombe and I.C. Sanchez, J. Phys. Chem., 80 (1976) 2352. 
11 P.P. Singh, R.K. Nigam, K.C. Singh and V.K. Sharma, Thermochim. Acta, 46 (1981) 175. 
12 A.R. Mathieson and J.C.J. Thynne, J. Chem. Soc., (1956) 3713. 
13 P.P. Singh, Thermochim. Acta, 66 (1983) 37. 


