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Thermodynamic interactions in binary mixtures of I-ehl oronaphthalcne with the monoeyel ie aromatics have been 

studied through calculation of excess molar volumes from Flory equation of state and that of Prigogine-Flory-Patterson 

theories using the experimental results of density, viscos ity and speed of sound . The experimental excess viscosity has been 

compared with Bloomfield-Dewan theory, while the excess isentropic and isothermal compressibi liti es have been ana lysed 

using Bensoll-K iyohara theory. Efforts have also been made to calculate the excess internal pressure from Prigogine-Saraga 

theory. All the excess quantiti es have been fitted to Redlich-Kister equation to est imate the binary coefficients and standard 

deviations. 

Study of binary liquid mixtures containing I-chloro­
naphthalene (I-eN P) has received considerable 
attention 1-6. However, binary mixtures of I-chloro­
naphthalene with monocycl ic aromatics such as 
benzene, methyl-benzene, 1,4-dimethylbenzene, 1,3,5-
trimethylbenzene and methoxybenzene have not been 
studied earlier. Such mixtures are important from the 
viewpoint of understanding the intermolecular 
interactions. Herein, we present ca lculated values of 

excess molar vo lume. V, excess viscosity, In 11 E, 

excess Gibbs energy of activat ion of flow, G' E, excess 
isentropic compres-sibility, kS

E and excess isothermal 
compress ibility, klE obtained using reported data of 

density, p , viscosity, 11 , speed of sound, u and 
refractive index, no at 298. 15 K, published earlier7

. 

The results of ks E and k/ are compared with those 
ca lculated from Benson-Kiyohara8 as well as Flory 
theories9

, Io The exper i menta l 0- values are 
compared with those obtained from Flory type 
ca lculations 9, 10 as well as Prigogine-Flory-Patterson­
(PFP) approach 11 ,12. Furthermore, the experimental 
excess viscosity data have been compared with those 
obtained theoretically from Bloom fi e ld-Dewan 
theory l3 . The excess internal pressure, P iE and sf,eed 
of sound have a lso been predicted from the Prigogine­
Saraga equationl~ . T he results of all the excess 
quantities are discussed in terms of the intermolecular 
interactions between mix ing com ponents , 

-.-e-mail: rri st(ll) bgl. vsnl.nct.in 

Theoretical 
Flory theory 

Excess molar volume, "k., has been calculated from 
the Flory equation of state9

, 10 as: 

J" ". [~ xYo' ltv, "'/ [4/3 _(V' I "'l}r -T' I ... (1) 

where V" is given by 

V 0 = ¢l; + ¢2 V2 .. , (2) 

V 
Here, Vi' = ~ is the characteristic vo lume of the i-th 

V 
I 

component in the mixture. Reduced vo lume, V is 
ca lculated from thermal expansion coefficient, 

a[ =-(I /p)(tfJp /o T)p] us ing rel ation : 

i7 =[1 + (4 /3)a T ].1 
· .. (3) 

(I +a T) 

Reduced temperature, T and the ideal reduced 

temperature, T" in Eq. ( I) are calcul ated as: 
~ o 1 / 3 

TO = (V - I) 

Vo4 13 

The T of the mixture is then calcu lated as: 

T = (¢I PI' ~ +¢2 P; T2 ) 

(¢I PI' +¢2 P; ) 

· .. (4) 

· . . (5) 

where the segment or hard-core volume fracti on, ¢ i 
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Table I-Values of molar volume (V), thermal expansion coefficient (a), heat capacity (Cp), isothermal compressrbility (kT)' isentropic 
compressibility (ks) and characteristic parameters (P', V and r') for pure liquids at 298.15 K -

Liquid V V 
(cm1mor l) (cmJmorl) 

I-CNP 136.9 115.1 
Benzene 89.5 69.5 
Methylbenzene 107.0 85 .0 
1,4-Dimethylbenzene 124.0 99 .2 
1,3,5-Trimethylbenzene 139.7 110.7 
Methoxybenzene 109.3 88.2 

aData taken from Riddick and Bunger, 1986. 

is calculated as: 

xV' 
<P j = 2 I I and <PI = 1- <p 2 

L(xYj') 

V 

1.189 
1.287 
1.258 
1.250 
1.262 
1.240 

__ . (6) 

The characteristic pressure, p' IS calculated uSlllg 
Eq_ 7, 

T V2 a 
p' = . - - (7) 

kT 

where kT IS computed from isentropic compres­

sibility, ks and heat capacity, Cp of liquids using the 

relation: 

kT = k s+ Ta
2
V / C p 

. _ . (8) 

The values of a have been calculated from the 
experimental densities at different temperatures (see 
Table I) . 

Prigogine-Flory-Patter.mn (PFP) theory 
The PFP theory 11 ,12 in the following form was used 

to compute II"- of the mixtures 

V E ( V 1/:1 - 1) V w ( X 12 ] 

(x I VI' + X 2 V 2') = - [( 4 / 3) V 1/3 - 1] fJll () 2 ~ 
(if; -V2)2[(14/9) VI /3 - 1]fJllfJl2 

[(4 /3) VII3 - I] V 
(if; - V2 )(P~ - p ; ) 

+ , • fJllfJl 2 ' . . (9) 
(PlfJI 2 + P2fJ1l) 

The first term of Eq. (9) represents the interactional 

contribution L'. (V ~tI) to V E i.e., X I2 parameter, often 

called contact interaction parameter; the second term 

is the difference in 'Ifree volume", L'.Vr;, while the 

third term is the internal pressure contribution (L'.Vp') 

i.e_, p' effect to VE
. In order to compute VE from 

Eg_ (9), we have lIsed the values given in Table 1. The 
surface site fraction, (}2 was calculated as: 

Tc
a Cpa 10Ja ks kT P' .1 06 T' 

(K) (J.K-1 mor l) (K-1
) (TPa- ') (TPa- ' ) (J .cm-J) (K) 

785.0 211.37 0.729 386 489 629 6313 
562.2 135.76 1.196 677 960 618 4754 
591.8 157.29' 1.051 676 900 551 5091 
6 16.2 181.66 1.013 679 888 532 5194 
637.3 209.10 1.073 647 876 582 5035 
645.6 208.57 0.962 504 649 680 5345 

... (10) 

and the contact energy fraction , fJli was calculated as: 

XIPI'VI' fJll = I - fJl 2 = -=-2 --=--'--'--- _ .. (II) 

L(xJrVj') 
i =1 

Next, by following the Flory theory, excess enthalpy, 
I-f and excess free energy, CE have been calculated 
using the following equations: 

H E = ~P'V' (~_~]+ X I ()2
V

I'
X

I2 
~Xl I I "-''''''''' "-' 

i=1 Vi V V 
_ . _ (12) 

E [XIPI'VI' [if;1!3 -1) S - = -3 In 
T,' VI/3 - 1 I 

_ . _ (13) 

c E ~ .. [( I I) ..,. L. x, P, v , -:::- - -=- + 37, In 
, - I V, V 

.. . ( 14 ) 

Internal pressure 
Internal pressure of liquids and liquid mixtures has 

been the subject of active interest in the I iterature 15-1 7. 

Internal pressure, Pi can be estimated from the speed 
of sound data in conjunction with other 
thermodynamic parameters . 

i / 6 RT 
P = ---,-:-,-----:--::---:-::-

I i I6V _dNI /3V213 

where V (m:1 /1 0-6_ mor l), N 
molecules/mole) and d (calculated in 

_ .. (15) 

(6.023 x 1021 

SI units) are 
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Table 2 - Compari son of experimental speed of sound (!l /m·s- l
) with those calculated from Benson-Kiyohara theory at 298. 15 K 

I-Chloronaphthalene(J) + Benzene(2) 

0.0000 
0.0989 
0.2022 
0.3275 

Expt 

1301 
1309 
1325 
1346 

Theo 

121 9 
1223 
1234 
1248 

0.3981 
0.5035 
0.5982 
0.7022 

Expt 

1359 
1380 
1398 
1418 

Theo 

1258 
1268 
1275 
1284 

0.7973 
0.8974 
1.0000 

Expt 

1436 
1456 
1476 

Theo 

1288 
1299 
1309 

I-Chloronaphlhalene(J) + Melhylbenzene(2) 

0.0000 
0.0995 
0.1995 
0.3037 

Expt 

13 10 
1312 
1327 
1344 

Theo 

1241 
1242 
1248 
1256 

0.3973 
0.4962 
0.5970 
0.6945 

Expt 

1360 
1380 
1400 
1420 

Theo 

1265 
1269 
1278 
1285 

0.7972 
0.8918 
1.0000 

Expt 

1440 
1458 
1476 

Theo 

1298 
1301 
1309 

I-Chloronaphlhalene(J) + 1.4-Dimelhylbenzene(2) 

0.0000 
0.0966 
0. 1961 
0.2964 

Expt 

1311 
1328 
1346 
1363 

Theo 

1245 
1256 
1267 
1277 

0.3991 
0.4981 
0.5970 
0.7003 

Expt 

1380 
1395 
1410 
1424 

Theo 

1278 
1289 
1291 
1292 

0.7974 
0.8991 
1.0000 

Expt 

1440 
1458 
1476 

Theo 

1299 
1302 
1309 

I-Chloronaphlhalene(J) + 1,3,5- Trim ethylbenzene(2) 

0.0000 
0.0983 
0.2041 
0. 2992 

Expt 

1340 
1350 
1362 
13 74 

Theo 

1263 
1272 
1279 
1282 

0.3988 
0.4984 
0.6008 
0.6999 

Expt 

1387 
1401 
141 6 
1430 

Theo 

129 1 
1292 
13 00 
1306 

0.8017 
0.901 6 
1.0000 

Ex pt 

1445 
1460 
1476 

Theo 

1304 
1305 
1309 

l -Chloronaphthalene(J) + Melhoxyben::ene(2) 

00000 
0.0985 
0 1969 
0.2977 

Ex pt 

14 16 
1420 
1425 
1430 

Theo 

1296 
1295 
1300 
1298 

0.3974 
0.4997 
0.5959 
0.6962 

respectively, molar volume, Avogadro number and 
molecular diameter; R is molar gas constant in SI 
units and T is temperature in Kelvin . Values of d 
needed to calculate Pi from Eq.( IS) were ca lculated 
using the following sem iempirical re lation 17, 18: 

1/4 

d 5/2 = . Vr 
7. 21 x 1019 Tt .. . (16) 

where r ( N.m- I) is surface tension and Tc (in Kelv in) 
is critical temperature. Surface tension of liquids or 
their m: xtures is related to speed of sound through the 
relat ionI7-20 : 

6 3 10 -4 1 /2 7 = . x P lI ' ... (1 7) 

Expt 

1435 
1440 
1445 
1450 

where p (kg/m' ) is density and u (m .s- I
) is speed of 

sound. Tc of the mixture was obtained from the 
fo llowing additive relation: 

Theo 

1296 
1299 
1300 
130 1 

2 

0.7827 
0.8985 
1.0000 

Ex pt 

1456 
1466 
1476 

Theo 

1300 
1306 
1309 

. .. (18) 

where ¢[= X , Vi / I (Xi \~ ) ] is the vo lume frac tion. 
i~ 1 

Bloomfield-Dewan theory 
V iscosity of binary I iqu id mixtures has been 

studied extensively over the past several decades 21 .12 . 
Severa l empirical correlations have been proposed to 
study the deviations in viscosity of liquid mixtures 
that generally require adjustable parameters. 
However, the most commonly used eq uation to 
predict the vi scos ity devi ation is: 

E 
In TJ = In'7 - (XI In '71 + x 2 In 772) .. . (19) 

, 
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Table 3 - Comparison of near equimolar excess molar volume data with the theoreti cal calculati ons at 298 .15 K for I-CNP + 
monocyc li c aromatics 

I-CN P with XI 2/(.1.mor l
) 

from 0 
/£ /1 0-6 (m] mor l ) PFP contribution from 

aromati cs Expt Flory PFP int fv ip 

Benzene 
Methylbenzene 
1,4-Dimethylbenzene 
1,3.5-Trimethylbenzene 
Methoxybenzene 

~ , 
'0 

0 

-0·, 

E -0·2 
('0') ' 

E 
ID 
'0 

w'-0.3 
> 

-0·4 

OAI3 10J - 0.212 
OA54 2.77 - 0.3 51 
0.379 5.87 - 0.308 
OA95 ~5.73 - OA 71 
00456 -3.98 - 0.046 

-0.5 ~ __ ~ ____ ~ ____ ~ ____ L-__ ~ 

o 0·2 0.4 0.6 0.8 

Fig. I - Compari son of / '£ data for mixtures of I-CN P+bcnzcne; 
symbol s: (0) expt; (t.) PFP th eory, ( ) Flory theory and for 
mi xtures of I-CN P + 1,4-dimethylbenzene; Symbols: (e ) ex pL 
('\7) PFP th eory, (_ ) Flory theory at 298.15 K 

In order to calculate In 7l theoretically, Bloomfield 
and Dewan 13 proposed an equation that does not 
requIre any adjustab le parameters and which 
correlates viscos ity of the mixture with the 
thermodynamic properties of pure components. This 
theory is based on free volume and absolute reacti on 
rate concepts21

,22 as well as Flory equation without 
any numeri ca l adjustment. The Bloomfield-Dewa n 

. .. I 1 
equatIon IS given as ' : 

l In 7J til = In TJG + In 7J rv . .. (20) 

where In 77G and In 7h are respectively, the 
contrihutions from free energy and free vo lume 
effects. Eq.(20) may further be rewritten by splitting 
the In 77G term into enthalpy and entropy 

contributions: 

- 0.34 1 - 0.222 
- 0.390 -0.354 
- OAI7 -0. 311 
- 0.387 - OA72 
0.002 -0.047 

0.1 

ID -0·, 
b 

-, 
"0 -0·2 
E 

('0') 

E 
:::::: -0·3 w 
> 

0·2 

0. 127 0.3 11 -0.038 
0.037 0.170 -0.22 1 
0.076 0.135 - 0.252 

-0.085 0.227 - 0.160 
-0.048 0.097 0.098 

0·4 0·6 0·8 

Fi g. 2 - Compari son of 0 data for mi xlures of I-CNP + 1.3.5-
trill1elh ylbenzene: symbols: (0) expt: (t.) PFP theory. ( ) Flory 
th eory and fo r mixtures of I-CN P + methoxyben zene; symbols: 
(e ) expt. ('\7) PFP theory. (_ ) Flory theo ry at 298.15 K 

In 77 r Iii = In 'hl + In 77s + In 77rv = -c E / RT + In 7J fv 
.. . (2 1) 

By splitting C E into enthalpy and entropy 
co ntributions we get, 

11177 E lio = - HhT+Sh+l~ - (I ~ll 
V - I j_I\Vj - l; 

... (22) 

In order to calcu late In ry E th , the experimental J/ 
va lues were taken from Grolier et at. I and the va lues 
of SE have been calculated from Eq.( 13). The free 
vo lume contribution to In 7l was then calculated in the 
usual manner from Flory theory. 

Using the theory of Eyring22, we have calculated 
the excess molar Gibbs energy of activation for the 
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Table 4 - Calculated values of/-F, C*E and a01aT for the bin~ mixtures of I-CNP with 
monocyclic aromatics at near equimolar compositions 

I-CNP + XI 

Benzene 0.5035 
Methylbenzene 0.4962 
1,4-Dimethylbenzene 0.5970 
1,3,5-Trimethylbenzene 0.4984 
Methoxybenzene 0.4997 

-1 

(J 
n.. 
to- -2 .,.... 

w'":-_ 
n.. 

-3 

_ 5··L..-_--L __ -'-__ -L-__ .&....-_--' 

o 0·2 0·4 0·6 0·8 1 

¢1 

Fig. 3 - Excess internal pressure vs volume fraction at 298 .1 5K 
for the mixtures of I-CNP + (0) benzene, I-CNP + (L'i) 
melhylbenzene, I-CNP + (0) I ,4-dimethylbenzene, I-CNP + , 
(e ) I ,3,5-trimethylbenzene and I-CNP + (V') methoxy benzene. 

. . . (23) 

where 1] and V are respectively, the viscosity and 

molar volume of the mixture; '7i and Vi represent the 
respective quantities of component i in the mixture 
and RT has the usual meaning. It may be noted that 

G*E is a kinetic energy barrier impeding the 
attainment of the minimum level of a free energy 
corresponding to thermodynamic equilibrium . 
However, it is possible to spli t this contribution 

between enthalpy or entropy, i.e. , H* E or S*E which 
cou Id be obtained from the temperature dependence 

of G*E. Such H* E or S *E I va ues referring to 
activation energy (kinetics) cannot be fundamentally 

if 
(llmol) 

197.6 
43.5 
133.3 

-209.5 
- 126.7 

-0·2 
." ., 
a.. 
E-O·4 

~ 
c 
- -0.6 

-0·8 

o 

CE 10]a Jl'-laT 
(l lmol) (10-6 m]mor 11K) 

323.7 - 0.896 
129.5 -1.339 
183.8 -1.316 
-39.7 -1.721 

-39.43 -0.279 

0.2 0·4 0.6 0.8 

Xl 

Fig. 4 - Plots of In TJ E vs mole fraction calculated for 
Bloomfield. Dewan equation for mixtures of I-CNP with (e ) 
benzene (£.) methyl benzene and (_ ) 1,4-dimelhylbenzene with 
those of experimental In TJE for the same mixtures (unfilled 
symbols). 

replaced by Jf- or S'- obtained from thermodynamic 
equilibrium (discussed earlier). 

Benson-l(iyohara theory 
Ultrasonic data of the mixtures have been used23

-
26 

to calculate excess isothermal compressibil ity, k-/ and 
deviations in isentropic compressibility, kl . The 

• E 
va lues of ks ' have been calculated from Benson-

Kiyohara equation8 using : 

k E - k llIi x _ kideal (24) s -s s .. . 
Here, the ideal isentropic compressibility term was 
computed using the relation: 
k ideal k Cl> k Cl> s = S, I I + S,2 2 

{ 

2 2 V itleal (a "/eal 
) 2 } 

+ T Cl>IVlal fCp,1 + Cl> 2 V2a 2 f C p) - c~dea l 

... (25) 
Th'e values of Cp, for the individual components of 

the mixtures are taken from the work o f Riddick et 
al27 . In the absence of Cp data for mixtures of 1 -CNP 
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Table 5 - Experimental and computed values of In rf Bloomfield-Dewan equation at 298.15 K for near equimolar 
compositions 

I-CNP with 

Benzene 
Methylbenzene 
1,4-Dimethylbenzene 
1,3,5-Trimethylbenzene 
Methoxybenzene 

In '7H 

- 0.859 
- 0.588 
-0.567 
-0.'i66 
-0.432 

In 1]s 

-0.053 
-0.037 
-0.028 
-0.07 1 
-0.038 

150 r---.---.,...........,O:---r----.---. 

100 

50 

i-50 

-100 

-150 

-200 L...-__ -'--__ --'-____ -'--_-'-_---' 

o 0·2 0-8 

Fig. 5 - Excess molar Gibbs energy of activation of flow vs mole 
fractio n at 298. 15 K for the same mixtures as presented in Fig.3 . 

+ benzenes, the following additive re lation was used: 

Cp ::: xlCp + x2Cp 
1 2 

· .. (26) 

The individual component Cp data were taken from 
Table I . 

Isothermal compressibility from Flory theory 
The experimenta l va lue of kT as given by Eq.(8) to 

calculate the deviation in isothermal compressibility, 
kl may be expressed as: 

k E - k lIlix _ k ideal 
T - T T · . . (27) 

whcre the k;'ix and k~\ea l terms are computed from 

Eq.(8). The term k~dea \ is calculated as : 

· . . (28) 

We have a lso attempted to compute kT from Flory 

theory9, IO A survey of the literature indicates that very 
few attempts28

,29 have been made to predict k r
E using 

rlory theory as given below, 

In ll rv 

0.088 
0.075 
0.032 
-0. 185 
0.022 

'0 
a.. 

-1 

t- -2 

" Will 
.;:,c 

-3 

In rfth 

-0.825 
-0.550 
-0.562 
-0.756 
-0.449 

In rfexp 

0.038 
- 0.016 
-0.062 
-0030 
-0.018 

(In rfexp- rfth) 

0.864 
0.534 
0.500 
0.726 
0.043 

-4L...---~-----'-----~----~--~ 
a 0·2 0.4 0-6 0-8 

</>, 
Fig. 6 - Excess isentropic compressibi lity calculated from 
Benson-Kiyohara theory at 298.15 K for the same mixtures with 
the symbols as in Fig. 3. 

i = \ 

v 
, .. (29) 

The required parameters for the calculation of kl 
were taken from Table I . 

Prigogine-Saraga theory 
In order to judge the va lidity of speed of sound 

data , we have also computed theoretically the values 
f ~ P . . S I 1430 b . o 1I I rom rtgogll1e- araga t l eory ' y rearrangll1g 

Eq .( 17) as: 
1I ::: [r- I 04/6,3p] 2!3 . .. (30) 
where 1 is surface tens ion. In order to ca lcu late 1I in 
m.s· l

, the input va lues of 1 and p were taken in the 
c .g.s . units , 

1 :::1 ' y ... (3 I) 

where r' and r are the characteri stic and reduced 

surface tens ion, respective ly. According to Patterson 



774 INDIAN J CHEM SEC A, AUGUST 1999 

Table 6 - Estimated parameters of excess functions for the binary mixtures 

Function Temp/K Ao AI A} cr 

l-Chloronaphlhalene(l) + Benzene(2) 

0 110-6 (ml. mor- I ) 298.15 -0.921 - 0.683 0.384 0.030 
In1l E/(mPa.s) 298.15 0.099 0.0974 0.028 0.008 
COE/(J .mor- I

) 298.15 448 254 81.1 20.1 
106 Pi E/(TPa) 298.15 - 16.8 -6.3 - 3.06 - 0.031 
ksE/(TPa-l

) 298.1 5 - 76.0 18 .6 23 .26 0.448 

l -Chloronaphlhalene(l) + Melhylbenzene(2) 

0110-6 (m3 mor- l
) 298. 15 - 140 -0.330 - 0.567 0.024 

In1l E/(mPa.s) 298.15 0.096 0.046 0.118 0.007 
COE/(J.mor- I

) 298. 15 - 190.3 108.6 279 16.8 
106 Pi E !(TPa) 298.15 - 647 - 2.85 -5.35 0.01 9 
ksE/(Tpa-l

) 298.15 -75 .0 49.7 28.67 1.05 

l-Chloronaphlhalene( I) + 1.4-Dimelhylbenzene(2) 

0 110-6 (m3 mor- l
) 298.15 - 1.467 - 0.308 0.025 0.013 

Im{/(mPa.s) 298. 15 - 0.244 0.105 -0.027 0.005 
COE/(J .mor- I

) 298. 15 - 619.5 253.6 - 67 I 1.1 
106 Pi E /(TPa) 298.15 - 0.258 0.120 -0457 0.014 
ksE/(TPa- l

) 298.15 - 137.7 - 39.5 8. 17 0455 

l -Chloronaphlhalene(l) + /, J,5-Trimethylbenzene(2) 

011 0-6 (m3 mor- l
) 298.15 - 2.00 - 0.201 0.260 0.023 

In1l E/(mPa. s) 298.15 - 0.100 0.010 - 0.020 0.005 
COE/(J .moi-') 298.15 - 282.6 21.8 - 45 .9 11.8 
106 Pi E /(TPa) 298.15 1.69 - 0.034 - 0.27 0.011 
ksE/(Tpa- l

) 298. 15 - 114.6 - 7 06 8.12 0.152 

I-Chloronaphthalene(l) + Methoxybenzene(2) 

0 110-6 (m3 mor- l
) 298.15 - 0.236 0.052 0.187 0.002 

Inr{/(mPa.s) 298.15 - 0.092 0.164 - 0.1 896 0.008 
COE/(J .mor- I

) 298.15 - 160.6 42 1.1 - 488.8 20.7 
106 Pi E /(TPa) 298.15 - 4.76 -64 5 - 642 0.005 
ks E/(TPa-l

) 298.15 - 3.60 - 13 .2 12.9 0.174 

R ' 11 I and astogl , t le r IS related to the state 

parameters as: 

y ' = k 113 .T ol 13 .p"2IJ . .. (32) 

where k is the Boltzmann constant. Following 
Pri gog ine and Saraga l2

, the equation for reduced 
surface tension is 

~ 1I3 

~ M V~ -513 V - I I 
y= - j:!2 n [

VII) - 0.5] 
VI13 _I 

... (33) 

where M is fractional decrease in the nearest 
neighbours of a cell due to migration from bulk phase 
to the surface phase and its va lue varies from 0.25 to 
0.29 for a close ly packed lattice. In the present 
ca lcul ations, we have used M = 0.25. The calculated 
va lues of u from Eq .(30) are compared with the 
experimental results in Table 2. 

Results and Discussion 
The excess molar volumes have been calculated 

from the experimental den sities of liquids and liquid 
mixtures using the equation , 
0 = Vm-VIXI-V2X2 .. . (34) 

where Vm is molar volume of binary mixture 
calculated as Vm = (M IXI + M2X2)/ Pm; Pm is mixture 
density; and VI (= M I/PI) and V2 (= M2/P2) are the 
mo lar volumes of components I and 2; M J, PI and M2, 

P2 are the molecular weights and densities of 
components I and 2 respectively. The equimolar 
experimental 0 values are compared with the 0 
values calculated from Flory and PFP theories at 
298 . 15 K in Table 3. It is observed that in all the 
cases, the 0 values are negative and compare we ll 
with the PFP 0 values rather than with the Flory 0 
values. However, the results presented in Fig. 1 arc 
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Fig. 7 - Compari son of experimental excess isothermal 
compressibility with those of Flory theory for mixtures of I-CN P 
+ benzene: symbols (0) expt, (e) Flory; I-CNP + 1,4-
dimethyl benzene: symbols (L'1) expt, (.A.) Flory; and I-CNP + 
1,3 ,5-trimethylbenzene: symbols (lJ) expt, (_) Flory. 

compared for only two typical mixtures, viz. , I-CNP 
+benzene and I-CNP + 1,4-dimethylbenzene at 
298.15 K. Similar data are presented in Fig. 2 for the 
mixtures of I-CN P + 1,3,5-trimethylbenzene and 1-
CN P + methoxybenzene at 298 .15 K. It can be seen 
that the values of thermal expansivity, a and 
isothermal compressibility, kr for I-CNP are lower 
than those for other liquids (Table I). Thus, when it is 
mixed with aromatic liquids having increas ing 
number of methyl-groups, the binary mixtures exhibit 
large free vo lume effects . This explains the observed 
increased va lues of 0 with increasing number of 
methyl groups on benzene moiety . The calculated 
va lues of II and CE for all the mixtures except those 
of I-CN P + 1,3 ,5-trimethylbenzene or I-CNP + 
methoxybenzene are positive suggesting order 
creation in these mi xtures. This is attributed to (i) IT-IT 

interactions between I-CNP and monocyclic aromatics 
(except those containing 1,3 ,5-trimethylbenzene or 
methoxybenzene). This is further supported by the 
fac t that the va lues of second order mixing qua\ltit ies, 
i.e., a0 !3r are negative for all the mi xtures (Table 4) 
suggesting that there is a short-range orientati onal 
order effect between I-CN P a nd the monocycl ic 
aromatic molecules. When two plate like molecules 
are mixed , the order is created due to a regu lar 
alignment, but such an order might possibly be 

destroyed whenever the bulky methoxy group is 
present (as in methoxybenzene). 

The PFP contribution terms due to interactional , 
free volume and internal pressure along with 82 and 
X l 2 terms are also included in Table 3. In the original 
PFP theory, the interactional term is positive in the 
absence of H-bond and other specific interactions. 
However, for the mixtures of I-CNP + 1,3,5-
trimethylbenzne or I-CN P + methoxybenzene, the 
PFP interactional contribution terms are negative. 
Since the interactional term is dominant in if, the 
negative values of 11 for these mixtures are 
responsible for giving the negative values of the 
interactional terms. Similarly, the CE terms follow the 
same signs as those of 11 as shown in Table 4. 
However, the free volume terms are positivt; in all the 
cases, whereas the internal pressure contribution term 
is negative in all the mixtures except l-CNP + 
methoxybenzene. This further supports the fact that 
the internal pressure (P*) term often dominates 0, 
particularly if one of the components has a higher p* 
va lue and lower a than the other. This situation leads 
to negati ve 0 with negative 11. This is indeed the 
case for I-CN P + methoxybenzene system. It may 
further be noted that even the values of X l2 for the 
mi xtures I-CN P + 1,3,5-trimethylbenzene and l-CNP 
+ methoxybenzene are negative which parallel the 
negative values of internal pressure contribution 
observed for these mi xtures . In view of the 
nonavailability of 11 data for the present mixtures, 
the X I2 values have been calculated using the 
experimental 0 data at 298.15 K as: 

X 12= ( ~ . ) [ I ¢j Rt (T(XI 2 )-~(XI 2 »)l 
¢/J2 r(X 12) J 

... (35) 
The va lues of X I2 thus calculated are positive for all 
the mi xtures except those of I-CN P + 1,3 ,5-trimethyl­
benzene and I-CN P + methoxybenzene mixtures 
(Table 3). 

The va lues of excess internal pressure, PjE 

ca lculated from the difference between the mixture 
and individual components using Eqs ( 15- 18) based 
on vo lume fraction, <1>1 , of I-CN P are presented in 
Fig.3. It is found that for I-CNP + 1,3,5-
trimethylbenzene, the PjE va lues are positive while the 
negati ve va lues are observed for the remaining 
mi xtures except I-CNP + 1,4-dimethylbenzene for 
which P IE va lues are a lmost independent of mixture 
compos ition. Such negative va lues indicate that the 
repulsive forces between the interacting molecules 
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have a predominant effect for those mi xtures 
exhibiting positive values of PiE and thus, indicating 
that the attractive forces are greater than the repulsive 
interactions. The excess internal pressure decreases 
considerably for mixtures of l-CNP + benzene as 
evidenced by a large negati ve value when compared 
to I-CNP + 1,3,S-trimethylbenzene, for whi ch the P,F. 
va lues are positive. 

The calculated values of In Yj F. from th e Bloomfield 
and Dewan equation are com pared with those of the 
ex perimentally calcula ted va lues in Tab le S. The 
enthalpy, entropy and free volume c'ontribution term s, 
viz., In T]H , In Yj s and In Yj fv to vi scos ity are also li sted . 
The differences between the ex perimental and 
predicted values of In Yj E for all the mi xtures are quite 
larger than that fo r I-CNP + methoxybenzene. 
However, for the mixtures the signs of th e 
experimentally calculated and theoreti ca lly predicted 
values of In Yj E are identical except in case of l-CNP 
+ benzene mixture. Similarly, the experimental and 

E theoretical In Yj curves for I-CNP + methoxybenzene 
and l-CNP + I ,3,S-trimethylbenzene are presented in 
Fig. 4. The agreement between theory and ex perim ent 
is aga in poor. Such differences between theoreti ca l 
and experimenta l quantities are attributed to: ( i) the 
over estimation of the entropy contr ibu tion, i.e., S"/R 
term determined from the free vo lume diffe rence and 
(ii ) use of the calculated HE data in stead of 
ex perimental measurements. 

The results of free energy of act ivation of fl ow, G' E 
are presented in Fig. S and these curves do not ex hi bit 
any systematic dependence on the size of the aromat ic 
molec ules in the binary mi xtures. The plots of kS

E 

ca lculated from Eq. (24) are presented in Fig. 6. 
Higher negati ve values are observed fo r a ll the 
binaries except l-CNP + meth oxybenzene (for whi ch 
there is no dramatic dependence of kS

E on cP l ). In 
Fig.7 are compared the predi cated va lues of k/ frol11 
Benson -Kiyohara theory with th ose computed from 
the experimental data for a few representati ve 
systems, viz. , l-CNP + benzene, l -CN P + 1,4-
dimethylbenzene and l -CN P + 1,3,S-trimethyl­
benzene. [n all the cases, th e k/ va lues are negati ve 
and larger dev iati ons are observed between the 
predicted and experi mental cu rves for I-CN P+benze ne 
when compared to I-CN P+ I ,4-dimethylbenzene or 1-
CN P + 1 ,3,S-trimethyl benzene. 

The va lues of excess fun cti ons viz. , V:, In Yj E , GtE, 
p ,E and ks E have been fitted to Red l ich Kister Equati on 
(32) of the type: 

k ~ J 

VE( ory E) = C IC 2 I Aj _1 (C 2 - CIVI ... (36) 
j ~ 1 

to estimate the parameter values of Ao, AI, A2 along 
wi th the standard deviations, cr and these are compi led 
in Table 6. 

In conclusion, the present approach is an attempt to 
understand the agreement between the we ll 
establi shed theoretical predicti ons and the ex peri­
menta lly ca lculated quantiti es which are frequently 
used in the study of binary liquid mixtures. The 
results presented here will be useful to gain a better 
understanding of the mixin g phenomena in binary 
mi xtures. 
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