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Abstract  The present study exploring about the possible intermolecular interactions existing between the ternary 
mixtures of 2-propanol + acetophenone + substituted benzenes at varying temperatures. For this, densities, viscosities and 
speed of sound for the ternary mixtures of substituted benzenes such as chlorobenzene, bromobenzene, nitrobenzene and 
toluene with 2-propanol and acetophenone were measured as a function of mole fraction at 303.15, 308.15 and 313.15K at 
normal atmospheric pressure. The binary solvent mixture prepared with 2-propanol and acetophenone taken in the ratio of 1:3 
on molefraction basis. The substituted benzenes were added as solutes in the binary solvent at different molar concentrations. 
From the above observed experimental measurements, the related excess parameters such as excess adiabatic compressibility 
(βE), excess intermolecular free length (Lf

E), excess free volume (Vf
E), excess internal pressure (πi

E), excess Gibb’s energy 
(∆GE), excess viscosity (ηE) and interaction parameter (d) were meticulously calculated. These excess values were found to 
be positive as well as negative throughout the whole range of composition for all the four liquid systems and are critically 
discussed in the light of strong and weak molecular intermolecular interactions between unlike molecules. 
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1. Introduction 
Ultrasonic velocity of a liquid is fundamentally related to 

the binding forces between the atoms or the molecules and 
has been adequately employed in understanding the nature of 
molecular interaction in pure liquids [1]. The variation of 
ultrasonic velocity and related parameters throw much light 
upon the structural changes associated with the liquid 
mixtures having weakly interacting components [2] as well 
as strongly interacting components. The study of molecular 
association in organic ternary mixtures having alcohol as one 
of the components is of particular interest, since alcohols are 
strongly self-associated liquid having a three dimensional 
network of hydrogen bond and can be associated with any 
other group having some degree of polar attractions. 
Accurate knowledge of thermodynamic mixing properties 
such as adiabatic compressibility, intermolecular free length, 
free volume, internal pressure and molar volume and their 
excess values for mixtures of protic, non-protic and 
associated liquids has a great importance in theoretical and 
applied areas of research.  

Alcohols [3] and aromatic ketones such as acetophenone  
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[4] exist as associated structures in liquid state. Mixing of 
ketones with alcohols provide interesting properties due to 
specific interactions arising from charge-transfer, 
dipole-dipole, donor–acceptor and hydrogen bond formation 
forces may be observed. Acetophenone is typical aromatic 
ketone has been used in perfumery and fragrances. The 
2-propanol, a secondary alkanol is widely used as coupling 
and dispersive agent in the chemical pharmaceuticals and 
household industries and as carrier and extraction solvent for 
natural products.  

Though, a number of workers have studied the behaviours 
of substituted benzenes with primary alcohols [5], only a 
feeble literature survey available about the combined effect 
of ketones with secondary alcohols interacting with 
substituted benzenes. Hence, the attempt has been made to 
carry out the present study of molecular interactions of 
ternary liquids mixtures of substituted benzenes with binary 
solvent mixtures of acetophenone, an aromatic ketone and 
2-propanol, a secondary alcohol added in the ratio of 1:3 at 
different temperatures.  

The present ternary liquid systems taken up for 
investigation at 303.15, 308.15 and 313.15 K are                
(i) cholorobenzene+2-propanol+acetophenone,           
(ii) bromobenzene+2-propanol+acetophenone,                 
(iii) nitrobenzene + 2-propanol + acetophenone and         
(iv) toluene + 2-propanal + acetophenone. 
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2. Materials and Methods 
All the chemicals used in present investigation were of 

analytical grade, were purchased from Merck, and were kept 
in sealed dark bottle dried over molecular sieves for 2 to3 
weeks prior to their use. Binary mixtures were prepared by 
mass in air-tight, stoppered glass bottles using an analytical 
balance (AX-180, Shimadzu, Japan) with a least count of 
0.0001g. Binary solvent mixtures were prepared with 
2-propanol and acetophenone respectively in the fixed ratio 
of 1:3 by molefraction. Substituted benzenes such as 
cholorobenzene, bromobenzene, nitrobenzene, and toluene 
were added as solutes at different molar concentration. The 
densities of pure and experimental liquids were measured 
with a 5ml capillary specific gravity bottle. An Oswald 
U-tube viscometer of 10ml capacity with sufficient long 
efflux time was used for viscosity measurements. An 
electronic digital stopwatch (Racer-10) with a readability of 
±0.01s was used for flow time measurement. At least three 
repetition of each data point obtained were reproducible to ± 
0.05s and the results were averaged. All measurements were 
carried out in a thermostatic water bath (Ragaa 
Industries-Chennai) controlled to ±0.1K. Speed of sound was 
measured by using a 2 MHz ultrasonic interferometer (Mittal 
Enterprises, New Delhi) with the accuracy of ±2 ms-1. The 
purity of organic chemicals used in the present investigation 
were first tested by measuring its corresponding refractive 
index and later with density values also eventually compared 
with earlier literature values. 

3. Results and Discussion 
In the present study all the four ternary liquid systems, the 

density (ρ) and the ultrasonic velocity (U) increases with 
increasing molar concentrations of solutes, such as 
chlorobenzene, bromobenzene, nitrobenzene, and toluene, 
whereas the viscosity (η) shows a decreasing trend. These 
are tabulated in Table-1. The variation of ultrasonic velocity 
in a mixture depends on the increase (or) decrease of 
intermolecular free length after mixing the components. 
According to Eyring and Kincaid for sound projection [6], 
ultrasonic velocity should decrease, if the intermolecular free 
length increase and vice-versa, which is ascertained in the 
present investigation for all the four liquid systems. Further, 
it is interesting to note that density, viscosity and ultrasonic 
velocity values decrease with increase of temperature. 

The thermodynamic excess properties of organic liquid 
mixtures depend on the chemical structure, size and shape of 
their constituent molecules. The excess functions which are a 
measure of deviation from ideal behaviour are found to be 
highly sensitive to intermolecular interactions between 
component molecules of the mixtures. The sign and 
magnitude of these functions depend on the strength of 
interaction between dissimilar molecules in the mixture. 

The perusal of Table-2 reveals the values of excess 
adiabatic compressibility (βE) for all the four liquid systems. 
The negative values of βE are associated with a 

structure-forming tendency, while positive values are of 
structure-breaking tendency due to hetero-molecular 
interaction between the component molecules of the 
mixtures. The positive values of excess adiabatic 
compressibility which indicates the loosely packed 
molecules in the mixtures due to their shape and size. From 
Table-2, it is evident that the excess adiabatic 
compressibility values are exibit positive trends in Systems I 
& II and negative trends in systems III & IV. One can notice 
from the fig-1 in the former systems, the positive deviations 
are decreasing and in the latter systems the negative values 
are increasing with the increase of molefraction of solutes 
(substituted benzenes). It may seen that the negative values 
of the βE increase with increasing concentrations of 
substituted benzenes in systems III & IV as well as increase 
of temperature. It may be due to in acetophenone, the 
carbonyl group is highly polar and hence has a high 
percentage of ionic character [7] and there exists is a 
negative charge on the carbonyl oxygen atom of 
acetophenone. Hence, the increasing trend of negative values 
will make a strong interactions with substituted benzenes 
such as chlorobenzene, bromobenzene, nitrobenzene, and 
toluene due to dipole-dipole interactive forces. In substituted 
benzenes, the bromine, chlorine and nitrogen all having a 
tendency to act as an electron acceptors. The decrease in 
excess adiabatic compressibility in systems I & II may be as 
attributed to the internal interactions between π-electrons of 
C = O bond and π-electrons of the benzene ring [8]. A 
plausible explanation for decreasing as the oxygen atom of 
carbonyl group of acetophenone being strongly 
electronegative would act as a good electron acceptor 
towards the π-electrons of the aromatic ring, forming 
donor-acceptor complexes [9]. The formation of 
donar-acceptor complexes seems to be an indication of weak 
molecular interaction between unlike molecules resulting 
from the breaking up of the hydrogen bonds of substituted 
benzenes that makes the compressibility to decrease. The 
evaluated values in Table-2 reporting the trends of excess 
free length (Lf

E) for all the four ternary liquid systems. The 
Lf

E values are positive in systems I & II and negative in 
Systems III & IV, out of which the former two systems are 
found to be decreased with increasing molar concentration of 
substituted benzenes and temperature, whereas the latter two 
systems are found to be increased with same. According to 
Kannappan et al. [10], the negative values of Lf

E indicate that 
sound waves cover long distances due to decrease in 
intermolecular free length describing the dominant nature of 
hydrogen bond interaction between unlike molecules. Fort 
et.all [11] suggested that the positive excess values of free 
length should be attributed to the dispersive forces and 
negative excess values due to charge transfer and hydrogen 
bond formation. The Fig-2 depicts the variation of excess 
free length with mole fraction, which shows an increasing 
trend of negative excess values of intermolecular free length 
(Lf

E) with the increasing molar concentration of substituted 
benzenes as well as increase of temperature. This increasing 
trend may be interpreted as aromatic ketones such as 
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acetophenone which is being a highly polar molecule (µ = 
2.96) and it may enhance the polarities of the substituted 
benzenes. 

The π - electron density in derivatives of benzene ring 
depends upon that is attached to it. The heteromolecular 
interaction between component molecules necessarily 
depends upon the net π - electron density in the ring. 
Moreover; these interactions seemed to depend on relative 
orientation of the two groups in the ring. As the separation 
between these two groups increases, the intermolecular 
interaction is expected to increase. Hence, an increase in 

excess free length (Lf) is noticed in Systems III & IV. The 
perusal of Table-2 provides a qualitative picture of excess 
free volume (Vf

E) values for all the four ternary liquid 
systems. The excess values for all the four ternary liquid 
systems are negative. These negative deviations found to be 
decreased on increasing the molar concentration of 
substituted benzenes (solutes) as well as elevation of 
temperature for the systems I & II however a reverse trend is 
observed for the systems III & IV. Adgaonkar et al. [12] 
advocated positive values of Vf

E indicating the existence of 
weak molecular interactions in the liquid mixtures.  

Table 1.  Density (ρ), Viscosity (η) and Ultrasonic velocity (U) at 303.15, 308.15 and 313.15K 

Mole 
Fraction 

Density                               
 ρ (kg/m-3) 

Viscosity                        
η (x10-3 Nsm-2) 

Velocity                        
U (m/s) 

X1 303.15K 308.15K 313.15K 303.15K 308.15K 313.15K 303.15K 308.15K 313.15K 

System I: Chlorobenzene (X1) + 2-propanol (X2)+Acetophenone (X3) [X2/X3=1:3] 

0.0000 978.912 972.912 963.896 0.4059 0.3639 0.3481 1195.51 1192.21 1187.90 

0.0963 995.027 989.173 983.195 0.3616 0.3256 0.2889 1273.61 1271.21 1267.21 

0.2918 1011.818 1005.937 999.530 0.3165 0.2769 0.2601 1278.43 1275.21 1272.01 

0.4999 1028.930 1023.831 1016.123 0.2728 0.2573 0.2368 1284.32 1280.87 1276.17 

0.7002 1044.581 1038.509 1032.295 0.2209 0.2020 0.1706 1288.82 1284.31 1281.61 

0.8995 1061.235 1052.982 1048.493 0.2023 0.1827 0.1540 1293.61 1290.41 1286.41 

System II: Bromobenzene (X1) + 2-propanol (X2)+Acetophenone (X3) [X2/X3=1:3] 

0.0000 978.912 972.912 963.896 0.4059 0.3639 0.3481 1195.51 1192.21 1187.90 

0.1297 1185.596 1175.478 1164.608 0.4309 0.4116 0.3975 1293.61 1291.21 1289.21 

0.3668 1211.087 1200.010 1195.896 0.3861 0.3555 0.3331 1298.43 1295.21 1293.01 

0.5736 1223.683 1212.127 1204.058 0.3062 0.2684 0.2691 1304.32 1302.87 1296.01 

0.7581 1231.464 1221.271 1210.588 0.2678 0.2266 0.2149 1309.82 1307.31 1301.61 

0.9232 1240.208 1226.586 1217.798 0.2291 0.2092 0.1901 1313.61 1310.41 1308.41 

System III:Nitrobenzene (X1) + 2-propanol (X2)+Acetophenone (X3) [X2/X3=1:3] 

0.0000 978.912 972.912 963.896 0.4059 0.3639 0.3481 1195.51 1192.21 1187.90 

0.0999 1292.37 1287.35 1281.45 0.5798 0.5398 0.4975 1322.5 1319.2 1314.4 

0.3106 1305.15 1298.07 1289.14 0.5198 0.4872 0.4435 1329.4 1325.01 1318.01 

0.5001 1318.04 1309.14 1298.01 0.4635 0.4275 0.3947 1334.47 1329.61 1324.07 

0.6963 1331.07 1318.76 1309.02 0.4175 0.3755 0.3241 1340.15 1335.2 1330.48 

0.9295 1347.14 1330.84 1319.11 0.3691 0.3214 0.2738 1346.8 1338.14 1332.18 

System IV: Tolune (X1) + 2-propanol (X2)+Acetophenone (X3) [X2/X3=1:3] 

0.0000 978.912 972.912 963.896 0.4059 0.3639 0.3481 1195.51 1192.21 1187.90 

0.1000 955.01 951.37 944.37 0.5137 0.4817 0.4432 1235.71 1233.17 1231.89 

0.2998 972.55 968.34 963.17 0.4735 0.4335 0.4117 1239.97 1237.55 1234.74 

0.5000 986.71 981.43 974.34 0.4145 0.3705 0.3518 1242.94 1239.98 1236.85 

0.7001 997.68 992.57 985.31 0.3578 0.3294 0.2976 1247.01 1244.34 1241.09 

0.9195 1011.17 1008.01 1002.99 0.3115 0.2791 0.2456 1251.65 1248.13 1245.95 
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Figure 1.  Variation of Excess Adiabatic Compressibility with mole fraction for the Four Systems 

Table 2.  Excess Adiabatic compressibility (βE), Excess Free Length (Lf
E), and Excess Freevolume (Vf

E) at 303.15, 308.15 and 313.15K 

Mole 
Fraction 

Excess Adiabatic Compressibility (βE) 
10-10m2N-1 

Excess Free Length (Lf
E) 

10-10m 

Excess Free volume (Vf
E) 

10-7m3mol-1 
X1 303.15K 308.15K 313.15K 303.15K 308.15K 313.15K 303.15K 308.15K 313.15K 

System I: Chlorobenzene (X1) + 2-propanol(X2)+Acetophenone (X3) [X2/X3=1:3] 
0.0000 1.6790 1.6193 1.5735 0.0709 0.0690 0.0674 -0.4699 -0.5304 -0.5452 
0.0963 0.6722 0.5861 0.4864 0.0315 0.0284 0.0247 -0.6521 -0.7438 -0.8936 
0.2918 0.4080 0.3226 0.1925 0.0199 0.0167 0.0117 -0.8280 -1.0091 -1.0941 
0.4999 0.2895 0.2636 0.1012 0.0076 0.0039 0.0014 -1.0864 -1.1643 -1.3114 
0.7002 0.2180 0.2061 0.0838 0.0035 0.0031 0.0024 -1.5899 -1.8110 -2.3740 
0.8995 0.1681 0.1440 0.0674 0.0014 0.0012 0.0010 -1.8735 -2.1919 -2.8745 

System II: Bromobenzene (X1) + 2-propanol(X2)+Acetophenone (X3) [X2/X3=1:3] 
0.0000 1.6790 1.6193 1.5735 0.0709 0.0690 0.0674 -0.4699 -0.5304 -0.5452 
0.1297 0.4826 0.4535 0.3620 0.0383 0.0269 0.0195 -0.5341 -0.5385 -0.5461 
0.3668 0.4691 0.4404 0.2768 0.0289 0.0216 0.0148 -0.7775 -0.8638 -0.9428 

0.5736 0.4595 0.4245 0.1663 0.0230 0.0186 0.0091 -1.3434 -1.6478 -1.5962 

0.7581 0.4131 0.3958 0.1158 0.0221 0.0178 0.0036 -1.8864 -2.4544 -2.6310 

0.9232 0.3725 0.3577 0.0655 0.0214 0.0112 0.0025 -2.6813 -3.0731 -3.5533 

System III: Nitrobenzene (X1) + 2-propanol (X2)+Acetophenone (X3) [X2/X3=1:3] 

0.0000 1.6790 1.6193 1.5735 0.0709 0.0690 0.0674 -0.4699 -0.5304 -0.5452 

0.0999 -0.9092 -0.8355 -0.7911 -0.0370 -0.0340 -0.0261 -0.2863 -0.2911 -0.3222 

0.3106 -0.7189 -0.6856 -0.5827 -0.0293 -0.0193 -0.0160 -0.3971 -0.4152 -0.4766 

0.5001 -0.5390 -0.4836 -0.4683 -0.0221 -0.0138 -0.0125 -0.5348 -0.5911 -0.6642 

0.6963 -0.3487 -0.2669 -0.2183 -0.0145 -0.0131 -0.0107 -0.6955 -0.8142 -1.0347 

0.9295 -0.3184 -0.2656 -0.2011 -0.0033 -0.0027 -0.0018 -0.7612 -0.9246 -1.1941 

System IV: Tolune (X1) + 2-propanol (X2)+Acetophenone (X3) [X2/X3=1:3] 

0.0000 1.6790 1.6193 1.5735 0.0709 0.0689 0.0674 -0.4699 -0.5303 -0.5451 

0.1000 -1.2365 -1.1598 -0.9797 -0.0535 -0.0508 -0.0467 -0.2764 -0.2764 -0.3098 

0.2998 -0.7563 -0.7045 -0.4968 -0.0337 -0.0319 -0.0267 -0.2705 -0.2987 -0.3100 

0.5000 -0.3202 -0.3042 -0.2691 -0.0156 -0.0151 -0.0094 -0.3098 -0.3783 -0.3985 

0.7001 -0.1015 -0.1003 -0.0925 -0.0089 -0.0073 -0.0066 -0.3798 -0.4388 -0.5316 

0.9195 -0.0696 -0.0675 -0.0617 -0.0078 -0.0062 -0.0051 -0.4804 -0.6024 -0.7766 
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Figure 2.  Variation of Excess Free length with mole fraction for the Four Systems 

In the present study of our binary solvent, 2-propanol, a 
secondary alcohol also a polar one which is in association 
with acetophenone forms hydrogen bonding. Grace selvarani 
et al. [13] had investigated about the molecular association 
which is due to the hydroxyl group of alkanols and 
acetophenone. Accordingly, aromatic ketones such as 
acetophenone are more associated with alcohols than the 
aliphatic one. Since alkanols are liquids which are associated 
through hydrogen bonding and in the pure state, they exhibit 
equilibrium between multimer and monomer species. When 
the substituted benzenes such as nitrobenzene is mixed with 
2-propanol, the NO2 group can interact with OH group. The 
aromatic derivatives will have interaction between the 
π-electrons cloud and the hydroxyl group. Though the 
interaction is of a minor intensity compared with hydrogen 
bonding, but this may lead to formation of intermolecular 
complexes [14]. In the liquid mixtures, the study of internal 
pressure may give some suitable information regarding the 
nature and strength of the forces existing between the 
molecules. In fact, the internal pressure is a broader concept 
and it is a measure of the totality of forces of the dispersion, 
ionic and dipolar interaction that contribute to be overall 
cohesion of the liquid systems. In the present study the Fig-4 
with composition dependence with excess internal pressure 
depicts the values πE

i are negative in all the four liquid 
systems are decreasing on increasing the molar concentration 

of substituted benzenes. This indicate that dipolar forces are 
operating between the unlike molecules and responsible for 
decreasing behaviour of excess internal pressure values. 
Hence the weakening of cohesive forces results due to 
making up of the structure of the solvent.  

The evaluated values in Table-3 shows the variation of 
excess Gibbs energy ∆GE with mole fraction of for the four 
ternary liquid systems. The values of ∆GE are all negative in 
all the liquid systems concerned and increase with molar 
concentration of substituted benzenes as well as temperature. 
According to Read et al. [15], the positive values of excess 
Gibbs energy values may be attributed to specific 
interactions like hydrogen bonding and charge transfer, 
while negative ∆GE values may be to the dominance of 
dispersion forces [16]. Our present investigation, from the 
perusal of Fig-5, observes that the increasing trend negative 
values of ∆GE. This suggests that the strength of interaction 
gets weakened with further addition of substituted benzenes. 
It is also learnt from the present investigation the increasing 
behaviour of negative deviation over the elevation of 
temperature also weakens the strength of the molecular 
association as it causes rupture of more and more hydrogen 
bonded and hetero-association between unlike molecules 
leading to weakening of strength of molecular interaction in 
the liquid mixtures.  
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Figure 3.  Variation of Excess Free volume with mole fraction for the Four Systems 

 

Figure 4.  Variation of Excess Internal pressure with mole fraction for the Four Systems 
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The other vital parameter, excess viscosity, which 
indicates strength of molecular interactions in the mixtures 
has been reported from the Table-4. The evaluated values of 
excess viscosity (ηE) are negative in all the liquid systems 
and increase with the further addition of substituted benzenes 
as well as elevation of temperature. Fort et al. [11] for 
systems, where dispersion, induction, and dipolar forces 
which are operated by the values of excess viscosity are 
found to be negative, whereas the existence of specific 
interactions leading to the formation of complexes in liquid 
mixtures tends to make excess viscosity positive. The 
presence of negative values advocates the existence of weak 
dipolar forces in the liquid mixtures. The increasing negative 
values of ηE also suggests that the dominance of dispersive 

interaction resulting from the breaking up of the hydrogen 
bonds of substituted benzenes. Further, the increasing 
negative deviations over the elevation of temperature in all 
the four liquid systems clearly suggesting the strength of 
interaction gets weakened as thermal dispersion forces are 
highly operative in the liquid mixtures. The perusal of 
Table-3 exhibits the excess molar volume (Vm

E) are all 
positive deviations over the entire range of concentration 
range of the substituted benzenes (solutes). According to 
Awwad et al. [17] measured excess molar volume obtained 
in the present study can be qualitatively explained as arising 
to due to differences in the sizes of the component molecules 
and interactions between them.  

Table 3.  Excess Internal Pressure (πi), Excess Gibb,s Free Energy (∆G*E), and Excess Molar Volume (VmE) at 303.15, 308.15 and 313.15K 

Mole Fraction Excess Internal Pressure (πi
E)106Nm-2 Excess Gibb,s Free Energy (∆G*E) Excess Molar Volume (VmE) 

X1 303.15K 308.15K 313.15K 303.15K 308.15K 313.15K 303.15K 308.15K 313.15K 

System I: Chlorobenzene (X1) + 2-propanol (X2)+Acetophenone (X3) [X2/X3=1:3] 

0.0000 -171.544 -152.145 -140.456 -0.3270 -0.3036 -0.2824 -25.1005 -25.5608 -26.1143 

0.0963 -183.879 -165.471 -162.149 -0.4199 -0.3830 -0.3775 -13.3476 -13.7322 -14.4955 

0.2918 -182.422 -170.966 -162.177 -0.4561 -0.4619 -0.4539 12.2419 12.0671 11.6429 

0.4999 -180.224 -165.221 -159.538 -0.4941 -0.4777 -0.4835 39.5377 39.5034 39.5272 

0.7002 -183.252 -175.486 -173.518 -0.5140 -0.5240 -0.5203 65.9199 66.2016 66.3730 

0.8995 -173.419 -171.468 -169.853 -0.5448 -0.5081 -0.5262 92.0611 92.7745 93.0717 

System II: Bromobenzene (X1) + 2-propanol (X2)+Acetophenone (X3) [X2/X3=1:3] 

0.0000 -171.544 -152.145 -140.456 -0.3270 -0.3036 -0.2824 -25.6300 -25.9105 -26.3588 

0.1297 -197.215 -179.244 -175.634 -0.4157 -0.3995 -0.3955 -25.8407 -25.8810 -24.5913 

0.3668 -214.338 -203.775 -195.371 -0.4758 -0.4732 -0.4676 -0.4820 -0.20209 0.5530 

0.5736 -224.775 -211.836 -206.073 -0.5340 -0.5189 -0.5097 25.7760 26.3563 28.099 

0.7581 -235.693 -229.121 -227.182 -0.5582 -0.5648 -0.5860 49.4418 50.1387 54.3537 

0.9232 -234.913 -233.098 -231.328 -0.5880 -0.5847 -0.5991 74.0333 76.3092 80.3528 

System III:Nitrobenzene (X1) + 2-propanol (X2)+Acetophenone (X3) [X2/X3=1:3] 

0.0000 -171.544 -152.145 -140.456 -0.3270 -0.3036 -0.2824 -24.9875 -25.3155 -25.7424 

0.0999 -183.862 -163.982 -159.673 -0.3802 -0.3484 -0.3484 -24.7724 -25.4216 -25.3396 

0.3106 -167.741 -162.228 -161.778 -0.4384 -0.4131 -0.4233 -1.1780 -0.1643 0.40897 

0.5001 -147.878 -139.755 -137.123 -0.4973 -0.4882 -0.4992 25.5913 25.4890 27.5173 

0.6963 -174.616 -173.209 -164.461 -0.5528 -0.5635 -0.6119 49.5768 50.3050 51.5373 

0.9295 -177.111 -174.546 -161.436 -0.5852 -0.5921 -0.6438 75.3995 75.6821 77.2680 

System IV: Tolune (X1) + 2-propanol (X2)+Acetophenone (X3) [X2/X3=1:3] 

0.0000 -171.543 -152.113 -140.416 -0.3270 -0.3036 -0.2824 -25.6615 -25.1559 -24.5527 

0.1000 -131.545 -109.391 -104.743 -0.3229 -0.3149 -0.2888 -11.4833 -11.2095 -11.5200 

0.2998 -144.731 -133.562 -126.433 -0.3217 -0.3122 -0.2648 09.8873 10.2278 09.8748 

0.5000 -151.471 -136.999 -127.609 -0.2998 -0.2884 -0.2356 33.4471 33.9067 33.9113 

0.7001 -162.578 -141.349 -137.807 -0.2633 -0.2579 -0.2809 56.4312 56.8798 57.2215 

0.9195 -170.908 -165.584 -144.751 -0.2941 -0.3100 -0.3488 81.0341 81.3141 81.6638 
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Figure 5.  Variation of Excess Gibb’s free energy with mole fraction for the Four Systems 

  
Figure 6.  Variation of Excess Viscosity with mole fraction for the Four Systems 
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Table 4.  Excess Ultrasonic Velocity (UE), Excess Viscosity (ηE) and Interaction Parameter (d) at 303.15, 308.15 and 313.15K 
Mole Fraction Excess Ultrasonic Velocity (UE) Excess Viscosity (ηE) Interaction Parameter (d) 

X1 303.15K 308.15K 313.15K 303.15K 308.15K 313.15K 303.15K 308.15K 313.15K 

System I: Chlorobenzene (X1) + 2-propanol (X2)+Acetophenone (X3) [X2/X3=1:3] 

0.0000 -207.641 -201.691 -196.652 -0.8870 -0.7918 -0.7182 -6.7271 -6.8878 -6.9817 

0.0963 113.187 106.143 99.818 -0.8762 -0.7838 -0.7045 -6.7588 -6.9103 -7.0032 

0.2918 76.174 69.548 60.438 -0.8104 -0.7394 -0.6770 -6.8451 -6.978 -7.0689 

0.4999 35.806 28.984 19.262 -0.7357 -0.6594 -0.6081 -6.9538 -7.0672 -7.1559 

0.7002 17.018 15.876 11.632 -0.6738 -0.6191 -0.5856 -7.0668 -7.1613 -7.248 

0.8995 09.491 07.384 06.863 -0.5791 -0.5432 -0.5141 -7.1772 -7.2529 -7.3375 

System II: Bromobenzene (X1) + 2-propanol (X2)+Acetophenone (X3) [X2/X3=1:3] 

0.0000 -207.641 -201.691 -196.652 -0.8870 -0.7918 -207.641 -6.7271 -6.8878 -6.9817 

0.1297 74.317 66.943 58.733 -0.8255 -0.7176 74.317 -6.7264 -6.8775 -6.9703 

0.3668 65.054 60.005 56.588 -0.8076 -0.7295 65.054 -6.7469 -6.8786 -6.9693 

0.5736 55.144 53.270 49.578 -0.8270 -0.7716 55.144 -6.7858 -6.8968 -6.9853 

0.7581 32.069 30.879 29.564 -0.8132 -0.7754 32.069 -6.8316 -6.9227 -7.0089 

0.9232 19.340 16.128 18..616 -0.8058 -0.7594 19.340 -6.8751 -6.9463 -7.0304 

System III:Nitrobenzene (X1) + 2-propanol (X2)+Acetophenone (X3) [X2/X3=1:3] 

0.0000 -207.641 -201.691 -196.652 -0.8870 -0.7918 -0.7182 -6.7271 -6.8878 -6.9817 

0.0999 -83.735 -77.411 -71.189 -0.7445 -0.6546 -0.6107 -6.6821 -6.8312 -6.9197 

0.3106 -81.640 -77.170 -69.618 -0.7394 -0.6275 -0.5917 -6.6127 -6.7383 6.8159 

0.5001 -81.632 -77.069 -65.784 -0.7154 -0.5908 -0.5701 -6.5559 -6.6566 6.7226 

0.6963 -81.210 -76.184 -61.895 -0.6942 -0.4900 -0.4341 -6.5095 -6.5862 -6.641 

0.9295 -79.882 -76.138 -20.409 -0.6799 -0.4765 -0.3942 -6.4613 6.514 -6.5577 

System IV: Tolune (X1) + 2-propanol (X2)+Acetophenone (X3) [X2/X3=1:3] 

0.0000 -207.641 -201.691 -196.652 -0.8865 -0.7913 -0.7177 -6.7271 -6.8878 -6.9817 

0.1000 -155.408 -147.685 -138.432 -0.7023 -0.6082 -0.5629 -6.7899 -6.9401 -7.0317 

0.2998 -127.632 -117.76 -107.668 -0.5886 -0.5246 -0.4738 -6.9395 -7.0684 -7.1553 

0.5000 -101.061 -89.6966 -77.5527 -0.4938 -0.4560 -0.4132 -7.1157 -7.2221 -7.304 

0.7001 -73.321 -59.5337 -45.1395 -0.3965 -0.3651 -0.3466 -7.2936 -7.3782 -7.4553 

0.9195 -73.127 -58.063 -39.7935 -0.3020 -0.2959 -0.2894 -7.4686 -7.5315 -7.6038 

 

Differences are mainly due to positive contributions 
arising from changes of free volume in the real mixtures, 
comprising alkanol monomers and multimers and 
acetophenone and substituted benzene molecules. The 
Table-3 sees that the excess molar volume (Vm

E) values are 
exhibiting positive deviations in all the four liquid systems. 
The positive deviations are found to be decreased with the 
increase of molar concentration of substituted benzenes and 
temperature in Systems I & II. However, for the systems III 
& IV, a reverse trend is observed. The decreasing trend of 
negative values of Vm

E with further addition of substituted 
benzenes in systems I & II clearly predicting the existence of 

weak dipolar forces. 
From the evaluation of above excess parameters, it is so 

far more obvious that although generally a weak molecular 
interaction was prevailing, the nitrobenzene (system-III) and 
the toluene systems (system–IV) however exhibit a slight 
deviation towards the stronger interaction side. The reason 
for towards the stronger interaction may be interpreted as in 
the nitrobenzene, which is relatively complex molecule and 
its polarity arisen out of C-N and N-O bonds. As far as 
nitro-group is concerned, it rotates freely along the C-N axis 
which is likely to give more flexibility to the interaction 
arising due to the two highly polar N-O bonds. This more 
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flexible tendency of this substituted benzene makes the 
molecular association in a stronger interaction way. 
Moreover, in the toluene liquid system, the electron 
withdrawing capacity of –NO2 group which acts as an 
electron-acceptor towards the π-electrons of toluene ring. 
This is due to the fact that –CH3 group of toluene is an 
electron-donating group through induction, enhances the 
π-electron density of the toluene ring. Such an enhancement 
of π-electron density in the toluene leading to existence of 
stronger interaction in this liquid system. 

The existence of weak intermolecular interaction between 
unlike molecules further confirmed by evaluating the other 
interaction parameter (d) in the Gruenberg and Nissan 
equation which is a measure of strength of interaction 
between the mixing components. d-values were said to 
indicate various type of interactions [18]. Large and positive 
d-values indicate strong specific interaction, small positive 
values indicate weak specific interaction and large negative 
values indicate no specific interaction. It is evident from 
Table-4; the d-values are negative and decrease with 
increasing of mole fraction of substituted benzenes (solutes) 
and temperature, except in System-III, where a reverse trend 
is noticed The decreasing behaviour of d-values reiterates 
weaker interaction between the unlike molecules, and also 
their decreasing behaviour over the rise of temperature 
clearly indicating the weakening of intermolecular 
interaction due to thermal dispersion forces. 

4. Conclusions 
The evaluated excess values in the present investigation 

suggesting a weak molecular interaction in all the four liquid 
systems. However, nitrobenzene and toluene liquid systems 
(Systems III & IV) exhibiting a deviation towards a stronger 
interaction mode comparing other liquid systems. The 
present study further observes that strength of the molecular 
interactions gets weakened on further addition of substituted 
benzenes as well as rise of temperature. It is noticed that 
weak dipolar and cohesive forces which are highly operative 
in the liquid mixtures. Moreover the elevation of temperature 
in the present investigation too plays a vital role in 
weakening of molecular interactions.  
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