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      Excess thermodynamic properties, such as viscosity deviation (ln∆ƞ), excess isentropic compressibility (Ks

E), excess molar volume 
(Vm

E), excess intermolecular free length (Lf
E), excess free volume (Vf

E), excess acoustic impedance (ZE), and excess internal pressure (Πi
E), 

were calculated from the experimentally measured values of density (ρ), ultrasonic velocity (u), and viscosity (ƞ) for the binary mixtures of 
acetonitrile (AN) with dimethyl sulfoxide (DMSO) and N, N-dimethylacetamide (DMA) as a function of mole fraction at temperatures       
298 K, 308 K, 318 K, and 328 K. The excess values were further fitted to Redlich-Kister polynomial equation to ascertain the fitting 
parameters and standard deviations. The variations of excess parameters with composition and temperature were further discussed with 
regard to the nature and extent of molecular interactions among the dissimilar component molecules of the investigated solvent systems. 
The analysis of these excess parameters revealed the presence of strong interactions between the components of the investigated binary 
mixtures. Overall, the positive deviation in ZE values and negative deviations in Lf

E, Vf
E, and Ks

E values over the entire solvent composition 
range suggested the existence of strong molecular interactions between dissimilar molecules of the components. Compared to AN-DMSO 
solvent system, the AN-DMA solvent system exhibited more deviation towards a stronger interaction mode. 
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INTRODUCTION 
 
      The transport and thermodynamic properties of non-
aqueous binary solvent mixtures have gained a lot of 
attention due to their potential engineering, industrial, and 
theoretical applications. Numerous engineering applications 
demand detailed experimental measurements on density, 
ultrasonic velocity and viscosity of binary solvent mixtures 
[1]. They also provide some facts regarding the nature of 
various intermolecular interactions occurring among unlike 
components of binary liquid mixtures. The binary mixtures 
of solvents are preferable to the pure solvents and have 
many industrial applications because mixing different 
solvents sets out some flexibility in the solution by changing 
the    composition    of    solvents,   thereby   enhancing   the  
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properties of binary solvent mixtures [2]. Also, by mixing 
different solvents, some degree of freedom is introduced in 
the solution that leads to different processes, such as 
complex formation, association, dissociation, etc. Mixed 
solvent systems are generally utilized to alter molecular 
environments so as to acclimate processes such as solvent 
extraction, protein folding, chromatographic separation, 
reaction kinetics, ion-extraction systems, gas adsorption 
solvents, mass transfer phenomenon, and organic synthesis. 
A survey of the literature indicated that the excess thermo-
acoustical parameters, which play a very important role in 
elucidating the nature and type of various molecular 
interactions prevailing in the liquid mixtures, had been 
studied by a number of researchers [3-10]. The excess 
thermo-acoustical parameters are defined as the difference 
between the experimental values and ideal mixture values. 
They are the measures of non-ideality of the system  arising  
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from associative or other interactions. Although a 
significant number of recent studies on excess parameters in 
various liquid mixtures with variation in composition and 
temperature are available [11-16], a lot more remains to be 
explored. The solvents chosen in the present work included 
AN, DMSO and DMA, where AN is primary or the main 
solvent and DMSO and DMA are co-solvents. AN is an 
excellent polar aprotic solvent [17] with high dipole 
moment (DAN = 3.4) and dielectric constant (ɛAN = 36.0) 
[18]. DMSO, in comparison, is a superior dipolar aprotic 
solvent with a higher dielectric constant and dipole moment 
(ɛDMSO = 46.7, DDMSO = 3.9) [18]. Due to its low toxicity 
[19] and excellent solvating ability for a vast array of 
compounds, DMSO would be of great interest to extend the 
investigation to the binary mixtures of AN and DMSO. 
Even though AN and DMSO have drawn much attention as 
solvents in solvation studies, still more studies on various 
types of molecular interactions in their binary mixtures are 
needed. DMA is an excellent ionizing solvent with more 
favorable steric and donor properties. Its dielectric constant 
is also high (ɛDMA = 37.8) [20]. Therefore, the binary 
mixtures of AN and DMA can help us gain a deeper 
understanding of the molecular interactions taking place in 
them. For this purpose, this study aimed to investigate the 
mutual and specific interactions in the binary mixtures of 
AN+DMSO and AN+DMA solvent mixtures. The main 
focus of this study was to evaluate the effects of the 
introduction of DMSO and DMA to AN to form the binary 
mixtures of AN+DMSO and AN+DMA, respectively, on 
both the sign and magnitude of the derived excess/deviation 
parameters.  
 
EXPERIMENTAL 
 
      The mass fraction purity of the liquids obtained from E. 
Merck (gas chromatography) was as follows: Acetonitrile 
(0.999), dimethylsulfoxide (0.999), and N, N-dimethyl-
acetamide (0.999). The water content in the investigated 
solvents, including AN, DMSO, and DMA, was assessed by 
Karl Fischer titrations and found to be 0.00030, 0.00020, 
and 0.00009, respectively. The purification of solvents was 
done by the standard methods described in previous studies 
[21-24]. After purification, the solvents AN and DMSO 
were kept for  drying  for  around  72 h  over 4 Å  molecular  

 
 
sieves while 3 Å molecular sieves were used for drying 
DMA. Before taking experimental measurements, all the 
purified solvents were partially degassed with a vacuum 
pump. Ultrasonic velocity and densities were measured with 
the help of vibrating U-tube Anton Paar digital density and 
sound velocity meter (Model DSA 5000M) with an inbuilt 
Peltier type thermostat. Viscosities were measured with an 
Ubbelohde suspended level viscometer. Before the start of 
each series of measurements, the DSA cell and the 
Ubbelohde viscometer were cleaned and calibrated. The 
specification and calibration of both instruments used have 
already been reported in our previous studies [20,25-26]. 
Each studied binary mixture was prepared by mixing the 
suitable volumes of liquids. To avoid absorption of 
atmospheric moisture, the solutions were kept in airtight 
stoppered glass bottles and weighed using an ACZET-
602CY balance with a precision of 0.1 mg. In order to 
prevent the formation of gas bubbles in the densimeter 
capillary at higher temperatures, the samples were degassed 
for 30 min. A thermostatic water bath (Narang Scientific 
works, New Delhi, India) was used for maintaining the 
desired temperature (±0.01) K in viscosity measurements. 
 
RESULTS AND DISCUSSION 
 
      The experimentally measured density (ρ), ultrasonic 
velocity (u), and viscosity (ƞ) for pure AN, DMSO, DMA, 
and their binary mixtures containing a mole fraction of 0.0, 
0.2, 0.4, 0.6, 0.8, and 1.0 of DMSO and DMA in 
AN+DMSO and AN+DMA solvent systems, respectively, 
at 298 K, 308 K, 318 K, and 328 K are reported in Tables 
S1-S2. The derived parameters, such as isentropic 
compressibility (Ks), molar volume (Vm), intermolecular 
free length (Lf), free volume (Vf), acoustic impedance (Z), 
and internal pressure (Πi) were evaluated using the 
following equations [26] (Tables S1-S2). 
      Isentropic compressibility is the fractional decrease of 
volume per unit rise of pressure when there is no transfer of 
heat in or out of the system. These changes can be coupled 
to the compressibility of the medium with the help of the 
following equation using the measured data related to 
ultrasonic velocity and density. 
      

2
1

u
K s 

                                                                       (1) 
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Isentropic Compressibility 
      The intermolecular free length (Lf) is an important 
physical property of liquid mixtures that mainly affects the 
sound velocity and depends on intermolecular attractive and 
repulsive forces. Free length is a reflected behavior of 
isentropic compressibility (Ks) and an important indicator of 
various solute-solute or solute-solvent interactions taking 
place in the system. Lf was calculated using Eq. (2). 
 
      

SJf KkL                                                                    (2) 

 
where kJ is a temperature-dependent constant called 
Jacobson’s constant, which can be calculated by the 
equation kJ  = (91.368 + 0.3565T) × 10-8, where T is the 
experimental temperature. 
      Specific acoustic impedance (Z), which is the resistance 
offered to the sound wave by various components present in 
the mixture, was calculated by Eq. (3). 
 
      uZ .                                                                          (3) 
 
Molar Volume 
 
      


eff

m

MMxMxV 


 2211                                               (4) 

 
where x1, x2 and M1, M2 are the mole fractions and molar 
masses of solvents 1 and 2, respectively. 
      Free volume (Vf), which is the average volume in which 
the center of the molecule can move due to repulsion from 
other molecules, was calculated using Eq. (5). 
 
      )( bVV mf                                                                   (5) 

 
Van der Waals constant (b), called co-volume in the van der 
Waal’s equation, was calculated by Eq. (6). 
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Intermolecular forces are responsible for providing a liquid 
its cohesion. The attractive forces to a large extent consist of 
hydrogen bonding, multipolar, dipole-dipole, and dispersive  

 
 
interactions. Repulsive forces, which adhere to very small 
intermolecular distances, assume a subsidiary role in the 
cohesion process under normal conditions. Cohesion 
generates pressure between l03 and 104 atmospheres within 
a liquid. Mixing solvents together experience some of this 
pressure. In this study, the amount of pressure on the 
components of the investigated solvents increased whenever 
they interacted with each other through hydrogen bonding, 
coulombic or van der Waals, and charge-transfer 
interactions. Therefore, the binary mixtures of solvents were 
subjected to a ‘structural pressure’ from the solvent and a 
‘chemical pressure’ from interactions with the solvent. This 
perception of internal pressure provides a solid foundation 
for exploring the solution phenomena. Internal pressure (ᴨ) 
was calculated using Eq. (7). 
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                                                    (7) 

 
where b' is the packing fraction of liquid, assumed to be 
equal to 2 for most of the liquids, and k is a dimensionless 
constant, assumed to be equal to 4.28 × 109 and independent 
of temperature [27]. 
      To elucidate the nature of various types of molecular 
interactions existing among the components of the binary 
mixtures of solvents, it is warranted to talk about the same 
in terms of their excess properties rather than their actual 
values. The aim of this paper was to estimate and discuss 
the excess parameters such as viscosity deviation (ln∆ƞ), 
excess isentropic compressibility (Ks

E), excess molar 
volume (Vm

E), excess intermolecular free length (Lf
E), 

excess free volume (Vf
E), excess acoustic impedance (ZE), 

and excess internal pressure (Πi
E) to reveal the existence of 

intermolecular dipolar interactions in binary solvent 
mixtures of AN+DMSO and AN+DMA at 298 K, 308 K, 
318 K, and 328K.  The excess values of all derived 
parameters, including Ks

E, Vm
E, Lf

E, Vf
E, ZE and Πi

E, except 
ln∆ƞ, were obtained using the following equation [28].  
 
      )( 2211 YxYxYY E                                                     (8) 

 
where YE is KsE, Vm

E, Lf
E, Vf

E, ZE, and Πi
E. 

Viscosity   deviations    (ln∆ƞ)    were    obtained   from   the 
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empirical relationship as shown below [29]: 

 
      )lnln(lnln 2211  xx                                       (9) 
 
where ƞ is the viscosity of the mixtures, and x1, ƞ1 and x2, ƞ2 

are the mole fraction and viscosity of pure components 1 
and 2, respectively. 
     
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
      The evaluated excess functions, viz. viscosity deviation 
(ln∆ƞ), excess isentropic compressibility (KsE), excess 
molar volume (Vm

E), excess intermolecular free length (Lf
E), 

excess free volume (Vf
E), acoustic impedance (Z), and 

excess internal pressure (Πi
E), for AN+DMSO and for 

AN+DMA solvent mixtures at 298 K, 308 K, 318 K, and 
328 K are reported in Tables 1 and 2, respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

    Table 1. Excess   Viscosity  (ƞE/mPa s),   Excess  Isentropic Compressibility-Ks
E  106/(bar-1),  Excess Specific Acoustic 

                    Impedance-ZE  10-6/(kg m-2 s-1),  Excess Intermolecular  Free  length-Lf
E  1011/(m), Excess Free Volume-103  

                     Vf
E/(m3 mol-1), Excess  Molar Volume-103  Vm

E/(m3 mol-1), and Excess Internal Pressure-Πi.  10-6/(N m-2)  
                    for Pure  AN, DMSO,   and  AN+DMSO  Mixtures  at  Different Temperatures 
 

Mole fraction DMSO 0.0 0.2 0.4 0.6 0.8 1.0 
ln∆ƞ 
298 K 0 0.07 0.197 0.165 0.05 0 
308 K 0 0.044 0.04 0.011 0.016 0 
318 K 0 -0.042 -0.187 -0.266 -0.214 0 
328 K 0 -0.116 -0.235 -0.356 -0.341 0 
KsE 
298 K 0 -5.02 -5.38 -4.68 -3.08 0 
308 K 0 -4.9 -6.41 -5.9 -3.19 0 
318 K 0 -6.21 -7.88 -7.15 -3.97 0 
328 K 0 -7.176 -9.082 -8.228 -4.584 0 
ZE 
298 K 0 0.016 0.017 0.02 0.011 0 
308 K 0 0.0122 0.0184 0.0216 0.0058 0 
318 K 0 0.0156 0.0222 0.0248 0.0094 0 
328 K 0 0.0148 0.0216 0.0244 0.0092 0 
Lf

E 
298 K 0 -0.154 -0.158 -0.139 -0.097 0 
308 K 0 -0.139 -0.187 -0.178 -0.094 0 
318 K 0 -0.174 -0.226 -0.212 -0.116 0 
328 K 0 -0.194 -0.251 -0.236 -0.13 0 
Vf

E 
298 K 0 -0.338 -0.416 -0.424 -0.282 0 
308 K 0 -0.28 -0.45 -0.47 -0.28 0 
318 K 0 -0.268 -0.426 -0.444 -0.252 0 
328 K 0 -0.268 -0.416 -0.434 -0.252 0 
VmE 
298 K 0 -0.534 0.012 0.108 -0.006 0 
308 K 0 -0.154 -0.278 -0.312 0.084 0 
318 K 0 -0.200 -0.330 -0.370 0.050 0 
328 K 0 -0.236 -0.382 -0.418 0.016 0 
Πi

E 
298 K 0 6.29 37.03 29.02 -0.74 0 
308 K 0 -2.5 -9.58 -17.79 -10.4 0 
318 K 0 -25.63 -71.09 -93.42 -77.69 0 
328 K 

0 -42 -64.55 -106.6 
-

101.73 0 
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The dependence of excess parameters on the solvent 
composition was then fitted to the Redlich-Kister equation, 
as shown below, using the least square method [30].  
 

 3
23

2
2221022 )12()12()12()1(  xAxAxAAxxY E  

                                                                                          (10) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
where Ao, A1, A2, and A3 are the coefficients of the 
polynomial equation, and the corresponding standard 
deviations were obtained by the following equation [31]: 
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   Table 2. Excess  Viscosity (ƞE/mPa.s),  Excess  Isentropic  Compressibility-KsE  106/(bar-1),   Excess  Specific  Acoustic  
                   Impedance-ZE  10-6/(kg m-2 s-1), Excess Intermolecular Free length-Lf

E  1011/(m), Excess Free Volume-103   
                   Vf

E/(m3 mol-1),  Excess  Molar Volume-103  VmE/(m3 mol-1), and Excess Internal  Pressure-Πi.10-6/(Nm-2) for  
                   Pure AN, DMA, and AN+DMA Mixtures at Different Temperatures 
 

Mole fraction DMSO 0.0 0.2 0.4 0.6 0.8 1.0 
ln∆ƞ 
298 K 0 0.103 0.118 0.109 0.131 0 
308 K 0 0.064 0.099 0.112 0.144 0 
318 K 0 0.066 0.029 0.047 0.123 0 
328 K 0 -0.02 0.024 -0.059 0.055 0 
KsE 
298 K 0 -3.748 -5.446 -4.404 -2.842 0 
308 K 0 -4.104 -5.158 -5.642 -3.796 0 
318 K 0 -5.092 -6.114 -6.476 -4.328 0 
328 K 0 -5.584 -6.588 -6.832 -4.236 0 
ZE 
298 K 0 0.024 0.048 0.032 0.026 0 
308 K 0 0.026 0.032 0.048 0.034 0 
318 K 0 0.028 0.026 0.044 0.032 0 
328 K 0 0.026 0.032 0.038 0.024 0 
Lf

E 
298 K 0 -0.121 -0.183 -0.149 -0.099 0 
308 K 0 -0.127 -0.163 -0.189 -0.134 0 
318 K 0 -0.153 -0.185 -0.209 -0.146 0 
328 K 0 -0.158 -0.188 -0.207 -0.133 0 
Vf

E 
298 K 0 -0.852 -1.324 -1.326 -0.928 0 
308 K 0 -0.83 -1.24 -1.31 -0.86 0 
318 K 0 -0.796 -1.192 -1.268 -0.824 0 
328 K 0 -0.802 -1.204 -1.286 -0.868 0 
VmE 
298 K 0 -0.166 -0.402 -0.158 -0.244 0 
308 K 0 -0.200 -0.030 -0.490 -0.340 0 
318 K 0 -0.222 -0.024 -0.466 -0.288 0 
328 K 0 -0.256 -0.062 -0.528 -0.354 0 
Πi

E 
298 K 0 -1.39 -8.61 -8.77 9.19 0 
308 K 0 -12.24 -15.13 -8.81 9.8 0 
318 K 0 -11.96 -31.3 -23.11 4.27 0 
328 K 0 -31.3 -30.46 -42.3 -8.33 0 
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where n is the total number of experimental points and m is 
the number of coefficients. 
      The values of coefficients in Eq. (10), along with their 
standard deviations, for AN-DMSO and AN-DMA 
(excluding ln∆ƞE and Vm

E coefficients in case of AN- 
DMA*)  solvent  systems  are  presented  in  Tables 3 and 4, 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
respectively. 
*High standard error values, which indicate poor fit, were 
obtained using the Redlich-Kister equation when ln∆ƞE and 
Vm

E values were plotted against solvent composition in the 
AN-DMA system. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 3. Coefficients of the Redlich-Kister Equation and Standard Deviation (σ) Values for Excess Viscosity (ƞE/mPa s),  
                Excess Isentropic Compressibility-KsE  106/(bar-1), Excess Specific Acoustic Impedance-ZE  10-6/(kg m-2 s-1),  
                Excess  Intermolecular  Free  Length-Lf

E  1011/(m),   Excess  Free  Volume-103  Vf
E/(m3 mol-1),   and  Excess  

                Internal Pressure-Πi  10-6/(N m-2) for Pure AN-DMSO Solvent System at Different Temperatures 
 
Temp  
(K) 

A0 A1 A2 A3 σ 

ln∆ƞ 
298 K 0.6466 -0.0391 -0.0068 0.0396 0.0888 
308 K 0.1321 -0.0499 0.0013 0.0500 0.0172 
318 K -0.9026 -0.2250 0.0028 0.2251 0.0351 
328 K -1.287 -0.3070 -0.0047 0.3067 0.0605 
KsE 
298 K -22.526 2.8459 -0.0960 -2.8461 1.2149 
308 K -25.802 2.1337 0.0248 -2.1269 0.4110 
318 K -31.453 2.7065 -0.0171 -2.6909 0.6308 
328 K -36.509 3.2285 -0.0115 -3.2177 0.4384 
ZE 
298 K 0.0791 -0.0044 0.0002 0.0042 0.0064 
308 K 0.0771 -0.0046 -0.0008 0.0044 0.0109 
318 K 0.0923 -0.0046 -0.0005 0.0045 0.0070 
328 K 0.0886 -0.0047 -0.0006 0.0046 0.0084 
Lf

E  
298 K -0.6776 0.0651 -0.0029 -0.0652 0.0378 
308 K -0.7435 0.0547 0.0007 -0.0543 0.0249 
318 K -0.9108 0.0668 0.0002 -0.0663 0.0434 
328 K -1.0277 0.0785 0.0007 -0.0782 0.0354 
Vf

E 
298 K -1.7911 0.0399 -0.0049 -0.0388 0.0778 
308 K -1.8659 -0.0197 0.0034 0.0198 0.0432 
318 K -1.7373 0.0152 0.0054 -0.0148 0.0701 
328 K -1.7300 0.0068 0.0050 -0.0058 0.0749 
Πi

E 
298 K 103.82 -11.375 -1.8977 11.489 24.673 
308 K -51.942 -12.214 0.4902 12.331 7.685 
318 K -355.75 -69.079 1.3502 69.025 17.782 
328 K -405.37 -95.360 -1.5484 95.833 27.192 
Vm

E 
298 K -0.2589 0.6223 -0.0681 -0.6196 0.8811 
308 K -0.9745 0.2677 0.0376 -0.2661 0.4804 
318 K -1.1835 0.2546 0.0329 -0.2522 0.4291 
328 K -1.4128 0.2679 0.0322 -0.2649 0.4157 
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To understand the nature of AN+DMSO and AN+DMA 
solvent systems at different compositions and temperatures, 
the above calculated excess parameters were plotted as a 
function of the mole fraction of DMSO and DMA, 
respectively. The variation in all the investigated excess 
parameters as a function of the mole fraction of DMSO and 
DMA was found to be non-linear (Figs. S1-S4 and Figs. 1-
10, respectively). Solvent structural effects, which are 
responsible for the non-linear variation in the solvent excess 
parameters with solvent composition, are said to be even 
stronger when a solvent excess parameter passes through a 
maximum or minimum. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
An examination of plots in Figs. 1-3 and 6-8 reveals that 
excess isentropic compressibility (KsE), excess 
intermolecular free length (Lf

E) and excess free volume 
(Vf

E) are negative over the entire composition range for the 
binary mixtures of AN+DMSO and AN+DMA. In other 
words, excess functions KsE, Lf

E, and Vf
E show negative 

deviations; that is, they increased negatively in magnitude, 
reaching broad minima at around 0.4-0.6 mole fraction of 
DMSO and DMA, respectively, and then further increased 
with the addition of DMSO and DMA. Negative values of      
these excess parameters led to much stronger interactions 
among the component molecules of the solvent. 

      Table 4. Coefficients of  the Redlich-Kister Equation  and  Standard  Deviation  (σ)  Values  for  Excess  Isentropic  
                    Compressibility-KsE  106/(bar-1),   Excess   Specific  Acoustic   Impedance-ZE  10-6/(kg m-2 s-1),   Excess  
                    Intermolecular Free Length-Lf

E  1011/(m), Excess Free Volume-103  Vf
E./(m3 mol-1), and Excess Internal  

                    Pressure-Πi  0-6/(Nm-2) for Pure AN-DMA Solvent System at Different Temperatures 
 

Temp  
(K) 

A0 A1 A2 A3 σ 

KsE 
298 K -20.083 1.3333 -0.0244 -1.3446 0.5298 
308 K -23.197 0.2924 -0.0711 -0.2844 0.9571 
318 K -27.439 0.7103 -0.0954 -0.6893 1.4597 
328 K -29.069 1.3793 -0.0766 -1.3517 1.4323 
ZE 
298 K 0.1656 -0.0045 0.0002 0.0046 0.0029 
308 K 0.1733 0.0161 0.0003 -0.0163 0.0069 
318 K 0.1609 0.0139 0.0004 -0.0141 0.0070 
328 K 0.1483 0.0013 0.0008 -0.0014 0.0037 
Lf

E 
298 K -0.6912 0.0350 0.0002 -0.0356 0.0207 
308 K -0.7567 -0.0147 -0.0028 0.0152 0.0401 
318 K -0.8481 0.0275 -0.0029 -0.0271 0.0407 
328 K -1.0199 0.0757 0.0003 -0.0752 0.0192 
Vf

E 
298 K -5.5325 -0.0796 -0.0014 0.0781 0.0576 
308 K -5.3038 -0.0687 0.0011 0.0709 0.0846 
318 K -5.1075 -0.0699 0.0021 0.0723 0.0979 
328 K -5.1962 -0.1123 -0.0011 0.1143 0.0756 
Πi

E 
298 K -19.102 9.9157 0.3140 -9.9127 4.009 
308 K -41.128 25.593 0.4194 -25.588 5.279 
318 K -99.616 28.050 0.5366 -27.995 7.149 
328 K -161.00 19.785 0.3720 -19.719 5.345 
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Fig. 1. Curves of excess  isentropic  compressibility (Ks

E)       
           versus the mole fraction for the binary mixture of  
         AN+DMSO  at different  temperatures,  including  
         298 K  (black  square), 308 K (red  circle), 318 K  

             (blue triangle), and 328 K (purple triangle). 
 
 

 
Fig. 2. Curves of excess  intermolecular  free  length (Lf

E)  
          versus the mole fraction for the binary mixture of  
          AN+DMSO at  different  temperatures,  including  
         298 K (black square),  308 K (red  circle), 318 K  

              (blue triangle), and 328 K (purple triangle). 
 
 
Quantitatively, this can be explained in terms of the closer 
approach of unlike molecules, which, in turn, reduced the 
compressibility and volume of the studied binary solvent 
system. This may also be attributed to the relative strength 
of the below-mentioned effects, which are responsible for 
influencing the free spaces among the component molecules  

 
 

 
Fig. 3. Curves of excess free volume (Vf

E) versus the mole  
            fraction  for  the  binary mixture of AN+DMSO at  
            different   temperatures,   including  298 K  (black  
            square), 308 K (red  circle),  318 K (blue triangle),  

              and 328 K (purple triangle). 
 
 

 
Fig. 4. Curves of excess specific acoustic impedance (ZE)  
          versus the mole fraction for the binary mixture of  
          AN+DMSO  at  different temperatures, including 
          298 K (black  square), 308 K (red circle),  318 K  

(blue triangle), and  328 K (purple triangle). 
 
 

in the binary solvent mixtures [32-33]:  
(a) Different sizes and shapes of the component 
molecules, loss of dipolar association and the break-up of 
hydrogen bonding, which together decrease ultrasonic 
velocity and increase isentropic compressibility and free 
length, as defined by Jacobson; 
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Fig. 5. Curves of  excess  internal  pressure (ᴨi

E) versus the  
            mole fraction for the binary mixture of AN+DMSO  
           at different  temperatures,  including 298 K  (black  
          square), 308 K  (red circle),  318 K (blue  triangle),  

             and 328 K (purple triangle). 
 
 

 
Fig. 6. Curves of  excess  isentropic  compressibility (Ks

E)  
          versus the mole fraction for the binary mixture of  
          AN+DMA  at  different  temperatures,   including  
         298 K  (black square),  308 K  (red circle), 318 K  

             (blue triangle), and 328 K (purple triangle). 
 
 
(b) Dipole-dipole interactions, electron donor-acceptor 
interactions, or charge-transfer complexes among unlike 
molecules, which together bring about association complex 
formation among the component molecules, leading to an 
increase in ultrasonic velocity and a decrease in isentropic 
compressibility.  

 
 

 
Fig. 7. Curves  of  excess  intermolecular free length (Lf

E)  
           versus the mole fraction for the binary mixture of  
           AN+DMA  at  different  temperatures,  including  
          298 K (black  square),  308 K (red circle), 318 K  

              (blue triangle), and 328 K (purple triangle). 
 
 

 
Fig. 8. Curves of excess free volume (Vf

E) versus the mole  
           fraction  for  the  binary  mixture  of  AN+DMA at  
           different   temperatures,   including  298 K  (black  
           square), 308 K (red circle), 318 K (blue  triangle),  

              and 328 K (purple triangle). 
 
 
      Negative excess free volume (Vf

E) for the given solvent 
composition reflects strong dipole-dipole interactions 
occurring between the unlike molecules of the components 
[32]. Moreover, the negative deviations in excess 
intermolecular free length (Lf

E) suggest the presence of 
strong interactions in the mixtures, which is further 
supported by the Kerr effect [34-35]. The observed 
isentropic compressibility (Ks

E), excess  intermolecular  free 
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length (Lf

E) and excess free volume (Vf
E) values are the net 

result of the above-mentioned two effects. Pal and Das also 
observed the same trends in excess intermolecular lengths 
(Lf

E) in their studies of ultrasonic velocity. The plots of Lf
E 

versus the mole fraction of the solvent were found to be 
negative for the system investigated, which suggests that the 
effect of complex formation among unlike molecules must 
have been more dominant than the structural effects in the 
studied mixtures. Negative deviations in intermolecular free 
length (Lf

E) were caused due to dipolar association taking 
place in the solvent mixtures as a result of which longer 
distances were traveled by sound waves in the binary 
mixtures of solvents [36]. Negative values of the excess 
functions Ks

E, Lf
E, and Vf

E can also be attributed to the 
decrease in free length between the molecules caused by the 
interstitial accommodation of AN molecules in DMSO and 
DMA.  
      Figures S1 and S3 show the plots of deviation in 
viscosity (ln∆ƞ) for the binary mixtures AN-DMSO and 
AN-DMA, respectively, at different temperatures, including 
298 K,  308 K, 318 K, and 328 K. While in the AN-DMSO 
system (Fig. S1), viscosity deviations (ln∆ƞ) were positive 
throughout the whole composition range at 298 K and       
308 K, showing maxima at around 0.4 mole fraction of 
DMSO, they were negative in magnitude at 318 K and         
328 K and approached broad minima at around 0.6-0.8 mole 
fraction of DMSO. However, in AN+DMA solvent systems 
(Fig. S3), while the viscosity deviations (ln∆ƞ) were found 
to be positive over the entire composition range at 298 K, 
308 K and 318 K, with two maxima at 0.4 and 0.8 mole 
fraction of DMA, they were negative at 328 K and 
approached two minima at 0.2 and 0.6 mole fraction of 
DMA. Negative deviation in viscosity (reduction in 
viscosity of liquid mixture with respect to an ideal mixture) 
can be attributed to the deterioration of the association 
among different component molecules, resulting in higher 
fluidity of the system. Similar behavior was observed in 
DMF + MeOH solvent systems [37]. In these solvent 
systems, a broad minimum corresponding to a negative 
deviation was obtained at around 60-80% mol MeOH. Since 
both these systems represent much stronger hydrogen bond 
interactions; therefore, the results need to be explicated with 
regard to the strong structural outcome of intermolecular 
interactions. Since all the  three  investigated  solvents  (i.e.,  

 
 
AN, DMSO, and DMA) were non-hydrogen bonded, the 
structural changes caused due to hydrogen bonding were not 
considered with viscosity deviations here. The variation in 
ln∆ƞ values in the solvent composition yields a qualitative 
assessment of the strength of the intermolecular interactions 
prevailing in the solvent mixtures. Fort and Moore [38] 
obtained positive values for excess viscosity (ln∆ƞ) and 
suggested that the specific interactions which involved the 
formation of hetero-molecular complexes were the main 
causes of positive deviations in viscosity. Also, the positive 
viscosity deviation, or the positive excess viscosity (ln∆ƞ), 
values for the studied binary mixtures indicate that the 
viscosities of associates formed among unlike molecules 
were relatively more significant than those of the pure 
components. The viscosity deviation [38] can be analyzed 
by taking into account the following points: 
(i) The loss of dipolar association in the pure component 
and different sizes and shapes of the component molecules 
may lead to decreased viscosity of the solution and hence 
negative deviations in viscosity; 
(ii) Certain interactions among unlike component 
molecules, including charge transfer complexes or dipole-
dipole interactions, can also increase the viscosity of the 
mixtures compared to that of pure components, leading to 
positive deviations in viscosity.  
      An examination of Figs. 4 and 9 shows that the excess 
acoustic impedance (ZE) values were positive over the entire 
solvent composition range for both investigated solvent 
systems (i.e., AN+DMSO and AN+DMA) at all studied 
temperatures. In the AN+DMSO system, ZE values 
increased in magnitude with the increase in DMSO mole 
fraction, reached a maximum at around 0.6 mole fraction of 
DMSO, and then started to decrease with the increase in the 
DMSO content in the solvent mixture (Fig. 4). However, in 
the AN+DMA solvent system, one maximum was obtained 
at 298 K at 0.4 mole fraction of DMA, and another 
maximum was obtained at 308 K, 318 K, and 328 K at        
0.6 mole fraction of DMA (Fig. 9). The positive deviation in 
acoustic impedance (ZE) can possibly reflect firm molecular 
interactions among unlike molecules, or it can suggest that 
the specific interactions among the unlike molecules in the 
solvent mixtures were controlling the shattering of dipolar 
interactions among like molecules in the binary mixture of 
solvents [39].  
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Fig. 9. Curves of excess specific acoustic impedance (ZE)  
          versus the mole fraction for the binary mixture of  
         AN+DMA  at  different  temperatures,   including 
         298 K  (black  square), 308 K  (red circle), 318 K  

             (blue triangle), and 328 K (purple triangle). 
 
 
      Compared to other studied excess functions, the 
behaviors of excess molar volume (Vm

E) and excess internal 
pressure (Πi

E) were different. These two excess parameters 
showed both negative and positive deviations. An 
examination of Fig. S2 shows that Vm

E values were negative 
throughout the whole solvent composition range in 
AN+DMSO solvent mixtures, except at 0.4-0.6 mole 
fraction of DMSO at 298 K and 0.8 mole fraction of  
DMSO at 308 K, 318 K and 328 K. At 298 K, the minima 
corresponding to negative deviation in Vm

E values were 
obtained at around 0.2 mole fraction, and the maxima were 
obtained at 0.6 mole fraction of DMSO. However, at 308 K, 
318 K and 328 K, the minima and maxima were obtained at 
0.6 and 0.8 mole fraction of DMSO, respectively. However, 
in the AN+DMA solvent system (Fig. S4), the values of 
excess molar volume (Vm

E) were negative throughout the 
whole solvent composition range at 298 K, showing two 
minima at 0.4 and 0.8 mole fraction of DMA and a 
maximum at 0.6 mole fraction of DMA. However, at 308 K, 
318 K, and 328 K, both positive and negative deviations 
were observed, with one minimum corresponding to the 
negative deviation at 0.6 mole fraction of DMA and one 
maximum corresponding to the positive deviation at         
0.8 mole fraction of DMA. Overall, a sigmoid change was 
observed from negative to positive in excess Vm

E values.  In 

 
 
other words, the Vm

E curve at all investigated temperatures 
was sigmoidal and tended to change from negative to 
positive values at higher mole fractions of DMA. Excess 
molar volumes (Vm

E) were found to be very subtle 
concerning mutual interactions among component 
molecules of the binary mixtures of solvents. The degree of 
deviations in these excess parameters from ideal behavior 
relies on the strength of interactions between unlike 
molecules. Also, for any system, the type of deviation in 
excess molar volume (Vm

E), whether positive or negative, 
depends on the extent of expansion and contraction of 
different solvents after being mixed. In cases where the 
contraction factors are overshadowed by expansion factors, 
the excess molar volume (Vm

E) turns positive. Conversely, 
if the contraction factors dominate the expansion factors, the 
excess molar volume (Vm

E) becomes negative. Therefore, it 
is fascinating to note that the results obtained until now 
indicate that the excess molar volume (Vm

E) values for the 
current systems are substantially affected by various 
physical and chemical forces, which, as described in the 
literature, include the following [40]: (i) the disruption of 
the order of liquid after mixing with the second component 
or the break-up of dipolar association existing in the solvent 
component molecules; (ii) unfavorable and non-specific 
physical interactions among unlike molecules; (iii) steric 
hindrance, which prevents the closeness of different 
constituents of the component molecules; (iv) different 
molar volumes causing geometrical fitting of smaller 
component molecules into the voids generated by bigger 
molecules; (v) hydrogen bonding, which causes the 
appearance of specific interactions in the solvent mixture 
between unlike molecules; (vi) the existence of specific 
dipole-dipole type interactions among solvent and co-
solvent molecules in the binary mixture; (vii) chemical 
interaction taking place between the constituent chemicals; 
and viii) the settlement of one component molecules into the 
interstitial sites of the other component molecules. The first 
four factors are responsible for the volume expansion while 
the latter four contract the volume of the liquid mixture. The 
negative excess molar volumes at specified solvent 
compositions, as discussed above, suggest that either the 
volume contraction factors play an important role in 
dissimilar molecules or that the interactions among 
molecules of mixtures are much stronger compared to those  
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Fig. 10. Curves of excess  internal pressure (ᴨi

E) versus the  
              mole fraction for the binary mixture of AN+DMA  
              at different  temperatures,  including 298 K (black  
             square), 308 K (red circle), 318 K (blue  triangle),  

               and 328 K (purple triangle). 
 
 
among the molecules of pure liquids and that associative 
force influence the behavior of the solution under 
investigation. Initially, the negative excess molar volume 
(Vm

E) values seemed to have been caused by the interstitial 
accommodation of AN molecules in the bigger DMSO 
molecules, but later, the excess molar volume (Vm

E) started 
to become positive, suggesting the dissociation of self-
associated AN molecule by further addition of DMSO, 
which cannot be explained by the interaction occurring in 
AN and DMSO, resulting in rapid expansion in volume 
until it reaches maxima. Further decrease in the excess 
molar volume (Vm

E) may be due to the lower packing forces 
of the mixed liquids compared to those of the pure liquids. 
As can be seen in Fig. 5, excess internal pressure (ΠiE) 
values for the AN+DMSO solvent system at 298 K were 
positive throughout the whole solvent composition range, 
with broad maxima at around 0.4-0.6 mole fraction of 
DMSO; however, at 308 K, 318 K and 328 K, the values of 
ΠiE showed negative deviations, with a minimum at around 
0.6 mole fraction of DMSO. Also, excess internal pressure 
(ΠiE) values decreased with an increase in temperature. 
However, in the AN+DMA solvent system (Fig. 10), ΠiE 
values showed a sigmoidal change from negative to 
positive,  that  is,  ΠiE  showed  a  negative deviation, which  

 
 
corresponded to a minimum at 0.6 mole fraction of DMA, 
and a positive deviation, which corresponded to a maximum 
at 0.8 mole fraction of DMA. Positive excess internal 
pressure (ΠiE) values reveal the existence of strong 
interactions between component molecules in the binary 
mixtures of solvents [41]. 
 
CONCLUSIONS 
 
      In the present investigation, the calculated excess 
parameters suggested the existence of strong molecular 
interactions in both solvent systems studied. However, AN-
DMA solvent system, compared to the AN-DMSO solvent 
system, exhibited more deviation towards a stronger 
interaction mode. Furthermore, the rise of temperature had a 
significant role in altering molecular interactions. Negative 
and positive deviations in the excess properties were 
examined in terms of molecular interactions. Negative 
deviation in viscosity (ln∆ƞ) can be explained by the loss of 
the association among the different component molecules, 
which resulted in higher fluidity of the system. Positive 
deviations in ln∆ƞ values may be the result of dipole-dipole 
interactions. Positive deviations in Vm

E values in the studied 
binary systems can be attributed to the dispersion forces, 
disturbance of the order of liquid when mixed with the  
other component, and different molar volumes causing 
geometrical fitting of the smaller component molecules into 
the voids generated by the bigger molecules. Furthermore, 
negative deviations in Lf

E, Vf
E

, Vm
E, and KS

E can be 
attributed to dipole-dipole and induced dipole interactions. 
Dispersion forces were functional in all the solvent systems, 
which explains the existence of numerous sorts of 
interactions between the unlike components of the binary 
solvent mixtures. It can also be stated that the excess values 
were the outcome of all types of contributions. The 
observed positive deviation in ZE values and the opposite 
behavior in Lf

E, Vf
E, and Ks

E over the entire solvent 
composition range further support the existence of 
molecular interactions between unlike molecules. Various 
molecular interactions occurring in the binary mixtures can 
be attributed to the overall impact of the steric hindrance of 
the solvent molecules, solvent structure, and different 
dielectric constants developing from the effect of the ions 
on the solvent structure. 
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