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CHAPTER VI 

Hydrogen bond interactions in the mixtures of 1,4-dioxane with some 1, 2- 

disubstituted ethanes at T = (298.15-318.15) K
*
 

 

6.1. Introduction 

Molecular interactions control the physico-chemical properties of different 

liquids in liquid-liquid systems. Knowledge of such molecular interactions in liquid-

liquid systems is very important for their industrial applications1-3 and in the 

elucidation of the structural properties of the molecules4 in the liquid state. Mixed 

solvents were being used for studying complex reactions and developing theoretical 

understanding of chemical separations, fluid flow and heat transfers, etc. The basis for 

any process design in chemical industries is a reliable set of chemical and physical 

properties of the pure components and their mixtures. Therefore the determination of 

macroscopic properties like density, viscosity and speed of sound, etc. help greatly for 

exploring the liquid state,5 this is due to the close connection between the liquid 

structure and such macroscopic properties. However, experimental values of these 

properties are not available many-a-time and the measurements are often expensive or 

difficult; hence estimation methods often become very helpful. These properties 

functionally depend upon temperature, pressure and the composition of the liquid-

liquid systems. For example, density and ultrasonic speed of sound depend on the 

binding forces between the liquids and are very much sensitive to the liquid structure 

and composition.6 Hence studies on the physico-chemical properties of liquid-liquid 

systems stand as an efficient guide for the selection of such systems regarding their 

practical utilization in industrial and consumer applications. 1,2-disubstituted ethanes 

are excellent prototypes for conformational studies, because the relative stability of 

the gauche and trans conformation of 1,2-disubstituted ethanes depend upon the 

substituents and upon the dielectric constant of the medium.7 Ramasmari et al.
8 

studied the conformational behavior of 1, 2-dichloroethanes in several solvents by 1H-

NMR, IR, refractive index and theoretical studies. It has been found that gauche 

conformers are preferentially more stabilized in media with higher dielectric 

constants. Nath et al.
9 studied the binary mixtures of 1,2-dichloroethane with benzene, 

toluene, p-xylene, quinoline and cyclohexane. Anyway, to the best of our knowledge 
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reports on the physico-chemical properties of the binary mixtures studied in this 

chapter are rare in the literature. Therefore, herein this chapter an attempt has been 

undertaken to unravel the nature of molecular interactions in the binary mixtures of 

1,4-dioxane (1,4-DO) with ethylenediamine (EDA), 1,2-dichloroethane (DCE) and 

monoethanolamine (MEA) at 298.15, 308.15 and 318.15 K under ambient pressure.  

Among the selected liquids 1,4-DO is a non-polar, aprotic, non-hydrogen 

bonded cyclic diether and finds numerous applications in industrial processes as a 

solvent for saturated and unsaturated hydrocarbons.10 The other three solvents also 

find industrial importance and consumer applications, e.g., EDA is an important raw 

material for the production of polymers, pharmaceuticals, pesticides, herbicides and 

dye fixing agent, etc; DCE is a σ-acceptor and is used as a solvent, degreaser, etc;
9 

MEA is used in the purification of petroleum, as a solvent in dry cleaning, as a CO2 

adsorbent and as an ingredient in paints and pharmaceuticals.11 Thus the pure liquid 

components for the present study were chosen based on their varied applications. 

The experimental data ( ρ , η , u  and Dn ) were used to determine the excess 

molar volumes ( E
mV ), viscosity deviations ( η∆ ), acoustic parameters like isentropic 

compressibility ( Sκ ), intermolecular free length ( fL ), specific acoustic impedance 

( imz ), free volume ( fV ), excess isentropic compressibility ( E
Sκ ), excess intermolecular 

free length ( E
fL ), excess specific acoustic impedance ( E

imz ), excess free volume ( E
fV ) 

and excess molar refractions ( E
mR ) for the binary mixtures. Partial molar volumes 

( 0
m,1V and 0

m,2V ) and excess partial molar volumes ( E0,
m,1V and E0,

m,2V ) at infinite dilution of 

each component were also determined using the excess molar volumes ( E
mV ) of the 

binary mixtures. All these functions were discussed in terms of molecular 

interactions, structural effects and the nature of liquid mixtures. The excess molar 

volumes ( E
mV ) of the binary mixtures at ambient temperature and pressure were also 

treated in terms of PFP theory.12,13 A comparison between the experimental and 

calculated E
mV  and η  values (based on PFP12,13 or Bloomfield-Dewan viscosity 

model14 and PREOS15) was also made to estimate the predictive capability of these 

theories for the selected binary mixtures. Moreover, ultrasonic speeds of sound and 

refractive indices for all the binary mixtures were theoretically predicted on the basis 
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of several empirical and semi-empirical relations. In addition, IR spectra of the 

mixtures were correlated to the molecular interactions between the components in the 

mixtures. 

6.2. Experimental section  

6.2.1. Materials 

All the chemicals used (Reagent/Reagent Plus grade, Sigma-Aldrich, 

Germany, purity > 99%) were used without any further purification. Provenance and 

purity of the chemicals used in this chapter have already been given in chapter III. 

However, purity of the solvents was ascertained by GLC and also a comparison of the 

experimental densities and viscosities at the experimental temperatures was made in 

Table 6.1 with the literature data,16-28 whenever available.  

 

Table 6.1. Densities ( ρ ) and viscosities (η ) of the pure liquids at T = (298.15 to 318.15) K 

 
Pure  
Liquid 

T (K) )m(kg

10
3

3

−

−

⋅

⋅ρ
 

s)mPa( ⋅

η
 

Expt. Lit. Expt. Lit. 

1,4-DO 
 

298.15 1.02779 
1.026516 

1.027817 1.1777 
1.19616 

1.177918 

308.15 1.01678 1.016616 

1.016819 
1.0094 1.01316 

0.998518 

318.15 1.00524 1.005216 

1.0052620 
0.8896 0.88716 

0.90121 

EDA 
298.15 0.89479 0.894522 

0.894823 
1.2758 1.27622 

308.15 0.88563 0.885622 1.1072 1.10722 
318.15 0.86762 0.86766724 0.9445  

DCE 
 

298.15 1.24637 1.247425 0.7804 
0.75925 

0.780526 
308.15 1.23121 1.231225 0.6744 0.67425 
318.15 1.21455  0.5719  

MEA 

298.15 1.01179 1.011827 18.9538 18.955
 

308.15 1.00468 1.0046727 

1.004328 
11.9630 11.96628 

318.15 0.99815 
0.9981727 

0.9963528 
7.9132 7.91428 

 

6.2.2. Apparatus and procedure 

The binary mixtures were prepared by mass in air-tight bottles with stopper 

inside a dry box at 298.15 K as detailed in chapter III. The mass measurements were 

made on a digital electronic analytical balance (Mettler, AG 285, Switzerland) with an 
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uncertainty of g101 4−⋅± . All solutions were prepared afresh before use. The densities 

were measured with a vibrating-tube density meter (Anton Paar, DMA 4500M). The 

temperature of the density meter was automatically kept constant with an accuracy of 

K101 2−⋅±  using a built–in Peltier technique. The viscosities were measured with the 

aid of a suspended Canon-type Ubbelohde viscometer at the experimental 

temperatures K.01.0±  Ultrasonic speeds of sound (u) were measured with an 

accuracy of 0.3 % by using a single crystal variable-path ultrasonic interferometer 

(Mittal Enterprise, New Delhi, F-05) working at 2 MHz. Refractive indices were 

measured with an Abbe's refractometer. In all determinations, an average of triplicate 

measurements was taken into account and adequate precautions were taken to 

minimize evaporation loses during the actual measurements. The details of the 

instruments, their calibrations and uncertainties of the measured properties are given 

in chapter III. 

6.3. Results and discussion 

The experimental densities ( ρ ), viscosities (η ), excess molar volumes ( E
mV ) 

and viscosity deviations ( η∆ ) of the binary mixtures at the experimental temperatures 

are given in Table 6.2. For an understanding of the nature of the molecular 

interactions between the components of the liquid mixtures, excess/deviations 

properties are of immense help. Non-ideal liquid mixtures often show deviations from 

a rectilinear dependence of their properties such as molar volume, viscosity, etc., upon 

the component mole fractions or compositions. Such deviations basically arise from 

the strong or weak interactions between the liquid components in a mixture based 

upon their nature and compositions. 

6.3.1. Excess molar volumes 

The excess molar volumes ( E
mV ) of the mixture can be had from the equation:  

)1()/1/1(
2

1i
iii

E
m ∑

=

−= ρρMxV
 

where ρ  is the density of the mixture and ix , iM  and iρ  are the mole fraction, molar 

mass and density of the ith component in the mixture, respectively. The estimated 

uncertainty for excess molar volumes ( E
mV ) was evaluated to be ± 0.005 -13  molcm ⋅ .  
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Table 6.2. Density ( ρ ), viscosity ( η ), excess molar volume ( E
mV ) and viscosity deviation 

( η∆ ) for the binary mixtures studied at T = (298.15 to 318.15) K 

1x  
)m(kg

10
3

3

−

−

⋅

⋅ρ  
s)mPa( ⋅

η
 

)mol(m

10
13

6E
m

−⋅

⋅V
 

s)mPa( ⋅

∆η
 

1,4-DO (1) + EDA (2) 
T = 298.15 K 

0 0.89479 1.2758 0 0 
0.0800 0.90717 1.2628 0.068 -0.005 
0.1636 0.91948 1.2504 0.144 -0.009 
0.2511 0.93176 1.2391 0.223 -0.011 
0.3428 0.94428 1.2276 0.286 -0.014 
0.3850 0.94992 1.2227 0.308 -0.014 
0.5399 0.97035 1.2064 0.334 -0.015 
0.6461 0.9841 1.1973 0.302 -0.014 
0.7578 0.99837 1.1892 0.227 -0.011 
0.8756 1.01303 1.1824 0.119 -0.007 

1 1.02779 1.1777 0 0 
T = 308.15 K 

0 0.88563 1.1072 0 0 
0.0800 0.89775 1.0922 0.076 -0.007 
0.1636 0.90985 1.0784 0.155 -0.012 
0.2511 0.92106 1.0655 0.307 -0.016 
0.3428 0.93433 1.0527 0.297 -0.020 
0.3850 0.93989 1.0480 0.320 -0.020 
0.5399 0.95996 1.0329 0.352 -0.020 
0.6461 0.97348 1.0259 0.323 -0.017 
0.7578 0.98759 1.0193 0.245 -0.013 
0.8756 1.00204 1.0156 0.136 -0.005 

1 1.01678 1.0094 0 0 
T = 318.15 K 

0 0.86762 0.9445 0 0 
0.0800 0.88010 0.9318 0.093 -0.008 
0.1636 0.89274 0.9205 0.177 -0.015 
0.2511 0.90551 0.9111 0.254 -0.019 
0.3428 0.91846 0.9021 0.319 -0.023 
0.3850 0.92435 0.8983 0.338 -0.025 
0.5399 0.94542 0.8929 0.372 -0.022 
0.6461 0.95955 0.8913 0.348 -0.017 
0.7578 0.97427 0.8918 0.276 -0.011 
0.8756 0.98943 0.8902 0.166 -0.006 

1 1.00524 0.8896 0 0 
1,4-DO (1) + DCE (2) 

T = 298.15 K 
0 1.24637 0.7804 0 0 

0.0934 1.22134 0.8045 0.207 -0.006 
0.1881 1.19717 0.8332 0.368 -0.010 
0.2843 1.17399 0.8640 0.469 -0.013 
0.3819 1.15177 0.8974 0.507 -0.016 
0.4258 1.14209 0.9132 0.511 -0.017 
0.5816 1.10956 0.9729 0.422 -0.018 



Chapter VI 

163 

0.6838 1.08925 1.0159 0.314 -0.018 
0.7875 1.06916 1.0636 0.184 -0.015 
0.8929 1.04886 1.1171 0.063 -0.010 

1 1.02779 1.1777 0 0 
T = 308.15 K 

0 1.23121 0.6744 0 0 
0.0934 1.20617 0.6918 0.243 -0.008 
0.1881 1.18234 0.7127 0.415 -0.015 
0.2843 1.15950 0.7370 0.526 -0.019 
0.3819 1.13763 0.7628 0.572 -0.024 
0.4258 1.12816 0.7747 0.574 -0.026 
0.5816 1.09617 0.8211 0.493 -0.032 
0.6838 1.07638 0.8551 0.375 -0.033 
0.7875 1.05658 0.8949 0.252 -0.032 
0.8929 1.03688 0.9435 0.113 -0.023 

1 1.01678 1.0094 0 0 
T = 318.15 K 

0 1.21455 0.5719 0 0 
0.0934 1.18914 0.5856 0.313 -0.010 
0.1881 1.16497 0.6042 0.555 -0.017 
0.2843 1.14196 0.6266 0.724 -0.022 
0.3819 1.12000 0.6499 0.822 -0.027 
0.4258 1.11067 0.6611 0.834 -0.029 
0.5816 1.07943 0.7050 0.764 -0.034 
0.6838 1.06046 0.7374 0.623 -0.036 
0.7875 1.04221 0.7750 0.414 -0.035 
0.8929 1.02408 0.8234 0.183 -0.025 

1 1.00524 0.8896 0 0 
1,4-DO (1) + MEA (2) 

T = 298.15 K 
0 1.01179 18.9538 0 0 

0.0597 1.01553 16.0540 -0.147 -0.001 
0.1251 1.01805 13.3865 -0.222 -0.002 
0.1969 1.02039 10.9652 -0.286 -0.003 
0.2760 1.02247 8.7983 -0.333 -0.004 
0.3639 1.02423 6.8921 -0.358 -0.005 
0.4618 1.02564 5.2493 -0.356 -0.005 
0.5716 1.02641 3.8676 -0.302 -0.004 
0.6958 1.02709 2.7386 -0.233 -0.003 
0.8373 1.02758 1.8488 -0.136 -0.002 

1 1.02779 1.1777 0 0 
T = 308.15 K 

0 1.00468 11.9630 0 0 
0.0597 1.00750 10.3163 -0.112 -0.004 
0.1251 1.01007 8.7723 -0.212 -0.008 
0.1969 1.01165 7.3404 -0.250 -0.012 
0.2760 1.01321 6.0311 -0.286 -0.014 
0.3639 1.01447 4.8507 -0.301 -0.015 
0.4618 1.01523 3.8043 -0.279 -0.015 
0.5716 1.01549 2.8980 -0.214 -0.013 
0.6958 1.01574 2.1319 -0.140 -0.009 
0.8373 1.01622 1.5061 -0.072 -0.003 
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1 1.01678 1.0094 0 0 
T = 318.15 K 

0 0.99815 7.9132 0 0 
0.0597 1.00035 6.9395 -0.101 -0.005 
0.1251 1.00177 6.0097 -0.155 -0.010 
0.1969 1.00306 5.1318 -0.203 -0.015 
0.2760 1.00408 4.3215 -0.234 -0.007 
0.3639 1.00475 3.5555 -0.240 -0.017 
0.4618 1.00492 2.8675 -0.209 -0.016 
0.5716 1.00506 2.2547 -0.171 -0.014 
0.6958 1.00496 1.7194 -0.109 -0.010 
0.8373 1.00510 1.2664 -0.059 -0.003 

1 1.00524 0.8896 0 0 
 

 

Fig. 6.1. Excess molar volume ( E
mV ) versus mole fraction of 1,4-DO (x1) for the binary 

mixtures of 1,4-DO + 1,2-disubstituted ethanes at T = 298.15 K. Symbols: □, EDA; ○, DCE; 

∆, MEA. 

 

Figure 6.1 ( E
mV  versus 1x  at 298.15 K) illustrates that the E

mV  values are positive for 

the mixtures (1,4-DO + EDA) and (1,4-DO + DCE) mixture but are negative for (1,4-

DO + MEA) mixture over the entire range of compositions at all the experimental 

temperatures. The excess molar volume generally depends upon two factors: (i) 

variation of intermolecular forces between two components in contact; the physical 

effects involve dispersion forces and non-specific interactions in the mixture and thus 

contribute positive values to E
mV . The chemical or specific interactions result in 



Chapter VI 

165 

volume decrease or contraction and involve hydrogen bond formation or rupture, 

charge transfer type forces and other complex forming interactions between dissimilar 

species and thus contribute negative values to E
mV ; (ii) variation in molecular packing 

subject to interstitial accommodation of one component into other may arise due to 

difference in free volume and molar volume of the components. If the interactions 

between dissimilar species are weaker than those between similar species excess 

molar volume ( E
mV ) will be positive. As already stated earlier that 1,2-disubstituted 

ethanes generally prefer gauche conformation and possess intra-molecular hydrogen 

bonding except DCE.29 For DCE, the gauche conformer is polar and stabilized by 

electrostatic interaction between their dipole moments.29 A comparison of the relative 

permittivity30 of the liquid components { DO4,1, −rε (2.21) < DCE,rε  (10.42) < 

EDA,rε (13.82) < MEA,rε (31.94)} suggests that the following approximate order of 

molecular interaction between similar components: (MEA-MEA) > (EDA-EDA) > 

(DCE-DCE) > (1,4-DO-1,4-DO).  The positive E
mV  values for the mixtures (1,4-DO + 

EDA) and (1,4-DO + DCE) indicate breaking of liquid order on mixing and 

dispersion interactions between dissimilar components. Dispersion interactions may 

arise from the breaking of cohesive forces or intra-molecular hydrogen bonds between 

the similar molecules on addition of 1,4-DO to the ethanes.  So mixing of 1,4-DO 

probably results in the breaking of the weak dipole-dipole cohesive forces amongst 

the DCE molecules29 and intra-molecular hydrogen bonds in EDA molecules.29 1,4-

DO can also form hydrogen bond through its two ethereal O-atoms with NH2 groups 

of EDA molecule and thus it can hamper intra-molecular hydrogen bonds in EDA 

molecules. That is why E
mV  values of the mixture (1,4-DO + EDA) are lower than 

those of the mixture (1,4-DO + DCE). In the case of the mixture (1,4-DO + MEA), 

the negative E
mV  values suggest the presence of specific interactions like 

intermolecular hydrogen bonds between the dissimilar components (through the 

involvement of the ethereal O-atoms of 1,4-DO and the highly polar –OH and -NH2 

group present in MEA molecule) and geometrical fitting of the molecules 

( K298.15atmolcm36.25 13
MEAm,DO-1,4m,

−⋅=−VV ) on mixing. Thus the magnitude of 

E
mV  values have the order:  (1,4-DO + DCE) > (1,4-DO + EDA) > (1,4-DO + MEA); 
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thus it is apparent that the molecular interaction is least for the mixture (1,4-DO + 

DCE) and highest for the mixture (1,4-DO + MEA). Furthermore, Table 6.2 suggests 

that in each case E
mV  values increase as the temperature increases over the whole 

composition range from 298.15 to 318.15 K. Such a trend in temperature dependence 

of E
mV  values indicates that temperature enhancement causes a decrease in the 

interaction between the component molecules; therefore thermal agitation that 

probably breaks or disturbs the developing dispersion forces and non-specific 

interactions as well as specific interactions between the liquid components in the 

studied mixtures. 

6.3.2. Excess partial molar volumes 

The partial molar volumes ( im,V ) of the ith component in the binaries over the 

entire composition range at 298.15 K were obtained from the relation:31 

)2()dd)(1( ,i
E

im,i
*

im,
E

im,im, PTxVxVVV −++=  

where *
im,V  is the molar volume of the ith component in the binaries. The derivatives, 

PTxV ,i
E

im, )( ∂∂  used in Eq. (2) were obtained by following a procedure described in 

chapter II by using the Redlich–Kister coefficients ( ia )32 for the excess molar 

volumes ( E
mV ): 0272.0,5266.0,0760.0,3439.1 3210 −=−=== aaaa  for the mixture 

(1,4-DO + EDA); 0604.0,6155.0,0974.1,9370.1 3210 =−=−== aaaa  for the 

mixture (1,4-DO + DCE) and 8004.0,4153.0,4367.0,3210.1 3210 =−==−= aaaa  

for the mixture (DO + MEA) with standard deviations (σ )33 0.0008, 0.0051, 0.0147 

for the three mixtures, respectively. Partial molar volumes (
0
m,1V  and 

0
m,2V ) at infinite 

dilution, excess partial molar volumes (
E

im,V ) and excess partial molar volumes (
E0,
im,V ) 

at infinite dilution were determined using the standard relations described in chapter 

II. Partial molar volumes (
0
m,1V and 

0
m,2V ) and excess partial molar volumes (

E0,
im,V ) at 

infinite dilution for each component in the binary mixtures are listed in Table 6.3.  

Excess partial molar volumes (
E
m,1V  and 

E
m,2V ) of each component in the studied 

mixtures were depicted in Figure 6.2 as a function of 1x . Partial molar volume (
0
m,1V  

and 
0
m,2V ) at infinite dilution of each liquid was found to be greater than the molar  
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Table 6.3. Molar volumes ( *
m,1V  and *

m,2V ), partial molar volumes at infinite dilution (
0
m,1V  

and 
0
m,2V ) and excess partial molar volume at infinite dilution ( E0,

m,1V and 
E0,

m,2V ) for each 

component in the binary mixtures at 298.15 K.  
 

Volume 
parameters 
 

1,4-DO (1) + 

EDA (2) DCE (2) MEA (2) 

*
1,mV  85.73 85.73 85.73 

0
1,mV  86.50 88.09 82.75 

*
2,mV   67.15 79.41 60.37 

0
m,2V   68.02 79.69 59.87 

E0,
m,1V   0.769 2.358 -2.973 

E0,
m,2V  0.866 0.285 -0.499 

Volume parameters are given in cm3 ·mol-1. 
 

 

Fig. 6.2. Excess partial molar volume ( E
im,V ) against mole fraction of 1,4-DO (x1) for the 

binary mixtures of 1,4-DO + 1,2-disubstituted ethanes at T = 298.15 K: A, for DO; B, for 1,2-

disubstituted ethanes. Symbols: □, EDA; ○, DCE; ∆, MEA. 

 

volume of the respective pure liquid for the studied mixtures except the (1,4-DO + 

MEA) mixture. Also, the excess partial molar volumes (
E0,

m,1V  and 
E0,

m,2V ) at infinite 

dilution were positive for both components in the mixtures (1,4-DO + EDA) and  
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(1,4-DO + DCE) except the mixture (1,4-DO + MEA). This suggests that while the 

systems with EDA and DCE are characterized by volume expansion on mixing with 

1,4-DO, the mixture with MEA is characterized by volume contraction on mixing 

with 1,4-DO, i.e., the mixture (1,4-DO + MEA) is characterized by a better packing 

efficiency and intermolecular hydrogen bonds between the dissimilar molecules were 

not broken at dilute regions.  

 6.3.3. Predictions of excess molar volumes 

 i) Prigogine-Flory-Patterson theory (PFP):    

In recent years, Flory’s statistical theory34-37 and its modified version known as 

the Prigogine-Flory-Patterson (PFP) theory12,13 has been employed to estimate and 

analyze excess thermodynamic functions theoretically. The Flory’s parameters such 

as reduced volume ( v~ ), reduced temperature (T
~

), characteristic volume ( *
V ), 

characteristic pressure ( *P ) and characteristic temperature ( *T ) for each liquid 

component are given in Table 6.4. The PFP theory considers excess molar volumes 

( E
mV ) of the binary mixtures to be the sum of three contributions:  (i) the interaction 

contribution ( E
intV ), which is proportional to the interaction parameter, 2,1χ ; (ii) the 

free volume contribution ( E
fvV ), which arises from the dependence of the reduced 

volume upon the reduced temperature as a result of the difference between the degree 

of expansion of the two components and (iii) the internal pressure contribution ( E
*

p
V ),  

 

Table 6.4. Isobaric molar heat capacities ( Pc ), expansion coefficient (α ), isothermal 

compressibility ( Tκ ) and Flory’s parameters for pure liquids at 298.15 K 

Liquids a
cP  v~  T

~
 

)mol(m

10
13

6*

−⋅

⋅V
 

(Pa)

*
P

 
(K)

*
T

 
)(kK 1−

α
 

)(TPa 1

T

−

κ
 

1, 4-DO 152.10 1.2672 0.0599 67.65 708.53 4976.93 1.0970 741.3 
EDA 172.60 1.3451 0.0699 49.93 1226.52 4262.04 1.5182 667.7 
DCE 128.40 1.3018 0.0646 60.99 746.81 4611.89 1.2765 863.6 
MEA 195.50 1.1768 0.0448 51.30 737.98 6641.29 0.6740 377.1 

a Unit: 11 molKJ −− ⋅⋅  and values are adapted from Ref [30].  

 

which depends both on the differences of the characteristic pressures and on the 

differences of reduced volumes of the components. The following equation was used 

to estimate E
mV  values: 
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on)contributi(

)3(
)(

))(~~(

on)contributiv~(

~]1~)3/4[(

]1~)9/14[()~~(

)oncontributi(

]1~)3/4[(

~)1~(

1
*

22
*

1

21
*

2
*

121

3/1
21

3/12
21

2,1

2,1*
1

3/1
21

3/23/1

*
22

*
11

E
m

*P

PP

PPvv

vv

vvv

Pv

vv

VxVx

V

ψψ

ψψ

ψψ

χ

χ
θψ

+

−−
+

−

−−
−

−

−
=

+

−

−

−

 

where  1ψ  and 2ψ stand for the molecular contact energy fractions of liquid 1 and 

liquid 2 in a mixture; 2θ  is the molecular site fraction of liquid 2 in a mixture and 

other symbols have their usual significance12,13 (details are given in chapter II). The 

interaction contributions to E
mV  were obtained from Eq. (3) by using a computer 

program as mentioned in chapter II. The optimized 2,1χ values, calculated and 

experimental E
mV values, their deviation and different contributions to E

mV values for 

near equimolar ( 5.01 ≈x ) composition at 298.15 K are given in Table 6.5. It reveals 

that the calculated excess molar volumes ( E
PFPm,V ) reasonably agree well with the 

experimental excess molar volumes ( E
mV ) for all the mixtures studied. 

ii) Peng-Robinson Equation of State (PREOS): 

Cubic equations of state are extensively used in process simulations for the 

prediction of thermodynamic properties and phase equilibria of hydrocarbon systems 

due to their simplicity, robustness and computational efficiency. Herein this chapter 

the classical cubic Peng-Robinson equation of state (PREOS) has been used for 

predicting the excess molar volumes ( E
PREOSm,V ) of the mixtures at 298.15 K. PREOS 

is given by:15 

( ) ( )
)4(

bVbbVV

a

bV

RT
P

−++
−

−
=  

For a pure component the energy a and co-volume b parameters can be obtained from 

the relations: 

)5(11)()(
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Table 6.5. Interaction parameter ( 2,1χ ), calculated and experimental values of excess molar 

volumes ( E
expm,V and E

PFPm,V ), their deviations ( E
mV∆ ) and different PFP contributions at 

298.15 K 

1,4-DO (1) 
+ 

)m(J 3-

2,1

⋅

χ
 

)mol(m

10
13

6E
expm,

−⋅

⋅V
 

)mol(m

10
13

6E
PFPm,

−⋅

⋅V
 

)mol(m

10
13

6E
m

−⋅

⋅∆V
 

310oncontributiPFP ×  

inta
 fvb

 ipc
 

EDA (2) -20.606 0.334 0.323 0.011 -0.0026 0.0022 0.0105 
DCE (2) 42.811 0.511 0.511 0.000 0.0079 0.0004 0.0004 
MEA (2) -14.039 -0.344 -0.344 0.000 -0.0018 0.0030 -0.0009 

a interaction contribution, b free volume contribution and c internal pressure contribution 
 

)6()()( cTbTbb ==

)7(45724.0)(
22

c

c
c

P

TR
Ta =

)8(07780.0)(
c

c
c

P

RT
Tb =  

where cT  and cP  are critical temperature and pressure of a pure component. The 

parameter ξ  in terms of acentric factor (ω )38 is defined by: 

   )9(0.26992-1.542260.37464 2ωωξ +=  

cT  , cP  and ω values of the pure liquids used were taken from the literature.22,39 For a 

binary mixture the energy a and co-volume b parameter can be given by:38 

   )10()1()(
2

1i

2

1j
ijjiji∑∑

= =

−= kaaxxTa  

)11()(
2

1i
ii∑

=

= bxTb  

where ijk is the interaction coefficient for a binary mixture of components i and j. 

Rearranging Eq. (4) in terms of the compressibility factor (Z), provides the following 

relations:  

)12(0)()23()1( 32223 =−−−−−+−− BBABZBBAZBZ  

where RTPVZ /= , RTPbB /= and 2)/(RTaPA = . Thus from a knowledge of the 

compressibility factors for the components and their mixtures, the corresponding 

excess molar volumes ( E
PREOSm,V ) of the mixtures were calculated. The values of the 

interaction coefficients ( ijk ) were found to be 0.0582, 0.0679 and 0.0206 with  
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Fig. 6.3. A comparison between the excess molar volumes ( E
mV ) against mole fraction of 1,4-

DO (x1) for the binary mixtures of 1,4-DO + 1,2-disubstituted ethanes at T = 298.15 K. 

Symbols represent experimental excess molar volumes ( E
mV ): □, EDA; ○, DCE; ∆, MEA. 

Dashed lines and dotted lines represent excess molar volumes ( E
mV ) obtained form PREOS 

and PFP theory, respectively. 

 

standard deviations (σ ) 0.019, 0.086 and 0.056, respectively for the mixtures (1,4-

DO + EDA), (1,4-DO+ DCE) and (1,4-DO + MEA). A comparison between the 

experimental excess molar volumes ( E
mV ) and the calculated excess molar volumes 

( E
PFPm,V  and E

PREOSm,V ) from PFP theory and PREOS for the studied mixtures at 298.15 

K has been depicted in Figure 6.3.  

6.3.4. Viscosity deviations 

The viscosity deviation ( η∆ ) can be obtained from the difference between the 

measured viscosity (η ) and the ideal viscosity ( idη ) of a mixture as follows:16, 33 

)13(idηηη −=∆  

and the ideal viscosity ( idη ) is given by:40 

)14()lnexp( id

2

1i
iid ηη ∑

=

= x  
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Fig. 6.4. Viscosity deviation ( η∆ ) versus mole fraction of 1,4-DO (x1) for the binary 

mixtures of 1,4-DO + 1,2-disubstituted ethanes at T = 298.15 K. Symbols: □, EDA; ○, DCE; 

∆, MEA. 

 

The estimated uncertainty for viscosity deviation ( η∆ ) was evaluated to be ±0.0002 

smPa ⋅  for the mixtures studied. Figure 6.4 ( η∆ versus 1x at 298.15 K) shows that the 

η∆ values are negative over the whole composition range for the mixtures at the 

experimental temperatures. It was observed if E
mV  values are positive, η∆ values 

become negative for many binary mixtures and vice-versa. Such a coincidence was 

found for the mixtures (1,4-DO + EDA) and (1,4-DO + DCE) but for the mixture 

(1,4-DO + MEA) both E
mV  and η∆ values are negative. However, for each mixture 

η∆ values decrease as the experiment temperature increases indicating that the 

interaction between the dissimilar molecules becomes weaker at higher temperatures 

(Table 6.2).  

6.3.5. Thermodynamics of viscous flow 

According to Eyring’s viscosity relation,40 the free energy of viscous flow 

( *
G∆ ) is given by the relation: 

)15()/exp()/( *
RTGVhN ∆=η  

where h is Planck’s constant, N is Avogadro’s number and other symbols have 

their usual meanings. 
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Table 6.6. Free energy ( *G∆ ), enthalpy ( *
H∆ ) and entropy ( *S∆ ) of activation of viscous 

flow for the binary mixtures. 

x1 
)mol(kJ 1

*

−⋅

∆G
 

)mol(kJ 1

*

−⋅

∆H
 

)molK(J 11

*

−− ⋅⋅

∆S
 2

R  

298.15 K 308.15 K 318.15 K 
1,4-DO (1) + EDA (2) 

0 13.309 13.419 13.488 10.634 -8.995 0.9988 
0.0800 13.340 13.443 13.511 10.786 -8.586 0.9992 
0.1636 13.374 13.471 13.539 10.910 -8.280 0.9994 
0.2511 13.411 13.504 13.573 10.994 -8.119 0.9996 
0.3428 13.448 13.532 13.608 11.054 -8.033 0.9999 
0.3850 13.465 13.549 13.625 11.080 -8.003 0.9999 
0.5399 13.526 13.610 13.706 10.842 -8.997 0.9998 
0.6461 13.569 13.656 13.765 10.646 -9.793 0.9996 
0.7578 13.614 13.703 13.830 10.391 -10.789 0.9989 
0.8756 13.662 13.758 13.890 10.269 -11.361 0.9991 

1 13.716 13.809 13.953 10.196 -11.779 0.9979 
 1,4-DO (1) + DCE (2) 

0 12.506 12.583 12.591 11.226 -4.330 0.9971 
0.0934 12.606 12.675 12.683 11.459 -3.878 0.9978 
0.1881 12.717 12.775 12.792 11.590 -3.800 0.9990 
0.2843 12.828 12.883 12.912 11.573 -4.223 0.9996 
0.3819 12.942 12.991 13.031 11.619 -4.442 0.9999 
0.4258 12.994 13.040 13.085 11.638 -4.547 0.9999 
0.5816 13.177 13.216 13.282 11.619 -5.211 0.9995 
0.6838 13.301 13.336 13.416 11.585 -5.729 0.9987 
0.7875 13.430 13.468 13.561 11.485 -6.496 0.9982 
0.8929 13.567 13.619 13.734 11.096 -8.255 0.9974 

1 13.716 13.809 13.953 10.196 -11.779 0.9979 
 1,4-DO (1) + MEA (2) 

0 19.734 19.235 18.783 33.915 47.589 0.9998 
0.0597 19.378 18.912 18.499 32.487 43.997 0.9997 
0.1251 18.990 18.561 18.188 30.954 40.156 0.9997 
0.1969 18.563 18.175 17.846 29.274 35.954 0.9996 
0.2760 18.091 15.750 17.472 27.329 31.017 0.9995 
0.3639 17.566 17.277 17.045 25.351 26.142 0.9996 
0.4618 16.979 16.749 16.572 23.047 20.379 0.9996 
0.5716 16.318 16.153 16.041 20.458 13.913 0.9995 
0.6958 15.567 15.476 15.437 17.504 6.525 0.9993 
0.8373 14.708 14.704 14.752 14.056 -2.160 0.9989 

1 13.716 13.809 13.953 10.196 -11.779 0.9979 
 

Rearranging Eq. (15) and putting ∆G
*= ∆H

* - T∆S
* yields the following relation: 

)16(/)/ln( **
STHhNVR ∆−∆=η  

Thus, linear regressions of Rln(ηV/hN) against (1/T) give the enthalpy ( *H∆ ) and 

entropy ( *
S∆ ) of activation of viscous flow from the corresponding slope and 
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negative intercept, respectively. *
G∆ , *H∆ , *

S∆ and the regression coefficients ( 2R ) 

are given in Table 6.6. It shows that while *H∆ values are positive, *
S∆ values are 

negative for all the binary mixtures except the mixture (1,4-DO + MEA). According 

to Corradini et al.,41 the enthalpy of activation of viscous flow is regarded as a 

measure of the degree of cooperation between the species taking part in viscous flow. 

In a highly structured liquid there will be considerable degree of order; hence for 

cooperative movement of the species a large heat of activation is required for the flow 

process. Thus the *H∆ values indicate that the ease of formation of activated species 

necessary for viscous flow follows the order: (1,4-DO + DCE) ≈ (1,4-DO + EDA) > 

(1,4-DO + MEA). This order is also supported by negative *
S∆ values for the 

mixtures (1,4-DO + DCE) and (1,4-DO + EDA) and positive values of *
S∆ for the 

mixture (1,4-DO + MEA). 

6.3.6. Viscosity prediction 

Several empirical models can simulate the viscosity of liquids or liquid 

mixtures and practical implications of such viscosity models were reviewed by 

Mehrotra et al.
42 Empirical methods have also been developed using the 

corresponding state principle based on van der Waals’ hypothesis43 that the properties 

of substances in terms of reduced thermodynamic properties show similar behavior. 

For the mixtures studied viscosities were predicted using Peng-Robinson cubic 

equation of state15 and Bloomfield–Dewan model.19 

 i) Peng-Robinson Equation of State: 

The excess activation free energy of viscous flow ( E*
G∆ ) for the binary 

mixtures can be obtained from the relation: 

)17()(
2

1i

*
i

*E* ∑
=

∆−∆=∆ GxGG i

 

A simple rearrangement of Eq. (17) gives the viscosity for a mixture:44 

   )18(exp
)( E*

m

id








 ∆
=

RT

G

V

Vη
η  

where mV  and id)( Vη are the molar volume and kinematic viscosity of an ideal 

mixture, respectively.  id)( Vη  is defined as follows: 

   )19()ln(exp)(
2

1i
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In order to incorporate the binary interaction parameter 12g  ( jiijii and0 ggg == ), 

E*G∆  for a binary mixture is given as: 

  )20(
2

1 2

1i

2

1j
1221

*E

ijji

E*E*

∑∑
= =

+=+=
∆

gxx
RT

G
gxx

RT

G

RT

G
 

The interaction parameter 12g  can be evaluated from a comparison of the 

experimental viscosities to those obtained from Eq. (18). The value of E*
G can also be 

obtained from the relation: 

   )21()ln(ln
2

1i

0
iii

E*

∑
=

−= ϕϕx
RT

G
 

where 0
iϕ  and iϕ  stand for the fugacity coefficients of the ith component in pure state 

and in the mixture, respectively. As per PREOS, fugacity coefficient for a pure 

component is given by: 

 )22(
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and fugacity coefficient for the ith component in a binary mixture is given by: 
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Combination of Eqs. (18-23) yields,  
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In order to obtain the binary interaction parameter ( 12g ), a non-linear regression 

analysis was performed iteratively by using a C-program to have minimum standard 

deviation (σ ) for a binary mixture. The binary interaction parameters ( 12g ) were 

found to be –0.294 ( 001.0=σ ), -0.053 ( 002.0=σ ) and –0.116 ( 001.0=σ ) for the 

mixtures (1,4-DO + EDA), (1,4-DO + DCE) and (1,4-DO + MEA), respectively.  

ii) Bloomfield-Dewan viscosity model: 

It combines two major semi-empirical theories of liquid viscosities in order to 

estimate viscosity of the liquid mixtures. The first one is the absolute reaction rate 

theory40 that relates the viscosity to the free energy required by a molecule to 



Chapter VI 

176 

overcome the attractive force field of its neighbors in order to jump to a new 

equilibrium position, i.e., to flow.  The second one is the free volume theory45 that 

relates the viscosity to the probability of occurrence of an empty neighboring site into 

which a molecule can jump and the probability depends exponentially on the free 

volume of the liquid. Thus the probability of viscous flow has been considered as a 

product of the probabilities of acquiring sufficient activation energy and the 

occurrence of an empty site. All the thermodynamic quantities involved in 

Bloomfield-Dewan model can be had from Flory's statistical thermodynamic theory 

for liquid mixtures.34-37 Bloomfield and Dewan14 developed the following expression: 

)25()~(ln
R

RT

G
vf

∆
−=∆ η  

where, )26()(lnln
2

1i
ii∑

=

−=∆ ηηη x  

and )27(
1~1~

1
)~(

2

1i i

i∑
= −

−
−

=
v

x

v
vf  

R
G∆ is the residual free  energy of mixing and can be had from the relation: 

)28()/ln(
2

1i
iii

ER ∑
=

+∆=∆ φxxRTGG  

where iφ is the segment fraction of the ith component in a binary mixture and is 

defined in the literature.34-37 The excess free energy E
G∆ can be obtained from the 

Flory’s statistical theory of liquid mixtures by using the relation: 

)29(~/)(

)}]1~/()1~ln{(
~
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=  

The standard deviations (σ ) between the experimental viscosities and those 

calculated from Bloomfield and Dewan model were 0.03, 0.39 and 4.99 for the 

mixtures with EDA, DCE and MEA, respectively. A comparison between the 

experimental viscosities and the calculated viscosities from these two viscosity 

prediction models are depicted in Fig 6.5. It is evident that PREOS predicted the 

viscosities for the mixtures very well 
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Fig. 6.5. A comparison between the viscosities ( η ) against mole fraction of 1,4-DO (x1) for 

the binary mixtures of 1,4-DO + 1,2-disubstituted ethanes at T = 298.15 K. Symbols represent 

experimental viscosities: □, EDA; ○, DCE; ∆, MEA. Dashed lines and dotted lines represent 

viscosities ( η ) obtained form Bloom Field-Dewan theory and PREOS, respectively. 

.   

6.3.7. Ultrasonic speed of sound and derived functions 

The speeds of sound (u ) and the densities ( ρ ) of the binary mixtures at 

298.15 K were used to determine their isentropic compressibilities ( Sκ ), excess 

isentropic compressibilities ( E
Sκ ) and the other acoustic parameters. The experimental 

speeds of sound of each pure liquid were in good agreement with the literature 

values16,27,46,47 at 298.15 K. The excess isentropic compressibilities ( E
Sκ ) were 

calculated by using the relation: 

   )30(id
SS

E
S κκκ −=  

where 2
S 1 uρκ =  and id

Sκ , the isentropic compressibility for an ideal mixture, is 

given by the relation:48 
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where iτ  is the volume fraction of the component ‘i’ in the mixture, iS,κ , *
im,V , iα  and 

ip,c are the isentropic compressibility, the molar volume, the expansion coefficient and 

the molar isobaric heat capacity of the pure components, respectively. The expansion 

coefficients ( iα ) were determined from experimental densities and the values of iP,c  

were taken from the literature.30 The other acoustic parameters like intermolecular 

free length ( fL ), specific acoustic impedance ( imz ) and their excess/deviation 

functions were calculated by using the standard relations as described in chapter II. 

The parameters u , Sκ  and 
E
Sκ  at 298.15 K are listed in Table 6.7. Figure 6.6 

illustrates the variation of excess isentropic compressibilities ( E
Sκ ) of the mixtures 

against mole fraction of 1,4-DO (x1) at 298.15 K. It is evident that while the excess 

isentropic compressibilities ( E
Sκ ) for the mixtures (1,4-DO + EDA) and (1,4-DO + 

DCE) are positive, those for the mixture (1,4-DO + MEA) are negative over the entire 

composition range at 298.15 K. The positive E
Sκ  values for the mixtures (1,4-DO + 

EDA) and (1,4-DO + DCE) are indicative of dispersion interaction between mixing 

component like breaking up of the weak dipole-dipole cohesive forces present among 

the DCE molecules and intermolecular hydrogen bonding present in EDA molecules 

upon mixing. For the mixture (1,4-DO + MEA), the negative E
Sκ values suggest the 

presence of specific interaction like intermolecular hydrogen bond between the 

components as well as mutual geometrical fitting of the dissimilar molecules on 

mixing. The magnitude of E
Sκ  values follows the order: (1,4-DO + DCE) > (1,4-DO + 

EDA) > (1,4-DO + MEA), indicating that the molecular interaction is least for the 

mixture (1,4-DO + DCE) and highest for the mixture (1,4-DO + MEA). Thus these 

results stand in parallel to those obtained earlier from excess molar volumes and 

viscosity deviations. Intermolecular free length ( fL ) and specific acoustic impedance 

( imz ) for the studied binaries at 298.15 K are listed in Table 6.8.  According to King-

Kincaid,49 a regular rise in intermolecular free length causes a fall in speeds of sound 

for the mixtures and vice-versa. This is also in accordance with the expected increase 

in the isentropic compressibility and decrease in specific acoustic impedance. 
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Table 6.7. Ultrasonic speeds ( u ), isentropic compressibility ( Sκ ) and excess isentropic 

compressibility ( E
Sκ ) for binary mixtures at 298.15 K 

1x  
)sm( 1−⋅

u
 

)(Pa

10
1

10
S

−

⋅κ
  

)(Pa

10
1

10E
S

−

⋅κ
 

1,4-DO (1) + EDA (2) 
0 1670.8 4.003 0 

0.0800 1625.9 4.170 0.027 
0.1636 1585.3 4.327 0.046 
0.2511 1546.2 4.489 0.069 
0.3428 1506.8 4.664 0.105 
0.3850 1488.8 4.749 0.128 
0.5399 1428.4 5.051 0.214 
0.6461 1395.1 5.221 0.245 
0.7578 1369.6 5.340 0.226 
0.8756 1353.7 5.387 0.134 

1 1343.4 5.391 0 
1,4-DO (1) + DCE (2) 

0 1193.6 5.632 0 
0.0934 1198.9 5.696 0.075 
0.1881 1204.7 5.756 0.148 
0.2843 1211.7 5.802 0.210 
0.3819 1218.7 5.846 0.275 
0.4258 1222.7 5.857 0.295 
0.5816 1240.4 5.858 0.335 
0.6838 1256.1 5.819 0.325 
0.7875 1277.4 5.732 0.270 
0.8929 1306.8 5.583 0.155 

1 1343.4 5.391 0 
1,4-DO (1) + MEA (2) 

0 1716.8 3.353 0 
0.0597 1696.8 3.420 -0.172 
0.1251 1677.7 3.490 -0.343 
0.1969 1654.2 3.581 -0.491 
0.2760 1626.7 3.696 -0.614 
0.3639 1593.6 3.845 -0.698 
0.4618 1557.5 4.019 -0.746 
0.5716 1517.9 4.229 -0.744 
0.6958 1471.8 4.495 -0.662 
0.8373 1417.1 4.846 -0.456 

1 1343.4 5.391 0 
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Fig. 6.6. Excess isentropic compressibility ( E
Sκ ) versus mole fraction of 1,4-DO (x1) for the 

binary mixtures of 1,4-DO + 1,2-disubstituted ethanes at T = 298.15 K. Symbols: □, EDA; ○, 

DCE; ∆, MEA. 

 

Table 6.8 shows that while the specific acoustic impedances ( imz ) decrease, the 

intermolecular free lengths ( fL ) increase as the mole fraction (x1) of 1,4-DO in the 

mixtures increase. The magnitude of the intermolecular free lengths ( fL ) has the 

order: (1,4-DO + DCE) > (1,4-DO + EDA) > (1,4-DO + MEA); this indicates that the 

molecular interactions between dissimilar molecules is also decreasing in the same 

order. The excess intermolecular free lengths ( E
fL ) and excess acoustic impedances 

( E
imz ) are plotted in Figure 6.7 against the mole fraction of 1,4-DO in the mixtures. 

The negative excess intermolecular free lengths ( E
fL ) and positive excess acoustic 

impedances ( E
imz ) for the mixture (1,4-DO + MEA) reflect the stronger interactions 

between the two components in contrast to the mixtures (1,4-DO + EDA) and (1,4-

DO + DCE) for which E
imz  values are negative and E

fL  values are positive. The 

negative E
fL  and positive 

E
imz values for the mixture (1,4-DO + MEA) are due to 

stronger hetero-association between MEA and 1,4-DO molecules and such hetero-

association may be attributed to both hydrogen bonding and interstitial 

accommodation of MEA molecules within the voids of 1,4-DO structure.    
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Table 6.8. Intermolecular free length ( fL ), specific acoustic impedance ( imz ), excess 

intermolecular free lengths ( E
fL ) and excess acoustic impedances ( E

imz ) for the studied 

binaries at 298.15 K 

1x  fL  (Å) 
)smkg(

10
12

6
im

−−

−

⋅⋅

⋅z
 E

fL  (Å) 
)smkg(

10
12

6E
im

−−

−

⋅⋅

⋅z
 

 1,4-DO (1) + EDA (2) 

0 0.4115 1.4950 0 0 

0.0800 0.4200 1.4750 0.0032 -0.0109 

0.1636 0.4279 1.4577 0.0055 -0.0187 

0.2511 0.4358 1.4407 0.0077 -0.0256 

0.3428 0.4442 1.4228 0.0100 -0.0330 

0.3850 0.4482 1.4142 0.0113 -0.0368 

0.5399 0.4623 1.3860 0.0151 -0.0473 

0.6461 0.4700 1.3729 0.0158 -0.0483 

0.7578 0.4753 1.3674 0.0137 -0.0410 

0.8756 0.4774 1.3713 0.0080 -0.0236 

1 0.4776 1.3807 0 0 

 1,4-DO (1) + DCE (2) 

0 0.4881 1.4877 0 0 

0.0934 0.4909 1.4643 0.0038 -0.0134 

0.1881 0.4934 1.4422 0.0073 -0.0253 

0.2843 0.4954 1.4225 0.0103 -0.0347 

0.3819 0.4973 1.4037 0.0132 -0.0432 

0.4258 0.4978 1.3964 0.0141 -0.0457 

0.5816 0.4978 1.3763 0.0158 -0.0492 

0.6838 0.4961 1.3682 0.0152 -0.0463 

0.7875 0.4924 1.3657 0.0126 -0.0377 

0.8929 0.4860 1.3707 0.0073 -0.0215 

1 0.4776 1.3807 0 0 

 1,4-DO (1) + MEA (2) 

0 0.3766 1.7370 0 0 

0.0597 0.3804 1.7232 -0.0023 0.0074 

0.1251 0.3842 1.7080 -0.0050 0.0155 

0.1969 0.3892 1.6879 -0.0073 0.0210 
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0.2760 0.3954 1.6633 -0.0091 0.0246 

0.3639 0.4033 1.6322 -0.0101 0.0248 

0.4618 0.4124 1.5974 -0.0109 0.0249 

0.5716 0.4230 1.5580 -0.0114 0.0246 

0.6958 0.4361 1.5117 -0.0108 0.0225 

0.8373 0.4528 1.4562 -0.0084 0.0175 

1 0.4776 1.3807 0 0 

 

 

Fig. 6.7. Excess intermolecular free length ( E
fL ) and excess acoustic impedances ( E

imz ) versus 

mole fraction of 1,4-DO (x1) for the binary mixtures of 1,4-DO + 1,2-disubstituted ethanes at 

T = 298.15 K. Symbols: □, EDA; ○, DCE; ∆, MEA. 

 

6.3.8. Molar refractions  

The molar refractions ( mR ) for the binary mixtures were calculated from the 

relation: 

)33(
2
1

2

1i
ii

2
D

2
D

m ρ

∑
=

+

−
=

Mx

n

n
R  

where ρ  is the density of the mixture and ix , iM  are the mole fraction and molar 

mass of the ith component in the mixture, respectively. 
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Table 6.9. Refractive indices ( Dn ), molar refractions ( mR ) and excess molar refractions 

( E
mR ) for the binary mixtures at 298.15 K 

1x  Dn  
)mol(m

10
13

6
m

−⋅

×R
 

)mol(m

10
13

6E
m

−⋅

×R
 

1,4-DO (1) + EDA (2) 
0 1.4541 18.189 0 

0.0800 1.4510 18.501 0.030 
0.1636 1.4479 18.826 0.062 
0.2511 1.4448 19.166 0.095 
0.3428 1.4415 19.510 0.116 
0.3850 1.4400 19.665 0.122 
0.5399 1.4346 20.211 0.124 
0.6461 1.4311 20.572 0.112 
0.7578 1.4275 20.935 0.083 
0.8756 1.4239 21.312 0.045 

1 1.4202 21.703 0 
1,4-DO (1) + DCE (2) 

0 1.4419 21.006 0 
0.0934 1.4417 21.209 0.137 
0.1881 1.4384 21.271 0.133 
0.2843 1.4355 21.333 0.129 
0.3819 1.4328 21.388 0.116 
0.4258 1.4316 21.409 0.106 
0.5816 1.4281 21.488 0.076 
0.6838 1.4260 21.534 0.051 
0.7875 1.4239 21.575 0.020 
0.8929 1.4222 21.638 0.009 

1 1.4202 21.703 0 
1,4-DO (1) + MEA (2) 

0 1.4521 16.289 0 
0.0597 1.4501 16.594 -0.018 
0.1251 1.4480 16.951 -0.015 
0.1969 1.4454 17.333 -0.022 
0.2760 1.4425 17.754 -0.029 
0.3639 1.4394 18.226 -0.033 
0.4618 1.4360 18.753 -0.036 
0.5716 1.4324 19.355 -0.029 
0.6958 1.4285 20.031 -0.025 
0.8373 1.4245 20.809 -0.031 

1 1.4202 21.704 0 
 

The excess molar refractions ( E
mR ) were obtained from relation, 

)34(
2

1i
im,im

E
m ∑

=

−= RxRR  

where im,R  is the molar refraction of the ith component in the mixture. Excess molar 

refractions ( E
mR ) along with the experimental the refractive indices ( Dn ) for the three 
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binaries are listed in Table 6.9. The experimental refractive indices ( Dn ) were in good 

agreement with literature values23,50-52 at 298.15 K. The variation of excess refractive 

indices ( E
mR ) with the mole fraction of 1,4-DO ( 1x ) at 298.15 K also reveals the same 

order of molecular interactions for the studied mixtures as discussed earlier.  

6.3.9. IR spectroscopic study 

The results obtained so far are also well reflected in FT-IR spectra of the 

binary mixtures (Figures 6.8-6.10). The spectra were recorded in a demountable KBr 

cell for liquid samples with spacer of path length of 0.5 mm at ambient temperature 

with a Perkin-Elmer Spectrum FT-IR spectrometer  (RX-1).  Pure 1,4-DO shows 

characteristic bands at the range 1600-800 cm-1 due to vibrations of the ring (around 

1122 cm-1), the wagging vibrations (800-1050 cm-1) and fan-like vibrations (1250-

1300 cm-1) for CH2 groups and scissor vibrations (1453 cm-1).53 DCE has 

characteristic peaks around 1232 cm-1 for trans conformer and two peaks around 1313 

and 1285 cm-1 for gauche conformer.8 These bands shift slightly in peak position and 

intensity for the mixtures (1,4-DO + DCE) as the mole fraction (x1) of 1,4-DO 

increases in the mixtures and thus stand for weak interactions between the 

components. Of note for the mixture (1,4-DO + EDA) is that the N-H and N-CH2 

stretching bands (around 3296 and 2855 cm-1, respectively) of EDA become less 

intense and broad as the mole fraction of 1,4-DO (x1) in the mixture increases. This 

indicates formation of inter-molecular hydrogen bonds between dissimilar molecules 

in the mixture (1,4-DO + EDA). Similarly for the mixture (1,4-DO + MEA) the bands 

due to –OH and NH2 groups (falling within the range 3335-2850 cm-1) become 

broader and their intensity decreases significantly as the mole fraction (x1) of 1,4-DO 

decreases in the mixture suggesting that the mixtures are characterized by intra-

molecular and inter-molecular hydrogen bonds. 

6.4. Conclusion 

The physico-chemical study revealed that degree of molecular interactions in 

the binary mixtures follows the order: (1,4-DO + MEA) > (1,4-DO + EDA) > (1,4-DO 

+ DCE). This order of molecular interactions originates from the disruption of weak 

dipole-dipole interaction/cohesion forces or intra-molecular hydrogen bonds amongst 

the similar molecules on mixing with 1,4-DO, because mixing of 1,4-DO results in  
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Fig. 6.8. FTIR spectra of the various binary mixtures of (1,4-DO + DCE): A, pure 1,4-DO 

( 0000.0DCE =x ); B, 1820.0DCE =x ; C, 3725.0DCE =x ; D, 5718.0DCE =x ; E, 

7807.0DCE =x ; F, Pure DCE ( 0000.1DCE =x ). 

 
Fig. 6.9. FTIR spectra of the various binary mixtures of (1,4-DO + EDA): A, pure 1,4-DO 

( 0000.0EDA =x ); B, 2682.0EDA =x ; C, 4943.0EDA =x ; D, 6874.0EDA =x ; E, 

8543.0EDA =x ; F, Pure EDA ( 0000.1EDA =x ). 
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Fig. 6.10. FTIR spectra of the various binary mixtures of (1,4-DO + MEA): A, pure 1,4-DO 

( 0000.0MEA =x ); B, 2651.0MEA =x ; C, 4902.0MEA =x ; D, 6839.0MEA =x ; E, 

8523.0MEA =x ; F, Pure MEA ( 0000.1MEA =x ). 

 

the formation of hetero-associates due to inter-molecular hydrogen bond formation 

and mutual interstitial fitting. Interestingly, a comparison of the partial molar volume 

(
0
m,1V and 

0
m,2V ) at infinite dilution to the molar volume of the respective pure liquid 

for the studied mixtures revealed that except the mixture (1,4-DO + MEA) other two 

mixtures are characterized by volume increase. Anyway, FTIR spectra of the mixtures 

showed characterized band shifts in position and intensity as per the above order of 

molecular interactions. 
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