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ABSTRACT

Densities, p, and viscosities, n, of four binary systems: N,N-dimethyl formamide (DMF) + 1-propanol, DMF + 2-propanol,
DMF + butanol and DMF + 1-pentanol have been measured at five different temperatures ranging form 303.15K to
323.15K at an interval of 5K. Excess molar volumes were found to be negative over the entire concentration ranges. The
negative excess molar volume decreases with the increase of chain length of alcohol, the magnitude follows the order
DMF+ 1-propanol >, + 2-propanol >, + butanol >, + 1-pentanol. The change of viscosity has been found to be sensitive to
the chain length of alcohols. Excess viscosities and Grunberg- Nissan interaction parameters have been found to be
positive for DMF + 1-propanol and DMF + 2-propanol systems, and negative for other two systems DMF + butanol and
DMF + 1-pentanol. The thermodynamic energy of activation; such as, positive AG*® each also compatible with the
observation.
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1. Introduction

The knowledge of chemical and physical properties of solvent systems containing two (or more) components is often
required in theoretical studies [1-3] and for industrial and chemical processes at a wide range of temperatures [4-6]. The
intensive properties may include density, viscosity (fluidity) as well as dielectric constant and refractive index. We have
undertaken a study of thermochemical properties of four binary systems, in order to extend our knowledge and eventually
to generalize or to improve empirical/theoretical correlation with composition.

The interpretation of nonideality is a fascinating area and a large number of contributions were made over the last decade.
Solution theory is still far from adequate to account for solution nonidealities in terms of the properties of the constituent
molecules. The experimental data on macroscopic properties such as excess molar volumes, excess viscosities, surface
tension, and refractive index often provide valuable information for the understanding of the nature of homo and hetero-
molecular interactions. Alcohol-amide solutions are of practical importance. DMF to some extent is associated by means
of dipole—dipole interactions. Significant structural effects are absent due to the lack of hydrogen bonds. Therefore, it acts
as an aprotic protophilic solvent of moderately high dielectric constant (= 36.71) of molecules with a large dipole moment
(1i=3.8 D) at 298.15 K [7]. Because of its miscibility with almost all common polar and nonpolar solvents [8-12] it is
classified as so-called super solvent. A DMF molecule can interact with an alkanol molecule by virtue of better hydrogen
bond acceptor ability of its oxygen atom, resulting in structural and packing effects. Volumetric, viscometric and related
thermodynamic properties for the mixtures containing DMF were recently reported in the literature [13-20].

In our previous paper [7] described some physical properties of methanol, ethanol and 2-propanol at temperatures from
303.15 K to 323.15 K. Recently M. Kondaiah et.al [21] measured the densities, and viscosities of mixtures of propionic
acid with equimolar mixtures of DMF + methanol/ethanol/1-propanol, over the entire composition range of propionic acid
and including the pure liquids, have been measured at the temperatures T/K = 303.15, 313.15, and 323.15. Therefore, to
make a correlation in present paper highlights the molar volumes, excess molar volumes, viscosities, excess viscosities,
excess enthalpy of activation, excess entropy of activation, and excess free energy of activation data of DMF + 1-
propanol, + 2-propanol, + butanol, and + 1- pentanol systems over the whole range of compositions at five different
temperatures ranges from 303.15 K to 323.15 K.

2. Experimental

N,N-dimethyl formamide (DMF), 1-propanol, 2-propanol, butanol and pentanol was purchased from Merck, Germany and
used without further purification. Binary mixtures were prepared by mass in air tight Stoppard glass bottle. Density was
measured by density measurement bottle using an analytical balance (LIBROR EX-180, Shimadzu, Japan) with a
readability of 0.0001 g. Care was taken to avoid evaporation and solvent contamination during preparation of mixtures.
The mole fraction was accurate up to the fourth place of decimal.

An Ostwald U-tube viscometer A type (Germany) with sufficiently long efflux time was used for viscosity measurements.
An electronic digital stopwatch with a readability of +0.01 s was used for the flow time measurements. At least three
repetitions of each data point obtained were reproducible to +0.05 s and the results were averaged. All measurements
were carried out in a thermostatic water bath (TE-8A, Techne, Germany) controlled to +0.01 K. The purity of the solvents
were assessed by comparing their measured density and viscosity data, in which a)

viscosity and density of DMF and butanol, b) density of 1-propanol and 2-propanol were in good agreement but c)
viscosity of 1-propanol, 2-propanol and 1-pentanol, and d) density of 1-pentanol were not in good agreement with the
literature value [22-27] as can be seen in Table 1.

3. Results and Discussion

B . -
The excess molar volumes, Vj;, were calculated using the equation

Vrﬁ = [(xaM1+X2M2) / P12 - (xiM1/ p1+ x2M2/ p2)]

where x1, M; and p; are the mole fraction, molar mass and density of pure DMF, xo, M, and p, are the corresponding

quantities for alkanol in each system. pi2is the density of the corresponding binary solution. The variation of an;: with

mole fraction of DMF at different temperatures are shown graphically in Figs. 1, 2, 3 and 4 for the DMF + 1-propanol, + 2-
propanol, + butanol and +1-pentanol systems respectively.

Examination of Figs. 1-4 reveals that

(i) For DMF + 1-propanol system (Fig. 1) the excess molar volumes VrE are negative throughout the whole range of

composition except 0.9 mole fraction of DMF with minima at 0.3 mole fraction of DMF. The effect of temperature on VrE
shows a definite trend, i.e., the negative values increase with the rise of temperature and mole fraction of DMF.
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(ii) On addition of DMF + 2-propanol (Fig. 2), DMF + butanol system (Fig. 3), DMF + 1-pentanol system (Fig. 4) the

excess molar volumes Vrlr? are negative with minima at 0.4 mole fraction of DMF. The (GVrE /8T)p is found to be negative
over the entire range of composition.

The deviation of viscosity from the ideal mixture values (i.e. excess viscosity) can be calculated using the following
equation for two component system [28-32].

N" = N1z - exp(xalnny + xolnny)
Grunberg and Nissan proposed an equation [33] relating the viscosity and strength of interaction as follows

Inn=x1 Inn1 + (1- x1) INN2+ X1 X2 €

where, niz, N1, and n are the viscosity of binary solution, component 1 and component 2 respectively. The variations of r)E

with mole fraction of DMF at different temperatures are shown graphically in Figs. 5, 6, 7 and 8 for the DMF + 1-propanol,
+ 2-propanol, + butanol, + pentanol systems. Examination of Figs. 5 to 8 shows the following characteristics:

(i) The excess viscosities at different temperatures for the DMF + 1-propanol system (Fig. 5) are positive
throughout the whole range of composition, the maxima occur between 0.3 and 0.4 mole fractions of DMF.

(i) For the DMF + 2-propanol system (Fig. 6), the excess viscosities are positive over the entire range of
composition and the maxima occur at 0.4 mole fraction of DMF.

(iii) The excess viscosities of the DMF + butanol system (Fig. 7) are negative throughout the entire concentration
range and the magnitude is comparatively large.

(iv) The excess viscosities of the DMF + pentanol system (Fig. 8) are also negative throughout the whole
concentration range with minima at 0.4 mole fraction of DMF.

Enthalpy of activation, AH* and entropy of activation, AS” for viscous flow may be obtained from the Erying equation for
viscosity as:

In(Ve/hN) = -AS*/R +AH*IRT

For each individual mixtures, when In(nVm/hN) is plotted against 1/T, a straight line is expected, from the slope and
intercept of which AH* and AS” can be calculated respectively. The free energy of activation, AG" for viscous flow was
then obtained using the thermodynamic relation,

AG" = AH"-TAS"

The excess enthalpy of activation AH*®, entropy of activation, AS™, and free energy of activation AG"® were calculated by
using the following relation,

Yo=Y — (Xay1 + Xay2)

Where, y is the thermodynamic property of the solution. y; and y, are the properties of the pure components forming the
binary mixtures, x; and x» are the respective mole fractions.

Fig. 9: Shows the variation of excess enthalpy, AH#E, and excess entropy, TAS™ as a function of mole fraction of DMF for

(DMF+1-propanol) system. The pattern of these curves is almost similar and show both positive and negative values with
different magnitude. The positive values of AS™ are accounted for by the destruction of highly associated alcohol, and
negative values of AS"F are accounted for by the formation of DMF alcohol complex, in the activation process.

Fig. 10: shows the plot of excess free energy of activation, AG*® as a function of DMF mole fraction for (DMF+1-propanol)
system at five different temperatures under investigations. The values of AG™ are found to be positive over the entire
range of composition with maxima at 0.4 mole fraction of DMF. The positive excess values signify that the species formed
in the activated state experience more resistance to flow than what should be expected.

Fig. 11, 12 and 13: Show the graphical representation of excess entropy, TAS™ as a function of mole fraction of DMF for
DMF + 2-propanol, + butanol, +1-pentanol system respectively. The curves 11 and 12 follow similar pattern and the values
are both negative and positive. But the curve 13 shows only negative values. The negative values of TAS™, indicated that
in the activated state of the flow process, the species formed are structurally more ordered than in ground state.

Fig. 14, 15 and 16: Show the representation of the plots of excess free energy, AG" as a function of DMF mole fraction at
five different temperatures under investigations for DMF + 2-propanol, + butanol, + 1-pentanol system respectively. The
values for 2-propanol are positive while the values for butanol and pentanol are negative over the entire composition
range. For a low concentration of DMF 0.1 mole fraction we found only a positive value in DMF + 1-pentanol system.

In order to compare the excess free energy, AG™® of the systems in which a particular DMF is fixed as a common
component and alcohols are varied, it can be seen that

(i) Excess free energies of mixtures DMF + 1-propanol, + 2-propanol are positive for the entire range of composition.

(i) Excess free energies of mixtures DMF + butanol, + 1- pentanol are negative for whole range of composition
except 0.1mole fraction of DMF for DMF +1-pentanol system.
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The sign of Vim© of a system depends upon the relative magnitude of expansion and contraction of the two liquids due to

mixing. In case of positive values of Vn}% are responsible for:

a) Disruption of the structure of one or both of the components in the solution, which is the loss of dipolar
association between the molecules.

(b) The geometry of molecular structure which does not favor fitting of the molecules with each other.

(c) Steric hindrance of the molecules.

The negative values of Vn}% may explain as (Fig. 1-4):

(a) Chemical interaction between constituent molecules such as hetero-molecular association through the formation
of H-bond, often termed as strong specific interaction.

(c) Accommodation of molecules of one component into the interstitial positions of the structural network of molecules
of the other component.

(d) Geometry of the molecular structure that favors fitting of the component molecules with each other. The variations
of the excess molar volumes in the present investigation are negative over the entire range mole fraction except DMF + 1-
propanol system at higher concentration of DMF. The presence of strong interaction is due to the hydrogen bonding (O---
H-O-) between the carbonyl group (-C=0) of amide molecules and the hydroxyl group (-OH) of alcohol molecules.
Moreover, all of the components of the liquid mixtures studied are polar in nature having diploe moments of : 1-propanol p
= 1.58 D, N,N-dimethylformamide p = 3.82 D, 2-propanol p = 1.560 D, butanol p = 1.66 D, 1-pentanol p = 1.65 D [47]. In
addition, physical interactions, such as geometrical fitting of smaller molecules into the voids created by the larger
molecules is also favorable for the present systems. On the other hand, alcohol molecules undergo self- and cross-
association because of the presence of hydrogen bonds [19,31].

Mixing of DMF with an alcohol will induce changes in hydrogen bonding (in the alkanol) and dipolar interactions (in the
DMF). On addition of DMF to the pure alcohol the self-association will be disrupted partly or fully and new H-bonds
between alcohol and DMF will be formed. At the same time, segmental inclusion of DMF into the vacant spaces left in the
structural network of alcohol may also occur.

Aso, volume contraction of DMF +1-propanol is expected to be greater than the systems containing other alcohols.
However, as the chain length of alcohols increases, the size effect consequently decreases. The negative contribution

toVn]% due to this effect is therefore expected to be in the order: DMF+ 1-propanol >, + 2-propanol >, + butanol >, + 1-
pentanol.

The analysis of the previous works shows that the negative values of VrE decrease with the increase of the chain length of

alkanol [7]. The results of our present investigation of DMF + alkanols (C3—Cs) binary mixtures were in conformity with the
results of these reported investigations. From Figs. 1 to 4, it is seen that the value of negative excess molar volumes

increases with the rise of temperature, meaning that (6Vrﬁ /8T)p is negative. This may be accounted for in the following
manner.

A fundamental difference in the behavior of excess viscosities observed is that the values are found to be positive for DMF
+1- propanol, 2- propanol, whereas they are negative for systems consisting of DMF+ butanol, pentanol. Further, the
excess viscosities of these systems, regardless of their sign, can be generalized by saying that the magnitude of the
values, |r]E|, decreases on increase of temperature as observed from Figs. 5 to 8. The positive excess viscosities (as in
Fig. 5 and 6) and positive interaction parameters for the DMF + 1- propanol, +2-propanol systems indicate strong
interaction. Masegosa et al. [34] reported positive values of interaction parameters corresponding to systems with negative
excesses molar volumes. This consistent with our results. Also the negative excess viscosities (as in Figs.7 and 8) and
negative interaction parameters for the systems DMF + butanol, + 1-pentanol indicate weak interaction. The mixtures of

associated molecules that the main reason for a positive Vn]% , and a negative r]E may be the disruption of the associated

molecules and the main factor for a negative Vn}%, and a positive r]E may be the association or compound formation

between the components. Positive values of r]E are observed for the systems where specific interaction causes complex
formation, and negative values of n© are observed for systems of different molecular size in which the dispersion forces
are dominant.

Gracia et al. 1991 [35] observed that for two pyrolidone + 1-alkanols, excess free energies were found to be
positive in case of methanol and negative with higher alcohols. The negative value of AG"® for DMF + butanol and DMF +
1-pentanol show agreement with above [35] observation. The sigEn of, AG™ for a system is regarded to be more reliable
criterion as to tell about the strength of interaction. Thus, if AG™ is positive the interaction between the components in
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binary system is strong, the strength of interaction, however, depends upon the magnitude of, AG™E. If on the other hand,
the si%n of AG* is negative the interaction between the components molecule is weak or very weak. The positive values
of AG™ for DMF + 1-propanol, + 2-propanol over the entire range of composition indicating that the interaction of DMF
with 1-propanol and with 2-propanol is strong. The positive AG" can be viewed as the increase of the energy barrier that
the species in the solution are to surmount in the flow process. The barrier height is increased due to the formation of
associated compound through H-bonding between DMF and 1-propanol, and also between DMF and 2-propanol. The
negative AG"® for DMF + butanol, + 1-pentanol can be viewed as the reduction of the energy barrier that the species in
the solution are to surmount in the flow process the barrier height is reduced for the reduction of surface of the activated
complex by the segmental inclusion of DMF into polymolecular alcohol aggregates. All the above positive and negative
excess free energy results for the four systems

are quite compatible with the positive and negative excess viscosity and interaction parameters as discussed above.

4. Conclusion

Volumetric, viscometric and their related thermodynamic properties for the four binary systems of DMF + 1-propanol, DMF

F
+ 2-propanol, DMF + butanol and DMF + 1-pentanol are calculated and represented graphically. The sign of Vs of a
system depends upon the relative magnitude of expansion and contraction of the two liquids due to mixing. The negative

=

contribution to Vo represents, in the order: DMF+ 1-propanol >, + 2-propanol >, + butanol >, + 1-pentanol. The positive
excess viscosities and positive interaction parameters for the DMF + 1- propanol, +2-propanol systems indicate strong
interaction and the negative excess viscosities and negative interaction parameters for the systems DMF + butanol, +1-
pentanol indicate weak interaction. The thermodynamic excess properties (e.g. V5, n%, AH™E, AS™, and AG™) were
correlated satisfactorily by the polynomial equation for all the four alcohol- DMF mixtures at all temperatures. The sign of,
AG™ for a system is regarded to be more reliable criterion as to tell about the strength of interaction. Thus, if AG™ is
positive the interaction between the components in binary system is strong, the strength of interaction, however, depends
upon the magnitude of, AG™. If on the other hand, the sign of AG* is negative the interaction between the components
molecule is weak or very weak.
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Figure captions

Fig. 1: Excess molar volume, an;: /em®.mol” of DMF (x1) and 1-propanol (xz) system at different temperatures
303.15-323.15K.

Fig. 2: Excess molar volume, an? /cm®.mol of DMF (x1) and 2-propanol (xz) system at different temperatures 303.15-
323.15K.

Fig. 3: Excess molar volume, an;: fem®.mol™* of DMF (x1) and butanol (x2) system at different temperatures 303.15-
323.15K.

Fig. 4. Excess molar volume, VnI;: /em®.mol™ of DMF (x1) and 1l-penanol (x2) system different temperatures 303.15-
323.15K.

Fig. 5: Excess viscosity, r]E/ mP of DMF (x1) and 1-propanol (x2) system at different temperatures 303.15-323.15K.
Fig. 6: Excess viscosity, r]E/mP of DMF (x1) and 2-propanol (x2) system at different temperatures 303.15-323.15K.

Fig. 7: Excess viscosity, n¥/mP of DMF (x1) and Butanol (xz) system at different temperatures 303.15-323.15K.

Fig. 8: Excess viscosity, r]E/mP of DMF (x1) and 1-pentanol(xz) system at different temperatures 303.15-
323.15K.

Fig. 9: Excess entropy of activation, TAS™ /K.J mol™* of DMF (x1) and 1-propanol (x2) system at different

temperatures 303.15-323.15K.

Fig. 10: Excess free energy of activation AG" /K.J.mol™ of DMF (x1) and 1-propanol (x) system at different
temperatures 303.15-323.15K.

Fig. 11: Excess entropy of activation, TAS"® /K.J.mol™ of DMF (x1) and 2-propanol(xz) system at different
temperatures 303.15-323.15K.

Fig. 12: Excess entropy of activation, TAS™ /K.J.mol™ of DMF (x1) and butanol (x2) system at different
temperatures 303.15-323.15K.

Fig. 13: Excess entropy of activation, TAS™/K.J.mol™ of DMF (x1) and 1l-pentanol(xz) system at different
temperatures 303.15-323.15K.

Fig. 14: Excess free energy of activation AG"/K.J.mol™ of DMF (x1) and 2-propanol(x,) system at different
temperatures 303.15-323.15K.

Fig. 15: Excess free energy of activation AG* /K.J.mol™ of DMF (x1) and 1-butanol(x,) system at different
temperatures 303.15-323.15K.

Fig. 16: Excess free energy of activation AG*® /KImol™ of DMF (x;) and 1-pentanol(xz) system at different
temperatures 303.15-323.15K.
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Table 1: Comparison of densities, (p/g-cm'B), and viscosities, (nE/mP), of pure liquids with literature data at different

temperatures.
Component property Temperature/K
303.15 308.15 313.15 318.15 323.15
DMF o 0.9407 0.9367 0.9312 0.9268 0.9222
0.9394’ 0.9342’ 0.9301’ 0.9253’ 0.9201’
0.9398° 0.935717% 0.9302* 0.925986°" 0.921141%
0.93793*®  0.9351%° 0.92653°°
0.93098°"
n 7.5097 7.03745 6.5795 6.2559 5.9518
7.753' 7.329° 6.9’ 6.53’ 6.14"
1-Propanol p 0.7832 0.7792 0.7753 0.7706 0.7661
0.79601%°  0.792 0.7871%° 0.7850* 0.7789*
0.796" 0.7913%° 0.7874% 0.7831%° 0.7795"
n 6.1855 5.7347 5.302 4.9342 4.5821
17.302* 15.436" 13.806* 12.392% 11.124"
2-Propanol P 0.7839 0.7797 0.7747 0.7705 0.7659
0.7765" 0.7726" 0.7688’ 0.7635’ 0.7588"
0.7769% 0.772559% 0.76413% 0.7636%° 0.7589%
0.77662%  0.77227%
n 6.0127 5.5252 5.1041 4.7369 4.4352
17.919° 15.529’ 13.554' 11.822° 10.469’
17.92% 15.5% 13.52% 11.895% 10.468%
Butanol P 0.8045 0.7992 0.7944 0.7915 0.7889
0.7941°% 0.7901% 0.7876%°
0.8042°" 0.8005%"
n 21.4502 18.9692 16.5634 14.7585 13.3124
19.887°° 18.528% 15.765°°
1-Pentanol P 0.9079 0.905 0.9005 0.8977 0.8943
0.8018%° 0.7971%® 0.7946%
n 13.3353 11.7296 10.522 9.1756 8.3112
26.496%° 23.087% 20.753%
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