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ABSTRACT

Based on the Eyring and Andrade equations, activation energies of viscous flow, enthal-
pies and entropies of mixture as functions of mole fraction, and free energies of activation of
mixtures as functions of temperature and mole fraction were determined for binary mixtures
of 2-pyrrolidinone + n-alkanols. Densities were linearly fitted against 1/7T for the range 25
—60°C. The presence of well-defined minima in the variation of the activation parameters
with composition was a common feature of these binary mixtures.

INTRODUCTION

2-Pyrrolidinone, an amide of the lactams group with cis-conformation,
has both acid (NH) and basic (CO) groups and exhibits the property of
being self-associated; in highly diluted solutions, it dimerises by intermolec-
ular hydrogen bonding [1,2] and at higher concentrations, when disolved in
non-polar solvents, spectral and electrical polarisation investigations have
indicated the existence of dimers, trimers and higher oligomers [3-5].
Investigations have also been made on the self-association of the gaseous
alcohols, of which monomers, dimers and tetramers are known to form [6].
The self-association of alcohols in non-polar solvents has been widely
investigated and this phenomenon has been ascribed to intermolecular
interactions due to hydrogen bonding [7,8].

Intermolecular interactions in binary liquid mixtures may be interpreted
through physical and thermodynamic properties of mixtures. In this work,
the activation thermodynamic properties of binary mixtures containing
2-pyrrolidinone + methanol, + ethanol, + 1-propanol, + 1-butanol and +1-
pentanol were calculated as functions of temperature and mole fraction
from density and viscosity measurements. An interpretation of these results
is made.
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RESULTS AND DISCUSSION

The viscosities of the five binary mixtures investigated are dependent on
temperature according to Andrade’s equation

Inn=In A+ E/RT (1)

where A4 is the pre-exponential factor and E is the activation energy of
viscous flow: E is related to the disruptions in intermolecular forces that
make liquid flow possible. In fact, only one third of this energy is necessary
for liquid molecules to move from initial equilibrium to intermediate posi-
tions of high energy. Table 1 lists the values of £ and In A for each system,
calculated within the range 25-60°C; E increases with the chain length of
the alcohol, as already noted by Saltiel and Sun for n-alkanols [9] ranging
from 6.27 (n-C,) to 15.21 kJ mol~! (n-C,4). Values ranging from 12.5 to 21
kJ mol~! have already been reported for cyclic amides such as N-methyl-
pyrrolidone, 1,3-dimethyl-2-imidazolidinone, and 1,3-dimethyl-2-oxohexa-
hydropyrimidine [10]. In previous papers, we have also reported values of F
and In A which follow straight lines, the slopes and ordinates of which were
constant for all the binary mixtures investigated [11,12]; this suggested a
unique relationship for the variation of viscosity with both temperature and
mole fraction because the polynomial function, In A versus X, was easily
adjustable. In the present work, a linear relationship, common to all mix-
tures, was only observed at concentrations higher than X; = 0.6. Deviations
from linearity were observed at higher alcohol concentrations (X; < 0.6)
and, except for methanol, minima for E occurred, the position of which
depended on the chain length of the alcohol (Fig. 1); these minima may be
interpreted as being due to competition between dispersion forces (dipole~
_ dipole interactions) and specific interactions (hetero-associations by hydro-
gen bonding) whose extent will depend on the nature of the binary mixture
and also on mole fractions. The role of acid-base interactions should not be
important in these mixtures because pK, 4 = 15.5 for methanol, ethanol and
propanol, and pK, ;. = 11.31 for 2-pyrrolidinone [13].
Densities were fitted to the function

p=a+b/T (2)
Table 2 lists the values for @ and b as functions of composition. Activation

enthalpies, AH_, and activation entropies, AS,, of mixtures were calcu-
lated using the equation of Eyring et al. [14]

In y, M, =In Nh—AS/R+AH7/RT (3)

where v, is the kinematic viscosity of the mixture (calculated as the quotient
of viscosity, 1, and density, p) and M, is defined as
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TABLE 3

Activation enthalpies, AH* (kJ mol~!), activation entropies, AS,? (J K™' mol™!), and free
energies of activation of mixtures, AG,* (kJ mol '), at different temperatures as functions of
2-pyrrolidinone mole fraction, X;

X, AH? AS?  AG?
298K 303K 313K 323K 333K

2-Pyrrolidinone- 0.0000 9.831 —0.374 9943 9945 9949 9952 9.956
methanol 0.0998 10.882 —0.001 10.882 10.882 10.882 10.882 10.882
0.1977 12.066 0906 11.796 11.791 11.782 11.773 11.764

0.2964 13.383 2229 12719 12709 12.686 12.664 12.642

0.3979 14.833 3909 13.669 13.650 13.610 13.571 13.534

0.4942 16.290 5.802 14562 14.534 14475 14417 14.361

0.5944 18.031 8.487 15504 15.462 15.376 15.291 15.210

0.6912 19.869 11.654 16.398 16.341 16.223 16.107 15.995

0.7887 21.860  15.268 17.313 17.238 17.084 16.931 16.785

0.8968 24409 20.352 18.347 18.247 18.042 17.838 17.643

1.0000 27.161 26.209 19.354 19.226 18.961 18.699 18.448

2-Pyrrolidinone— 0.0000 14.339 6.142 12510 12.480 12.418 12.356 12.297
ethanol 0.0986 14.216 4460 12.887 12.865 12.820 12.776 12.773
0.1993 14.569 3979 13.384 13.365 13.324 13.285 13.246

0.3034 15.303 4427 13985 13.963 13918 13.874 13.831

0.3960 16.124 5214 14571 14545 14.492 14440 14.390

0.5941 18.485 8559 15935 15.893 15.807 15.721 15.639

0.6919 20.064 11374 16.676 16.620 16.505 16.392 16.282

0.7963 22.023 15107 17.523 17.449 17.297 17.146 17.001

0.8933 24239 19.733 18.362 18.265 18.066 17.868 17.679

1.0000 27.161 26209 19.354 19.226 18.961 18.699 18.448

2-Pyrrolidinone- 0.0000 18.337 12.654 14568 14.506 14.379 14252 14.131
1-propanol 0.0996 17.420 9.369 14.630 14.584 14.489 14.396 14.306
0.1989 17.320 8272 14.856 14.815 14.732 14.649 14.569

0.2999 17.710 8405 15206 15.165 15.080 14.996 14.915

0.3971 18.075 8.346 15.589 15.549 15464 15381 15.301

0.4980 18.843 9.333 16.064 16.018 15924 15.830 15.741

0.6003 19.849 10.893 16.605 16.551 16.441 16.332 16.228

0.6987 21.075 13.055 17.187 17.123 16.991 16.861 16.735

0.8000 22.791 16.643 17.834 17.752 17.584 17418 17.258

0.8907 24.558 20411 18479 18379 18.173 17.969 17.773

1.0000 27.161 26209 19.354 19.226 18961 18.699 18.448

2-Pyrrolidinone— 0.0000 19.812 13517 15.786 15.720 15.583 15.448 15.318
1-butanol 0.1017 18.586 9.798 15.668 15.620 15.521 15423 15.329
0.1992 18.147 8.132 15.725 15.685 15.603 15522 15.444

0.3030 18.170 7.580 15912 15.875 15.799 15.723 15.650

0.3989 18.540 7940 16.175 16.136 16.056 15976 15.900

0.4919 18.739 7.506 16.503 16.466 16.390 16.315 16.243

0.5900 19.927 10.210 16.885 16.835 16.732 16.630 16.532

0.6941 21.122 12585 17.374 17312 17.185 17.059 16.938

0.7945 22590 15.674 17921 17.845 17.686 17.529 17.379

0.8986 24.543 20.014 18.582 18484 18.282 18.082 17.890

1.0000 27.161 26.209 19.354 19.226 18961 18.699 18.448
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TABLE 3 (continued)
X, AHT AS? AGT
298 K 303K 313K 323K 333K

2-Pyrrolidinone— 0.0000 21.469 15.286 16916 16.841 16.686 16.534 16.387
1-pentanol 0.1175 19.894 10.850 16.663 16.610 16.500 16.391 16.287
0.2056 19466  9.510 16.634 16.587 16491 16.396 16.305

0.3026 19.404 9.054 16.707 16.663 16.571 16.481 16.394

0.3975 19.623  9.282 16.858 16.813 16.719 16.626 16.537

0.4934 20.084 10.125 17.069 17.019 16917 16.815 16.718

0.5914 20.787 11.543 17.349 17.292 17.176 17.060 16.949

0.6925 21.749 13.580 17.705 17.638 17.501 17.365 17.235

0.8010 23.130 16.682 18.161 18.079 17911 17.744 17.584

0.9248 25.357 21.896 18.836 18.728 18.507 18.288 18.078

1.0000 27.161 26209 19.354 19226 18961 18.699 18.448

where M is the molecular weight of the pure components. Free energies of
activation of the mixtures are listed in Table 3, and were defined as

AG? =AH — TAS? ()

Self-association in pure alcohols decreases as the chain length increases,
and also decreases for secondary and tertiary alcohols. Enthalpies of forma-
tion for hydrogen bondings do not differ significantly for alcohols of lowest
molecular weight, and fall around 25 kJ mol ! [15]. Mixing of alcohols with
other solvents is accompanied by positive enthalpies of mixture, and pro-
duces breaking of the hydrogen bonds as well as certain changes in the
interactions among polymer alcohols. Because the dipole moment, p, of

10 ) 18 22 26 28
3

Fig. 1. Plots of In A vs. E for binary mixtures: 2-pyrrolidinone + methanol, (o); + ethanol,
(a); +1-propanol, (®); + 1-butanol, (O); and + 1-pentanol (W).
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Fig. 2. Plots AH,® vs. X; (2-pyrrolidinone mole fraction) for binary mixtures. Symbols as in
Fig. 1.

2-pyrrolidinone is 4.0 D, and those of the alcohols range from p=1.7
(methanol) to p=1.64 D (pentanol), dipole-dipole interactions are very
important in these binary mixtures. However, this would result in the values
of AH being nearly constant for the five mixtures, because the dipole
moments of alcohols are very close to each other. Thus, it seems reasonable
to suggest that hetero-associations are responsible for the existence of the
minima found in AH_ values, as well as for the distinct behaviour observed
as the chain length of the alcohols increases. Figure 2 shows the appearance
of minima in AH,? versus X, plots for all binary mixtures, except 2-pyrro-
lidinone + methanol.

The equilibrium constant of the activated complexes can be calculated as

AG*=—-RTInK* (6)

which is in complete agreement with the results obtained for the excess
properties of the same mixtures [16].
EXPERIMENTAL

The pure liquids used were obtained commercially from Merck. 2-Pyrro-
lidinone and 1-pentanol were purified by vacuum distillation over CaO and
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the other alkanols were purified by simple distillation over CaH,. The purity
was assessed by GC, the densities and viscosities being compared with those
found in the literature (Table 4). Densities were measured with a double-
capillary pycnometer calibrated at the five working temperatures, with
quantities weighed to within +0.0001 g. Viscosities were measured with a
Cannon-Fenske viscometer calibrated with distilled water at different tem-
peratures, with densities and viscosities taken from the literature [17]. The
temperature was kept constant to +0.01°C with a thermostat, heater and
refrigerator. Densities and viscosities were reproducible to +0.0001 g cm™>
and +0.0004 cp, respectively. Mixtures were prepared by mixing weighed
amounts of pure liquids, and care was taken to prevent evaporation.
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