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In this paper, we report the dielectric permittivity of the Glycerol (Gly) with N-Methyl-2-Pyrrolidone
(NMP) binary mixtures in the microwave frequency region at different temperatures. The dipole mo-
ments of Gly, NMP and their equimolar binary mixtures are calculated by using Higasi's method in the
temperature range 298.15K-323.15K. The dielectric relaxation spectra of the binary mixtures are calculated
using Cole-Cole and Cole-Davidson equation and shows an unsymmetrical relaxation behaviour. The ex-
cess parameters of volume, permittivity, refractive index, polarization and relaxation times are fitted with
Redlich-Kister polynomial equation. The molecular association and their hydrogen bond interactions be-
tween the components in the mixture are discussed in terms of Kirkwood correlation g factor and
excess Helmholtz energy (AFF) equation. The mean molecular polarizability (ay) of the individual and
their binary mixture are calculated using Lippincott §- function potential model and compared with the
LeFevre method of polarizability values. The enthalpy of activation AH*, entropy of activation AS* and
Gibbs free energy of activation AG* are also evaluated and the results are discussed in terms of the ori-
entation of the dipoles. The presence of hydrogen bonding between Gly and NMP is confirmed from the

FT-IR spectra.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

The non-destructive characterization of biological sam-
ples/liquids, polymers and gels have stimulated the use of
dielectric relaxation spectroscopy (DRS) at a broader frequency
range at different temperatures [1]. The DRS is one of the sensitive
methods to interpret the structural dynamics, molecular associa-
tion and orientation of the dipoles in the liquid medium [2]. The
dielectric relaxation spectroscopy is well suited for to observe the
changes in the electrical properties when liquids mix up at differ-
ent concentrations and also the hydrated studies of proteins/gels
with the change in temperature. Therefore, temperature-dependent
dielectric relaxation studies of liquid mixtures are of growing in-
terest [3-9]. The investigation of dielectric permittivity of the
mixtures by varying concentration of liquid samples helps to
ascertain the structure of the complexes formed in the solution
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[10-15]. The presence of the hydrogen bond between components
present in the mixtures that affect the dielectric permittivity,
polarization and its relaxation behaviour properties. The under-
standing the nature of hydrogen bond remains a complex task due
to the type of bonds and components present in the given liquid
system [16-22]. The dielectric permittivity studies of hydrogen-
bonded polar liquids/polymer nanocomposite materials at broader
frequency region are very much interesting and these results
are quite useful in the field of biological, medical, and shielding
applications [23-32].

Glycerol is a simple polyol compound; due to its antimicrobial
and antiviral properties, it is extensively used in wound and burn
treatments, effective marker to measure liver diseases, the sweet-
ener in the food industry and as a humectant in pharmaceutical
formulations [33-39]. NMP is a good polar solvent with magnif-
icent properties. It is having a wide range of applications due to
its higher boiling point, lower freezing point and ease of handling
[40,41]. It is used as a solvent for engineering polymers, coat-
ing resins, paint stripping, oven cleaners, automotive and indus-
trial cleaner formulations. The dielectric permittivity of the Glyc-
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erol is measured by Menon Kevin et al. [42] in the frequency
range 10~ Hz to 20 GHz. Their studies revealed that the imagi-
nary part of the dielectric permittivity depends upon the temper-
ature and their spectra are fitted with Vogel-Fulcher equation to
interpret the relaxation behaviour phenomena. Yoshihito Hayashi
et al. [43] analysed the relaxation dynamics of Gly-Water mix-
tures through broadband dielectric spectroscopy in the frequency
range 1 Hz-250 MHz and also differential scanning calorimetry
study between the temperatures 138-313K. Their result shows that
the presence of various types of relaxation process which changes
with the concentration of Gly in water mixtures due to its fast and
slower dynamics of H-bond structures in the solution. The dielec-
tric characterization of glass-forming Glycerol with varying LiCl salt
concentration in the frequency region 20 Hz-3 GHz is studied by
Kohler et al. [44] and it is reported that structural dynamics are
influenced by the ionic conductivity. The temperature-dependent
dielectric constant, viscosity behaviour of Glycerol-amide mixtures
are studied by Sengwa et.al [45,46] and the existence of non-
local dielectric relaxation phenomena in Glycerol is reported by
Pronin et.al [47]. The asymmetrical distribution of relaxation times
in Glycerol-water mixtures are well explained by Kaatze et.al [48-
50] in terms of hydrogen bond network fluctuations in the system.
The concentration dependence of partial molar isobaric expansion
of Glycerol- water mixtures were reported by Egorov et al. [51] and
the number of hydrogen bonds, binding energies present in the
Gly-DMF binary mixtures described by Guo-Zhu Jia et al. [52] us-
ing Luzar model. Recently, Yasmine Chabouni et al. [53] stud-
ied the temperature-dependent physicochemical properties of the
binary mixtures of Glycerol with butanol isomers. Their studies
revealed that volumetric, thermal isobaric expansibilities are ef-
fectively influenced by the size, shape and position of the hy-
droxyl group of the components. There are few articles are avail-
able in the literature on dielectric studies of NMP with water
[54,55], alcohol [56] and DMSO [57] mixtures at one of the spe-
cific temperatures 298K but not on Gly-NMP mixtures. The avail-
able literature primarily focussed on dielectric studies of mixtures
of varying concentrations at one of the temperature but not on
temperature-dependent dielectric permittivity, volumetric, thermo-
dynamic properties and polarization studies. This reason motivated
us to study the density, volumetric, thermodynamic, molecular po-
larizability and computational studies (DFT) of Glycerol with NMP
binary mixtures.

In the present work, we report the volumetric, dielectric and
thermodynamic properties of the Gly /NMP binary mixtures in the
temperature range 298.15K-323.15K. The temperature-dependent
dielectric relaxation of the Gly/ NMP binary mixtures are deter-
mined by fitting the complex permittivity data in the frequency
range 20 MHz-20 GHz by using Havriliak-Negami relation [58]. The
chemicals chosen under study are based on scientific and practi-
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cal importance in the field of pharmaceutical, medical and indus-
trial research applications [33-41]. The motive behind the present
study is to identify (i) molecular association between the liquid
mixtures in terms of intermolecular hydrogen bonding (ii) assess
the structural contribution in the system based on volumetric pa-
rameters (iii) effect of hydrogen bonding on dipole moment, relax-
ation behaviour and polarizability values (iv) infer the molecular
polarizability of the Gly/NMP binary mixtures (v) compare the ex-
perimental dipole moment values with theoretical dipole moments
which are obtained from DFT studies.

The novelty of the present work includes the understanding of
nature of molecular interaction associated between solute and sol-
vent molecules in terms of Helmholtz energy (AFE) equation, cal-
culation of dipole moments and bonding energy between Gly/NMP
system using DFT methods with different basis sets. Further, anal-
ysed the effect of hydrogen bonding on relaxation behaviour of
Gly/NMP binary mixture at different concentrations and temper-
atures apart from the regular thermophysical and excess dielectric
parameters. In addition to this evaluated mean molecular polariz-
ability calculations with different theoretical models and the pres-
ence of hydrogen bonding between the Gly, NMP is confirmed from
the FT-IR spectra. The work output of the results might provide
some useful information to large-scale pharmaceutical and indus-
trial research applications.

2. Experimental
2.1. Materials

Analytical Reagent grade chemicals such as Glycerol (Gly), N-
Methyl-2-Pyrrolidone (NMP) and benzene were procured from
Sigma Aldrich India. These compounds further purified by dou-
ble distillation procedure [59] and collected middle fractions of
the chemical compound. These liquids are stored in dark bottles
with molecular sieves (8A) to prevent moisture absorption. The
Gly/NMP binary mixtures are prepared for eleven-volume concen-
tration ranges. Simultaneously weight measurements, mole frac-
tions of the solute (x;) and solvent (x,) were also calculated. By
using the specific gravity bottle method [60], the densities (p) of
pure as well as liquid binary mixtures are determined. The uncer-
tainty in the mole fractions (x;, X;) and the density (o) measure-
ment was estimated to be less than +0.0001, £0.0001 kg m—3. The
density (p), low-frequency dielectric permittivity (&g at 20 MHz),
refractive index (np), dipole moment (n) and relaxation time (t)
values of pure liquids at 298.15K are listed in Table 1 and these
values are compared with the reported literature values. The mea-
sured values are in good agreement with reported values within
the error limits of 1-2%.

Experimental and literature values for density (p), refractive index (np), dipole moment (ut), low-frequency dielectric permittivity (&) and relaxation time (t) of the pure

liquids at 298.15K.

Dipole moment (i, Relaxation time (7,

Liquid Density p (g/cm?) &0 (20 MHz) Np D) ps)
sample Source/Purity This This
This work Literature' This work Literature This work Literature work Literature work Literature
Glycerol Sigma- 1.2610 1.25791 42.45 41.17 [45] 1.4745 1.4729 [96] 2.60 2.56 1366 1400
Aldrich/ [51] 42.50 [93] 1.48675 [52], [48]
99% 1.2614 [95] 43.0 [48] [97] 1300
42.70 [52] [52]
NMP Sigma- 1.0287 1.0285 [94]  32.38 32.60 [56] 1.4700 1.4701" 414 4101 21.12 20-25
Aldrich/ 32.0 [94] 4.30 [54]
99.5% [54]

Standard uncertainties u are u(p)=0.0002, u(¢g) = 2-3%, u(np) = 0.0001, u(n)=0.02D and u(7)=5-7%
T crc handbook of chemistry and physics (2003-2004), 84th edition, Pg No:6-157,6-162, CRC press
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The fitting parameters of Jouyban-Acree model [89] for density Vs. component concentration, and
the average absolute deviations and degree of fitting for Gly/NMP system.

T/K p=f(x1)
ap a; a, a3 a AAD% R?

298.15 -10.6192 -1.0346 -0.0944 -0.0060 -0.0200 0.0000190 0.9934
303.15 -10.8437 -1.0507 -0.1100 -0.0123 -0.0015 -0.0000020 0.9934
308.15 -11.0754 -1.0699 -0.1119 -0.0125 -0.0015 -0.0000008 0.9934
313.15 -11.2843 -1.0883 -0.1138 -0.0127 -0.0016 0.0000020 0.9934
318.15 -11.5017 -1.1069 -0.1157 -0.0129 -0.0016 0.0000003 0.9934
323.15 -11.6738 -1.1240 -0.1175 -0.0131 -0.0016 -0.0000005 0.9934

2.2. Measurements

The experimental dipole moment (u) of the pure liquids such
as Gly and NMP and their equimolar binary mixtures are mea-
sured by using Higasi's method [61] in the temperature range i.e.
298.15K-323.15K. In order to determine the experiment dipole mo-
ments () of pure liquids of Gly, NMP and their equimolar binary
mixtures, dilute solutions of the pure liquids are prepared in non-
polar solvent benzene in the concentration range of 0 to 1 ml in
a 10 ml solution. The static dielectric constant (&s) of these liquid
samples are measured by using Dielectric constant measurement
setup (Model DSL-01) supplied by SES Instrument Pvt. Ltd, Roor-
kee, India. Further, the optical refractive index (np) is measured by
Carl-Zeiss Abbe refractometer. The uncertainty in the measurement
value of static dielectric constant and refractive indices are + 0.001,
=+ 0.0001 units respectively. The dielectric permittivity (¢*=¢g’-je")
of the binary liquid mixtures at different temperatures were mea-
sured in the microwave frequency range (0.02< v/GHz <20) using
open-ended high-performance coaxial probe kit (85070 E Keysight
Technologies) and Vector Network Analyzer (Keysight E 8361C).
We have measured the dielectric permittivity of the liquid sam-
ples only up to 20 GHz because coaxial cable supports only up to
the frequency 20 GHz. There is an increase in the cable impedance
losses and fluctuations in the spectra with a further increase in the
frequency region leads to a high percentage of error in the mea-
sured data. The data obtained from the Vector Network Analyzer
is analysed through lumped coaxial probe model [62-64]. To regu-
late the sample temperature, thermostat-controlled water circula-
tion bath setup is used. The uncertainty involved in the measure-
ment of temperature is about + 0.01K.

2.3. Determination of volumetric and dielectric parameters

Based on the volume fraction and density data at different tem-
peratures i.e., 298.15K-323.15K, excess molar volume (Vp,E), partial
molar volume (Vp,;), apparent molar volume (Vy;), coefficient of
thermal expansion («p) [65-71] are evaluated and summarized in
Table 3. The molar refraction (Ry) [72], molar polarization (Pp,)
[73,74] and excess refractive index (npE) [75] of the liquid binary
system is obtained with the following mathematical expressions

~ (nd = 1)Vin
" ) v
2 2
G n")(jj " )Y (2)
npf = HD—(HD12X1 +ﬂ022X2)]/2 (3)

where &, np are the relative permittivity and refractive index, Vi
is the molar volume of the mixture, Py is the molar polarization,
npy, Npy, X1, X  are the refractive index and molar fraction of the
solute and solvent respectively.

In our previously published papers [76-78] and some of the di-
electric literature [16-19,29,45,46] the evaluation of certain param-
eters such as excess dielectric field strength (Ae), excess dipole
moment (Ap), excess dielectric permittivity (sE), excess inverse
relaxation time (1/7)E, Kirkwood correlation factor (g¢ff) are ex-
plained. The excess volumetric and dielectric parameters such as
vmeE, ¢E, (1/t) E were fitted with Redlich-Kister type polynomial
equation [79] given as

4

Ve=xix Y A —x) (4)
i=0

where yf indicates the excess values and A; are the coefficients,

X1 and x, are the molar fractions of the solute and solvent. The

standard deviation is obtained by using the below mathematical

expression

2
o = Z(yg"p_yfal ) (5)
= N_P

0.5

where N is the number of experimental points and P is the number
of coefficients

The coefficients of Redlich-Kister polynomial equations Ay, A;,
Ay, As, A4 and its standard deviation values are tabulated in
Table 4.

From the temperature-dependent relaxation data, the thermo-
dynamic quantities such as enthalpy of activation AH*, the entropy
of activation AS* and Gibbs free energy of activation AG* are ob-
tained from the following Eyring’s rate equation [80,81].

h AG*
"l ¢ ®)

where AG*=AH* - T AS* h is the Planck’s constant, kg is the
Boltzmann constant and T is the temperature in Kelvin and R is
the universal gas constant

The long-range and short-range interaction among the dipoles
is determined from the excess Helmholtz energy (AFE) equation
[82] is given by
AFF = AFf 4+ AFFr + AFF2 (7)

where

T

AFEor — excess dipolar energy due to long-range electrostatic
interaction

AFEr — excess dipolar energy due to the short-range interac-
tion between identical molecules

AFE2= excess free energy due to the short-range interaction
between the dissimilar molecules

The mean molecular polarizability of Gly, NMP and their binary
system is calculated by using the Lippincott §-function potential
model [83,84] and these values are compared with the LeFevre
method polarizability values [85]. To determine the mean molec-
ular polarizability of Gly, NMP and their binary system, the opti-
mized bond lengths data is used. These data obtained from density
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Fig. 1. Variation of density (p) (fitted) values against the mole fraction (x;) of Gly
in NMP medium at different temperatures.

functional theory (DFT-B3LYP) calculation method with 6-311G**
and cc-pVTZ basis sets. The presence of hydrogen bond between
Gly and NMP is confirmed from the FT-IR spectra.

2.4. Computational details

The optimised bond lengths of individual monomers of Gly,
NMP and their dimer is determined from minimum energy geome-
try optimization procedure with DFT/B3LYP method using 6-311G**
and cc-pVTZ (correlation consistent-polarized valence triple zeta)
basis sets [86-88] in a gaseous state. The single point energy is
also evaluated for monomers and dimers to know the strength of
hydrogen bond interactions between Gly and NMP molecules.

3. Results and discussion

The experimental density (o) values of Gly/NMP and their bi-
nary mixtures of different compositions in the temperature range
298.15K-323.15K were represented in Fig. 1. From Fig. 1 it is no-
ticed that experimental density (o) values are increased with in-
crease in Gly concentration in NMP solution and decreases with
increase in temperature. The obtained values of density (o) were
fitted with Jouyban-Acree model [89] and the average deviations
(AAD %) of densities are listed in Table 2. The measured experi-
mental density values of Gly/NMP binary mixtures at various tem-
peratures are listed in Table 3.

The calculated volumetric (V) parameters such as excess mo-
lar volume (Vi,E), partial molar volume (Vimi), apparent molar vol-
ume (Vy,;) and coefficient of thermal expansion (ap) [65,66] of the
binary mixtures are tabulated in Table 3. From Fig. 2, it is recog-
nized that with an increase in Gly concentration in NMP medium,
excess molar volume (VhE) shows the negative value for all the
temperatures and which suggests that decrease in the total mo-
lar volume of the composition compared with the simple linear
summations. The decrease in volume is due to the presence of the
hydrogen bond between components present in the mixture. Fur-
ther, VinE values decrease with rising in temperature due to the de-
crease in the number of hydrogen bonds in the liquid system. The
increase in thermal energy readily dissociates the number of hy-
drogen bond networks and reduces the charge transfer mechanism
between components present in the liquid system. The volumet-
ric, partial molar volume (Vy,;) parameters facilitate to know the
molecular interaction level between strongly polar substances and
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Fig. 2. Excess molar volume (Vi,F) versus mole fraction (x;) of Gly in NMP medium
at different temperatures.
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Fig. 3. Variation of low-frequency dielectric permittivity (&) measured at 20 MHz
versus mole fraction (x;) of Gly in NMP medium at different temperatures.

low-polar substance in the system. It also signifies the structural
arrangement and the nature of the environment present in the lig-
uid medium [65,90]. From Table 3 it is noted that the increase in
V1 and V5 values with increase in temperatures indicates the
change in the intermolecular forces present between Gly and NMP
system.

The plot of dielectric permittivity (&¢) measured at 20 MHz and
high-frequency dielectric permittivity (¢,,=np?) at optical frequen-
cies (Sodium light) against mole fraction of Gly in NMP medium as
shown in Figs. 3 and 4 respectively. From Fig. 3 it is marked that
the dielectric permittivity is increased with an increase in Gly con-
centration and it is due to the presence of hydrogen bond between
Gly/NMP molecules. It also represents that molecular interaction
changed from non-associative to self-associative nature. The higher
dielectric permittivity values recommend that largely associated
complexes are formed in the solution. From the Fig. 4 it is marked
that the high-frequency dielectric permittivity (&) value increased
non linearly with increase in Gly concentration in NMP medium
and which clearly represents the existence of heteromolecular in-



V. Manjula, TV. Prasad, K. Balakrishna et al. Journal of Molecular Structure 1227 (2021) 129703

Table 3
Density (p), excess molar volume Vp,, partial molar volume Vp,1, Vin 2, apparent molar volume Vi, Vi, and coefficient of thermal expansion
(ap) for the binary mixtures of Gly/NMP at different temperatures 298.15 K-323.15 K.

X plgem=3  VpElem® mol-!  Viyi/em® mol~!  Vpof/em® mol~!  Vyifem® mol=!  Vyofecm® mol~! oy X 104/K1
298.15K

0.00000 1.0287 0.0000 73.029 96.367 — 96.367 8.67
0.12787 1.0519 0.0000 73.029 96.367 73.029 96.367 8.30
0.24806 1.0752 0.0000 73.029 96.367 73.029 96.367 7.94
0.36124 1.0984 0.0000 73.029 96.367 73.029 96.367 7.61
0.46800 1.1216 0.0000 73.029 96.367 73.029 96.367 7.28
0.56889 1.1449 0.0000 73.029 96.367 73.029 96.367 6.97
0.66436 1.1681 0.0000 73.029 96.367 73.029 96.367 6.68
0.75484 1.1913 0.0000 73.029 96.367 73.029 96.367 6.39
0.84072 1.2145 0.0000 73.029 96.367 73.029 96.367 6.12
0.92234 1.2378 0.0000 73.029 96.367 73.029 96.367 5.85
1.00000 1.2610 0.0000 73.029 96.367 73.029 — 5.60
303.15K

0.00000 1.0239 0.0000 73.176 96.824 — 96.824 8.71
0.12787 1.0472 -0.0041 73.186 96.823 73.183 96.819 8.33
0.24806 1.0706 -0.0069 73.194 96.822 73.187 96.815 7.98
0.36124 1.0940 -0.0087 73.200 96.819 73.191 96.810 7.64
0.46800 1.1174 -0.0094 73.205 96.815 73.195 96.806 7.31
0.56889 1.1408 -0.0093 73.208 96.811 73.199 96.802 7.00
0.66436 1.1642 -0.0086 73.211 96.807 73.202 96.798 6.70
0.75484 1.1876 -0.0071 73.213 96.802 73.206 96.795 6.41
0.84072 1.2110 -0.0052 73.214 96.797 73.209 96.791 6.13
0.92234 1.2344 -0.0028 73.215 96.792 73.212 96.788 5.87
1.00000 1.2578 0.0000 73.215 96.787 73.215 — 5.61
308.15K

0.00000 1.0190 0.0000 73.300 97.285 — 97.285 8.75
0.12787 1.0426 -0.0089 73.322 97.284 73.315 97.274 8.37
0.24806 1.0662 -0.0149 73.339 97.280 73.324 97.265 8.01
0.36124 1.0898 -0.0186 73.352 97.274 73.333 97.255 7.67
0.46800 1.1134 -0.0202 73.362 97.266 73.341 97.247 7.34
0.56889 1.1370 -0.0201 73.370 97.257 73.349 97.238 7.02
0.66436 1.1605 -0.0184 73.375 97.248 73.357 97.230 6.72
0.75484 1.1841 -0.0153 73.379 97.238 73.364 97.222 6.43
0.84072 1.2077 -0.0112 73.382 97.227 73.371 97.214 6.15
0.92234 1.2313 -0.0060 73.384 97.217 73.378 97.207 5.88
1.00000 1.2549 0.0000 73.384 97.206 73.384 — 5.62
313.15K

0.00000 1.0151 0.0000 73.456 97.658 — 97.658 8.78
0.12787 1.0388 -0.0116 73.484 97.657 73.475 97.645 8.40
0.24806 1.0624 -0.0195 73.507 97.652 73.487 97.632 8.04
0.36124 1.0861 -0.0243 73.524 97.644 73.499 97.620 7.69
0.46800 1.1098 -0.0265 73.537 97.634 73.510 97.609 7.36
0.56889 1.1335 -0.0262 73.547 97.623 73.520 97.597 7.04
0.66436 1.1571 -0.0240 73.554 97.610 73.530 97.587 6.74
0.75484 1.1808 -0.0201 73.559 97.597 73.540 97.577 6.45
0.84072 1.2045 -0.0146 73.563 97.583 73.549 97.567 6.17
0.92234 1.2281 -0.0079 73.565 97.569 73.558 97.557 5.90
1.00000 1.2518 0.0000 73.566 97.555 73.566 — 5.64
318.15K

0.00000 1.0107 0.0000 73.617 98.088 — 98.088 8.82
0.12787 1.0344 -0.0152 73.654 98.087 73.642 98.071 8.44
0.24806 1.0582 -0.0256 73.683 98.080 73.657 98.054 8.07
0.36124 1.0820 -0.0319 73.705 98.070 73.672 98.038 7.72
0.46800 1.1058 -0.0346 73.722 98.057 73.687 98.023 7.39
0.56889 1.1296 -0.0343 73.735 98.042 73.700 98.009 7.07
0.66436 1.1534 -0.0314 73.745 98.025 73.713 97.995 6.76
0.75484 1.1771 -0.0262 73.752 98.008 73.726 97.981 6.47
0.84072 1.2009 -0.0191 73.756 97.990 73.738 97.969 6.19
0.92234 1.2247 -0.0103 73.759 97.972 73.749 97.956 591
1.00000 1.2485 0.0000 73.761 97.954 73.761 — 5.65
323.15K

0.00000 1.0062 0.0000 73.980 98.522 — 98.522 8.86
0.12787 1.0298 -0.0144 74.015 98.521 74.004 98.506 8.48
0.24806 1.0535 -0.0243 74.043 98.514 74.019 98.490 8.11
0.36124 1.0771 -0.0303 74.064 98.505 74.033 98.475 7.76
0.46800 1.1007 -0.0329 74.080 98.492 74.046 98.460 7.42
0.56889 1.1244 -0.0326 74.093 98.478 74.059 98.446 7.10
0.66436 1.1480 -0.0298 74.102 98.462 74.072 98.433 6.79
0.75484 1.1716 -0.0249 74.108 98.446 74.084 98.421 6.50
0.84072 1.1952 -0.0181 74.113 98.429 74.095 98.408 6.21
0.92234 1.2189 -0.0098 74115 98.412 74.106 98.397 5.94
1.00000 1.2425 0.0000 74117 98.394 74117 — 5.68

Standard uncertainties u are u(0)=0.0002, u(x;) = 0.0002, u(Vm1, Vimz, Vg1, Vy2) = 0.001 cm? mol—'.
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Table 4
Redlich-Kister coefficient and standard deviation values for Gly/NMP binary mixtures at different tem-
peratures.
Function = Temp.(K) Ao A; Ay A3 Ay o
VinE 298.15 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
303.15 -0.0379 0.0014 -0.0000 0.0000 -0.0000 1.175e-4
308.15 -0.0815 0.0028 -0.0001 0.0000 -0.0000 0.001124
313.15 -0.0107 0.0036 -0.0001 0.0000 -0.0000 0.000805
318.15 -0.1393 0.0046 -0.0002 0.0000 -0.0000 0.000050
323.15 -0.1324 0.0044 -0.0001 0.0000 -0.0000 2.65e-5
eF 298.15 9.8084 6.2663 4.8456 -12.0864  -20.3065  0.000264
303.15 14.0786  10.0261 -9.0217 2.0370 11.3250 0.008350
308.15 14.1184  20.5510  22.5655 2.0079 -43.9630  0.007082
313.15 528210 4.52730  32.6775 11.8814 -27.2563  0.022108
318.15 557380  7.60590  0.78330 22.9675 19.4853 0.003331
323.15 7.21870  11.8151 -2.54810  21.7690 17.3244 0.008702
(1/7)E 298.15 -0.0876 -0.0700 -0.0881 -0.1714 -0.1213 0.005889
303.15 -0.0962 -0.0839 -0.0914 -0.1372 -0.0902 0.007412
308.15 -0.0948 -0.0765 -0.0713 -0.1307 -0.1010 0.007806
313.15 -0.0957 -0.0701 -0.0765 -0.1275 -0.0873 0.003610
318.15 -0.0982 -0.0836 -0.1149 -0.1090 -0.0327 0.007585
323.15 -0.0929 -0.0777 -0.0825 -0.0152 0.0302 0.013771
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Fig. 4. The high-frequency dielectric constant (£,,=np2?) versus mole fraction (x;)
of Gly in NMP medium at different temperatures.

teraction in the binary liquid system. The heteromolecular inter-
action is occurred in the liquid due to the presence of electron
donor-acceptor hydrogen bonding between Gly and NMP molecule.
The variation of excess refractive index (npE) of Gly/NMP binary
mixture is as shown in Fig. 5, and it noted that npE values are
negative at room temperature 298.15 K, and positive for remaining
concentration ranges and other temperatures. In general, refractive
indices indicate the propagation of light into the medium relative
to the vacuum. For binary liquid mixtures, np depends not only on
solute and solvent density but also on the parameters like inter-
molecular interaction, steric hindrance, the difference in molecular
polarizability of the components and the temperature. The positive
values of npE represent the increase in charge-transfer complexes
and intermolecular forces in the liquid mixture. The structural con-
figuration about the chain length and molecular size differences
in the liquid system can be obtained by molar polarization (Pp)
parameter. This parameter is derived from the Kirkwood-Frohlich
equation [73,74] and it primarily depends on dielectric constant
and dipole moment associated with the solute and solvent interac-
tions. From Fig. 6, it is noticed that molar polarization (Py,) value
increased with the rise in Gly concentration in NMP medium and
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0.000000

-0.000002

0.0 0.2 0.4 0.6 0.8 1.0

X

Fig. 5. Excess refractive index (npE) versus mole fraction (x;) of Gly in NMP
medium at different temperatures.

800
640
r/ ""*4"*7—4774,,,,74
480 —m— 298.15K
—e— 303.15K
I 308.15K
D_E —w— 313.15K
318.15K
320 |- —<— 323.15k
160
0 " 1 " 1 " 1 " 1 "
0.0 0.2 04 0.6 0.8 1.0

X

Fig. 6. Molar polarization (Py) against the mole fraction (x;) of Gly in NMP
medium at different temperatures.
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Fig. 7. Molar refraction (Ry,) against the mole fraction (x;) of Gly in NMP medium
at different temperatures.
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Fig. 8. Real (¢’) and imaginary part of dielectric permittivity (¢”) of Gly with re-
spective frequency at different temperatures.

it shows the maximum value for the equimolar concentration of
Gly/NMP binary mixture and thereafter decreases with increase
in temperature. The maximum value of molar polarization (Pp,) is
due to the presence of a strong hydrogen bond between Gly and
NMP molecules and also the alignment of the dipoles in solution
is highly favoured in the field direction. There is a decrease in the
molar polarization value with a rise in temperature and it is due
to a decrease in the dielectric susceptibility and randomization of
electric dipoles in the solution. On the other hand, molar refrac-
tion (Ry) value decreasing with the increase in Gly concentration
and it is due to the increase in dispersion forces [72] as shown
in Fig. 7. The high value of molar refraction of NMP indicates that
more dipole-dipole interactions and low value of Ry, represent self-
associated or hydrogen bond interaction in Gly medium.

The real and imaginary part of the dielectric permittivity
(e*=¢’-je") of Gly, NMP and their equimolar binary mixtures at
various temperatures as shown in Figs. 8,9 and 10 respectively.
From Figs. 8-10, it is observed that real part of the dielectric per-
mittivity (¢’) value of Gly is higher when compared to NMP and
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Fig. 9. Real (¢’) and imaginary part of dielectric permittivity (&”) of NMP with re-
spective frequency at different temperatures.
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Fig. 10. Real (¢’) and imaginary part of dielectric permittivity (¢”) of equimolar
binary mixtures of Gly/NMP with respective frequency at different temperatures.

other concentrations, and its value decreases with increase in fre-
quency and temperature. The dielectric loss (¢”) is maximum for
the equimolar concentration of Gly/NMP binary mixtures when
compared to Gly, NMP and it is due to the presence of hydrogen
bonds in the solution. Moreover, dielectric loss peak (¢”) of binary
mixtures shifting towards higher frequencies with an increase in
temperature and it might be due to fluctuations in the hydrogen-
bonded network in the liquid system which is as shown in Fig. 10.
Further, the width of the absorption peak (¢”) is wider when com-
pared to the individual NMP (Fig. 9) and Gly (Fig. 8) liquids and
it may be due to the presence of multimers in the solution. The
dipole-dipole interaction between the NMP molecules causes the
dielectric loss peak positioned at higher frequencies (GHz) for all
the temperatures. Whereas for Gly (Fig. 8), dielectric loss peak is
observed at lower frequencies (< 1 GHz) and it absorbs maximum
electromagnetic energy due to self-associative nature phenomena.
The self-associative nature of Gly is arisen due to formation of the
intermolecular hydrogen bond between Gly-Gly molecules. The ab-
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Fig. 11. Average relaxation time (7/ps) against mole fraction (x;) of Gly in NMP
medium at different temperatures.

sorption peak of Gly is slightly shifting towards higher frequencies
(0.145 GHz-0.471 GHz) with an increase in temperature and it may
be due to disturbance in hydrogen bond networks in the solution.

Based on complex dielectric permittivity data (¢*=¢’-je"), the
average relaxation time (7) of Gly/NMP binary mixtures are calcu-
lated using Havriliak-Negami relation [58] with the help of WIN-
FIT software provided by NOVO Control Technologies as shown
in Fig 11. The Havriliak-Negami relation is used to fit the Cole-
Davidson and Cole-Cole relaxation plots. The dielectric permittiv-
ity data of Gly is fitted with Cole-Davidson equation (a=1, 0<
B<1) for all the temperatures. From curve fitting procedure using
Havriliak-Negami relation, the shape factor (8) of Gly is obtained
and its value changes from 0.5350 to 0.5118 with the increase in
temperature from 298.15K to 323.15 K. Whereas for NMP and re-
maining binary mixtures data is fitted with Cole-Cole equation and
the value of « is found to be in the range of 0.9030<a <1, =1 for
all the measured temperature ranges. The magnitude of the relax-
ation time value (See Fig. 11) of NMP is smaller (21.12ps) when
compared to Gly (1366 ps) and other Gly/NMP concentrations. It
is due to the non-associative nature of NMP molecules and the
dipole-dipole interaction. The interaction energy between dipole-
dipole is lesser when compared to hydrogen bond interaction. Fur-
ther, with an increase in Gly concentration in NMP medium, it
readily forms hydrogen bonding between -C=0 group of NMP and
hydroxyl group (-OH) of Gly and causes an increase in relaxation
time values. There is an increase in the number of hydrogen bond
networks in the solution which leads to the shift in dielectric ab-
sorption peak towards lower frequencies attributes higher relax-
ation time values. In the case of Gly, the relaxation time value
(Fig. 11) is higher due to the presence of intermolecular hydro-
gen bonding between Gly molecules and also by its polyol nature.
The increase in chain length between the molecules and steric hin-
drance property contributes to higher relaxation time value for Gly.
The relaxation time value is decreased with increase in temper-
ature and it is due to thermal energy dissociates the number of
hydrogen bonds in the liquid system and further randomises the
orientation of the dipoles in the field direction.

The molecular association between the binary liquid mixtures
can be well interpreted by evaluating the excess parameters such
as excess permittivity(¢E) and excess inverse relaxation time (1/7)E
values. From Fig. 12, it is noted that the excess permittivity (¢E)
values are positive for all concentrations and temperatures of
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Fig. 12. Excess dielectric permittivity (&F) against mole fraction (x;) of Gly in NMP
medium at different temperatures.
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Fig. 13. Excess relaxation time (1/7)F against mole fraction (x;) of Gly in NMP
medium at different temperatures.

Gly/NMP binary mixtures. Since the dielectric permittivity of both
the molecules are additive, the positive behaviour of ¢ represents
the deviation from an ideal behaviour as a result of the presence of
intermolecular association in Gly/NMP binary mixture. The molec-
ular association in Gly /NMP binary mixture is due to the presence
of hydrogen bond between the hydroxyl group (-OH) of Gly and
-C=0 group of NMP molecule. Further, the positive nature from
an ideal behaviour represents that there is an increase in dipole
moment per unit volume for Gly/NMP binary mixture which con-
tribute the enhancement in dielectric polarization. For higher tem-
peratures, £F (Fig. 12) values are negative and which shows that
the interaction between molecules in the mixture takes place in
such a way that the effective dipole moment reduced and the dis-
tributions turn out to be more random. It suggests that there is a
breakage of hydrogen bond networks in both Gly and NMP assem-
bly. The different types of H- bond interactions and resultant dipo-
lar association in the mixture may cause changes in the values of
¢E at different temperatures. The plot of (1/t)E with the variation
of mole fraction of Gly in NMP at various temperatures as shown
in Fig 13. From Fig. 13, it is noted that excess inverse relaxation
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Table 5
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Dipole moment (u), temperature coefficient of the dipole moment d(Inp?)/dT and excess dipole moment (Au) of Gly, NMP and its equimolar

binary mixture in the temperature range 298.15K-323.15K.

T (K) Gly NMP Equimolar binary mixture (Gly + NMP)  Apu= pap- (a + up) in D
pa (D) 10% d(Inp?)/dT  pp (D)  10° d(Inp?)/dT  jupp (D) 103 d(Inp?)/dT
298.15 2.60 414 5.78 -0.96
303.15 2.58 4.12 5.76 -0.94
308.15 2.57 -2.41 4.11 -1.73 5.73 -1.58 -0.95
313.15 2.55 4.09 5.70 -0.94
318.15 2.54 4.07 5.69 -0.92
323.15 2.52 4.05 5.67 -0.90

Standard uncertainties u are u(p)=0.02D and u(T)=% 0.01K
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Fig. 14. Kirkwood effective (g°) correlation factor versus mole fraction (x;) of Gly
in NMP medium at different temperatures.

time values are negative [52,91] and it shows the existence of lin-
ear structures in the solution. These linear structures create a re-
tarding field in the liquid medium in such a manner that effective
dipoles rotate slowly in the liquid mixture.

The alignment of the dipoles and their molecular association is
described by Kirkwood correlation g¢ff factor. If g®ff factor <1 spec-
ifies the random orientation of the dipoles and g¢f factor >1 rep-
resents ordering nature of the dipoles. From Fig. 14, it is clear that
g°ff factor increases with rise in Gly concentration in NMP medium
and it is due to the interaction between the molecule’s changes
from non-associative to self-associative nature. The g*ff factor of
NMP liquid is less than one which represents the lack of coor-
dination among the NMP molecules due to lesser intermolecular
energy. Whereas for Gly molecules, the high degree of polariza-
tion and cooperation among the dipoles causes g¢ff factor value
greater than one. The intermolecular hydrogen bonding between
Gly molecules leads to greater polarization of the dipoles in the
field direction. The nonlinear nature of g¢ff plot represents the ex-
istence of hetero molecular interaction in the liquid mixture. Fur-
ther, g¢ff value decreases with an increase in temperature due to
a decrease in the number of hydrogen bond networks in a liquid
system. This corresponds to decrease in the cooperation among the
dipoles and turns out the activated system into an unstable stable
system.

The dipole moment (u) of Gly, NMP and their equimolar bi-
nary mixture at different temperature 298.15K-323.15K are ob-
tained from Higasi’s method which is mentioned in Table 5. The
determined dipole moments are compared with the available lit-

erature values and they are in good agreement with each other
(Table 1). From Table 5, it is noticed that because of the sol-
vent nature and presence of dipole-dipole interactions, the eval-
uated experimental dipole moments are slightly different from the
literature values. Further, there is an increase in the experimen-
tal dipole moment value of equimolar binary system when com-
pared to the pure Gly and NMP liquids. The increase in dipole mo-
ment is due to the presence of hydrogen bonding between Gly and
NMP molecules. Further, the change in the dipole moment value
may also depend upon the configuration, environment associated
with the system. The dipole moments of the individual as well
as equimolar binary system decreases with increase in tempera-
ture due to disturbance in the orientation of the dipoles. The tem-
perature coefficient of the dipole moment d(Inu?)/dT, for Gly and
NMP and their equimolar binary system, are also calculated and
represented in Table 5. It is noticed that both the liquids exhibit
a negative temperature coefficient of dipole moment values which
differs in magnitude. The smaller in magnitude value of NMP in-
dicates the molecular structure is less sensitive with vary in tem-
perature and it is due to restriction involved in the movement of
the molecule structure. Whereas the larger value of the tempera-
ture coefficient value of Gly suggests the more flexible structure of
the molecule to form H-bonding with the nearby molecules (Self-
association). The excess dipole moment (Ap) provides the infor-
mation related to the presence of ionic bonding or hydrogen bond
exists between the components present in the liquid solution. The
positive value of Ap represents the presence of ionic bond, the
negative value of Ap indicates the presence of hydrogen bond in
the liquid solution. From Table 5, it is noticed that Ap values are
negative and which confirms the existence of H-bond or proton
transfer in the bond.

The long-range and short-range interaction among the dipoles
is evaluated by determining the excess Helmholtz energy (AFE)
equation in terms of the parameters AFEor AFEr AFEi2 which are
tabulated in Table 6. The first term in the equation AFEo describes
the long-range interaction among the dipoles in the system. From
Table 6, it is observed that most of the values of AFEor are nega-
tive which describe there is an attractive force present between the
dipoles in the system. The increase in temperature decreasing the
strength of the interaction energy between Gly and NMP dipoles.
Since the interaction energy depends on concentration, tempera-
ture and environment associated with the system. The second term
AFErreveals information about the short-range interaction among
similar molecules. From Table 6 it is observed that the interaction
energy is maximum with an increase in mole fraction of Gly in
NMP medium. Further, the third term AFEindicates the strength
of interactions between dissimilar molecules. The AFE2values are
negative which indicates the presence of heteromolecular interac-
tion between the molecules and that readily forms the clusters in
the solution. The volume occupied by the clusters in the solution
depends upon the concentration and temperature. From Table 6, it
is clear that most of the values of AFE are negative and which sug-
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Table 6
Variation of AFE,AFE,AFE and AFE with the mole fraction of Gly in NMP medium

at different temperatures. Table 7

X1 AFE (Jmol')  AFE (lmol~')  AFE (Jmol~')  AFE (J.mol-") Variation of thermodynamical parameters AG*, AH*, and AS* with re-
spective mole fraction of Gly/ NMP binary mixture at different tempera-
T=298.15K tures.
0.00000  0.0000 0.0000 0.0000 0.0000
0.12787  -47.0268 -5.7575 1.7885 -50.9958 X TK AH*/(k]/mole)  AG*/(kJ/mole)  AS*/(k]/mole/K)
0.24806  -67.1335 -18.2738 1.9943 -83.4130
036124  -69.4956 -30.5523 -4.5728 -104.6207 ?NMP]??E}Z };?g :gg;}g
0.46800  -49.3298 -27.7530 -9.8366 -86.9194 308.15 572 12'28 _0.0213
0.56889  -33.7873 -23.8652 -17.7025 -75.3549 313:]5 ’ 12:37 _0:0212
0.66436  -17.5342 -14.6819 -21.4166 -53.6327 318.15 12.42 -0.0211
0.75484  -8.8760 -8.8678 -25.7684 -43.5122 323'15 12'61 _0'0213
0.84072  -0.3717 -0.4259 -22.2929 -23.0905 0.12782198:15 16:39 0.6685
092234  2.4101 3.1675 -14.7009 -9.1233 303.15 15.65 0.0698
1.00000  0.0000 0.0000 0.0000 0.0000 30815  36.79 15.41 0.0694
T=303.15K 313.15 15.16 0.0691
0.00000  0.0000 0.0000 0.0000 0.0000 318'1 5 15'12 0.0681
0.12787  -99.4840 -14.6798 1.3411 -112.8227 323'1 5 14'34 0‘0695
0.24806  -101.4607 -29.4935 0.1000 -130.8542 0 2488.15 17'72 0'0665
036124  -95.5910 -44.4851 -9.2863 -149.3624 ’ 303:1 5 17:33 0:0667
0.46800  -65.3763 -38.0060 -14.9695 -118.3518 30815 37.53 17.44 0.0652
0.56889  -46.6789 -34.6272 -26.6094 -107.9155 313'15 ’ 16'79 0'0663
0.66436  -24.5275 -21.2846 -29.5918 -75.4039 318:15 16:62 0:0658
0.75484  -8.1481 -8.1799 -29.5756 -45.9036 32315 15.93 0.0669
0.84072  0.9399 1.0941 -26.8949 -24.8608 0 36124)8.15 18.74 0.0764
092234  4.0364 5.4205 -18.0380 -8.5811 ’ 303:15 18:90 0:0746
1.00000  0.0000 0.0000 0.0000 0.0000 308.15 4152 18.12 0.0760
T=308.15K 313.15 17.51 0.0767
0.00000  0.0000 0.0000 0.0000 0.0000 318.15 17'59 0'0752
0.12787  -140.5647 -20.5114 0.9603 -160.1158 323:]5 16:99 0:0759
0.24806  -140.5473 -43.2196 -2.4293 -186.1963 0.4680®8.15 19.93 0.0921
036124  -125.8054 -61.7583 -15.4743 -203.0380 ' 303'15 19'49 0'0920
0.46800  -83.9003 -50.0520 -21.2711 -155.2234 308:1 5 4738 18:77 0:0929
0.56889  -52.1603 -37.6918 -28.1949 -118.0470 313.15 18.15 0.0934
0.66436  -25.9880 -22.1194 -32.0109 -80.1182 318.15 17'91 0'0927
0.75484  -7.8515 -7.8412 -33.8748 -49.5674 323'15 17:79 0:0915
0.84072  6.5172 7.4482 -28.6818 -14.7164 0 5688'15 20.82 0.1024
092234  15.4082 20.0213 -17.7943 17.6352 ’ 303:1 5 20:60 0:1014
1.00000  0.0000 0.0000 0.0000 0.0000 30815 51.32 20.09 0.1014
T=313.15K 313.15 19.44 0.1019
0.00000  0.0000 0.0000 0.0000 0.0000 318.15 18.86 0.1021
0.12787  -120.1708 -17.9152 1.3437 -136.7423 323'15 18'41 0']019
0.24806  -106.6591 -28.8532 1.2613 -134.2510 0.66435]8:15 21:27 0:0699
036124  -85.8684 -34.5924 -2.4839 -122.9446 303.15 20.83 0.0702
0.46800  -60.0901 -32.1535 -8.4938 -100.7374 308.15 42.09 20'51 0'0701
0.56889  -36.2717 -24.5097 -15.8934 -76.6748 3]3'] 5 ' 20:07 0:0704
0.66436  -19.0432 -16.0214 -25.3845 -60.4492 318'1 5 19.73 0.0703
0.75484  -10.6943 -11.1718 -36.0115 -57.8777 323'15 19'57 0.0697
0.84072  1.0504 1.2633 -31.5515 -29.2378 0 75482438.15 21'64 0'0464
092234  4.4631 6.2071 -21.2613 -10.5911 ' 303:1 5 21:30 0:0453
1.00000  0.0000 0.0000 0.0000 0.0000 30815  35.47 20.76 0.0478
T=318.15K 313.15 20.85 0.0467
0.00000  0.0000 0.0000 0.0000 0.0000 318:15 20:77 0:0452
0.12787  -125.6054 -23.8638 0.8455 -148.6237 32315 20.31 0.0469
0.24806  -100.4300 -29.2780 0.6423 -129.0657 0 840@8.15 21'97 0'0392
036124  -77.0802 -31.5583 -2.2119 -110.8504 ’ 303']5 21:73 0:0393
0.46800  -51.8725 -27.4620 -6.5064 -85.8409 308'1 5 3364 21.29 0.0401
0.56889  -31.5375 -21.0939 -13.4422 -66.0736 313'15 ' 21.26 0'0395
0.66436  -12.5232 -10.1059 -18.4203 -41.0495 318.15 21'08 0'0395
0.75484  2.6036 2.4773 -20.7615 -15.6806 323'1 5 21'00 0'0391
0.84072  11.4123 12.7427 -20.5961 3.5589 0 92224)8.1 5 22'23 0.0315
0.92234  10.2007 13.5084 -16.3343 7.3749 ' 303:15 22:07 0:0316
1.00000  0.0000 0.0000 0.0000 0.0000 30815  31.66 22.04 0.0312
T=323.15K 313.15 21.76 0.0316
0.00000  0.0000 0.0000 0.0000 0.0000 318.15 21.48 0'0320
0.12787  -125.9323 -27.7656 0.2208 -153.4771 323'15 21:54 0:0313
0.24806  -99.6870 -32.0179 -0.8545 -132.5593 1 298'1 5 22.42 0.0322
036124  -80.1376 -35.9947 -5.7702 -121.9025 (Gly) 303'15 22'39 0.0318
0.46800  -53.2249 -29.8106 -9.6619 -92.6974 308'15 32.03 22'53 0'0303
0.56889  -31.6142 -21.6686 -14.6113 -67.8942 3]3'1 5 ' 21.86 0'0325
0.66436  -10.5043 -8.4081 -15.6661 -34.5786 318.1 5 21'79 0'0322
0.75484 53372 4.9618 -15.8287 -5.5297 323'15 21'79 0'0317
0.84072  12.9824 14.1954 -16.3388 10.8390 . ) )
092234  13.9329 17.8916 -12.6058 19.2186
1.00000  0.0000 0.0000 0.0000 0.0000
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Experimental, theoretical dipole moments (x#) and mean molecular polarizability (o) of Gly, NMP and their equimolar binary systems at 298.15K.

Dipole moment in Debye

Gaseous state

Experiment Polarizability (ay) x 1072° cm—3

System/Basis DFT/B3LYP Higasis’s method  Lippincott-§ function  LeFevre method
sets 6-311G** cc-pVIZ

Glycerol (Gly) 2.21D 3.26D 2.60D 88.937 80.69

Energy (a.u), Egyy -343.876  -344.920

NMP 4.59D 4.11D 4.14D 112.246 106.26

Energy (a.u), Enwp -325.933  -325.985

Equimolar binary mixtures (Gly+NMP) 6.68D 6.72 D 5.78D 206.530 193.75

Energy (a.u) Egiynmp -669.832 -670.938

The difference in energy (kcal/mole) Er= E gy nwp - (Ecly + Enwp) ~ 14.43 16.31

Uncertainties u in u(p)=0.02D and u(E)=0.0002

In 6-311G **, asterisks indicate the polarization functions d, p is added to 6-311G basis set

cc-pVTZ indicates correlation consistent-polarized valence triple zeta basis set

8)

ZIHQQ)

Fig. 15. Optimized converged geometrical structure of the hydrogen-bonded system of Gly/ NMP in the gaseous state from DFT 6-311G** basis set using Gaussian-09 (with

full natural bond analysis (NBO)).

gests the presence of «- clusters in the solution. For higher tem-
peratures and mole fractions (0.8 to 1, > 308.15K), AFE values are
positive which describes the existence of B-clusters in the solution.
The presence of «-clusters in the solution enhances the effective
dipole moment of the binary system and which in turn increases
the internal energy of the system.

From the Eyring’s rate equations [80,81], thermodynamic pa-
rameters such as enthalpy of activation AH*, entropy of activation
AS* and Gibbs free energy of activation AG* are determined and
listed in Table 7. The heat energy is taken in or given out in the re-
action is known as bond dissociation energy. If the heat energy is
obtained from the surrounding then it is called endothermic or if
the heat is given out to the surroundings then it is said to be the
exothermic reaction. Therefore AH* vale is positive for endother-
mic reaction and negative for an exothermic reaction. From Table 7,
it is seen that AH* values are positive and increases up to equimo-
lar concentration and thereafter decreases with increase in Gly
concentration. It is due to the interaction between the molecule’s
changes from dipole-dipole (NMP-NMP) to hydrogen bonding (Gly-
Gly) interaction. The positive values of AH* evidence that the en-
vironment of the system is in favour of hydrogen bond formation
in the liquid mixture. The Gibbs free energy of activation AG* rep-
resents the strength of the interaction between unlike molecules
in the solution. From Table 7, it is seen that AG* value increases
with increase in Gly concentration in NMP medium due to the
interaction between the molecule’s changes from non-associative
to self-associative nature. The interaction energy is maximum for
higher concentration of Gly when compared to NMP and decreases

1

with rising in temperature. The entropy of activation AS* suggests
the clue about the orientation process of the dipoles and also acti-
vated status of the system. Further, the positive value of AS* indi-
cates the transition state with looser bonds or dissociative mech-
anism in the system. Whereas negative values of AS* represents
a more ordered unimolecular process or associative mechanism in
which two reaction partners form a single activated complex in
the system [92]. For all the concentrations and temperatures ex-
cept pure NMP system, the AS* values are positive which indicates
that the environment of the system is restricting the alignment of
the dipoles in the field direction.

The theoretical dipole moment, single-point energy calculations
of individual monomers of Gly, NMP and their dimer is evalu-
ated by using DFT/B3LYP method with 6-311G** and cc-pVTZ ba-
sis sets and molecular polarizability values which are summarized
in Table 8. The bond lengths obtained from the minimum en-
ergy geometry optimization procedure are used to evaluate the
mean molecular polarizability of the components using Lippincott
S-function potential model [83,84]. These polarizability values are
compared with the LeFevre method [85] of polarizability values.
From Table 8, it noticed that there is little variation in experi-
mental dipole moment values when compared to the theoretical
dipole moment values. It is due to ;- electron cloud of non-polar
solvent benzene influencing the solute dipole moment properties.
The mean molecular polarizability of the Gly/NMP binary mix-
ture is greater when compared to Gly and NMP system and it is
due to the presence of hydrogen bonding between Gly and NMP
molecules. The mean molecular polarizability value calculated from
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Fig. 16. FI-IR spectra of an equimolar concentration of Gly and NMP liquid.

both of the methods are in good agreement with each other. The
difference in interaction energy associated between Gly and NMP
molecules lies between 14-16 kcal/mole (See Table 8). This interac-
tion energy confirms the presence of the hydrogen bond between
Gly and NMP molecules. From the Natural Bond Orbital (NBO)
analysis and minimum energy geometry optimization procedure,
one of the possible combinations of Gly/NMP conformer structure
and the location of hydrogen bonding as shown in Fig. 15. The
dipole moment obtained with these conformer structures nearly
shows similar value to that of experimental dipole moment val-
ues when compared to other possible combinations. The obtained
results support the presence of hydrogen bonding between Gly |/
NMP molecules in the liquid system.

From the FI-IR spectrum of Gly and NMP liquids, it is noticed
that there is a strong vibrational stretching at 3474 cm~! and 1680
cm~! for -OH and -C=0 groups. After observing the FTIR spectra
of equimolar binary mixtures of Gly and NMP which is as shown in
Fig. 16, the stretching frequencies of -OH and -C=0 decreased to
3400 cm~! and 1660 cm~! respectively. The decrease in wavenum-
bers is due to the presence of strong interaction between the -OH
of Gly and -C=0 group of NMP (See Fig. 15). Therefore FT-IR spec-
trum supports the existence of intermolecular hydrogen bonding
between Gly and NMP liquid system.

4. Conclusions

The concentration-dependent dielectric relaxation behaviour of
Gly/ NMP binary mixtures at microwave frequency region (20
MHz-20 GHz) have been investigated in the temperature range
298.15K-323.15K. The relaxation spectra can well be interpreted
by Cole-Davidson and Cole-Cole model plots. The relaxation time
value is increased with an increase in Gly concentration in NMP
medium due to interaction between the molecules changed from
non-associative to self-associate nature. The self-associated nature
of Gly molecules leads to the high degree of susceptibility and ori-
entation polarizability values. The negative values of excess mo-
lar volume (VE) for entire concentrations and temperature range
suggests the existence of strong hydrogen bonding in the liquid
system. The presence of hydrogen bonding between Gly and NMP
is strongly supported by the changes in the values of dielectric re-
laxation, effective dipole moment, excess Helmholtz energy (AFE)
and thermodynamic parameters. The mean molecular polarizabil-
ity value calculated from Lippincott §-function potential model are
in good agreement with the LeFevre method of polarization val-
ues. The computed dipole moment values using DFT/B3LYP method
with 6-311G** and cc-pVTZ basis sets are also in accordance with
the experimental values. The FT-IR spectra evidences the exis-

12

tence of inter molecular hydrogen bonding between Gly and NMP
molecules in the liquid system.
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