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A study on the dielectric properties of various molar concentration levels of aqueous L-glutamine, ethanol mix-
tures at microwave frequency region (0.02 b ν/GHz b 20) is carried out in the temperature range of 298 K to
323 K. Dielectric parameters such as dielectric permittivity, dielectric loss of different molar concentrations of
L-glutamine in water, ethanol medium are evaluated. It is noticed that the real and imaginary part of dielectric
permittivity increases with increase in molar concentration levels of L-glutamine in water and ethanol medium
and decreases with increase in temperature. From these parameters, average relaxation time (τ), excessive in-
verse relaxation time (1/τ)E, excessive dielectric permittivity (εE) are determined and their behavior is analyzed
in terms of the distribution of hydrogen bondnetwork in the liquidmedium. The theoretical dipolemoments of L-
glutamine in both aqueous and ethanol medium are determined by using DFT-B3LYPmethod with different sol-
vation models. Meanmolecular polarizability (αM) of the system is calculated from the Lippincott δ function po-
tential model and compared with the Lefevre method. The activation entropy (ΔS*), activation enthalpy (ΔH*),
Helmholtz energy (ΔFE) parameters have also been evaluated and the results are correlated.
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1. Introduction

The aim of the Dielectric Relaxation Spectroscopy (DRS) is to inves-
tigate molecular interactions between the components present in the
liquid system and also the variation in structural parameters due to hy-
drogen bonding [1–4]. The changes in the dielectric parameters provide
information regarding themolecular dynamics in the liquid system.DRS
technique is highly sensitive to detect structural changes in the mole-
cule, intermolecular hydrogen bonding and orientation of the dipoles
in liquid systems. Most of the biological systems contain the hydrogen
bonds between molecules. This hydrogen bond plays a significant role
in various biofunctional activities, metabolic reactions, protein synthe-
sis, drug designing and electrical properties of thematerial [5,6]. The di-
electric relaxation study of proteins in water as well as in alcoholic
medium has received considerable attention due to bound water, zwit-
terionic nature and distribution of hydrogen bond network in the liq-
uids. The understanding of intermolecular hydrogen bonding and
typical relaxation behavior of protein solutions attracted many re-
searchers for the study of interest in recent and past [7–20].

The dielectric relaxation behavior of protein in an aqueous medium
is analyzed in terms of a superposition of three Debye relaxation
am).
processes in the microwave frequency region [21,22]. The first relaxa-
tion time at low frequency (τ1) is due to rotational diffusion of the zwit-
terionic amino acid molecule. The second (τ2) and third relaxation time
(τ3) are referred to co-operative dynamics of bulk water and fast local-
izedmotion of ‘free water’molecules. The thermodynamic properties of
aqueous glycine are determined as a function of pressure, temperature,
andmolality of the solution [23]. Qiushuo Yu et.al [24] studied the solu-
bilities of L-glutamine inmixed solvents such aswater+ ethanol, water
+ acetone as a function of temperature and calculated dissolution en-
thalpy and entropy of L-glutamine in a water medium. The electromag-
netic characteristic of basic amino acids in solution and its applications
in microwave sterilization, as well as mechanism process, is explained
by Chen Meng et al. [25]. Stelios Floros et al. [26] studied the dielectric
function of lysozyme with molecular dynamics simulations and the re-
sults were interpreted in terms of hydration shell decomposition ap-
proach. Degtyarenko et al. [27] applied the Born-Oppenheimer
molecular dynamics simulations of an aqueous L-alanine by considering
the complete system relatively larger in size and has been treated fully
quantum mechanically. Woese et al. [28] studied the interaction of
amino acids with heterocyclic bases in pyridine solvents and also for
the origin of the genetic code [29].

In the present manuscript, we report the molecular interaction be-
havior of L-glutamine in aqueous medium, aqueous L-glutamine in eth-
anol medium (R5-R20) [24] at various molar concentration levels by
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evaluating complex dielectric permittivity (ε*= ε′-jε″) in the frequency
range 0.02 b ν/GHz b 20 between the temperatures 298 K–323 K. The
average relaxation times of the systems are calculated from the Debye
and Cole-Cole relaxation plots. By using Eyring's rate equation [30] ther-
modynamical parameters such as enthalpy of activation ΔH*, the en-
tropy of activation ΔS* is determined. The strength of the interaction
between L-glutamine in aqueous aswell as an alcoholic solventmedium
is interpreted in terms of single point energy calculations. These calcu-
lations are obtained by using DFT-B3LYPmethods with Polarizable con-
tinuummodel (PCM), Integral equation formalism (IEF-PCM) solvation
models [31–33]. The mean molecular polarizability (αM) [34,35] of L-
glutamine in gaseous aswell aswater and ethanolmedium is calculated
from Lippincott δ function potential model and compared with the
Lefevre method of polarizability values [36].

2. Experimental section

2.1. Chemicals

The chemicals used in this work such as L-glutamine, ethanol of an-
alytical grade (purity 99%) were procured from SRL Pvt. Ltd., India. By
using the standard distillation procedure, liquid samples are further pu-
rified under reduced pressure and collected only middle fractions. The
collected mid fractions of the sample are saved in a dark bottle. The 4
Å molecular sieves are used to prevent moisture content in the sample.
The purities of the liquids such as water and ethanol are verified by
comparing the densities, ρ, refractive indices, nD, dielectric permittivity
(ε0)measured at 20MHz, dipolemoment (μ) at 298Kwith the available
literature values and which are listed in Table 1 respectively. The mea-
sured parameter values are in good agreementwith the reported values
within the error limits.

2.2. Procedure followed for the dielectric measurements and parameters

One of the α-amino acids, L-glutamine is taken at different molar
concentrations (0.05 M–0.25 M) with respect to the maximum solubil-
ity of L-glutamine in double distilled water. Further, this solution is pre-
pared at different ratio with respect to the ethanol medium i.e., R =
5,10,15, 20 (R = Nwater/Ni, Ni = molar ratio of ethanol) [24]. The com-
plex dielectric permittivity of aqueous L-glutamine (GW) and aqueous
L-glutamine-ethanol (GWE) mixtures were measured in the frequency
range (0.02 b ν/GHz b 20) with an open-ended coaxial probe kit
(Keysight 85070 E) and a Vector Network Analyzer (Keysight E
8361C).The data is analyzed in terms of the lumped coaxial probe
model [37,38]. The sample material is terminated with the open end
of the coaxial line, reflection coefficient and impedance data are noted
from theVNA. The permittivity of the sample is determined from the re-
corded data at that frequency and temperature. In order to vary the
sample temperature, temperature controlled water bath system is
used with an accuracy of ±0.01 K. Instead of measuring the dielectric
permittivity of the sample directly, we measured the dielectric permit-
tivity of some pure liquid samples such as water, acetone, ethanol and
the data are recorded for the calibration purpose. The optical refractive
index (nD) of the liquid sample is measured by using the Abbe's refrac-
tometer in the temperature range 298 K–323 K with a variation of ±
Table 1
The experimental data for the liquid samples used with the literature values at 298 K.

Liquid sample Density ρ (g/cm3) ϵ0 (20 MHz) nD

This work Literaturea This work Literature This

Water 1.000 0.9970 78.51 78.54a 1.329
Ethanol 0.788 0.7893 24.16 24.32 [58] 1.360

Standard uncertainties u are u(ρ) = 0.002, u(ε0) = 2–3%, u(nD) = 0.001, u(μ) = 0.02D and u
a CRC handbook of chemistry and physics (2003–2004), 84th edition, Pg No:6-157,6-162, C
0.01 K. The high frequency dielectric permittivity (ε∞ = nD
2) is deter-

mined from the measured refractive index data. The percentage of er-
rors in the low frequency dielectric permittivity (ϵo) and optical
refractive indexes (nD) is 2% and 1% respectively. The percentage of
error involved in the complex dielectric permittivity is ±2–3% respec-
tively. The dielectric relaxation time (τ) of various concentrations of
GW, GWE samples at different temperatures are calculated using
Havriliak-Negami relation [39]. The Havriliak-Negami relation is used
to fit the Debye and Cole-Cole [40,41] relaxation plots by using
WINFIT software provided by Novocontrol Technologies. The experi-
mental details and error analysis of open-ended coaxial probe tech-
nique and determination of excess dielectric parameters such as
excess inverse relaxation time (1/τ)E, excess permittivity (εE) were re-
ported in our previously published manuscript [42–44]. The dielectric
relaxation time (τ) depends on this height of the potential barrier, a
temperature dependent constant, and the average time required by an
excited molecule to rotate from one equilibrium position to the other.
Postulating on the analogy between the process of the dipole rotation
and uni-molecular chemical reactions, Eyring [30] identified relation
with Gibbs free energy of activation ΔG*. His theory leads to an expres-
sion for τ as

τ ¼ h
kT

exp
ΔG�

RT

� �
ð1Þ

i.e.,

ΔG� ¼ 2:303RT log
τkT
h

� �
ð2Þ

With, ΔG ∗ = ΔH ∗ − TΔS∗, one can write from Eq. (1)

ln τTð Þ ¼ ln
h
k

� �
þ ΔH�−TΔS�ð Þ=RT

¼ ln
h
k

� �
−

ΔS�
R

� �� �
þ ΔH�

RT

� �
ð3Þ

Thus, the slope of the linear plot between ln(τT) and (1/T) gives
(ΔH*)/2.303R, With the obtained value of ΔH* and ΔS*, ΔG* can be cal-
culated with the following relation

ΔG� ¼ ΔH�−TΔS� ð4Þ

where h is the Planck's constant, k is the Boltzmann constant and T is the
temperature in Kelvin and R is the universal gas constant.

The mean molecular polarizability (αM) of the L-glutamine in a dif-
ferent solvent medium is determined by considering the optimized
bond lengths from the minimum energy-based conformer structure
which is computed from DFT-B3LYP methods.

2.3. Computation details

The minimum energy-based geometry optimization procedure is
followed for the single monomers of L-glutamine, ethanol and their bi-
nary system at gaseous state by using Hartree-Fock [45–47] and DFT-
B3LYPmethods [48–54] with 6-311G+ basis set. The density functional
theory (DFT) offers a completely different approach to the calculation of
Dipole moment (μ, D) Relaxation time (τ, ps)

work Literaturea This work Literature This work Literature

1.3330 1.85 1.85 8.47 8.39 [57]
1.3614 1.68 1.69a 158.07 163 [58]

(τ) = 5–7%.
RC Press.
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molecular potentials. In contrast to the perturbation methods, this the-
ory is not based on the refinement of a result obtained via Hartree–Fock
but takes a different route to calculate the molecular energies [50,51].
The DFT methods derive these from a charge density ρ(r), which de-
pends only on the coordinates x, y, and z. The complete analysis of
DFT methods started with Hohenberg and Kohn equation [52]. As per
the first Hohenberg and Kohn theorem, instead of using a Slater deter-
minant of spin-orbitals, by virtue of this theorem it is possible to calcu-
late the total energy via the minimization of the charge density
functional Eel [ρel] which depends on the electron density

ρ elð Þ rð Þ ¼
X
i

ψi rð Þ2
��� ��� ð5Þ

This is stated in the secondHohenberg–Kohn theorem,whichproves
that the energy obtained from a trial density ρ represents an upper
bound to the true ground state energy, as obtained from the exact
ground state density ρ0. The energy in the DFT approach is not given
as the expectation value of an operator, like in the HF approach but as
a sum of energy functionals depending on the electron density:

The energy in the DFT approach is given by

EDFT ρ½ � ¼ T ρð Þ þ V ρð Þ þ U ρð Þ þ EXC ρð Þ ð6Þ

where T(ρ) describes the kinetic energy of the electrons, V (ρ) the inter-
actionwith the nuclei, U(ρ) the Coulomb repulsion between the electrons
and EXC(ρ) the effects generated by the electron correlation which have
no classical counterpart. This so-called exchange-correlation energy and
it is used to collect all parts of the energy which cannot be handled ex-
actly. According to the second Hohenberg–Kohn theorem, the total en-
ergy given by Eq. (6) obeys the relation:

E0≤EDFT ρ½ � ð7Þ
Table 2
Low frequency dielectric permittivity (ε0) measured at 20MHz, high frequency dielectric perm
ethanol (GWE) of R5 to R20 with respect to molar concentration and temperature.

Con. (mol/L) T (K) glu-Water R5 R

ε0 ε∞ τ (ps) ε0 ε∞ τ (ps) ε

0.05

298 79.102 1.779 9.19 78.78 1.776 11.44 7
303 77.555 1.776 9.09 77.04 1.774 11.19 7
308 76.33 1.771 9 76.15 1.771 11.13 7
313 75.065 1.768 8.907 75.13 1.768 10.70 7
318 73.718 1.763 8.816 74.69 1.766 10.48 7
323 72.594 1.760 8.726 73.67 1.763 10.11 7

0.1

298 79.856 1.787 11.44 79.61 1.782 11.52 7
303 78.724 1.784 11.19 78.28 1.779 11.23 7
308 77.397 1.779 11.10 77.6 1.776 11.16 7
313 75.91 1.771 10.70 76.18 1.774 10.93 7
318 74.917 1.768 10.48 75.73 1.771 10.74 7
323 73.432 1.763 10.11 74.73 1.768 10.20 7

0.15

298 80.279 1.806 12.48 80.96 1.787 12.48 8
303 79.075 1.798 11.61 80.01 1.784 11.61 7
308 77.78 1.792 11.29 79.24 1.782 11.29 7
313 76.294 1.784 11.24 79 1.779 11.24
318 75.296 1.779 10.80 78.45 1.776 10.80 7
323 73.892 1.774 10.28 77 1.774 10.28 7

0.2 298 80.400 1.825 13.10 81.2 1.792 13.10 8
303 79.293 1.814 12.17 80.81 1.790 12.27 7
308 77.827 1.811 11.42 80.45 1.787 11.51 7
313 76.75 1.809 11.28 79.82 1.784 11.31 7
318 75.280 1.798 10.31 78.97 1.782 10.98 7
323 74.057 1.792 10.12 77.73 1.779 10.43 7

0.25 298 80.514 1.838 13.81 82.2 1.800 13.50 8
303 79.369 1.836 12.50 81.2 1.798 12.50 8
308 78.264 1.825 11.70 80.9 1.795 11.70 7
313 76.87 1.822 10.76 80.1 1.792 11.50 7
318 75.824 1.817 10.87 79.2 1.790 11.20 7
323 74.988 1.814 10.28 78.3 1.787 10.76 7

Standard uncertainties u are u(ε0) = 2–3%, u(ε∞) = 0.001, and u(τ) = 5–7%.
where E0 is the true ground state energy. The equality holds only if the
density inserted into Eq. (6) is the exact ground state density.

The effective DFT potential defined by

VDFT ¼
Z

ρ r0ð Þ
r−r0j jdr

0 þ VXC rð Þ ð8Þ

where the first term is equivalent to the Coulomb–term of the HF equa-
tions, while VXC is the potential due to the non-classical exchange-
correlation energy EXC. If the exact form of the exchange-correlation en-
ergy EXC were known, the solution of the Kohn–Sham equation would
generate the correct energy eigenvalue of the total Hamiltonian of the
Schrodinger equation. So, while the HF model started with the approx-
imation that the total wavefunction can be described by a single Slater
determinant, and therefore cannot result in an exact solution, the
Kohn–Sham approach is in principle exact. Unfortunately, the correct
form of EXC is not known, so the art of DFT calculations is to find good
functional forms for this energy. A commonly used pair of functionals
is Becke's 1988 exchange functional (B88 or B) [53] and the Lee-Yang-
Parr (LYP) [54] correlation functional, or the so-called Becke3LYP
(B3LYP) hybrid functional, which combines the B88 and LYP functionals
via three parameters with three additional functionals. The parameters
in these functionals are determined by fitting the results of the calcula-
tions for small molecular test systems to well established experimental
molecular data.

Further, L-glutamine in an aqueous medium (GW), ethanol medium
(GE) and aqueous L-glutamine in ethanolmedium (GWE) are computed
by using different solvationmodels like PCM and IEFPCMwith the same
basis set. The system is iterated a number of times to attain a minimum
energy structure. From that point, dipole moment values are noted and
tabulated in Table 5 respectively. Based on the single point energy calcu-
lations strength of the hydrogen bond interaction is determined.
ittivity and average relaxation time of L-glutamine in water (GW) and L-Glutamine-water-

10 R15 R20

0 ε∞ τ (ps) ε0 ε∞ τ(ps) ε0 ε∞ τ (ps)

7.9 1.790 11.25 76.56 1.806 11.07 75.38 1.827 10.9
6.93 1.787 10.43 75.5 1.803 10.34 74.64 1.825 10.24
5.53 1.784 9.76 74.64 1.800 9.71 73.9 1.822 9.7
4.64 1.782 9.64 73.98 1.798 9.52 72.86 1.819 9.16
3.9 1.779 9.43 73.27 1.795 9.19 71.92 1.817 8.67
2.89 1.776 8.92 70.59 1.792 8.79 71.12 1.814 8.31
8.91 1.795 11.29 77.96 1.811 11.24 77.44 1.833 11.05
7.92 1.792 11.05 77.63 1.809 10.99 77.36 1.830 10.53
7.62 1.790 11.03 77.52 1.806 10.51 77.1 1.827 10.43
7.98 1.787 10.45 76.92 1.803 10.12 76.8 1.825 10.1
6.73 1.784 10.17 76.55 1.800 10.04 75.93 1.822 9.94
5.95 1.782 10.10 74 1.798 9.89 74.15 1.819 9.81
0.93 1.803 12.27 79.28 1.817 11.80 78.85 1.827 11.59
9.05 1.800 11.57 78.98 1.814 11.44 78.6 1.825 10.88
8.91 1.798 11.09 78.65 1.800 11.00 78.24 1.822 10.78
78 1.795 10.90 77.93 1.809 10.70 77.37 1.819 10.46
7.82 1.792 10.69 76.91 1.806 10.30 76.67 1.817 10.14
6.96 1.790 10.19 75.07 1.803 10.07 75.41 1.814 19.81
0.93 1.809 12.68 80.13 1.822 12.46 79.97 1.838 12.26
9.94 1.806 11.78 79.63 1.819 11.59 79.5 1.836 11.46
9.66 1.803 11.30 79.54 1.817 11.43 78.3 1.833 11.33
8.82 1.800 11.16 78.7 1.814 11.09 77.57 1.830 10.62
8.13 1.798 10.94 77.98 1.811 10.71 76.87 1.827 10.51
7.29 1.795 10.34 75.85 1.809 10.31 75.64 1.825 9.78
1.92 1.814 12.89 81.52 1.827 12.65 81 1.844 12.65
0.82 1.811 12.27 80.24 1.825 12.16 80.07 1.841 11.74
9.87 1.809 11.58 79.2 1.822 15.52 79.01 1.838 11.42
8.91 1.806 11.32 78.16 1.819 11.25 78 1.836 11.06
8.11 1.803 10.95 77.75 1.817 10.90 77.34 1.833 10.62
7.5 1.800 10.47 77 1.814 10.75 76.99 1.830 10.04
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3. Results and discussion

The low frequency dielectric permittivity (ϵo) of various
molar concentration levels of aqueous L-glutamine (GW) and
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Fig. 2. Low frequency dielectric permittivity (ε0) measured at 20MHz and high frequency diele
(GWE) at 298 K.
aqueous L-glutamine in ethanol (GWE) medium are measured at
20 MHz at different temperatures are tabulated Table 2 respectively.
It is observed that low frequency dielectric permittivity (ϵo) value is
increased with increase in the Glutamine concentration in water and
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it may be due to bound water phenomena (see Fig. 1) [22,55,56]. The
magnitude of the low frequency dielectric permittivity (ϵo) value of
aqueous L-glutamine (GW) is greater when compared to the aqueous
Fig. 4. A), C), E) and G) Frequency-dependent of dielectric permittivity (ε′-j ε″) and comp
L-glutamine in ethanol (GWE) for all concentration levels of R5 to R20,
and these values decrease with increase in temperature (Table 2).
Whereas within the R5-R20 concentrations, the dielectric permittivity
value increased with increase in the L-glutamine concentration and it
may be due to the formation of hydrogen bonds between Glutamine-
water-ethanol systems which is as shown in Fig. 2 at 298 K. The
newly formed hydrogen bonds try to modify the structure of the liquid
system and enhance the dielectric permittivity values. A similar trend is
observed for the remaining temperatures (Table 2).

Further, the increase in the aqueous concentration in ethanol me-
dium i.e. R5-R20, the dielectric permittivity value decreases and it is
due to a decrease in the electrical susceptibility of the medium. The de-
crease in the electrical susceptibility may be due to the presence of
multimers in the binary solution. The formed multimers are oriented
randomly and cause depolarization effect in the liquidmedium. The de-
crease in low frequency dielectric permittivity (ϵo) values of GW and
GWE with an increase in temperature due to a decrease in the degree
of orientation of the dipoles. The rise in temperature disturbs the align-
ment of the dipoles in the field direction and it leads to a decrease in the
dielectric permittivity values.

From high frequency dielectric permittivity values (ε∞ = nD2), there
is an increase in the refractive index values with increase in molar con-
centration of L-glutamine in water (GW) as well GWE (R5-R20) me-
dium due to the formation of hydrogen bond network in the system.
The variation of low frequency and high frequency dielectric permittiv-
ity with mole fraction at all temperatures shows non-linear behavior
lex plane plot (B, D, F, H) of ε″ vs ε′ of R5 (0.05 M–0.2 M) at different temperatures.
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(Figs. 1 and 2). This non-linear behavior indicates the presence of
hetero-molecular interaction that takes place in the aqueous L-
glutamine (GW) and aqueous L-glutamine-ethanol (GWE) system. The
dielectric relaxation strength parameter, i.e., Δϵ = (ϵo-ϵ∞) indicates
the presence of clusters in the solution. These clusters are formed in
the solution due to the cooperative process of multimers (aggregation
of a greater number of polar groups) with hydrogen bonded linkage.
From Fig. 3, it is noted that the dielectric field strength value increased
with increase in the glutamine concentration in water (GW) as well as
ethanol (GWE)mediumwhich indicates the presence of clusters the so-
lution. The dielectric relaxation strength value decreases with increase
in temperature and it is due to the breakage of hydrogen bonds between
the multimers restricting the free movement of polar molecules in the
liquid medium.

The real and imaginary part of the dielectric permittivity (ε⁎=ε′-jε″)
of R5 of different molar concentration (0.05 M–0.2M) of GWE, and also
for fixed 0.05 M concentration of R5 to R20 at different temperature are
shown in Figs. 4 and 5 respectively. It is marked that the real part of di-
electric permittivity decreases with increase in frequency and the tem-
perature. Further, from Fig. 4(A to G), it is noticed that the dielectric loss
peak shifts towards higher frequencies with an increase in the concen-
tration of L-glutamine in the water-ethanol system (GWE) and it is
due to the formation of hydrogen bonds between Glutamine and
water-ethanol system.Due to the increase in the chain length of the sys-
tem, it takesmore energy to oscillate fromonemeanposition to another
meanposition.Whereas in the Fig. 5(A–G) for 0.05M concentration, the
dielectric loss is slightly higher for R5 of GWE when compared to R10–
R20 and decreases with increase in temperature. From Figs. 4 and 5, it is
also noticed that there is broadening of the dielectric loss peak
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(dispersion)with an increase in the concentration of Glutamine and the
temperature and it may be due to the fluctuations of hydrogen bond
network in the GWE system.

The average relaxation times of the GW and GWE system are calcu-
lated from the complex plane plot of ε″ vs ε′ i.e., Debye and Cole-Cole
plots and are as shown in Figs. 4 and 5 (inserted fig) and are tabulated
in Table 2 respectively. In a Cole-Cole relaxation plot the value of α is
in the range of 0.912 b α b 1 for all the concentrations of GW, GWE at
Fig. 8. A), B), C) and D) experimental values of excessive relaxation time ((1/τ
all the measured temperature range i.e., 298 K–323 K. From Table 2, it
is noticed that higher values of the relaxation times observed for mix-
tures of higher concentration of L-glutamine inwater and aswell as eth-
anol system for all levels of R5 to R20. It is due to the reorientation of
aqueous L-glutamine in ethanol molecules occurs slower than that of
water molecules. Since water molecules bound to L-glutamine mole-
cules possess higher relaxation time values than the relaxation time of
free water molecules. The increase in the molar concentration of L-
glutamine in GW and GWE, relaxation time continues to increase
which is as shown in Fig. 6 at 298 K. The aqueous L-glutamine in ethanol
medium cooperates in the formation of an increase in the hydrogen
bonds that enhance the relaxation time. Similar behavior is observed
for remaining concentrations. There is a decrease in the relaxation
time values with an increase in temperature due to the disturbance in
the alignment of the dipoles. The excess dielectric permittivity (εE) indi-
cates the presence of molecular interaction taking place in the liquid
mixture in terms of hydrogen bonding. If the excess dielectric permittiv-
ity values are positive, it indicates the higher macroscopic permittivity
values and it may be due to the presence of a greater number of dipoles
in the solution due to hydrogen bonding when compared to the pure
system. From Fig. 7, it is observed that εE values are positive which indi-
cates the average number of dipoles formed in the mixture is greater
than the individual system. From Fig. 8, it is noticed that for all the
molar concentrations of aqueous L-glutamine in ethanol i.e. R5 to R20,
the excess inverse relaxation time (1/τ)E shows a negative trend for
all temperatures. This indicates the effective dipoles rotate slowly
in the mixture due to the presence of hydrogen bond between
aqueous L-glutamine with ethanol medium. The increase in the chain
length and also the existence of multimers in the solution is further re-
sponsible for the slower rotation of the dipoles in the liquid mixtures.

The enthalpy of activationΔH* for the dielectric relaxation process of
GW is smaller when compared to the GWE (R5-R20) concentrations
which are tabulated in Tables 3 and 4. The enthalpy of activation ΔH*
)E) versus molar concentration of L-glutamine at different temperatures.



Table 4
Variation of thermodynamical parameters ΔG*, ΔH* and ΔS* with respect to the molar concentration of L-glutamine in water (GW) and in ethanol (GWE) of R15 and R20 combinations
with temperature.

Con (mol/L) T (K) R15 R20

ΔH*/(kcal/mol) ΔG*/(kcal/mol) ΔS*/(Cal/mol/K) ΔH*/(kcal/mol) ΔG*/(kcal/mol) ΔS*/(Cal/mol/K)

0.05 298 9.950 10.483 −1.79 12.278 10.444 6.15
303 10.527 −1.91 10.503 5.86
308 10.584 −2.06 10.582 5.51
313 10.745 −2.54 10.646 5.22
318 10.868 −2.89 10.712 4.92
323 10.961 −3.13 10.909 4.24

0.1 298 8.430 10.519 −7.01 2.666 10.479 −26.22
303 10.682 −7.43 10.573 −26.10
308 10.786 −7.65 10.767 −26.30
313 10.904 −7.91 10.854 −26.16
318 11.100 −8.40 11.074 −26.44
323 5.092 10.33 11.256 −26.59

0.15 298 5.973 10.640 −15.66 5.404 10.597 −17.42
303 10.782 −15.87 10.655 −17.33
308 10.901 −16.00 10.851 −17.69
313 11.049 −16.22 10.989 −17.84
318 11.167 −16.33 11.126 −17.99
323 11.324 −16.57 11.253 −18.11

0.2 298 6.835 10.775 −13.22 8.431 10.742 −7.75
303 10.838 −13.21 10.783 −7.76
308 11.000 −13.52 10.978 −8.27
313 11.143 −13.76 11.030 −8.30
318 11.269 −13.94 11.220 −8.77
323 11.387 −14.09 11.299 −8.88

0.25 298 6.395 10.813 −14.82 9.769 10.813 −3.50
303 10.937 −14.99 10.849 −3.57
308 11.020 −15.02 10.997 −3.99
313 11.181 −15.29 11.135 −4.37
318 11.317 −15.48 11.248 −4.65
323 11.498 −15.80 11.315 −4.79

Table 3
Variation of thermodynamical parametersΔG*, ΔH* andΔS* with respect to themolar concentration of L-glutamine inwater (GW) and in ethanol (GWE) of R5 to R10 combinationswith
temperature.

Con
mol/L

T
(K)

glu-Water R5 R10

ΔH*/(kcal/mol) ΔG*/(kcal/mol) ΔS*/(Cal/mol/K) ΔH*/(kcal/mol) ΔG*/(kcal/mol) ΔS*/(Cal/mol/K) ΔH*/(kcal/mol) ΔG*/(kcal/mol) ΔS*/(Cal/mol/K)

0.05

298

1953

10.021 96.14

3.062

10.565 −25.17

9.597

10.522 −3.10
303 10.203 94.50 10.728 −25.30 10.550 −3.15
308 10.388 93.23 10.933 −25.55 10.596 −3.24
313 10.572 91.97 11.049 −25.52 10.779 −3.78
318 10.755 90.73 11.213 −25.63 10.934 −4.20
323 10.939 89.24 11.334 −25.61 11.001 −4.34

0.1

298

3006

10.564 −3.10

2.966

10.580 −25.55

3.113

10.530 −24.89
303 10.727 −3.15 10.736 −25.64 10.696 −25.03
308 10.932 −3.24 10.939 −25.89 10.910 −25.31
313 11.049 −3.78 11.104 −26.00 10.987 −25.16
318 11.213 −4.20 11.277 −26.14 11.134 −25.22
323 11.334 −4.34 11.359 −25.99 11.331 −25.44

0.15

298

7141

10.779 −24.89

6.656

10.780 −13.84

6.539

10.737 −14.09
303 10.863 −25.03 10.820 −13.74 10.811 −14.10
308 10.969 −25.31 10.969 −14.00 10.924 −14.24
313 11.177 −25.16 11.178 −14.45 11.098 −14.57
318 11.292 −25.22 11.292 −14.58 11.265 −14.86
323 11.379 −25.44 11.378 −14.62 11.356 −14.91

0.2

298

13,039

10.899 −14.09

9.610

10.890 −4.30

7.328

10.819 −11.72
303 10.939 −14.10 10.959 −4.45 10.857 −11.65
308 10.998 −14.24 11.018 −4.57 10.972 −11.83
313 11.187 −14.57 11.203 −5.09 11.159 −12.24
318 11.169 −14.86 11.336 −5.43 11.327 −12.58
323 11.337 −14.91 11.419 −5.60 11.394 −12.59

0.25

298

23,742

11.030 −11.72

9.732

10.974 −4.17

8.856

10.859 −6.72
303 11.006 −11.65 11.006 −4.20 10.960 −6.94
308 11.060 −11.83 11.060 −4.31 11.034 −7.07
313 11.064 −12.24 11.237 −4.81 11.197 −7.48
318 11.309 −12.58 11.388 −5.21 11.328 −7.77
323 11.379 −12.59 11.502 −5.48 11.429 −7.96
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depends upon the entities present in the surroundingmedium. The dif-
ference in the enthalpy of activation energies between GW and GWE
shows positive values which indicates the presence of multimers in
the solutions that may form the bonds and break the bonds at different
extents. The entropy is a measure of disorder in the system. If the sur-
rounding entity or local environment of the system is supportive of
the activated process, then the system becomes more stable in nature
when compared to the normal system. The change in entropy for the
normal system is negative. If the entropy of the system is positive that
indicates a non-cooperative environment in the system and the acti-
vated system is in unstable condition. In the present study, the entropy
of activation ΔS* value is found to be negative for all the cases such as
GW and GWE (R5-R20) except GW for 0.05 molar concentration and
it may be due to the presence of a smaller number of hydrogen bonds
(less concentration of Glutamine). There is a change in the magnitude
of the ΔS* indicates the fluctuations in the formation of a hydrogen
bond network in the liquid system.

The experimental dipolemoment values are comparedwith the theo-
retical dipole moment values which are calculated from the DFT-B3LYP
method with 6-311G+ basis sets are tabulated in Table 5. In order to de-
termine the theoretical dipole moment values of the individual and bi-
nary system, we have used different solvation models such as IEFPCM
and PCM. From the theoretically computed dipole moment values
(Table 5) it is observed that there is a slight increase in the effective dipole
moment values of GWE when compared to the individual water (GW)
and ethanol system (GE). Whereas dipole moment value of L-glutamine
in a gaseous state is higher when compared to the GWE, GE and GW sys-
tems. Thedecrease in the effective dipolemoment valueswhen compared
to the gaseous state may be due to the hydrogen-bonded network and
distribution of charges in the system. The single point minimum energy
is also calculated for an individual andbinary system. Thedifference in en-
ergy level between GWE-GW, GWE-GE system is around 11–16 kcal/mol,
which indicates there exists a strong hydrogen bond between the compo-
nents present in the system.

The mean molecular polarizability (αM) of the L-glutamine in a gas-
eous state, aqueous, ethanol as well as ethanol-water medium is calcu-
lated by using Lippincott δ function potential model and verified with
Lefevre method of polarization which is tabulated in Table 5. The values
are in close agreementwith each other. In order to determine the polar-
izability values, we have considered the optimized bond length values
from the minimum energy based confirmed structure obtained from
DFT calculations. There is a small difference in the polarizability values
of GWE when compared to the GW, GE, and L-glutamine (gas medium)
which indicates that the presence of hydrogen bond between the
glutamine-water-ethanol system.

4. Conclusions

The study of complex dielectric permittivity (ε* = ε′-jε″) of L-
glutamine inWater (GW), aqueous L Glutamine in ethanol (GWE)mix-
tures at various molar concentration levels are summarized in the fre-
quency region of 0.02 b ν/GHz b 20 at different temperatures. The
following results are outlined from the study;

• The dielectric permittivity (ε0), relaxation time (τ) and field strength
(Δε) increased with increase in L-glutamine concentration in water as
well as ethanol system and it is due to the presence of multimers in
the solution through hydrogen bonding and its values decrease with
increase in temperature.

• The values of Gibbs free energy activation (ΔG*) are positive which
shows the presence of multimers in the solution due to hydrogen
bond interaction.

• The variation of entropy of activation ΔS* values indicates that the
fluctuations in the formation of the hydrogen bond network in the
liquid system are due to temperature and environment in the liquid
system.
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• There is a change in the mean molecular polarizability values of the
GWE when compared to GW and GE system which reveals the pres-
ence of the hydrogen bond between the liquid system.

• The energy difference between GWE-GW, GWE-GE system is around
11–16 kcal/mol, which confirms the existence of a strong hydrogen
bond between the components present in the system.

• The mean molecular polarizability values obtained from Lippincott δ
function potential model are well in agreement with the Lefevre
method of polarizability values.

• These studies are further useful in understanding the protein interac-
tions in different solventmedium to interpret hydrogen bond interac-
tions and their relaxation behavior phenomena.
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