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Abstract

Molecular interactions between CBZ-ACN at 8.845 GHz of microwave frequency region
confer structural behavior of molecules such that either monomers or multimers are
present in the agreed binary mixtures. Effect of microwave frequency on molecular
interactions and hydrogen bonding between C=N (nitrile) molecule and Cl (chlorine)
molecule of CBZ and ACN binary solutions has been studied using X-band microwave
technique at 301°K. Co-operative dynamics and hydrogen bonding between nitrile and
chlorine group molecules has been thoroughly explicated thereby obtaining static dielec-
tric constant, excess permittivity, Kirkwood correlation factor using Luzar model and
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Introduction

Structural variations and molecular interactions in binary
liquids are detected by a responsive tool such as dielectric
microwave  X-band  technique  (Sisodia, 2005;
Hengcharoena et al., 2010; Birajdar et al., 2021; Thakur
and Sharma, 2003; Murthy ef al, 2003; Birajdar and
Suryawanshi, 2021); it plays a significant role in
perceptive of molecular assets and intermolecular
exchanges in binary liquids. Study of molecular structure
at different investigation of
hydrogen-bonded compounds such as polar and non-polar
solvent under high frequency provides valuable
information regarding molecular complex formation in
binary solution. Also the molecular association and
dissociation between hetero molecular entities such as
CBZ-ACN is to be identified by obtaining the dielectric
parameters of the liquids which reveals the effect of
orientation and rotation of molecules. The dielectric
properties are dependent on the composition, different

concentrations and

external factors like temperature, humidity, intensity and
frequency of changing electric field (Jia et al., 2009).

Acetonitrile is a simple organic colorless nitrile compound. It
is a polar, aprotic solvent and miscible in water, is
abbreviated as methyl cyanide has chemical formula as
[CH,CN] and has been used in synthesis and purification of
butadiene in refineries, in laboratory as a medium-polarity
solvent. It is widely used in battery applications because of its
relatively high dielectric constant and ability to dissolve
electrolytes and it is used as a solvent for the manufacture of
pharmaceuticals and photographic film in the industries
(McConvey et al., 2012; https://en. wikipedia. org/wiki/
Acetonitrile).

Chlorobenzene (CBZ) is colorless, flammable liquid,
aromatic organic compound, non-associative and chlorine
group molecule with chemical formula [C H,CI].
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It is widely used as common solvent and an intermediate for
other chemicals manufacturing such as in the production of
commodities that is in herbicides, dyestuffs and rubber
(https://en.wikipedia.org/wiki/Chlorobenzene).

Materials and methods

Acetonitrile (HPLC grade, Sai Pharma, Pune) and
Chlorobenzene, (AR grade, s d fiNE-Chem Limited,
Bombay) were used without further purification. The
dielectric parameters were obtained at 8.845 GHz of
frequency by means of X-band microwave technique as
shown in figure 1. Analysis of raw data with procedure
was systematically explicated in earlier articles (Sisodia,
2005; Hengcharoena et al., 2010; Birajdar et al., 2021;
Thakur and Sharma, 2003; Murthy et al., 2003; Birajdar
and Suryawanshi, 2021).
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The relative permittivity of binary liquid mixture is
expressed (Sisodia, 2005) as,

e=¢'-jg" 2)

where, € is the relative permittivity, & is the relative real
permittivity and &” is relative loss.

A graph is plotted between several mean values of p, versus
n values; slope of this graph provides value of dp,

dn

to eliminate the losses (Birajdar and Suryawanshi, 2017;
Nimkar et al., 2004). The static dielectric permittivity and
loss is calculated by using the following equations as
(Sisodia, 2005),
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Fig. 1. Experimental setup of X-Band microwave technique with liquid dielectric cell.

Results and discussion
Static dielectric constant

Static dielectric constant and other parameters are obtained
using X-band microwave technique with liquid dielectric
cell. The experimental values of forward current I and
reflected current I are used to calculate &' and €" indirectly
using following equation (Sisodia, 2005) as,

VSWR = (Ip+I)+ 2Tl (1)

Ig—1Ir

2 2
o= () + (2 ®

& %(Ao)z + (Lg)z P (4

Xa M dn

where, € is dielectric constant, €” is dielectric loss, A, is free
space wavelength, 2 is wavelength in the dielectric cell, A_is
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Table I. Static dielectric constant (¢'), dielectric loss (¢'') (Birajdar and Suryawanshi, 2019; Birajdar et al., 2021),
excess permittivity (&’%), Kirkwood correlation factor (g, g, ,) and Bruggeman factor (f) at 301° K.

Dielectric Parameters

Vacen g g" g’F geff gl @ fs
0.0 4.924 1.068 0.000 0.609  ------ 1.0000  1.000
0.2 9.552 2.637 0442 0562 1.0196 1.0190 0.863
0.4 16.109 3332 -1.204 0.650 1.0277 1.0329 0.653
0.6 20.894  8.864 -0.264 0.651 1.0339 1.0435 0.498
0.8 28.267 5495 -1.097 0.735 1.0387 1.0519 0.245
1.0 33.549 30.669 0.000 0.760 1.0427  --—---- 0.000

guided wavelength, A is cut-off wavelength which is equal to
2a, as ‘a’ is width of waveguide.

It is clear that static dielectric constant affected due to
heterogeneous interactions between CBZ-ACN binary
solutions which may create structural variations in binary
solutions (Lide, 2007; Birajdar et al., 2020), variations in
dielectric constant, excess permittivity, Bruggeman factor
and Kirkwood correlation factor are tabulated in Table 1.

Excess permittivity

Excess permittivity is a dielectric parameter, provides
information concerning interaction between constituents of
mixture (Joshi et al., 2016). Excess permittivity €’F is defined
as (Sivagurunathan, 2006),

eh=(ehm-[(e), V,+ (), (1-V))] )

where, the subscript m, 1 and 2 have their usual meanings, v,
is volume fraction of solute. Excess permittivity values for
CBZ-ACN binary mixtures are negative above 0.4 V, _ such
that CBZ acts as a structure breaker for ACN (Mahajan and
Kumbharkhane, 2012) thereby indicating strong
intermolecular interactions (Birajdar et al., 2022; Carey and
Sundberg, 1990; Zeberg-Mikkelsen and Andersen, 2005).
Peak negative value for CBZ-ACN is at 0.4 volume
concentration.

Kirkwood correlation factor

Kirkwood provides information concerning dipole-dipole
orientation. Effective Kirkwood correlation factor g of
unlike molecules in binary mixture is calculated from the
modified Kirkwood equation (Birajdar et al., 2021; Joshi and
Kumbharkhane, 2012),

Cm—eoom) e mteoom) _ 42N [ Wip, . ] oA (6
Em(Zeomt2)? KL M, Vi + M, (1-V)| xg (6)

eff o2 .
where?, gl e, “1_’ sy Pys Py Mlz M,, N, K, T has their usual
meanings and V, is volume fraction of solute.

Effective Kirkwood correlation factor ‘g*™ for ACN and
CBZ at 301° K is found to be 0.76, 0.60 respectively. It is
seen that for all concentrations of binary mixtures, g value
is <1, close to unity at 301° K which indicates the insufficient
interaction with anti-parallel orientation of electric dipoles
(Joshi and Kumbharkhane, 2012; Sengwa et al, 2009;
Kadam et al., 2013). The g*" values increases with increase in
ACN in CBZ, confirms strong interaction in ACN rich region
and weak interactions in CBZ region which is indication of
deviation from unity (Shere, 2020; Ingole ef al., 2018). Luzar
model reveals the effect of hydrogen bonding relationship in
dipoles. It is not feasible to separate the average correlation
factors g, and g, from single value of dielectric constant. So
that the separation of g and g, cross correlation terms must
be taken into concern thereby applying Kirkwood-Froehlich
theory to the binary solutions containing two unlike
molecules (Luzar, 1990).

g, =1+7,,C0S®D,, + Z,,CO0S D, (:—2) %)

1

g, =1+ Z,,COS Dy, (%) (8)
2

Kirkwood correlation factors for separate class i= 1 and 2 are
modified. The correlation factors g, and g, are obtained by
using the following equations (Sudo et al., 2007),

where, Z, =2<n", > Z =2 <n® > and Z, =2 <n’' >

HB HB
(1-V, ) / 'V, are the average number of hydrogen bonds

ACN
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Fig. 2(a). Plots of correlation factor (g1 and g2) and (b) Plot of average number of hydrogen bonds per unit

volume vs. VACN

' Expt.

Fig. 3. Comparison of experimental and theoretical
values of €0 vs. VACN

with ACN-ACN and ACN-CBZ pairs respectively. V, . and
V s, are the volume fraction of ACN and CBZ respectively.
@, and @ , are the angles between the neighboring dipoles of

ACN and CBZ molecules.

As shown in figure 2 (a), the values of correlation factor g,
and g, increases with increasing V, . andit is clear that the
value of n'" = decreases and n'’ , increases with
increasing V, . as shown in figure 2 (b) (Luzar, 1990;
Sudo et al., 2007; Kumbharkhane et al., 2013). Average
number of hydrogen bonds (n", ) and (n'? ) per CBZ
molecule for 1i pairs (i =1 or 2) has been calculated by the

following equation (Luzar, 1990),

1H _ 1 1i
Nyg = Nyghy - /Ny ©)

where o' = 1/[1+ o' exp (BE")] is the possibility of creation
of bond between ACN and CBZ. n, is the number density of
ACN molecules,  =1/kT, and a'' are the statistical volume

ratios of two sub-volumes of the phase space related to the
non hydrogen-bonded and hydrogen bonded pairs. These
hydrogen bonded pairs have two energy levels, E!' and E?,
for 11 and 12 pair created bonds respectively. Values of
(n",,) and (n'*, ) depend on the number of densities of the
hydrogen-bonded pairs between ACN and CBZ (n,) and
between ACN molecules (n, = 2n, —n ) respectively. These
are calculated during the formation of ACN-ACN (11 pair)
and ACN-CBZ (12 pair) (Rewar and Bhatnagar, 2002).

Luzar model provides qualitative values of dielectric
constant of ACN-CBZ binary mixtures as shown in figure 3
and the probable values of molecular parameters with which
static dielectric constant values are in good agreement with
experimental values and are reported in Table II.

Table I1. Molecular parameters used in computation of
static dielectric constant (g0) at 301°K.

Molecular parameters

Effective Dipole moment?® of ACN 3.92
Effective Dipole moment® of CBZ 1.50
Polarizability® of ACN 1.6
Polarizability® of CBZ 7.8
Binding energy® of ACN-ACN -1
Binding energy® of ACN-CBZ -0.5
Enthalpy® of ACN-ACN 45
Enthalpy® of ACN-CBZ 35
Number of Hydrogen Bond 1

“Unit : Debye; "Unit : A%; “Unit: KJ/mol

Bruggeman factor

Bruggeman explores the information regarding the static
permittivity of the liquid and is given by the relation as
(Puranik et al., 1994),
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The Bruggeman equation has been modified for binary liquid
mixtures (Puranik et al., 1994) as,

£, = [(Erm—sll)] [uz] —1-v, (10)

(erg—e1) 1 Lery

where, f is the Bruggeman factor, £’ ¢’ and ¢’, have their
usual meanings, V, is the volume fractlon of solvent In
modified Bruggeman equation the volume fraction (V,) is
changed by a factor [a-(a-1) V,] of the mixture where ‘a’ is
the interaction parameter.

fo = (arm—£f1)] [s'g] =1—[a—(a— DV,]V, (11)

(erp—er) | leny

The value of interaction parameter ‘a’ for CBZ-ACN is found
to be 0.55 at 301° K which suggests increased effective
dipoles with strong intermolecular interactions (Birajdar et
al., 2021) as shown in figure 4.

1.0

5 CBZ+ACN
Bruggeman
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Fig. 4. Variation in Bruggeman factor with VACN
at 301° K.
Conclusion

The experimentally obtained values of all binary solutions
provide qualitative research information regarding static
dielectric constant, excess permittivity, Kirkwood correlation
factor and Bruggeman factor. In case of excess permittivity
the values are negative for CBZ-ACN with an indication of
strong intermolecular interaction. In Kirkwood correlation
factor the dipoles are oriented in antiparallel manner. Luzar
model reveals that the theoretical and experimental static
dielectric constant values are well in accordance with each
other. The Luzar model provides a theoretical basis for the
computation of molecular parameters. Bruggeman factor
values for all solutions are less than one suggests increased
effective dipoles with strong intermolecular interactions.
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