Dielectric Relaxation of Benzonitrile in Benzene
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The dielectric constant, &', and dielectric loss, €”, of dilute solutions of benzonitrile (CgH5CN)
in benzene have been measured at 9.885 GHz at 25, 30, 35, and 40 °C using standard standing
microwave techniques. Following the single frequency concentration variational method of Gopala
Krishna, the dielectric relaxation time, 7, and the dipole moment, i, at various temperatures have
been calculated. It was concluded that dielectric relaxation processes can be treated as rate processes
just like the viscous flow process. Based on the above studies, the monomer structure of benzonitrile
in benzene has been inferred. The solute-solvent molecular association of benzonitrile in benzene has
been found. The energy parameters AHg, AFe, ASe for the dielectric relaxation process of benzoni-
trile in benzene at different temperatures have been calculated and compared with the corresponding
energy parameters AHy, AFy, ASy for the viscous flow process.
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1. Introduction

Benzonitrile (C¢HsCN) is a nonaqueous solvent
which has a medium value of the dielectric constant
(¢/ = 25.20) [1] and a high dipole moment (i =
4.05 D) [1]. It is an excellent solvent for many anhy-
drous inorganic salts, organometallic compounds and a
variety of organic substances [2]. Dielectric relaxation
studies of polar molecules in a nonpolar solvent from
microwave absorption data have been frequently at-
tempted [3 —9]. Dielectric relaxation studies in the mi-
crowave region provide meaningful information about
various types of molecular associations [10], because
microwaves allow to detect even weaker molecular in-
teractions. This paper is concerned with dielectric re-
laxation studies of C¢HsCN in benzene at different
temperatures (25, 30, 35, and 40 °C) from microwave
absorption measurements at 9.885 GHz. It is found
that C¢HsCN exists in monomer form in benzene solu-
tion. The solute-solvent molecular association is pre-
dicted. The energy parameters AHg, AFg, ASe for the
dielectric relaxation process are calculated and com-
pared with the corresponding energy parameters for the
viscous flow process. It is found that the dielectric re-
laxation process is a rate process like the viscous flow
process.

2. Experimental

Benzonitrile (GC grade; Merck, Germany) was dis-
tilled through a long vertical fractionating column un-
der reduced pressure and the middle fraction was col-
lected for use. Benzene (extra-pure AR; Sisco Re-
search Laboratories Pvt. Ltd., Mumbai, India) was
dried by refluxing over freshly cut sodium metal for 6 —
8 h and then distilled through a long vertical fraction-
ating column. The middle fraction of the distilled ben-
zene was collected for use. The X-band microwave
bench was used to measure the wavelength in the di-
electric medium and the voltage standing wave ratio
(VSWR), using a short-circuiting plunger. Microwave
techniques of Heston et al. [11] were used to calcu-
late the dielectric constant, €', and the dielectric loss,
€”, of dilute solutions of C¢HsCN in benzene at differ-
ent temperatures. The circulation of thermostated wa-
ter around the dielectric cell controlled the temperature
of the solution within £0.05 °C. The viscosity and the
density of benzene at different temperatures were mea-
sured with an Ubbelohde viscometer and a pycnome-
ter, respectively. Also the dielectric relaxation time, 7,
and the dipole moment, i, of C¢H5CN in benzene have
been calculated following the single frequency concen-
tration variational method of Gopala Krishna [12]. The
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Eyring rate equations [13] have been used to calculate
the energy parameters for a dielectric relaxation pro-
cess and viscous flow process.

3. Results and Discussion

The dielectric constant, €, and the dielectric loss,
€”, of the dilute solutions of C¢HsCN in benzene at 25,
30, 35, and 40 °C have been calculated according to the
method of Heston et al. [11] and are given in Table 1.
The following equations have been used:
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Here Ay, Ac, Ay, and A4 are the free space wavelength,
the cut-off wavelength, the waveguide wavelength, and
the wavelength in the waveguide filled with the solu-
tion, respectively. p is the inverse of the VSWR and
dp/dn is the slope of p versus n, where n =1, 2, 3
.... & and €" were reproducible within +0.5% and
+3.8%, respectively. The relaxation time, 7, and dipole
moment, i, as given in Table 1 have been calculated
by following Gopala Krishna’s single frequency con-
centration variational method [12].

Gopala Krishna’s method makes use of Debye’s the-
ory of dielectric relaxation. The Debye equation for
the complex permittivity of the dielectric medium as a
function of frequency of the applied electric field [14]
can be written as

and
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where N; is the number of polar molecules per unit
volume and €* = ¢’ — je” is the complex permittivity
of the medium. &. is the optical permittivity and ® is
the angular frequency.

Separating the real and imaginary parts of both sides
of (3) yields
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Table 1. Dielectric constant, &', dielectric loss, £, relaxation
time, 7, and dipole moment, , of benzonitrile in benzene at
different temperatures.

T Mass fraction of ¢ g 1(107'%) u (D)
(°C) CgHsCNinbenzene +0.5% +£3.8% +3.4% +2.7%
25 0.0020 2346  0.0125 8.383 3.722
0.0046 2.376  0.0308
0.0066 2402 0.0422
0.0086 2.425  0.0565
0.0103 2.446 0.0671
30 0.0020 2332 0.0114 7.960 3.814
0.0046 2.366  0.0300
0.0066 2391  0.0413
0.0086 2413 0.0554
0.0103 2.438 0.0658
35 0.0020 2.320 0.0106 7.534 3.894
0.0046 2.353  0.0291
0.0066 2.382  0.0402
0.0086 2405 0.0547
0.0103 2.428 0.0632
40 0.0020 2.308  0.0099 7.089 3.969
0.0046 2.341 0.0282
0.0066 2.367 0.0391
0.0086 2.394  0.0531
0.0103 2.420 0.0611
Putting
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in the above equations, one gets
Y
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The value of P in (6) slightly varies over the concentra-
tion range of the dilute solutions. But as the variation
of € and €” is far higher than the variation of P due
to the change in concentration of the dilute solutions
at microwave frequencies, it can be treated as constant
over the range of the concentration variation. From the
slope of the curve Y versus X the value of the relax-
ation time of polar molecules in nonpolar solvents can
be determined. It can be written as

o [dY
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To determine the dipole moment (6) can be written as

X =P+KWd,
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Fig. 1. Plot log(tT) versus 103/T.
T
3.35
Fig. 2. Plot logn versus 103/T.
and
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where N is Avogadro’s number, M the molecular mass
of the polar substance, W the mass fraction, and dy; the
density of the solution. At low concentration the vari-
ation of the density of the solution W may be taken as
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Table 2. Free energies of activation, AFg, AFy, in kJ mol !,
enthalpies of activation, AHg, AHp, in kJ mol~!, and en-
tropies of activation, ASg, ASy, inJ mol~! K=, of benzoni-
trile in benzene at different temperatures.

T  AF AH, AS AF,  AH,  AS,
(°C) £0.03% +£0.04% +0.07%

25 97975 60911 —12.4375 12.1918 10.964 —4.119%4
30 9.8731  6.0911 —12.4818 12.2202 10.964 —4.1453
35 99371 60911 —12.4869 122478 10.964 —4.1674
40 99818  6.0911 —12.4304 123105 10.964 —4.3012

linear and is then given by the relation
dip = do(1+aW),

where d| is the density of the solvent. In the limited ex-
perimental range of concentration variation the graph
between X and W can be taken as a straight line with
the slope dX /dW as Kdy. From this the value of the
dipole moment can be calculated using the following

relation:
1+ dr)*
dx

The energy parameters for the dielectric relaxation
process of C¢HsCN in benzene and the corresponding
energy parameters for the viscous flow of benzene, as
given in Table 2, have been calculated using the fol-
lowing equations given by Eyring et al. [13] for the
rate process:
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AFEZAHE_TASg, (11)
hN
N = 7 exp(AFy /RT), (12)

where AFg, AHg, and AS; are the free energy, the en-
thalpy, and the entropy of activation for the dielec-
tric relaxation process, and AFy, AHy, and AS; are
the corresponding energy parameters for the viscous
flow process. V is the molar volume of the solvent.
The plots of log(tT) versus 10%/T (Fig. 1) and logn
versus 103 /T (Fig. 2) according to (7) and (9) are
found to be linear, which indicates that both the di-
electric relaxation process and the viscous flow pro-
cess can be treated as rate processes. The AH; and
AH,;, values are computed from the slope of the lin-
ear plot of log(tT) versus 10°/T and logn ver-
sus 10°/T, respectively, using the relation: slope =
AH /2.303R.
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The variation of € and €” with the mass fraction
of CcHs5CN in benzene is found to be linear (Figs. 3
and 4). This shows that there is no change in the na-
ture of the rotating molecular entities in the benzene
solution. This ensures the applicability of Debye’s the-
ory and hence of Gopala Krishna’s method for calcu-
lating the dielectric relaxation time and dipole moment
of C¢H5CN in a nonpolar solvent. It is observed that
the dielectric relaxation time decreases with increasing
temperature. This behaviour may be explained on the
basis of Debye’s theory of dielectric relaxation [15].

The dipole moment of C¢H5CN in benzene is found
to increase slightly with an increase in temperature and
approaches the value known from the literature. This
shows that C¢gHsCN exists in the monomer form in
benzene. The change in the dipole moment with tem-
perature may be due to the stretching of bond moments
and the change in bond angles. The small variation of
the value of the dipole moment with rising temperature
may be attributed to the possible solute-solvent molec-
ular association [16]. A solute-solvent molecular asso-
ciation for C¢H5CN in benzene arises because of the
interaction of the nitrile group of benzonitrile and the
n-delocalized electron cloud of the benzene molecule
(Fig. 5). The energy parameters AHg, AFe, AS¢ for the
dielectric relaxation process and the energy parameters
AHy, AFy,, ASy, for the viscous flow process have been
compared as shown in Table 2.

The free energy of activation AFe of the dielectric
relaxation process is found to be less than the free en-
ergy of activation AF;, of the viscous flow process. This
may be explained on the basis that the dielectric relax-
ation process includes only the rotation of the molec-
ular complexes, whereas in the viscous flow process
both rotational as well as the translation motion of the
molecules are involved. It is found that the activation
enthalpy AH; of the dielectric relaxation process is less
than the activation enthalpy AH,, of the viscous flow
process. The activation enthalpy depends on the local
environment of the molecules. Different values for the
activation enthalpy indicate that the dielectric relax-
ation process and the viscous flow process involve the
breaking of bonds with the neighbouring molecules in
a different way and to a different extent. The entropy of
a system is a measure of the disorder of the system. Ac-
cording to Branin and Smyth [17], a negative value for
the activation entropy indicates that a comparatively
smaller number of configurations is possible in an acti-
vated state, which is more ordered in comparison to the
normal state. This again indicates the presence of co-
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Fig. 5. Solute-solvent molecular associa-
tion between benzonitrile and benzene.

with the mass fraction W of benzonitrile
in benzene at different temperatures.

operative orientations of the molecules caused by the
steric forces or strong dipole-dipole interactions with
the dipoles being more aligned in the activated state.
However, a positive activation entropy indicates that
the activated state is more disordered. In the present
case it is observed that the change in entropy of the
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dielectric relaxation process and the viscous flow pro-
cess is negative, indicating that the activated state of
both processes is more stable than the normal state.

4. Conclusion

The variation of the dipole moment, u, of C¢gHsCN
in benzene shows that C¢HsCN exists in the monomer
form in benzene solution. This variation of the value
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