Microwave Didlectric Characterization of Binary Mixtures

Bull. Korean Chem. Soc. 2004, Vol. 25, No. 9 1403

Microwave Dielectric Characterization of Binary Mixtures of 3-Nitrotoluene
with Dimethylacetamide, Dimethylfor mamide and Dimethylsulphoxide

Ajay Chaudhari,” H. C. Chaudhari," and S. C. Mehrotra’

Dept. of Chemistry, National Chung-Cheng University, Ming-Hsiung, Chia-Yi - 621, Taiwan
"Department of Computer Science and Information Technology, Dr. B. A. M. University,
Aurangabad-431004, Maharashtra, India
Received April 14, 2004

Dielectric relaxation measurements on 3-nitrotoluene (3-NT) mixture of dimethylacetamide (DMA),
dimethylformamide (DMF) and dimethysulphoxide (DMSO) have been carried out across the entire
concentration range using Time domain reflectometry technique at 15, 25, 35 and 45 °C over the frequency
range from 10 MHz to 20 GHz. For dl the mixtures, only one dielectric loss peak was observed in this
frequency range and the relaxation in these mixtures can be well described by a single relaxation time using
Debye model. Bilinear calibration method isused to obtain complex permittivity & («) from complex reflection
coefficient p* (w) over frequency range 10 MHz to 20 GHz. The excess permittivity, excess inverse relaxation
time, Kirkwood correlation factor, molar energy of activation are also calculated for these mixturesto study the

solute-solvent interaction.
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Introduction

Microwave energy has been directly applied in many fields
epecidly in scientific research such as communication,
microwave-assisted chemistry and in food industry.>? The
successful application of microwaves is directly associated
with the dielectric properties of the materials. An accurate
measurement and working knowledge of these propertiesare
key factors in better understanding the interaction of
microwaves with the materials. Dielectric relaxation
spectroscopy, for instance, is a powerful tool for examining
the underlying physics of solvent systems and for exploring
the molecular dynamics of liquids, which are characterized
by inter- and intramolecular structuresthat vary rapidly with
time.

Studies on the relaxation properties of the mixture of
solvent have provided some interesting insights into the
volumes implicated by the Debye expression and the nature
of the mixing process. If the solvents are chemically
similar and mix well at the molecular level then the
mixture will often exhibit a single relaxation time at an
average position, which reflects the molar ratios of the two
components. However, if the solvents do not mix well at
the molecular level, then two distinct relaxation times are
observed and they do not differ greatly from those of the
pure solvents.

The knowledge of frequency dependent dielectric
properties of solvent systems, is important both in
fundamental studies of solvent structure and dynamics and
in practical application of microwave heating processes.
At afundamental level, the frequency dependent dielectric
behavior of solvent mixtures provides information on
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molecular interactions and mechanism of molecular
processes. The dielectric relaxation behavior of mixtures of
polar molecules under varying conditions of compositions
is very important as it helpsin obtaining information about
relaxation processes in mixtures. There have been several
investigations on the dielectric behavior of solvent
mixturesin which dielectric relaxation spectrawere used to
examine molecular orientations, hydrogen bonded networks
and microdynamics of these systems.>?°

In this paper, we report a systematic investigation of
dielectric relaxation in binary mixture of 3-NT with DMA,
DMF and DM SO at various concentration and temperature
employing Time Domain Reflectometry (TDR).Z% We
have measured the didectric relaxation spectra for the
solutions at various compositions in the frequency range of
10 MHz-20 GHz, over atemperature range of 15 °C to 45°C.
We fitted the experimental data to the three different
relaxation models by the non-linear least squares fit method
and determined that the Debye relaxation model®? is
sufficient to describe the magjor dispersion of the various
solvents and solvent mixtures over this frequency range.
These mixtures exhibit a principal dispersion of the Debye
type at microwave frequencies and dielectric relaxation time
and datic permittivity could be obtained by fitting the
spectra to Debye model. We have used the relaxation time
constant to determine relevant thermodynamic parameters
for the dipolar polarization process and the static permittivity
to determine Kirkwood correlation factor that characterize
the dipolar alignment within the solutions. The excess
permittivity and excess inverse relaxation time are aso
obtained, which give information related to molecular
interaction. These parameterswill provide useful description
of the structures and molecular dynamics of the solvent
mixtures.
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Experimental Section

DMF, DMSO, DMA and 3-NT were obtained commercidly
with 99.9% purity and were used without further purification.
The solutions were prepared at different volume percentage
of 3-NT in DMA, DMF and DMSO in step of 10% at room
temperature. The dielectric measurements were carried out
using TDR. Detail explanation for the apparatus and the
measurement procedure have already been reported in
previous paper.?t2$28

Results and Discussion

The density and static permittivity values of pure liquids
used along with literature values are given in Table 1. The
complex permittivity spectra measured using TDR are fitted
by the nonlinear least-squares fit method to the Havriliak-
Negami expression® to obtain various diglectric parameters

£o— &,
Hw) = g, + ¢

]B &)

[1+ (w7

where £*(w) is the complex permittivity a an angular
frequency w & isthe permittivity at high frequency, & isthe
static permittivity, 7 isthe relaxation time of the system, a is
the shape parameter representing symmetrical distribution of
relaxation time and [ is the shape parameter of an
asymmetric relaxation curve.

Equation (1) includes Cole-Cole (3= 1), Davidson-Cole
(a=0)* and Debye (a=0, B=1)* relaxation models. It
has been found that all the mixtures obey the Debye
dispersion model. Therefore, it can be concluded that in the
mixture of 3-NT+DMA, 3-NT+DMF and 3-NT+DM SO, the
individual principal relaxation processes of the components
coalesce and hence the mixtures exhibits a single relaxation
time. Table 2, 3 and 4 reports the vaues of dielectric
parameters obtained from fitting eg. (1) for 3-NT+DMA, 3-
NT+DMF and 3-NT+DM SO systems, respectively. It can be
seen that with an increasing concentration of 3-NT in the
respective liquid, the static permittivity values are decreased
wheress relaxation time values are increased. These values,

Table 1. Comparison of data for the pure liquids used with literature
values at 25°C

o & Density (g-cm™)
Liquid - - - -
This Work Lit. This Work Lit.
232 1.15712
3-NT 22.80 (a 20°C) 1.1514 (@ 20°C)
DMA 40.20 39.97° 0.9372 0.9366°
DMF 39.48 40.21° 0.9450 0.9487¢
DMSO 48,09 48.4° 1.0959 1.09537¢

3R. C. Weast, Handbook of Chemistry and Physics, 69" Edition, CRC
Press, Florida, 1988-1989. PAjay Chaudhari, N. M. More and S. C.
Mehrotra, Bull. Korean Chem. Soc., 22 (2001) 357. °J. A. Reddick, W.
B. Bunger, T. K. Sacano, Organic Solvents, Wiley, New York, 1986. 9O.
P. Bagga, V. K. Ratan, S. Singh, Sethi B. P. S, K. S. N. Raju, J. Chem.
Engn. Data, 32, 198, 1987. °S. M. Puranik, A. C. Kumbharkhane and S.
C. Mehrotra, J. Chem. Soc. Faraday Trans., 88 (1992) 433.
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Table 2. Dielectric relaxation parameters for 3-NT-DMA mixtures

Vol.
Fraction & & 7(ps) & o 7(ps)
of 3-NT

15°C 25°C
00 4269(1) 224 253822 4020(7) 202 18.39(3)
01 4198(3) 216 3262(1) 39.90(2) 206 26.34(1)
02 4006(2) 207 3353(5) 37.07(1) 201 28.96(1)
03 3793(1) 206 3635(1) 34.19(3) 211 32.26(2)
04 3527(2) 234 37.26(4) 3311(1) 212 32.70(1)
05 3316(5 222 3887(1) 31196) 216 33.38(2)
06 3191(1) 260 4161(2) 20.13(3) 206 37.42(1)
07 2969(1) 200 5052(3) 27.12(1) 212 45.42(1)
08 2908(3) 201 5192(6) 2690(1) 234 47.58(1)
09 2507(1) 212 5999(1) 24.75(3) 211 53.57(4)
10 2387(2) 167 7404(2) 22.80(2) 168 63.56(3)
35°C 45°C
0 3726(2) 246 1587(2) 3522(1) 3.10 11.70(7)
01 3461(1) 222 2276(2) 3407(0) 246 20.32(1)
02 3394(1) 207 24541) 32190) 211 2253(2)
03 30893 220 2540(2) 20.12(1) 206 22.98(1)
04 2956(1) 241 27.44(1) 2791(0) 234 23.38(4)
05 2867(2) 246 2858(1) 2667(1) 207 25.22(2)
06 2691(3) 219 3120(2) 2545(1) 216 27.19(5)
07 2619(1) 219 3861(7) 2417(1) 207 32.79(8)
08 2587(4) 267 41534) 2392(1) 207 34.62(2)
09 2401(6) 213 4842(1) 22.76(0) 213 41.81(3)
10  2245(1) 166 54.87(5) 22.09(0) 174 50.71(3)

Numbersin brackets represents errors. For e.g. 42.69 (1) means42.69 + 0.01.

Table 3. Dielectric relaxation parameters for 3-NT+DMF mixtures

Vol.
Fraction & & 7(ps) & o 7(ps)
of 3-NT
15°C 25°C

0 4251(1) 207 1210(2) 39.48(1) 2.01 10.30(3)
01 4096(2) 216 17.62(3) 36.98(1) 374 15.93(1)
02 3879(1) 290 2148(3) 36.06(0) 294 20.78(2)
03 37.66(5) 217 2339(1) 3312(0) 201 22.42(1)
04 35552 412 26.30(5) 31.27(1) 274 24.46(1)
05 34.04(3) 394 34802 30.68(1) 294 31.35(6)
06 32092 379 3852(4) 29.19(0) 4.01 35.46(2)
0.7 30.151) 219 41.09(4) 27.29(0) 296 38.14(4)
0.8 2856(4) 396 49.88(2) 26.52(1) 3.74 46.38(5)
09 2697(3) 316 61.89(1) 2523(1) 294 55.23(2)
10 2387(2) 167 7404(2) 2280(2) 1.68 63.56(3)

35°C 45°C
0 37.032) 196 920(3) 352308) 200 8122
01 35341 214 1424(4) 33.14(2) 274 11.89(1)
02 3349(1) 315 17.74(1) 31.690) 3.16 15.71(3)
03 311003 296 2121(2) 3056(0) 2.74 18.88(1)
04 3016(1) 314 22853) 29.06(1) 324 19.05(2)
05 29.09(1) 378 2481(1) 27.56(0) 269 20.82(3)
06 27075 281 3059(4) 26.06(1) 308 27.01(6)
07 2637(1) 319 3309(3) 2551(0) 2.89 20.03(2)
08 2565(2) 2.86 363805 24.19(1) 342 30.57(4)
09 24821) 256 4636(1) 23.06(1) 251 38.25(1)
10 2245(1) 166 5487(5) 22.090) 174 50.71(3)
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Table 4. Didlectric relaxation parameters for 3-NT-+DM SO mixtures

Val.
Fraction & Eo T (ps) & Eo 7(ps)
of 3-NT

15°C
0 50.76(3) 175 23.84(4)
01 4767(2) 1.97 3359(1)
02 4518(3) 3.14 34.87(1)
03  4315(@3) 4.06 39.75(1)
04  4026(5) 4.17 40.07(1)
05 37.67(2) 3.16 43.00(0)
06 3416(2) 266 43.01(0)
07 3106(5) 217 46.89(0)
08  27.87(4) 3.14 51.25(0)
09  2602(1) 412 63.79(0)
10 2387(1) 167 74.042)
35°C
0  4591(1) 213 18.86(1)
01 4461(2) 310 27.23(3)
02  4267(1) 3.18 28.87(1)
03  4015(4) 3.17 3152(2)
04 3666(2) 212 31.70(4)
05 3395(2) 396 32.71(1)
06 3115@3) 374 32.89(3)
07 2987(3) 417 36.09(1)
08 2695(2) 3.14 41.73(6)
09  2449(1) 272 50.77(5)
10 2245(1) 166 54.87(5)

25°C
4809(1) 237 21.14(3)
46.06(2) 275 28.75(1)
4500(1) 294 30.80(0)
4096(2) 3.74 34.72(0)
38.16(1) 4.17 35.46(0)
35.15(2) 316 35.48(2)
32.95(1) 317 38.68(0)
30.15(2) 394 40.47(0)
27.05(2) 314 44.46(1)
25.76(5) 417 57.58(0)
2280(2) 168 63.56(3)
45°C
4502(6) 22 15.12(6)
4294(1) 374 2537(2)
40.15(2) 417 25.82(1)
38.74(2) 406 27.34(3)
35.60(4) 314 28.05(3)
32.90(5) 294 28.23(2)
3056(1) 226 29.95(4)
28.25(3) 3.74 33.08(1)
2561(2) 234 37.77(1)
23.05(1) 294 46.24(5)
22093) 174 50.71(3)

static permittvity as well as relaxation time, are decreased
with an increase in temperature.

The excess parameters*® related to & and 1 provide
valuable information regarding interaction between the
polar-polar liquid mixtures. These properties are also useful
for detection of the cooperative domain in the mixture and
may evidence formation of multimers in the mixture due to
intermolecular interaction. The excess permittivity is defined
as

€= (&0 = &o)m— [(€0 = Ex)aXa + (€0 — Ex)B Xe] %)

where x-mole fraction and suffices m, A, B represents mixture,
solvent A and B respectively. The excess permittivity provides
qualitative information about multimers formation in the mix-
ture asfollows:

i) €& = 0indicates that the two solvent do not interact at all.

i) €& < 0indicates that the solvent and solvent interaction
act so asto reduce total effective dipoles. This suggests that
the two solvents mixture may form multimers leading to the
less effective dipoles.

iii) &5 > 0 indicates that the two solventsinteract in such a
way that the effective dipole moment increases. There is
formation of multimers and dimers.

Figure 1 shows the plot of excess permittivity plotted
against mole fraction of 3-NT for al the three systems. In
this study, the excess permittivity values are found to be
negative for dl the three systems, for al temperatures and
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Figure 1. Excess permittivity (£5) for (&) 3-NT+DMA. (b) 3-

NT+DMEF. (c) 3-NT+DMSO systems.

concentrations, except near DMA rich region at 15°C, 25°C
and 35 °C, indicates that the total number of dipoles decreases
in the mixtures. Thisis due to the apposite alignment of the
dipoles of the two interacting solvent molecules. For al the
three systems, the curves are more deviated from zero at and
near equa concentration region than near the pure component
region indicates strong intermolecular interaction in this
region. The positive values of & for 3-NT+DMA system
near DMA rich region a 15°C, 25°C and 35 °C indicate
formation of monomeric or polymeric structures which
increases the total number of dipolesin the system.
The excessinverse relaxation time is defined as

VD" = (UDm=[ (UD)axa+ (1) Xs] ©)

where (1/1)F is excess inverse relaxation time. The information
regarding the dynamics of solute-solvent interaction from
this excess property is asfollows.

i) (U1)E=0 : There is no change in the dynamics of
solvent-solvent interaction.

ii) (U1)E <0 : The solvent-solvent interaction produces a
field such that the effective dipoles rotate owly.

iii) (1/7)F > 0 : The solvent-solvent interaction produces a
field such that the effective dipoles rotate fastly i.e. the field

0.00+ P
Y

ooty -

002/ i / 41/

(h)f

003\ / 10 A 4

A 15°C ——15°C
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0.0 012 074 016 0f8 1!0 0.0 OT2 074 016 0{8 110 0.0 072 0{4 076 0‘.8 110
X3t Xsnr XoNt
Figure 2. Excess inverse relaxation time (/7)€ for (8) 3-NT +

DMA. (b) 3-NT + DMF. (c) 3-NT + DM SO systems.
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will co-operatein rotation of dipoles.

The variation of (1/1) with mole fraction of 3-NT for all
the three systems is shown in Figure 2. From Figure 2, it
can be seen that, for all the three systems, the excess
inverse relaxation time values are negative which indicate
the formation of linear structures, which rotate slowly
under the influence of an externa varying field. It indicates
that addition of 3-NT to DMA, DMF and DMSO has
created a hindering field such that the effective dipoles
rotate slowly.

The structural information about the liquids by dielectric
relaxation parameter can be obtained by Kirkwood
correlation parameter.® The Kirkwood correlation factor g is
dso aparameter for affording information regarding orientation

Table 5. Kirkwood correlation factor 3-NT + DMA, 3-NT + DMF
and 3-NT + DM SO mixtures

\ol. fraction ol

of A® 15°C 25°C 35°C 45°C

3-NT + DMA
0 0.98 0.98 0.95 0.94
01 1.09 1.04 1.02 101
0.2 1.10 1.08 1.03 1.02
03 1.19 1.16 1.07 1.06
0.4 1.22 1.20 1.14 111
05 1.29 1.27 1.18 115
0.6 1.38 134 1.24 121
0.7 1.38 1.37 131 1.29
08 1.39 145 1.34 131
0.9 1.48 149 1.40 135
1.0 157 154 145 140

3-NT + DMF
0 0.98 0.98 0.95 0.94
01 1.01 101 1.00 1.00
0.2 1.05 104 1.01 1.00
03 1.09 1.08 1.05 1.02
04 112 111 1.09 1.05
05 1.15 1.16 1.09 1.04
0.6 1.19 1.16 112 1.10
0.7 1.26 1.24 1.23 119
0.8 1.37 1.35 1.32 1.28
0.9 1.45 144 144 1.38
1.0 1.02 0.98 0.95 0.93

3-NT + DMSO
0 0.98 0.98 0.95 0.94
0.1 1.05 1.05 1.02 1.01
0.2 1.09 1.07 1.04 1.03
0.3 1.07 1.06 1.05 1.03
0.4 1.11 1.10 1.07 1.08
05 1.15 1.14 1.12 111
0.6 1.21 121 1.20 1.19
0.7 1.29 1.27 1.28 1.25
08 1.35 132 1.31 1.29
0.9 1.37 1.35 1.33 131
10 1.43 1.40 1.36 1.35

%A isDMA/DMF or DMSO
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of electric dipolesin polar liquids. The g for pure liquid can
be obtained by the expression,

4/7u2pg _ (E0—&0)(2& + &)
9kTM £o(En + 2)2

4

where m is dipole moment in gas phase, p is density at
temperature T, M is molecular weight, k is Boltzmann
constant, N is Avogadros number. The dipole moment in gas
phase is 3.86, 3.72, 3.86 and 3.90 Debye for 3-NT, DMA,
DMF and DM SO, respectively.

The effective angular correlation (g between molecules
is calculated using modified form of eg. (4).4%! g™ has been
used to study the orientation of electric dipoles in binary
mixtures. The vaue of this parameter changes from
Kirkwood correlation factor of one pure liquid to that of
second liquid. The Kirkwood equation for the mixture may
be expressed as;**

4I7NEI—12,0 pgpg O
AFA + BB eff
okT oM, 2w, Pa9

— (gOm B 5oom)(280m + Eoom)

2
gOm(goom + 2)

®)

where g™ is the effective Kirkwood correlation factor for a
binary mixture, with ¢gn and ¢ as volume fractions of liquids
A and B respectively. g™ varies between ga and gs.

The calculated values of g™ are tabulated in Table 5. It can
be seen from Table 5 that, g values are less than unity for 3-
NT indicating antiparallel orientation of electric dipoles. But
these values are very close to unity indicating no dipole
correlation. For dl the three systems studied here, it can be
seen that the g™ values are increased with an increasing
concentration of respective liquid in 3-NT. These values are
greater than unity for al the mixturesand at al temperatures
suggesting pardlel orientation of electric dipoles.

The values of molar enthalpy of activation (AH") obtained
from Eyring's rate equation® for the three systems at
different concentrations are tabulated in Table 6.

Table 6. Molar energy of activation for 3-NT + DMA, 3-NT +
DMF and 3-NT + DM SO systems

Vol . Molar enthalpy AH" (K¥mole)

Fract. of 3-NT DMA DMF DMSO
0 189 (2) 189 (4) 27.1(2)
0.1 6.68 (5) 5.50 (1) 5.03 (7)
0.2 4.47 (6) 5.38 (9) 5.18(8)
03 3.04(8) 8.58 (9) 5.21 (6)
04 2.06 (7) 9.11(3) 7.19(9)
05 451 (5) 7.42 (2) 7.83(2)
06 5.00 (5) 8.74 (1) 7.68 (1)
0.7 1.21(8) 9.74 (7) 5.94 (5)
08 1.81(9) 7.85 (1) 5.54 (8)
0.9 2.25(9) 9.45 (1) 434 (1)
10 9.51 (1) 9.51 (1) 9.51 (1)
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7= (WKT) exp [(AH'-TAS )/RT)] (6)

These values are positive for al the concentrations and for
al the three systems suggest endothermic interaction. The
temperature dependence of the relaxation time follows the
Arhenius behaviour.
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