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Abstract. Simultaneous calculation of the dipole momentµ j and the relaxation timeτ j of a certain
number of non-spherical rigid aliphatic polar liquid molecules (j) in non-polar solvents (i) under 9.8
GHz electric field is possible from realε �i j and imaginaryε ��i j parts of the complex relative permittivity
ε�i j. The low frequency and infinite frequency permittivitiesε0i j andε∞i j measured by Purohitet al
[1,2] and Srivastava and Srivastava [3] at 25, 35 and 30ÆC respectively are used to obtain staticµs.
The ratio of the individual slopes of imaginaryσ ��

i j and realσ �

i j parts of high frequency (hf) complex
conductivityσ�

i j with weight fractionsw j at w j � 0 and the slopes ofσ ��

i j–σ �

i j curves for different
w js [4] are employed to obtainτ js. The former method is better in comparison to the existing one as
it eliminates polar–polar interaction. The hfµ js in Coulomb metre (C m) when compared with static
and reportedµs indicate thatµss favour the monomer formations which combine to form dimers in
the hf electric field. The comparison amongµs shows that a part of the molecule is rotating under
X-band electric field [5]. The theoreticalµtheos from available bond angles and bond moments of
the substituent polar groups attached to the parent molecules differ from the measuredµ js andµs
to establish the possible existence of mesomeric, inductive and electromeric effects in polar liquid
molecules.

Keywords. Relaxation time; hf conductivity; dipole moment.

PACS Nos 77.22.Gm; 72.80.Le

1. Introduction

The dielectric relaxation phenomena of dipolar liquid molecules in non-polar solvents un-
der high-frequency electric field have gained much importance to study the structure as
well as different molecular interactions like solute–solvent and solute–solute associations
[6,7]. Now a days, it is being thought to be an essential tool to investigate the inductive,
mesomeric and electromeric moments of the substituent polar groups present in the polar
molecule through the time and frequency domain AC spectroscopy [8] or dielectric orien-
tational susceptibility [9] or conductivity measurement technique [10]. The hf conductivity
σi j is concerned with bound molecular charges while the hf susceptibilityχi j contains only
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the orientation polarisation of the dipolar molecule. The dipole momentµ j and the relax-
ation timeτ j are measured from the conductivity measurements.

Purohit et al [1,2] and Srivastava and Srivastava [3] had measured the realε �i j and
imaginaryε ��i j parts of the complex relative permittivitiesε�i j, and static or low frequency
and infinite frequency relative permittivitiesε0i j and ε∞i j of some non-spherical rigid
aliphatic polar liquid molecules (j) such as chloral (CCl3CHO), ethyl trichloroacetate
(CCl3COOCH2CH3), trifluoroethanol (CF3CH2OH), trifluoroacetic acid (CF3COOH) and
octanoyl chloride (CH3(CH2)6COCl) in non-polar solvents (i) under 9.8 GHz electric field
at 30, 25 and 35ÆC respectively. They [1–3] used a slotted section of VSWR forε �i j andε ��i j
measurements at 9.8 GHz. The cell containing the experimental liquid in a given solvent
was kept vertical and connected to main line by E-plane bend. A short-circuiting reflecting
plunger is used to vary the length of the liquid column. The calculation of complex di-
electric constantε�i j was done by Smyth’s method [11].ε0i j was measured by a Toshniwal
Dipole meter andε∞i j from refractive indexn2

Di j measurement. The accuracy of measure-
ments forε �i j, ε ��i j andε0i j are 1%, 5% and 0.5% respectively. The inductive, mesomeric
and electromeric moments of the substituentpolar groups attached to the parent molecules
play a vital role in the formation of solute–solute (dimer) and solute–solvent (monomer)
molecular associations. Chloral is widely used in medicine as a drug to induce sleep and
relieve pain and in the manufacture of insecticides like DDT. Ethyl trichloroacetate, on
the other hand, is used as artificial fragranceof fruits and flowers. Trifluoroethanol and
trifluoroacetic acid in C6H6 have a tendency to form either monomer or dimer formations
through hydrogen bonding except octanoyl chloride. The liquids were of puram grade of
M/s BDH, England but octanoyl chloride was of puram grade of M/s Fluka, AG.

We, therefore, thought to study all these polar molecules from hf complex conductivity
σ�

i j in SI units to predict theirτ andµ . The molecules have often a tendency to exhibit
double relaxation timesτ1 andτ2 due to rotation of their flexible polar groups attached to
parent molecules and the whole molecules themselves [5] under a single-frequency electric
field of GHz range at a given temperature. The polar molecules showed double relaxation
phenomena in a particular solvent when the measured data are adjusted to chi-squares
minimisation [11]. The most effective dispersive region of almost all the polar molecules
lies in the neighbourhood of 10 GHz electric field [12]. Moreover, the comparison of hfµ j
obtained from hf conductivityσi j measurement with the staticµs from the measured static
parameterXi j seems to be interesting to see how farµ j involved withτ j agree withµs and
µtheo. A systematic comparison ofτ js with the reportedτs and the estimatedτ1 andτ2 of
the molecules by double relaxation method [11] enables one to conclude that either a part
or a whole molecule is rotating under GHz electric field. However,µtheos were obtained
from available bond angles and bond moments of the substituent polar groups attached to
the parent molecule [5,11]. Earlier investigations on different polar molecules [10] showed
that a part of the molecule is rotating under hf electric field of nearly 3 cm wavelength.
The purpose of the present paper is thus to observe how the apparently rigid aliphatic polar
molecules behave under static or low frequency and 9.8 GHz electric field.

The static or low frequencyµss were measured from the linear coefficient of the variation
of Xi js with wjs of a polar solute. The variableXi j is, however, related withε0i j andε∞i j
of the polar liquids. Theµss are estimated from the measured data of table 1 and placed in
table 3 in order to compare with the hfµ js involved withτ js measured from eqs (9) and
(10) as derived later on. The concentration variations ofXi js are displayed in figure 1 by
Newton–Raphson’s method with the experimental points placed upon them.
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Table 1. Static relative permittivityε0i j, infinite frequency relative permittivityε∞i j,
real partε �i j and imaginary partε ��i j of complex relative permittivityε�i j of chloral, ethyl
trichloroacetate at 30ÆC, trifluoroethanol, trifluoroacetic acid at 25ÆC and octanoyl
chloride at 35ÆC in different non-polar solvents under 9.8 GHz electric field.

System with sl. no. Weight fraction Weight fraction
and mol. wt. wj ε0i j ε∞i j w j ε �

i j ε ��

i j

(I) Chloral 0.0255 2.314 2.2350 0.0152 2.26 0.015
in benzene 0.0977 2.441 2.2293 0.0899 2.42 0.035
Mj � 0�1475 kg 0.1813 2.622 2.2216 0.1711 2.56 0.057

0.2511 2.785 2.2147 0.1903 2.60 0.066
0.3493 3.011 2.2067 0.2510 2.75 0.087
0.4019 3.189 2.2020 0.3476 2.97 0.116

(II) Chloral 0.0224 1.925 1.9154 0.0224 1.93 0.017
in n-heptane 0.0807 2.048 1.9209 0.0807 2.01 0.029
Mj � 0�1475 kg 0.1416 2.140 1.9254 0.1416 2.09 0.036

0.2003 2.240 1.9301 0.2003 2.19 0.050
0.2683 2.390 1.9372 0.2683 2.32 0.055
0.3324 2.516 1.9438 0.3324 2.47 0.080

(III) Ethyl trichloro- 0.0207 2.368 2.2365 0.0207 2.32 0.023
acetate in benzene 0.0498 2.475 2.2344 0.0498 2.38 0.046
Mj � 0�1915 kg 0.0802 2.596 2.2317 0.0802 2.44 0.079

0.1193 2.753 2.2266 0.1193 2.52 0.115
0.1764 2.996 2.2201 0.1764 2.64 0.194
0.2444 3.295 2.2126 0.2444 2.82 0.226

(IV) Ethyl trichloro- 0.0266 1.980 1.8837 0.0210 1.92 0.021
acetate inn-hexane 0.0639 2.072 1.8878 0.0595 1.99 0.041
Mj � 0�1915 kg 0.0845 2.119 1.8892 0.0649 2.00 0.066

0.1193 2.223 1.8933 0.1137 2.09 0.093
0.1683 2.377 1.8988 0.1722 2.24 0.126

0.2360 2.34 0.190

(V) Trifluoroethanol 0.0030 2.284 2.1994 0.0113 2.332 0.007
in benzene 0.0060 2.301 2.2132 0.0215 2.396 0.041
Mj � 0�1000 kg 0.0226 2.405 2.3061 0.0313 2.458 0.073

0.0311 2.456 2.3537 0.0416 2.515 0.118
0.0411 2.525 2.4109 0.0523 2.638 0.189

(VI) Trifluoroacetic 0.0066 2.327 2.2370 0.0130 2.315 0.035
acid in benzene 0.0130 2.368 2.2731 0.0271 2.350 0.056
Mj � 0�1140 kg 0.0271 2.411 2.3082 0.0391 2.377 0.069

0.0391 2.449 2.3452 0.0515 2.398 0.084
0.0515 2.484 2.3671 0.0630 2.420 0.100
0.0630 2.519 2.3940

(VII) Octanoyl chloride 0.0183 2.369 2.2218 0.0181 2.306 0.033
in benzene 0.0349 2.444 2.2176 0.0358 2.350 0.076
Mj � 0�1625 kg 0.0497 2.526 2.2142 0.0516 2.393 0.111

0.0648 2.582 2.2110 0.0702 2.439 0.147
0.0808 2.661 2.2080 0.0802 2.486 0.184

The percentage of errors in gettingXi j–wj curves were computed from correlation co-
efficientsr for all the systems. The errors introduced ina1s are very low becausers are
very close to unity establishing the fact thatXi js are correlated almost exactly withwjs of
table 1. Theµss of table 3 are found to be almost equal to hfµ js except systems V (�Æ�)
and VI (���). The µ js are estimated from the linear coefficientβs of the curves of
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Figure 1. Variation of the measured static experimental parameterXi j with weight
fraction w j of the solutes for I – chloral in benzene (���); II – chloral in n-heptane
(���); III – ethyl trichloroacetate in benzene (���); IV – ethyl trichloroacetate in
n-hexane (���); V – trifluoroethanol in benzene (�Æ�); VI – trifluoroacetic acid in
benzene (���) and VII – octanoyl chloride in benzene (���).

hf conductivityσi js againstwjs of polar liquids at infinite dilution and the estimatedτ js.
However,τ js are obtained from the linear slope ofσ ��

i j–σ �

i j curves of figure 2 and the ratio
of individual slopes ofσ ��

i j andσ �

i j with wj curves atwj � 0 as shown in figures 3 and 4.
Theτ js are placed in table 2 and were used to calculateµ js of table 3.µ js from both the
methods are found to agree excellently for all the systems except ethyl trichloroacetate and
octanoyl chloride in benzene.

The µ js thus obtained are compared with the theoretical dipole momentµtheo derived
from the available bond angles and bond moments of the substituent polar groups of
the molecules [5,11] and presented in table 3. In figure 5 conformations of five dipolar
molecules are displayed by taking into account the reduced bond length by a factorµs�µtheo
due to inductive, mesomeric and electromeric effects of the substituent polar groups at-
tached to the parent molecules.

2. Theoretical formulation of XXii jj to estimate static µµs

The low frequency or static dipole momentµs of a polar solute (j) in a non-polar solvent
(i) at any temperatureT K is given by [13]:

ε0i j�1
ε0i j �2

� ε∞i j�1
ε∞i j �2

�
ε0i�1
ε0i�2

� ε∞i�1
ε∞i�2

�
Nµ2

s c j

9ε0kBT
� (1)
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Table 2. Slope ofσ ��

i j–σ �

i j curves, correlation coefficientr, percentage of error in re-
gression technique, relaxation timeτ j using eq. (9), ratio of slopes ofσ ��

i j–w j and
σ �

i j–w j curves atw j � 0, percentage of error inσ ��

i j–w j andσ �

i j–w j curves, correspond-
ing τ j using eq. (10) and reportedτ for chloral, ethyl trichloroacetate at 30ÆC, tri-
fluoroethanol, trifluoroacetic acid at 25ÆC and octanoyl chloride at 35ÆC in different
non-polar solvents under 9.8 GHz electric field.

% of error in
Ratio of slopes regression

System Slope of Corrl. τ j�1012 s of σ ��

i j–wj and technique τ j�1012 s
.with σ ��

i j–σ �

i j coeff. % of from σ �

i j–wj curves σ ��

i j–wj σ �

i j–wj from Rept.
sl.no. curve r error eq. (9) atwj � 0 curve curve eq. (10)τ �1012 s

(I) Chloral in 6.8735 0.9987 0.07 2.36 6.5416 0.08 0.11 2.48 1.78*
benzene

(II) Chloral in 8.9472 0.9881 0.65 1.82 8.8940 0.02 1.53 1.83 0.46*
n-heptane

(III) Ethyl trichloro- 2.2289 0.9820 0.98 7.29 1.3768 0.03 0.79 11.80 6.5**
acetate in benzene

(IV) Ethyl trichloro- 2.5845 0.9826 0.95 6.28 3.1959 0.27 0.95 5.08 5.7**
acetate inn-hexane

(V) Trifluoroethanol 1.6508 0.9982 0.11 9.84 3.2082 0.50 0.16 5.06 13.85†

in benzene

(VI) Trifluoroacetic 1.6337 0.9973 0.16 9.94 2.1001 0.05 0.14 7.73 9.23†

acid in benzene

(VII) Octanoyl 1.2019 0.9989 0.07 3.51 0.8443 0.31 0.38 19.24 18.60‡

chloride in
benzene

*Cole–Cole plot; **Gopalakrishna’s method;†Calculated by Gopalakrishna’s method;
‡Higasi’s method.

whereε0 is the permittivity of the free space� 8�854� 10�12 F m�1 and all the other
symbols carry usual meanings [10].

The molar concentrationc j can be expressed in terms of weight fractionwj of the polar
solute by

c j �
ρi jw j

Mj
�

The weightWi and volumeVi of a non-polar solvent is mixed with a polar solute of
weightWj and volumeVj to give the solution densityρi j, where

ρi j �
Wi�Wj

Vi�Vj
�

Wi�Wj

�Wi�ρi���Wj�ρ j�
�

ρiρ j

ρ jwi�ρiw j
� ρi�1�γwj�

�1� (2)

The weight fractionswi andwj of the solvent and the solute are

wi �
Wi

Wi�Wj
and wj �

Wj

Wi�Wj
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Figure 2. Linear plot ofσ ��

i j againstσ �

i j for different weight fractionw j for I – chloral
in benzene (���); II – chloral in n-heptane (���); III – ethyl trichloroacetate in
benzene (���); IV – ethyl trichloroacetate inn-hexane (���); V – trifluoroethanol
in benzene (�Æ�); VI – trifluoroacetic acid in benzene (���) and VII – octanoyl
chloride in benzene (���).

such thatwi�wj � 1 andγ� �1�ρi�ρ j� whereρi andρ j are the densities of pure solvent
and pure solute respectively in SI units.

Now eq. (1) may be written as

ε0i j� ε∞i j

�ε0i j �2��ε∞i j �2�
�

ε0i� ε∞i

�ε0i�2��ε∞i�2�
�

Nρiµ2
s

27ε0MjkBT
wj�1�γwj�

�1

or

Xi j � Xi�
Nρiµ2

s

27ε0MjkBT
wj �

Nρiµ2
s

27ε0MjkBT
γw2

j � � � � � (3)

Equation (3) can be expressed by the following polynomial equation ofwj :

Xi j � a0�a1wj �a2w2
j � � � � � (4)

Now equating the coefficients of first power ofwj of eqs (3) and (4), one gets the staticµs
where

µs�

�
27ε0MjkBTa1

Nρi

�1�2

� (5)
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Figure 3. Variation of the imaginary part of hf complex conductivityσ ��

i j with weight
fractionw j for I – chloral in benzene (���); II – chloral inn-heptane (���); III – ethyl
trichloroacetate in benzene (���); IV – ethyltrichloroacetate inn-hexane (���); V
– trifluoroethanol in benzene (�Æ�); VI – trifluoroacetic acid in benzene (���) and
VII – octanoyl chloride in benzene (���).

wherea1 is the slope ofXi j–wj curve of figure 1. Butµs from the coefficients of higher
powers ofwj of eqs (3) and (4) are not reliable as they are involved with various effects
of solvent, relative density, solute–solute association, internal field, macroscopic viscosity
etc. µs from eq. (5) along witha1 are placed in table 3 to compare with hfµ js as well
asµ1 andµ2 from double relaxation method andµtheo from the available bond angles and
bond moments.

3. Formulation of hf conductivity σσi j to estimate ττ j and hf µµ j

The hf complex conductivityσ�

i j of a polar–non-polar liquid mixture for a given weight
fractionwj is [13] related toε�i j � ε �i j� jε ��i j by

σ�

i j � σ �

i j � jσ ��

i j � ωε0ε ��i j � jωε0ε �i j� (6)

whereωε0ε ��i j � σ �

i j andωε0ε �i j � σ ��

i j are the real and imaginary parts of complex conduc-

tivity and j is a complex number�
��1.

The total hf conductivityσi j is given by
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Figure 4. Variation of the real part of hf complex conductivityσ �

i j with weight fraction
w j for I – chloral in benzene (���); II – chloral in n-heptane (���); III – ethyl
trichloroacetate in benzene (���); IV – ethyl trichloroacetate inn-hexane (���); V
– trifluoroethanol in benzene (�Æ�); VI – trifluoroacetic acid in benzene (���) and
VII – octanoyl chloride in benzene (���).

σi j � ωε0�ε ��2i j � ε �2i j �
1�2� (7)

Again,σ ��

i j is related toσ �

i j by

σ ��

i j � σ∞i j �
1

ωτj
σ �

i j (8)

σ∞i j is the constant conductivity at infinite dilution ofwj � 0 andτ j is the relaxation time
of a dipolar liquid.

Equation (8) on differentiation with respect toσ �

i j yields

dσ ��

i j

dσ �

i j
�

1
ωτj

� (9)

which provides a convenient method to obtainτ j of a polar molecule [4]. It is, however,
better to use the ratio of the individual slopes of variation ofσ ��

i j andσ �

i j with wj in order to
avoid the polar–polar interaction atwj � 0 in a given solvent to getτ j from

�dσ ��

i j�dwj�w j�0

�dσ �

i j�dwj�w j�0
�

1
ωτj

� (10)

whereω� 2π f and f is the frequency of the applied hf electric field.
In hf region of GHz range, it is generally observed thatσ ��

i j � σi j as evident from figures
3 and 6 and hence eq. (8) becomes
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Figure 5. Conformational structures of the molecules by taking into account the re-
duced bond moments in multiples of 10�30 C m. I – chloral, III – ethyl trichloroacetate,
V – trifluoroethanol, VI – trifluoroacetic acid, VII – octanoyl chloride.

σi j � σ∞i j �
1

ωτj
σ �

i j

or

β �
1

ωτj

�
dσ �

i j

dwj

�
w j�0

� (11)

Hereβ � �dσi j�dwj�w j�0 is the slope ofσi j–wj curves of figure 6 atwj � 0.
The real partσ �

i j of a polar–non-polar liquid mixture ofwj at T K is [13] given by
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Figure 6. Variation of the total hf conductivityσi j with weight fractionw j for I – chlo-
ral in benzene�����; II – chloral in n-heptane�����; III – ethyl trichloroacetate in
benzene�����; IV – ethyl trichloroacetate inn-hexane�����; V – trifluoroethanol
in benzene��Æ��; VI – trifluoroacetic acid in benzene����� and VII – octanoyl
chloride in benzene�����.

σ �

i j �
Nρi jµ2

j

27MjkBT

�
ω2τ

1�ω2τ 2

�
�ε0i j �2��ε∞i j �2�wj��

dσ �

i j

dwj

�
w j�0

�
Nρiµ2

j

3MjkBT

�
εi�2

3

�2� ω2τ
1�ω2τ 2

�
� (12)

Now, comparing eqs (11) and (12) one gets the hfµ j from:

µ j �

�
27MjkBTβ

Nρi�εi�2�2ωb

�1�2

� (13)

where

b � 1��1�ω2τ 2
j � (14)

is a dimensionless parameter involved withτ js obtained from eqs (9) and (10). The other
symbols used in eq. (13) are:N � Avogadro’s number,ρi � density of the solvent,εi �
relative permittivity of the solvent,Mj � molecular weight of the solute andkB � Boltz-
mann constant. All are expressed in SI units. All the computed hfµ js in terms ofβs and
bs are presented in table 3. They are compared withµ1 andµ2 of the flexible part and the
whole molecule by the double relaxation method [5] as entered in table 3. The computed
τ js are, however, placed in table 2 to compare with those by other methods and freshly
calculated Gopalakrishna’s method [14] for the last three systems.

Pramana – J. Phys., Vol. 61, No. 4, October 2003 769



K Dutta, S K Sit and S Acharyya

4. Results and discussion

The dipole momentsµss of the polar molecule under static or low frequency electric field
are estimated from the slopea1 of theXi j–wj curves of figure 1.Xi j is related to static and
infinite frequency relative permittivitiesε0i j andε∞i j of eq. (1) at differentwjs of polar
solutes presented in table 1. All the curves ofXi j againstwj were, however, drawn by
best-fitted regression analysis made on available experimental data extracted from table 1
in order to plot figure 1. Each system which consists of a polar solute in different non-
polar solvents usually shows almost the same slopes as seen in figure 1. This signifies the
almost same polarity of the molecules under investigation [15]. Polarisations are found
to be slightly larger for ethyltrichloroacetate in benzene,n-hexane and octanoyl chloride
in benzene in comparison to other molecules. The increase in polarisation is due to the
increase in dipole moment, which means that dimerisation takes place in such a manner
that in the dimeric molecule, the dipoles are inclined at an angle less than 90Æ so that
the dipole moment is more than that of the monomer. The correlation coefficientsrs in
getting the coefficients ofXi j–wj curves of figure 1 were very close to unity, i.e., 0.9993,
0.9978, 0.9999, 0.9998, 0.9693, 0.9574 and 0.9980 for seven systems of tables and figures
respectively and hence percentage of errors in terms ofrs were very small.

The relaxation timeτ j of the molecule is estimated by using the linear slope of
σ ��

i j–σ �

i j curve of Murthyet al [4] and the ratio of individual slopes ofσ ��

i j–wj andσ �

i j–
wj atwj � 0. It is evident from table 2 thatτ js agree well in both the methods except ethyl
trichloroacetate (III), trifluoroethanol (V) and octanoyl chloride (VII) all in benzene. This
behaviour is explained on the basis of solute–solute (dimer) molecular association in the
higher concentration region that turns into solute–solvent (monomer) association due to
rupture of the dimer. In such case it is better to use the ratio of individual slopes ofσ ��

i j and

σ �

i j in Ω�1 m�1 againstwj at infinite dilution as seen in figures 3 and 4 where polar–polar
interaction is almost avoided completely to computeτ j. The curves ofσ ��

i j–σ �

i j in figure
2 are not perfectly linear with the experimental data according to eq. (9) for the systems
III (���), IV (���) and V (�Æ�). In such cases polar–polar interaction in the higher
concentration region or solute–solvent association in the lower concentration region may
be the cause for such non-linear behaviour. The almost parallel nature of the curves I and
II; III and IV in figure 3 indicates the same polarity of the molecules of chloral and ethyl
trichloroacetate in different solvents. The higher magnitude ofσ ��

i j in Ω�1 m�1 in benzene
for each solute of figure 3 may reveal the solute–solute (dimer) interaction of the polar
molecules. Curve VI (trifluoroacetic acid in benzene) of figure 3 is found to increase grad-
ually to show maximum atwj � 0�1401. This type of behaviour may be due to transition
of phase [16] occurred after a certain concentration of the solute. Like systems II and IV
in n-heptane andn-hexane, the other curves of figure 3 for solvent benzene meet at a point
on the ordinate axis 1�2206	 σ ��

i j 	 1�2526 atwj � 0 exhibiting the probable solvation
effect of polar solute in the same non-polar solvent. It is evident from figure 3 that all the
curves are almost same as total hf conductivityσi j in Ω�1 m�1 plotted againstwj in figure
6. This indicate the validity of the approximationσ ��

i j � σi j in eq. (11). All the curves of
σ �

i j in figure 4 increase gradually withwj and become closer to yieldσ �

i j � 0 at wj � 0.
This is explained on the basis of the fact that absorption of hf electric energy increases with
concentration. The magnitude of absorption is maximum for trifluoroethanol in benzene
(V) and minimum for chloral inn-heptane (II) although concentration of polar solute of
the latter system is higher than the former.
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The high-frequency dipole momentsµ js of the polar liquids are estimated in terms of
slopeβ of σi j–wj curve of figure 6 and dimensionless parameterbs in order to show them
in table 3. They are compared withµs, µ1, µ2 and reportedµs respectively. All the curves
of total hf conductivityσi j in Ω�1 m�1 againstwj of figure 6 are parabolic as evident
from the coefficientsα , β andγ of table 3. This indicates that conductivity of the mixture
with the absorption of hf electric energy increases withwjs of the solute except for system
VI. These curves when extrapolated beyond the experimental data exhibit maximumσi j at
wj � 0�1401 and then decreases gradually likeσ ��

i j–wj curves of figure 3 probably due to
the transition of phase [16] occurred at that concentration. This type of behaviour invari-
ably demands experimental measurement beyond the concentration of polar liquid already
taken up.

The hf µ js are found to agree well with the staticµs for chloral, ethyltrichloroacetate
and octanoyl chloride in benzene,n-heptane andn-hexane (systems I, II, III, IV, and VII).
It reveals the fact that dimerisation takes place both in static and hf electric fields probably
the available data of relative permittivities are in higher concentration regions. Theµ js
of trifluoroethanol and trifluoroacetic acid are higher thanµs indicating the strong solute–
solvent association due to hydrogen bonding. Theµ js when compared withµ1 andµ2 by
double relaxation method indicate that chloral in benzene,n-heptane and ethyl trichloroac-
etate inn-hexane show double relaxation phenomena in X-band electric field. This is due
to slow and rapid rotations of the whole molecules and the flexible parts attached to the
parent molecules respectively. The other systems show the mono relaxation behaviour due
to their solvation effect with benzene.

Assuming planar structure for molecules, the theoretical dipole momentsµtheos for the
polar molecules were estimated from the available bond angles and bond moments of
C
Cl, C
C, C�F, C�O, C�OH and C�OCH3 of 5.00, 0.30, 4.67, 8.00, 4.67 and
4.40 times of 10�30 Coulomb metre (C m) making angles 62Æ and 57Æ with the bond axis
by C�OH and C�OCH3 groups only and were shown elsewhere [5,11].µtheos thus ob-
tained are placed in table 3. A little disagreement among the estimatedµs andµ j with µtheo
occurs due to inductive, mesomeric and electromeric effects of the substituent polar groups
attached to the parent molecules under static or hf electric field. The so-called mesomeric
moments have significant values. This is caused by the permanent polarisation of different
substituent groups acting as pusher or puller of electron towards or away from C-atoms
of the compounds. The larger values ofµtheos from the available bond angles and bond
moments in comparison toµs indicate that the bondlength of the substituent polar groups
of the dipolar molecules are reduced by a factorµs�µtheo. The reduction in bond moments
evidently occurs in all polar liquids by a factorµs�µtheo lying in the range 0.5 to 0.8 except
trifluoroacetic acid (0.15) to conform to the exactµs. The structural conformations of five
compounds with reduced bond lengths, in agreement withµ j or µs are sketched in figure 5.

5. Conclusion

A convenient and useful method is suggested to calculate the relaxation timeτ j and hf
dipole momentµ j under the most effective dispersive region of 10 GHz electric field along
with the staticµs in SI units of some non-spherical rigid aliphatic polar molecules in non-
polar solvents. The existing method by using the slope of hfσ ��

i j–σ �

i j curves of Murthyet
al [4] to obtainτ j when compared with those from the ratio of the slopes of the individual
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variations ofσ ��

i j–wj andσ �

i j–wj at wj � 0 reveals the fact that both methods yield almost
the sameτ js both in higher and lower concentrations of dipolar molecules. The latter
method to getτ j is a significant improvement over the former one as it eliminates the
polar-polar interaction almost completely in a given solvent. The slopeβs of hf σi j�wj
curves are used to calculate hfµ js in terms ofτ js by the latter method. The comparison of
µ j andµs with µ1 andµ2 of the flexible part and the whole molecules by double relaxation
method andµtheo from available bond angles and bondmoments of the substituent polar
groups seems to be interesting to offer a deep insight into the dielectric relaxation. The
µ js andµs are almost equal in some cases only to show thatµs are little affected by
frequency of the electric field in higher concentration region while lowerµss thanµ js in
the lower concentration region support monomer and dimer formation in the static and hf
electric field respectively. Moreover, theXi j–wj curves can be used to test the accuracies
of the measurements of all the relative permittivities. TheXi js are involved with the low
and infinitely hfε0i j andε∞i j permittivities of a given polar–non-polar liquid mixture. The
computation ofτ j�µ j andµs fromσi j andXi j measurement of a polar unit in a given solvent
appears to be more simple, straightforward and topical one to locate the accuracy ofτ j , µ j
andµs, which are claimed to be accurate within 10%and 5% respectively. The calculated
results ofµ j, τ j andµs appear to be of more archival values to reveal some interest in the
area of dielectric relaxation. Bothµ j andµs agree withµ1 only to support that a part of
the molecule is rotating under GHz electric field.µs�µtheos are almost constant for all the
molecules under study revealing the material property of the systems. The reduction in
bond moments of the substituent polar groups by the factorµs�µtheo exhibits the presence
of mesomeric, inductive and electromeric moments in them under static and hf electric
fields.
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