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DIELECTRIC RELAXATION STUDY FROM
POLARISABILITY DATA

J. P. SHUKLA*, RAJNI MISRA, AMAR SINGH,
MANISHA GUPTA and M. C. SAXENA

EPR and Microwave Lab, Department of Physics,
Lucknow University, Lucknow, India.

{ Received 3 October 1988)

An analysis of the dielectric data using the polarisability plots have been carried out in our earlier paper
[Current Sci. India 15 (1982) 695]. The polarisability equations proposed in our earlier paper have been
modified by introducing a correction term. The equations of Higasi and Budo to evaluate relaxation time
have been changed from using slope and dielectric data respectively to that using polarisability data. These
proposed and modified equations have been applied to a number of systems for evaluating the relaxation
parameters. The results obtained from the modified equations are in better agreement. It has also been
confirmed from the present investigation that the angular frequency ‘' manifests as ‘wC’

1 - 1 —a
poorC: o

Czl—p, T —oa,

KEY WORDS: Cole-Cole plot, polarizability plot.

INTRODUCTION

The study of dielectric dispersion behaviour of molecules requires the evaluation of
permittivity data over a wide range of frequency, temperature and concentration. To
evaluate the relaxation time, the dielectric data are analysed by Cole-Cole Plot,
Cole-Davidson plot or polarisability plot. The C-C plot is the representation of ¢”
against ¢ or a” against a' on the graphical paper and so is the C-D plot. Scaife
suggested that the graphical representation of real and imaginary parts of complex
polarisability «*(w) instead of & — ¢’ representation would be better representation
and yield better results. We had proposed some equations to calculate the relaxation
time using polarisability data for some molecules in our earlier paper' and had
obtained a good agreement with the results of slope data. Since limited study has been
made in this direction we have extended our work further to test the applicability of
the proposed equations. In the present investigation the slope data?~® have been
utilized to calculate the real and imaginary parts of complex polarisability function

* To whom correspondence should be addressed.
241



08: 34 28 January 2011

Downl oaded At:

242 J. P. SHUKLA etal.

p*(w). The real and imaginary parts of complex polarisability a*(w) have been
calculated using dielectric data from literature!®~'2. The equations in terms of
polarisability, analogous to Higasi’s equation of single frequency concentration
variation method and Budo’s equations for multiple frequency data analysis have
been proposed to calculate the most probable relaxation time and group and
molecular relaxation time. The results seem to demand a new, correction factor (A) in
our previously proposed equations to reach closer agreement with the values using
slope data and dielectric data.

(A) Single Microwave Frequency Data Analysis

For explaining the dielectric phenomenon, Debye proposed an equation, which is
restricted to hold only in liquids and in the dilute solutions of polar components in
non-polar solvents i.e.;

e* —n? 1

gg — n? T + jwt)

(1)

For the representation of non-Debye type of absorption as in the case of long chain
molecules, Cole-Cole used an empirical factor in the dispersion function which takes
the form:

e* = € — &4

=&, + ——— 7=, 0 <a < !1and « = 0= Debye function (2)
1 + (jwt)

This function results in the parametric equation of a circle of plot of ¢” vs. ¢'. The
relaxation time may be calculated using the equation

g = (wt)' 7* 3)

where ‘0" and ‘u’ are the distances of the points from ¢, and ¢, points on the ¢ axis
respectively. Thus the frequency variation method essentially deals with the plotting
of ¢ vs. ¢”. The curve results either as semi-circular or as skewed arc.

Later on, it was pointed out by Franklin et al.'? that the plot of slopes a’ vs. a” in the
complex plane is exactly similar to ¢’ vs. £” plot and a similar approach is adopted for
the evaluation of relaxation time of polar substances in non-polar solvent.

The reliability that the slopes a’ and a” can be used to calculate the relaxation time
from dilute solution studies has been assessed by Higasi et al. It led Higasi'* to
formulate the equations to calculate the relaxation time at a single frequency, given

by,
1 A2 + BZ 1/2(1 —a)
Ton = <?) (4a)

where

2 A
l—g==-tan" ' = 4b
o nan B (4b)
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and
A=a"(lay—a,)
B=(a,—ad)d —a,)—a"? )
C=( —ua,)+a"?

Higasi et al.'® analysed the permitivity data in terms of two independent relaxation
processes analogous to the equations

1 a’ (62)

Ty, = —

(1) w(d@ —a,) a
1 o

T2y = (a(’)' " a) (6b)
W a

The Cole-Cole method of analysing dielectric data may be replaced by the use of
polarisability plot as suggested by Scaife'®, because polarisability is a good measure of
intrinsic property of a substance. Here, the imaginary coordinate of complex function
p*(w) is plotted against its real coordinate. Since the polarisability plot is a bilinear
transformation of C - C plot, the shape remains the same as in the case of C-C plot and
all the attractive features of C-C plot may well turn out to be the most important
features of p'-p” plot also. As polarisability plot provides more stringent test than
C-C plot, there seems to be justification of analysing the dielectric data with the
known polarisability data.

We have proposed! a method to calculate the relaxation time using polarisability
function plots. The plot of p’ vs. p” had been found to be semicircular arc and the
relaxation time was calculated using the equation

b o (Cwt,)'™* where C = 1=ro (D
u 1 —p.
We also have proposed equations to evaluate the relaxation times associated with the
group and the molecular processes separately using the following equations.

1 p

- - 8,
Tp(lb CU) PI -p, ( d)
and
b po—p
o T p (8b)

This paper now attempts to evaluate 7y, i.€.; the most probable relaxation time
using p’ and p” etc. corresponding to Higasi equation instead of a’ and a” etc. Hence,
the new equation for polarisability data which is analogous to Higasi’s equation

i AZ BZ 1/2(1 —ap)
( ih J’) (9a)

TpoH) = -
PO e C}

where

2 A
(l—ap)=£tan“B—” (9b)

p
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and
A, =p"(po — Px)
B,=(po—PUP' —pe)— P
Cp,=( —p)* +p"

In order to check the validity of Egs. (7)., (8) and (9) calculations have been carried
out for twenty seven system in varying media and at different temperature. The slope
data for all these systems have been taken from literature®~°.

The most striking factor that comes to light is that almost for all compounds
Ton > Tpony» DUt at the same time 1), T,y and 7,0, > T(1), T(3) and 7o, respectively.
Our previous results' also lead to the same inequality. It thus appeared interesting to
carryout the analytical treatment for the exhibited behaviour.

We therefore proceed as below to evaluate the relaxation time from polarisability
plot '

From Figure I,

v?  (p = po)® +p"*

w (P —py)? +p?

v 2 "2
=gt
v | Po — Pw (Po — Px) (11

u2 r_ 2 2
[p pw] L P i
Po — Pu (Po — Px)

€.,

Figure 1
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Now making use of following Eqs. (12) and (13)

_ag—1 ,_d*+a?+ad -2
po_a0+2’ P= (@ +2)*+a”?
(12)
_a -t 3a”
p"_ax+2’ P TR
and
* _ ao*ax‘
- 4o 0 P 13
CT T Y (o) ()
finally, we get
v a, +2 ol —a
u_<a0+2>(wr”)
or
2 = Clwr,) (14)
where
_ 1 —po
l_px

In order to bring an equivalence in (7) and (14) we introduce a correction factor
A = (C~*'~%) such that

p
,=4-1,

Since 1oy > T,0n), has been observed it appears reasonable to introduce such a
correction factor with 7,4y, value as:

Toomy = ATp0m) (15)

Further, the polarisability function being the bilinear transform of C-C functions,
(hence having the same phase as of C-C plot), the equation corresponding to the
polarisability function should be,

Po— Px
* +
Pr=Po T T iwCr,) —*
or,
P*=P0+ pO_px (16)

1+ (idwCr,)' ~*

This on separating real and imaginary parts results into:

pl —Px 1
= 17a
Po — P |+ w?C*t}A? (172)
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and
P’ wCt,A
— =1 26{’2 YE (17b)
pO Px tw np
Rewriting Eq. (17a) as:
| _Po—P _ !
Po—Pr |+ ?C*t}A?
or
po—p _ w'C’tiA? 7
. 1+ wlCii Al (17¢)
Po— Px w LT,
Dividing (17b) by (17a),
, ! P
T = .
U AwC) p - p..
or
, 1
r,,(l)=;rpm (18a)
Dividing (17¢) by (17b):
. _ 1 po—P
p(2) A((,UC) plr
or
, 1
Tpi2y = A Tp(2) (18b)

Combining (18a) and (18b);

|
! = ! . 4 _—
Tp0) = VT2 To) = 1 Tpi0) (18¢)

Thus, the introduction of the correction factor 4, which is analytically true, no
doubt, accounts for the inequalities pointed out earlier as it is multiplicative with 7,
and t1,op, While is divisor with 7,,,, 7,,, and 7,,,. The resuits obtained by the
introduction of ‘4’ in Egs (8) and (9) would be expected to yield parameter in
agreement with Higasi’s results obtained using (4) and (6) directly.

Results  The values toy, Tpony Te1)» T2 Toy Tpiy Tp2y Tpcoy along with corrected
values vy on)s Th1)» Tpz) @Nd Tho, for all compounds analysed are given in Table 1.

Discussion As can be seen from Table 1, x-Naphthaldehyde yields the relaxation
time value of 7,4, of 21.0 ps which slightly differ from 4y value of 26.2 ps, but 1,0y,
value of 26.1 ps is closer to 14y. Similarly ,;, of 16.6 ps is in close agreement to 7y,
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value of 17.0 ps instead of t,;, value of 21.0 ps. 7}, value of 30.4 ps is close to 75,
value of 29.4 ps while 7,,, value 38.4 ps is much different from z(,,. 7}, value of 22.5
ps is in close agreement to 22.3 ps value of 7(q,. T, value of 21.0 ps is a little less than
Yoy

An observation of the data, evaluated, (Table 1) reveals that all the remaining
system show similar trend. This strongly favours the insertion of the correction factor.
The correction term (A) in the denominator of the expressions for 7)), Tj2, and 1},
and in the numerator of the expression for 7)oy, confirms the opposite trend ie.,
Ton > Tpon» Tprty > Ty Tpzy @0 Tp0) > o)

The difference [1),;) — Tp1)] > [Tp2) — Tp1)] While at the same time 7,0, * 7(o,. The
polarisability data analysis provides a good resolution and the method can thus be
used for resolving the relaxation mechanisms’.

(B) Multiple Frequency Data Analysis
The dielectric constant, a complex quantity ¢*(w) is given by Debye’s equation

e* =¢ —ig”
where
& = 7{:9 —78712 " _ (80 - 81;)“2)? (19)
1 + (w1) 1 + (w7)
The polarisability also becomes a complex function and is written as
A
According to Scaife the complex polarisability may be written as:
v, e @1

+ | + (iwt)' =@

Substituting &* = ¢ — ie” in Eq. (21), the real («') and imaginary (a”) parts of
polarisability function 2* may be written as:
L et e -2 3¢”

= — and o' =-—s—
(& +2)2 +¢" (e +2)* + ¢

(22)

Budo's equation!” for resolution of the dielectric mechanism using frequency
variation method are given by

§'—81 C, C,

- — 23
£ — &, 1+ (wr))? i + (w1,)? (23)

e’ _ Ci(wt,) C, (w1,)
£ — &, 1+ (wr)* 1+ (w1,)?

where all symbols have their usual meanings.



9 101 £6l 149 6¢ 0l v'6l 14 Ly 68 €Sl [4Y (2,09 1®)

£9 Sel 90t 09 Ly (24! 9'lt 9 9 < 8vC Ls (D.0v 1®)
6 91 ey 9 9 Ll L'ty 89 68 [44! Tre 6'¢ (D.07 1)
auazuaq ul autwelAyydeN'z [Auayd-N 0l
L0l (1391 V'6C 9L 76 el pot 6L 901 (44! LT Vi (D.0p 1®)
611 9¢l 60t 8L 66 §91 Lce €8 9T (4! 0'6¢ L'L (2,07 18)
surpeosp ut autweAyiydeN 7 (Auayd-N ‘6
LY 96 6Ll [4Y I'v [ 06l 59 8Y 76 861 Y (D.091®)
9 St 81C 19 1Y 9Tl 8'¢T 99 99 <l 661 £9 (D0 1)
I 0¢I L'st 08 £6 191 9'8C 06 601 (4 9vC 8 (D.07 1®)
audzuaq ul surwejAyydeN'| [Auayd-N g
L 14 Ll 9L 88 L6 e 8L TL €8 S6 TL (2,09 1)
6 'yl T 06 I'L (24! ¥'ee $6 96 07l 2 L8 (D.0r 12)
1'el 8Ll 8'8C ' 101 14! 343 0l Sel oSt 9'iC S0l (D.07 1®)
sutwrejAyydeN-g £
(44 9 (41! (14 I't & 8'¢T s (44 88 661 8Y (D.09 1©)
6'S €01 1'1e (VY [ 4 I'vi ¥'8C 69 6'¢ L1 [ Y4 6'S (D.0v 1®)
'8 Tl ot £'s (Y 91 [4%% L'L '8 vl 6'TC L9 (0,07 1®)
surweAyydeN-© 9
81T 9T Vit L0t §1T 61T 8°CC 01z 81T vic £TC §0T susfeyiydevourorg-» g
981 v'81 S8l 81 V81 S'81 981 81 S8 ¢'81 $'81 12} auspeyydeuoioy v “p
¥'8C 0t 0ce 91 [ar4 L0t 44 0T L'LT "¢ 90t Vil apAyapieyiydeN-g ‘¢
192 s ot 991 oIz (L 14 '8¢ (LR 14 9T £TC 1474 Vil apAyapreyiyden-» 7
£'6 €11 861 '8 98 £l Ll 88 £'6 £l ISl 14 sutwre[AiydeN-x -
(HoM L (z1 1y (HOW y (0¥, @, 1, (HO)y (), @, ()
uotionba pivp Anpqostojod buisny piop adojs buispn
A npqosianiod pa1saai0 buis ) SWAISAS

‘81 Pu® G ‘6 ' ‘9 ‘p suonenby Fursn (sd ur 1) own uonexedy [ IqeL

TT0Z AJenuer 8Z v€:80 : I Papeo |uwod

248



6¢tl
891
| ra4

8¢l
691
6'0C

el
§'Le
87T
I'tl
67Cl
§0l

7e8
v
el
I'61
144!
$'81
74

el
0S1
8Ll

8Pl
96T
vLl
(24!
L0l
ol

8IL
101
11
91
£yl
9Ll
LTC

§¢l

Lyl yel
611 €Ll
€L I'L
791 1'91
8 6L
00l 001
L'Ll 6'vC
I'6 ISl
[44! 86
9tl I'vl
LT otl
SH ST
el LEl
6'S L's
I't LT
1Y 0¢
[49 (44
69 9'es
L8 L8
S0l L0l
x4 9tl
Lel I'el
6°C1 L91
£'61 |44

1102 AJtenuer 82 +€:80

vel
991
S
191
P01

861

v'es
il
144!
I'¥l
L91
60T

961

€L
601
LTl
8Ll
8¥l
V8l
[ 74

1Y papeo jumog

911
Stl
£6l
081

3pLIO[y) SurIUBWIEPY

(auszuaq ur) 3181308040{YydLAYI]
Jlellinqowolg-x |A41g

IPILIOIY dURIUBWEDY

(D09 1)

(O .or1®)

1sydwe)-yp -

sutjlue [Aylow-d ‘[Ay1owiy,N-N
aueyday-u ur 31w120r0I0IONYIIAYIT
3u0}0Y |Aozuag
apuo[y) [foine]
ApUo[Y)) [AOUBIIPU[]}
apuoy)) [AouridQ
aueylpwLozuaqi(y
2UdZUdqOIN|]

(D.09 1)

O 0oy ®)

().0C 1®)

oudjAx-d “o10[ydtp,x-x
QUAINPJAYIdWOIONY )-Sig
(D.09 18)

(D.01 18)

(D07 1®)
JjosturjAylowI(] §°¢
(D09 1®)

(0.0t 18)

(D.0T 18)
JjoswejAyloung 9'z

LT
9t
S
g4

i
tl

249



08: 34 28 January 2011

Downl oaded At:

250 J. P. SHUKLA et al.

In analogy with the equations modified for polarisability data in our previous
section, it has been proposed that Eq. (23) will be modified for polarisability data as:

o —o, o C,
ag—a, 14+ (@Crt,) 1+ (wCr,,)}?
° ’ ’ (24)
o C, wCrp, C;-aCr,,

= +
a0 —a, |+ (wCt, ) 1+ (wCr,,)

where C = 1 — ay/1 — a_, and ¢, and c, are the weight factors associated with the
relaxation processes. The values of relaxation times 7,, and 7,, evaluated using Eq.
(24) have been found close to the reported values but generally a little higher for the
systems which have sufficiently high values of distribution parameter («). So on the
basis of our previous study a correction factor A = C~*' ~* was introduced here also.
Thus Eq. (24) takes the form,

o —a C C
o _ 1 5 + 2 3 (25a)
oy — 0y 1+ (wC-Ar1,) 1 + (wC- A1,)
o C,-oCt, A C,-wCt, A
S S d] T M (25b)
% — o, 1+ (wCAr,) 1 + (oC- At,)
On combining Egs. (25a) and (25b) we get
11— X XwC
— 2
m = A(Tpn + fpz) - T A tl,ltm (26)
Table 2 Relaxation Times (t in ps) calculated using (24) and (25).
Using Budo’s
Temp. Using Eq. (24) Using Eq. (25) Eq. (Rpted)
cC) Tp, Ty, Tp, Tp, T, T,
1. L5 Dicyanopentane 30 30.8 10.4 28.9 9.8 28.6 8.6
45 260 7.0 242 6.5 23.8 6.8
60 21.8 6.2 20.5 5.8 18.9 49
2. 1,6 Dicyanohexane 30 379 10.1 349 9.3 330 15
45 30.2 8.0 279 74 276 6.5
60 26.0 6.0 234 5.6 229 48
3. 1,7 Dicyanoheptane 30 39.1 94 359 8.6 35.1 7.6
45 31.7 7.3 289 6.7 28.7 6.0
60 26.2 5.3 240 48 238 48
4. Methylmercaptoacetate 30 249 4.1 22,6 3.7 240 3.6
45 234 31 209 28 222 29
60 228 22 20.1 1.9 21.0 21
S. Methylcyanoacetate 30 38.0 100 36.3 9.5 380 8.4
45 369 7.1 350 6.7 356 6.6
60 249 4.1 22,6 37 225 49
6. Ethyltrichloroacetate in cyclohexane 25 311 5.0 309 49 289 5.9
7. Ethyltrichloroacetate in p-xylene 25 38.1 64 37.7 6.3 359 6.4

8. Ethyltrichloroacetate in p-dioxane 25 46.0 30 449 30 43:5 48
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where ‘X' and 'Y’ refer to left hand side of Egs. (25a) and (25b) respectively. Thus,
simply by plotting (1 — X/YwC) vs. (XwC/Y) a straight line is obtained. A(t,, + 7,,)
is cutoff value of Y axis and 4%t 7, is slope of that line, hence by knowing intercept
A(t,, + 1,,) and slope (4’1, 1,,), this time the corrected values of group (~1,,) and

molecular (~7,,) relaxation times can be evaluated.

RESULTS AND DISCUSSION

The relaxation times evaluated using Eqs. (24) and (25) along with literature values
are reported in Table 2.

The molecular and group relaxation values evaluated using Eq. (24) for compound
1,5-dicyanopentane at temp. 30°C having been found as 7, = 30.8 ps and 7,, = 10.4
ps. But the values (7, = 28.6 and 1}, = 9.8) ps evaluated using Eq. (25) having a
correction term (A) show excellent agreement with the literature values. Similar trend
was observed in the previous section. As may be seen from the table containing
relaxation time values, the values for all compounds studied here obtained from
polarisability equations without having correction term are higher than those in the
literature but these values become closer on the introduction of the correction term.
Thus these results indicate that the Eq. (25) with polarisability data is more applicable
for calculating the reflexation time than Eq. (24).
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