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Synopsis 

The Cole-Cole method has been applied for an analysis of the dielectric relaxation data of the 
natural resin shellac, obtained by Bhattacharya in the temperature range 2@11O0C. Three relaxation 
processes were observed for temperatures 20-60°C. At 70°C, two relaxation processes were noticed, 
whereas only one was observed by Bhattacharya between 20 and 110°C. The relaxations a t  80°C 
and above represented typical Cole-Cole type. The variation of the static dielectric constant with 
temperature revealed three distinct slopes, which indicated different phases of the resin during its 
thermal transition from solid to liquid state. Two “transformation points,” around 40 and 70°C 
were noted, i.e., the glass transition temperature and melting point of the resin, respectively. Sig- 
nificant changes in static dielectric constant, dielectric increment, relaxation time, and Cole-Cole 
distribution parameter were observed during a rise of temperature from 80 to 110°C. The results 
of the present study indicate that some rearrangement in the tertiary disposition of the resin mole- 
cules takes place during the rise of temperature from 20 to 110°C. 

INTRODUCTION 

The dielectric properties of the natural resin shellac were investigated by 
Bhattacharyal in the frequency range 50 Hz-500 kHz at  temperatures between 
20 and 110°C. In that study the dielectric dispersion curves of the resin at dif- 
ferent temperatures indicated only one relaxation process in the above frequency 
range. Lakshminarayanan and Gupta2 subsequently reported the dielectric 
relaxation of shellac modified with amino resins in the frequency range 100 
Hz-100 kHz at temperatures between 20 and 120”C, in which two relaxation 
processes were obtained for the modified resins. The dielectric data of both 
native and modified shellac and other resins3r4 were ascribed 
to the relaxation of the hydroxyl groups present in the resin molecules.1,2 

An analysis of the dielectric data of the natural resin Manila copal by the 
Cole-Cole5 method at different temperatures between 30 and 150°C in the fre- 
quency range 50 Hz-500 kHz has been reported earlier.6 The application of the 
Cole-Cole method was found more effective in obtaining information regarding 
the different relaxation processes and the conformational changes occurring in 
the resin molecules with the rise of temperature from 30 to 150°C. The present 
paper reports an analysis of the dielectric data of the natural resin shellac, ob- 
tained earlier by Bhattacharya,l by the same Cole-Cole method in the frequency 
range 50 Hz-500 kHz and at temperatures 20 to 110°C. The advantage of the 
Cole-Cole method, which was not applied previously by Bhattacharya,l is that 
it is more informative regarding the different relaxation processes involved and 
also of the changes in the tertiary disposition of the resin molecules during their 
transition from the solid to the liquid state. 
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Theoretical 

The Cole-Cole expression for the complex dielectric constant ( E * )  at  any fre- 

(1) 

quency o for molecules having distribution in relaxation times is given by 
t, + (to - €,)/[l + (ior)1-] t* = - ip = 

The real (d) and imaginary ( e r r )  parts are given by 
E' - E -  = (to - t,)[l + ( w T ) ~ - - u  sin a?r/2]/[1 + 2(wr)1-" sin a7r/2 + ( ~ 7 - ) 2 ( ~ - " ) ]  

and 
(2) 

E" = (€0  - tm)(or)l-a cos a?r/2/[1 + 2(w7)1-" sin a7r/2 + (~7-)2(1-")] (3) 
where to and E ,  are the low- and the high-frequency dielectric constants, r is the 
relaxation time, and a is the distribution parameter. The Debye7 expressions 
for complex dielectric constant and the real and imaginary parts of the complex 
dielectric constant can be obtained by putting a = 0 in the Eqs. (1)-(3), respec- 
tively. 

In the present paper, the low- and high-frequency dielectric constants (€0 and 
t,) have been determined from the intersections of plots of err versus tr  with the 
abscissa. The relaxation times at  different temperatures have been determined 
from the relation 

(or)1--a = u / u  (4) 

where u and u are the distances from €0 and em, respectively, from a point on the 
semicircle corresponding to the frequency w. 

RESULTS 
The Cole-Cole patterns (t" versus E' plots) for the natural resin shellac at dif- 

ferent temperatures were derived from the data reported by Bhattacharyal and 
are shown in Figure 1. All the observed points in the E" versus tr  plots for tem- 
peratures 20-60°C, however, were not contained in a single semicircular arc. The 
dielectric relaxation of shellac for these temperatures are reported by three re- 
laxation processes (I, 11, and I11 in the figure). It may be noticed that, a t  20,30, 
and 4OoC, process I is not so prominent, and the dispersions have occurred at  
frequencies greater than 1-2 kHz (processes I1 and 111). At temperatures 50 and 
60"C, the contribution resulting from the process I11 is almost insignificant. The 
dielectric relaxation of the resin at  70°C afforded two dispersion processes. A t  
temperatures 80°C and above, however, the t" versus t r  plots represented perfect 
semicircular Cole-Cole patterns. 

The various dielectric parameters determined from the Cole-Cole diagrams 
at different temperatures, along with the experimentally obtained values,l are 
given in the Table I, where the €0 and 6, values of shellac are shown in columns 
1 and 2, respectively. At temperatures for which complete Cole-Cole arcs could 
not be obtained, the €0 and t, values shown in the table are the experimental 
values obtained by Bhattacharya.' The static dielectric constant (to) of shellac 
increased from 3.7 at 20°C to 8.13 at  8OoC and then decreased to a value of 7.26 
when the temperature increased from 80 to 110°C. The variation of the €0 of 
shellac with temperature has been plotted in Figure 2. Three distinct slopes 
(1-3 in the figure) are shown. 
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Fig. 1. Cole-Cole patterns of shellac a t  different temperatures. 

The values of the dielectric increments (A€ = €0 - L), which are related to the 
dipole moments, have been given in Table I, column 3. I t  may be seen that the 
value of the Ac of shellac increased from 0.61 at  20°C to 3.65 at  80°C (an ap- 
proximately sixfold increase), followed by a decrease of about 36% during the 
further rise of temperature from 80 to 110°C. 

The relaxation times (T) of shellac for temperatures 80-110°C were calculated 
from the Cole-Cole diagrams using relation (4) and shown in Table I, column 4. 
A decrease in T from 5.5 X sec at 80°C to 2 X sec at 110°C was observed. 
A plot of In( 7'7) versus 1/T has been drawn as in the Figure 3. The activation 
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TABLE I 
Different Dielectric Parameters of Shellac Derived from the Cole-Cole Diagrams a t  Different 

Temperatures 

Low-Frequency High-Frequency 
Dielectric Dielectric 

Constant, 60 Constant, em 

Temper- From From Dielectric Relaxation Cole-Cole 
ature Obsd Cole-Cole Obsd Cole-Cole Increment, Time, 7 Parameter, 
("C) Value Diagram Value Diagram t o -  ern (set) LY 

20 3.7 3.25 3.12 
30 3.91 3.34 3.20 
40 4.28 3.55 3.32 
50 4.95 3.90 
60 6.00 4.19 
70 7.12 7.9 4.49 
80 7.85 8.13 4.69 4.48 3.65 5.50 x 10-5 0.61 
90 7.78 7.85 4.90 4.74 3.11 8.74 X 0.58 

100 8.08 7.38 5.24 4.80 2.58 1.80 x 0.51 
110 8.23 7.26 5.90 4.91 2.35 2.00 x 10-7 0.47 

energy has been calculated from the slope (Fig. 3) using Eyring's equation and 
found to be 60 kCal/mol. 

The Cole-Cole distribution parameters (a)  for shellac at  different temperatures 
have been shown in the last column of Table I. A decrease in the value of a was 
noted from 0.61 at  80°C to 0.47 at  110°C. 

DISCUSSION 
The different slopes in the to-temperature plot (Fig. 2) of shellac indicate three 

distinct phases during its thermal transition from the solid to the liquid state. 
The two transformation points around 40 and 70°C (Ti and Tii in Fig. 2) are at- 
tributed to the glass transition temperature and the melting point of the resin, 
respectively. Bhattacharyal has also mentioned the existence of two transition 
temperatures, one around 35°C and the other in the range 60-110°C. If Cole- 
Cole diagrams in the present case are carefully examined, we may infer some 
rearrangement inside the molecules around 60-70°C as revealed from the 
transition from three relaxation processes to two. Dielectric studies on polyethyl 
methylacrylate8 and on the natural resin Manila copa16 have shown an analogous 
transition from two relaxation processes to one with the rise of temperature as 
observed from their Cole-Cole diagrams. 

The dielectric dispersion curves for shallac obtained by Bhattacharyal showed 
only one dispersion for the entire temperatures range between 20 and 110°C. 
An inspection of the frequency profiles of the dielectric loss of shellac obtained 
by Bhattacharyal for 50,60, and 7OoC, however, revealed the existence of another 
dispersion region at the high-frequency end. The present investigation indicates 
the existence of yet another, third, relaxation process for temperatures 20-60°C, 
which was not reported in the earlier paper by Bhattacharya.l 

From an inspection of the Cole-Cole patterns (Fig. 1) at different temperatures, 
it appears that process I between 20 and 70°C arises from the orientation of a 
segment. This process becomes prominent above the glass transition temper- 
ature (-40°C) due to decreased viscosity. In order to gain a qualitative insight 
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Fig. 2. Variation of static dielectric constant (CO) of shellac with temperature. 
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Fig. 3. Plot of In( TT) vs 1/T plot for shellac. 

into the different relaxation processes of shellac, we have separately analyzed 
process I1 at 30-60°C (Fig. 1) and process I11 at 2040°C (Fig. 1) in the Cole-Cole 
diagrams of Figures 4 and 5 ,  respectively. The various dielectric parameters 
evaluated from these diagrams are given in Tables 11 and 111, respectively. I t  
may be seen from Table I1 that both the dielectric increment and the relaxation 
time for process I1 increase with temperature. This suggests a progressive in- 
crease in the overall charge and size of the rotating unit under the conditions 
studied. Process I1 may thus be attributed to the orientation of any segment 
whose size increased with the temperature. 

The dielectric increment in process 111, on the other hand, remained almost 
constant (Table 111), and the relaxation time is found to decrease by 38% during 
the temperature rise from 20 to 4OOC. It appears that the process I11 phenom- 
enon is due to the relaxation of a polar group, the rotating unit may be either the 
carboxyl or hydroxyl groups of the shellac molecule as suggested by Bhatta- 
charya' and later on by Lakshminarayanan and Gupta.2 The effect of process 
I11 became insigificant with increased temperature when the decreased viscosity 
favored orientation of larger segments. 

We find that between 20 and 70°C the molecules experienced limited orien- 
tational freedom due to the presence of various internal forces owing to high 
viscosity as reflected by the low values of both the dielectric constant and the 
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Fig. 4. Cole- Cole plots for process I1 a t  different temperatures. 

€' 
Fig. 5. Cole-Cole arcs for process 111 at different temperatures: (a) 20°C, (b) 30°C, (c) 40'C. 

TABLE I1 
Different Dielectric Parameters of Relaxation Process I1 a t  Different Temperatures 

Dielectric Relaxation Distribution 
Temperature Increment, Time, 7 Parameter, 

("C) to - C m  (sec) LY 

30 0.14 2.13 x 10-5 0.28 
40 0.15 3.36 x 10-5 0.21 
50 0.32 4.4 x 10-5 0.24 
60 0.63 7.78 x 10-5 0.04 

dielectric loss.1,2 Yano and Wadag attributed the relaxation process below the 
glass transition temperature to local motion in the form of oscillation or rotational 
oscillation. On the other hand, segmental motion has been reported for poly- 
dimethyl siloxane molecules even below the temperature a t  which the fluid so- 
lidified.1° Segmental orientation (@-process) in the transition phase has also. 
been reported in many polymers i.e., polystyrene? ethylene methacrylic acid 
copolymers,ll poly(viny1idene fluoride),12 and styrene-acrylonitrile copoly- 
mers.l3 

The single Cole-Cole arcs, the marked decline in dielectric increment, the 
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TABLE I11 
Dielectric Parameters of Relaxation Process I11 at Different Temperatures 

Dielectric Relaxation Distribution 
Temperature Increment, Time, 7 Parameter, 

("C) eo - ern (set) a 

20 0.44 6.85 x 10-7 0.53 
30 0.41 4.54 x 10-7 0.41 
40 0.40 4.25 x 10-7 0.36 

relaxation time, and the distribution parameter at temperatures greater than 
80°C observed in the present experiment all suggest that the relaxation at  high 
temperature resulted from molecular motions. The relaxation behavior a t  high 
temperatures of a few polymers, i.e., poly(viny1idene fluoride),12 polychlorotri- 
fl~oroethylene,'~ styrene-acrylonitrile copolymers,13 and methacrylate homo- 
polymers and copolymers15 was ascribed to a-process molecular motions. Di- 
electric studies on phenolformaldehyde resins and paper laminates have sug- 
gested that the relaxation process above lo4 Hz is due to the rotational move- 
ments of the hydroxyl groups present in the resin and cellulo~e.~ Similar con- 
clusions were drawn from studied on shellac-melamine-formaldehyde compo- 
sitions.2 

The condition at  80°C and above, represented by the typical single Cole-Cole 
diagrams, indicate one relaxation process with distribution. The Cole-Cole 
patterns for these temperatures closely resemble those obtained previously for 
the natural resin Manila copal a t  temperatures 100°C and above.6 It has been 
reported that the shellac at high temperatures forms a three-dimensional network 
structure either by the association or crosslinking of linear polymers by an in- 
tramolecular interaction.16J7 The observed reduction in to at  temperatures 
above 80°C may be due to the decreased orientational freedom of the polar groups 
resulting from the crosslinkages. The 36% decrease in the dielectric increment 
(and hence in the dipole moment) due to rise of temperature from 80 to 110°C 
also lends support to the above conclusion. The phenomenon of a decrease in 
the dielectric constant with increasing degree of crosslinking has been reported 
in literature for unsaturated polyester resins and was also attributed to the im- 
mobilization of the polar groups in few cases.l* 

sec at 80°C 
to a value of 5.0 X sec at  110°C signifies some change in the tertiary dispo- 
sition of the resin molecules in the liquid state. The state of compactness of the 
molecules resulting from the crosslinkages may explain the observed decrease 
in T for the resin molecules, as suggested earlier. Dielectric behavior similar in 
nature has been reported previously for the natural resin Manila copal.6 

The 23% decrease in the value of a obtained in the present experiment indi- 
cates that the resin molecules become dielectrically more symmetric, undergoing 
conformational rearrangement in course of the rise of temperature. Studies on 
the dielectric behavior of a few biopolymers have shown that the variation of the 
distribution parameter was associated with a structural change in the mole- 
c u l e ~ . ' ~ , ~ ~  Also, in some ethylene-carbon copolymers21 and poly(viny1idene 
fluoride)22 a narrowing of the distribution parameter with temperature was re- 
ported together with the decrease of a, which was suggested to arise from chain 
folds and the chain torsion mechanisms.21 It may be noted that a similar 35% 

The marked fall in the relaxation time from a value of 5.5 X 
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decline in LY was observed for the natural resin Manila Copal upon increasing the 
temperature from 100 to 150"C.6 

The experimentally observed maximum t" value ([k) of shellac1 was reported 
to be somewhat less than one-third of the value obtained from the Debye equa- 
tion 4; = (to - tm)/2 [obtained by putting a = 0 in Eq. 31, as also obtained in other 
plastic materials23; this discrepancy was explained by the existence of a distri- 
bution in the relation time.1,23 The maximum values of t" for the molecules 
obeying a Cole-Cole type of distribution are obtained by putting or = 1 in eq. 
(3): 

(5) 4: = (to - tm) cos a7r/2/2(1+ sin a.rr/2) 

The tk values calculated using relation (5), for temperatures 80-110°C are 
shown in Table IV along with the 4; values obtained experimentally by Bhat- 
tacharyal for comparison. It is found that the lk values obtained by calculation 
and experiment are in close agreement. The data in Table IV, therefore, further 
justify the application of the Cole-Cole method to the understanding of the 
different processes involved in the dielectric dispersion of resins. It is considered 
that the hydroxyl groups present in the shellac and other resins provide the 
mechanism of dielectric ~ O S S . ' , ~ , ~  It was also noted that for both linear and 
branched poly(proply1ene oxide) to was an almost linear function of hydroxyl 
c ~ n t e n t . ~ ~ . ~ ~  The observed decrease in the €0 and values between 80 and 
llO"C, therefore, suggests that the number of hydroxyl groups participating in 
the relaxation process decrease for temperatures greater than 80°C. In Manila 
copal, however, no noticeable change occurred in the values in the temperature 
range 100-150°C.6 The dielectric behavior exhibited by the natural resin shellac, 
as observed in the present work, has been found to be quite similar to the natural 
resin Manila copal reported earlier.6 

Bhattacharya' used the relation r = 4~7p 3/kT for obtaining some information 
about the size of the rotating unit in an applied alternating field. It has been 
discussed earlier6 that the above relation is of limited value and is inadequate 
for obtaining such information. From the present investigation it appears that 
the dielectric relaxation of shellac cannot be explained by the orientation of only 
hydroxyl groups, as suggested by Bhattacharya.l The data can be explained 
on the basis of relaxations of different segments and polar groups present in the 
resin. One of the three relaxation processes observed below the melting tem- 
perature in this study was interpreted to be due to the orientation of a polar group 
(which may be the hydroxyl group). The other processes (I and 11) were at- 
tributed to segmental P-relaxation. At temperatures greater than melting point, 

TABLE IV 
Experimental and Calculated Values of kk 

80 
90 

100 
110 

0.62 
0.54 
0.5 
0.52 

0.58 
0.54 
0.52 
0.51 

a From eq. (5). 
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the single relaxation process arose from molecular motions (a-process) resulting 
from molecular rearrangements in the liquid state. 

The author is indebted to  Dr. T. P. S. Teotia, Director, and Dr. B. B. Khanna, Head of the 
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