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Summary

The analysis of Thermally Stimulated Depolarization Currents (TSDC) spectra in
polymers requires the introduction of a distribution of relaxatimmes. Also, a dcay of

the induced polarization following a stretched exponential law can be used. Two different
ways for introducing this effect in the TSDC equations are compared here together with
the decomposition in elementary curves by a Simulated Annealing Monte Carlo
procedure to find the distribution. It is found that the stretched exponential applied to
computer generated curves corresponds in both cases to a nearly Debye process. Also tl
analysis of thex-peak of poly¢-caprolactone) with the three approaches are compared.

Introduction
The study of the dielectric relaxation modes in polymers requires the detailed analysis of
the relaxation timesnivolved in each process in order to extract information towards a
better understanding of the molecular structure. Several approaches have been taken f
interpret current results on polymeric materials. The existence of a distribution of
relaxation times resulting from a superposition of parallel Debye-like processes, i.e.
characterized by a single relaxation time, has been traditionally used in the frequency
domain (1-2). Parallel elementary relaxation mechanisms where the entities relax
independently can be discrete or part of a distribution function. The empiricaligavr
Negami distribution function (3) has been the most successful as it accounts both for
broadening and asymmetry of the response curves as a function of frequency at constar
temperature. Alternatively, approaches to account for the non-Debye character of the
relaxation function in time domain based on a Kohlrausch-Williams-Watts (KWW)
"stretched exponential" have been justified by different theoretical models (4). The non
exponential relaxation behavior being explained in terms of either a sujpienpasf
Debye processes (5) or a series interpretation involving many sequential and correlatec
activation steps towards equilibrium in a hierarchically constratydmics for glass
relaxations (6).

Thermally stimulated techniques are both powerful and sensitiveutty she
relaxation modes of dielectrically active species in amorphous andlingstaaterials.
The advantages of the Thermally Stimulated Depolarization Current technique reside in
its high sensitivity and its capability in separating the segmemabde corresponding to
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the glass-transition of the material, from the lower temper@umedes which are caused

by local motions of the dipolar entities. In a TSDC experiment the return todamdy
oriented state of the electrical dipoles, previously aligned during the polarization step, is
followed as the material is heated at a linear rate. The resulting current is recorded as
function of temperature. This non-isothermal spectrum has been analyzed in terms of &
distribution of uncoupled Debye processes. An experimental decdimpo®sf the
complex curve can be attempted by the thermal sampling technique (7), which consists ir
applying narrow polarization windows and analyzing the Iteguspectra as pure Debye
processes. Another approach is to decompose the complex curve in elementary Deby
curves by use of the Direct Signal Analysis (DSA) (8) or the improved Simulated
Annealing Direct Signal Analysis (SADSA) (9) computer programs. The output of the
program is for each energy bif,, the contribution to the polarizatio®,,, and a
frequency factor,z,,, for either Arrhenius,(T) = 7, expE/KT), or Vogel-Tammann-
Fulcher (VTF), (T) = 1, expE/KT - T)), temperature dependencies of the relaxation
times. Instead of using this approach, two interesting contributikdhsll) have recently
proposed to apply the non exponential decay of tliéipupolarization described by the
KWW stretched exponential to the TSDC equations. Theltieguexpressions for the
depolarization current density(T), are remarkably different. The aim of this work is to
compare both results to those obtained by the SADSA method by applying them to
computer generated curves whose activation parameters are known and to discuss th
interpretation that follows.

Experimental and data analysis

The test of the analysis methods discussed here is made orrélexation of a semi-
crystalline poly§-caprolactone) film prepared by cessive anionic polymerization in
benzeneNl,=124,500M = 83,000). The glass traftien temperatureT, = 207 K and the
degree of crystallinityX, = 53% are both determined by differential scanning calorimetry
at 20 K/min (12).

The TSDC experiment records the depolarization current originated by the
random reorientation of the dipolar segments which have been previously oriented by the
application of an electric field at a temperatufg, where the species under study are
mobile. The built-in polarization is frozen at low temperatures; the sample is then heated
at a linear rateb,, and the current density(T), is recorded as a function of increasing
temperature. The details of the experiment have been described elsewhere (13).

The computer algorithm is a Monte Carlo procedure where the TSDC curve is
expressed as the sumMfelementary monoenergetic excitations each of engggynd
contributingP,, to the total polarization. An energy range dividedNimtervals of equal
width (bins) centered &, is chosen and the procedure finds the valueB ofind 7,
that best adjust the data by minimizing the set of square residuals using the Simulatec
Annealing optimization mébd (9).

Models

Marchal (10) introduces the stretched exponential in the expression todhthdependent
polarization,P(t) = P, exp-t/7,,)" with a relaxation timer,, = [Rw. “z,]", where 1,(T)

is the relaxation time of the primitive species, either Arrhenius or VTF. This expression
of 7, was introduced by Ngait al. (4) in their unified theory of dynamical processes in
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complex systemsw, is the inverse of a characteristic time and typically varies between
10’ to 10° s'; 1, is the macroscopic effective relaxation time and it is different from the
r, value,r, = 1, [(T-T)( w/b]*?, which can be measured by TSDC3#8 = P(t) 7, =
- dP/dt

By integrating this last equation and changing (T - T)/b, whereT, is the
initial low temperature, Marchaleaches an expression for the TSD Current density,
J,,(T), provided thag is independent of, which for Arrhenius relaxation times is:
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Alegriaet al (11) take a different approach and reach a quite different expression
for the TSD Current density. They also start with a stretched exponential for the decay of
the stored charge&)(t), but they use for describing the decayQtf) the relaxation time
1, (T), which is the Arrhenius or VTF expression given above, insteag(®f which is
a much more complicated function. Then, tiae derivative of the polarization is
calculatedt is expressed as a function @ft), and the expression for the TSD Current,

[, (T), for Arrhenius relaxation times, is now:
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Results and discussion

With expressions (1) and (2) a computer generation of KWW TSDC curves is performed
for various sets of parameters. The current density could be simulated by either
calculating the current with these general expressions which involve integrating over
large temperature intervals or in a much faster way by numerically solving the differential
equation)(T) = -b, dP/dTwith the appropriate expressionsR{il) for each model.

The curves generated with the differential equation give the same results as those
obtained by numerically evaluating equations (1) and (2). The results shown in Figure 1
(&) and (b) use Marchal's expression, for Arrhenius and for VTF relax#tioas
temperature dependencies, respectively. The corresponding curves generated witl
expression (2) are shown in Figure 2 (a) (Arrhenius) and (b) (VTF). The heating rate is
always 0.1 K/s, and the area under the curve is kept constant.

The differences between the curves generated with expressions (1) and (2) are tc
be noted. Marchal's model drastically shifts the curves to higher temperatures as the
stretching parametel increases, the variation of the temperature of the peak maxma,
being larger for the Arrhenius than for VTF relaxation times. As a result of this shift, the
TSDC curve is broadened as it occurs with a single Debye peak. This shift is in the same
direction as the one caused by physical aging weatecreases ang, shifts to slightly
higher temperatures (14). On the contrary, the curves generated with equation (2) (Alegric
et al's (11) derivation) are centered about the s@jres 3 decreases except for the two
last 8 values where the broadening and the asymmetry are so important that they slightly
shift to lower temperatures.

The SADSA procedure is then applied to the TSDC curves generated with
equation (1). The result of the fitting for Arrhenius relaxation timesfnd.5, is shown
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Figure 1: Simulated TSDC curves, Marchal’s expression: (a) Arrhenius relaxation
times, Ex=0.5eV, 7oy = 10?5, @.= 10° s™'. (b) VTF relaxation times, Ey =0.1eV,
Tom = 1012 s, 0. = 10° s, Ty = 185 K. In both figures, 7; = 70 K and f3 varies from 1 to
0.1 by 0.1 steps from left to right.
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Figure 2: Simulated TSDC curves, Alegria et al. expression: (a) Arrhenius relaxation
times, Ex =0.5eV, Ty, = 1077 s; (b) VTF relaxation times, Ex =0.1eV, 7o, = 107 s,
Ty = 185 K. B varies in both Figures from 1 to 0.1 by 0.1 steps from top to bottom.

in Figure 3 (a) where the agreement between the generated points and the fitted curve i
shown to be excellent as quantified by the sum of square residuals SR, 7x10°.
In Figure 3(b) the energy histogram is plotted and represents the contribution of each
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energy bin to the total polarization. This histogram shows the existence of a predominant
process at 0.483 eV amg= 3.0x10 s. The contribution of the other energy bins, that
were included in the energy window, are abolttifies less intense than the main one,

i.e. the relaxation is a Debye peak as it can be fitted with a single @gjranridzr,. The
resulting relaxation time i$98 s to be compared with, (T,) = 197 s, which is calculated

with the values used in the curve simulatiomifr results aredund in the case of VTF
relaxation times fo3 = 0.5 and with the parameters indicated in the caption of Figure 1.
The predominant bin is located at 0.097 eV and the corresponding preexponential factor
is 1, = 1.3x10 s. The lateral bins are “@imes less intense. The VTF temperature is
found to be 185 K. The agreement between the generated points aittetherfes is also
excellent here * = 6.7x10°). The computed relaxation time is now 43 s as compared
tor, (T,)=76s.

The same kind of results hold for a wide rangefBofalues which covers the
usual variation of3 reported in the literature for polymeric materials. The results reported
above imply that the TSDC curves generated by equation (1), either with Arrhenius or
VTF relaxation times, are Debye-like peaks as when one tries to extract a distribution of
relaxation times only one energy bin is significantly contributing to the total polarization.
The relaxation timesound by the SADSA procedure are in good agreement with
Marchal's 7,, (T,) which is an indication about the consistency of the model. The
similarity of the KWW generated curves to Debye-peaks is somewhat unexpected as in
the isothermal casefavalue as low as 0.5 implies a very noticeable widening (5).
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Figure 3: Results of SADSA for a computer generated curve with expression (1) and
Arrhenius relaxation times with: Egy = 0.5 eV, 7oy = 107 s, . = 10° s, B = 0.5: ()
generated points and results of the fitting; (b) energy histogram; (¢) variation of 7, ; with
the energy bin value.
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Figure 4: Results of SADSA for a computer generated curve with Alegria ef al.’s model
and VTF relaxation times, with: Egs = 0.1 eV, Toa = 1072 s, B =05, T,=185K : (a)
generated points and results of the fitting; (b) energy histogram; (c) variation of 7y ; with
the energy bin value.

The same analysis is then performed with the curves generated with expression (2)
and the results are shown in Figure 4 for VTF relaxation timesBan@.5. Here again,
the histogram consists of a predominant bin whose contribution to the total polarization is
93%, and a small lateral bin in the energy window chosen. The other contributions are
negligible. The VTF energy is 0.0475 eV and the preexponential fagter 1.5x10 s.
The best fit is fofT, = 185 K. The agreement between the generated points anitt¢ioe f
ones is also excellent herg’ (= 4.1 x10°. There is a significant difference of these
values ofg, andt, when compared to the values used for the curve simulation as they
are, respectively, half and overestimated by 7 orders of magnitude. Moreover, if the M-L
algorithm is used to fit these curves to a Debye peak the agreement found is also exceller
for the curves generated with equations (1) or (2). There is a difference between the
SADSA results: Alegria's expression always lead to strongly decreasing values of the
energy with3 while with Marchal's expression the energy decreases very slighfdy as
decreases. Moreover, the computedT,) with the simulation parameters is within 60%
of that calculated with the values obtained from the SADSA procedurg f00.5. As
Alegriaet al use the variation of the TSDC spectra wheraries, our simulations and
analysis were carried for 0.&lb, < 1 K/s. The simulated curves show the same behavior
as those reported on Figures 2 and 4. If Bg@() is plotted against I/ the values
found for E, are within 2% of the values used in the simulation with Arrhenius
dependences fg8 > 0.3. This result is a thorough check on the consistency of the model.

The important result is that the curves generated with both expressions (1) and (2)
can be fitted by a distribution which is almostmoenergetic, i.e. with a single relaxation
time; this result was expected only in the case wherg3tharameter used to simulate
the curves would be equal or close to 1 and not in the yhaage.



123

In the case of a TSDC experimental curve such as the dielectric manifestation of
the primary glass transition in poky¢aprolactone) the-peak is represented in Figure 5
(a). Several fittings are performed to this experimental data always using VTF relaxation
times. The SADSA procedure gave the results shown by thenoon8 curve with a
X:=7.5x10 which is very good for an experimental curve as it is only one order of
magnitude larger than that found for computer generated curves. The energy histograrmn
(figure 5(b)) shows a narrow distribution of relaxation times with a half width less than
0.04 eV, a central value of 0.155 eV for the energy, a VTF temperature of 152.5 K and
(1,) = 4.0x10° s. The distribution is slightly asymmetric as seen in Figure 5 (b). The
relaxation time corrg®nding to the central bin i5(T,) = 36 s. If the peak is adjusted
now by the conventional Marquardt-Levenberg (M-L) non-linear least squittiag to
equation (1), fittings ofcceptable quiy are obtainedy’, =1.1x10. This value is 150
times larger than that obtained with the SADSA procedure; the best fit parametggs are
= 0.0275 eV,1,, = 6.7x10" s, w,, = 7.1x10° 5", B, = 0.445 andT,, = 172.5 K. With
these valueg’,, (T,) = 76 s, which is about twice the value obtained with the SADSA
parameters. If equation (2) is used with the M-L algorithm the best fit is surprisingly
identical in its trace to that obtained with equation (1) but the final paramé&grs:
0.125 eV,1, = 4.4x10" s, T,, = 170.5 K andB, = 0.265, are quite different. These
parameters yield a fitting of the same quality as the fit to Marchal's expression as the SSF
is againy, = 1.1x10. Moreover, the calculated,(T,) = 34 s, is in this case in very
good agreement with the SADSA value.

In order to further proof the results yielded by the different analysis an estimate
of the fractional free volumé, atT, = T_in the poly€-caprolactone) sample, is carried
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Figure 5: TSDC a~curve of poly(ge-caprolactone): (a) O experimental points; — results
of the SADSA fitting; ....... M-L fitting to equation (1); @ M-L fitting to equation (2);

(b) energy histogram; (c) variation of 7, ; with the energy bin value. The inset shows the
detail of the different fittings around the maximum.
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out by calculating it with the VTF parameters, using a(T, - T,) with the thermal
expansion coefficientr = k/E. Marchal's parameters would yield an overestimated value
of 12%, while Alegriaet al's and SADSA would give 2.9% and 3.3%, respectively,
which seems more reasonable and in agreement with reported values (15).

Conclusions

The analysis of computer generated curves with two different current densities derivations
both assuming KWW decay functions for the stored charge(10, 11), is performed by using
the SADSA procedure in order to find the distribution of relaxation times. Different
results are obtained &sincreasesAlegriaet al's expression leading to a broadening of
the curve without significant temperature shifts, and Marchal's expression steeply shifting
the curve to higher temperatures and broadening i gsows. The SADSA method
shows that the two sets of curves can be adjusted by a single Debye peak whos
relaxation parameters are different from those used in the curve generation. However, the
overall relaxation times measured by TSDC are within the same order of magnitude. The
fittings to both expressions of thepeak in poly§-caprolactone) are in worst agreement
than the SADSA procedure, and both of them give the same adjusted trace. However the
energy values in the case of equation (1) seem to be much too low and they lead to a
estimate of a too large fractional free volume.

Acknowledgments

This work is part of Project CONICIT G97-000594 and we gratefully acknowledge their
financial support. Thanks are due to M.C. Hernandez for her valuable help with the TSDC
experiments, and to Dr. V. Balsamo who provided the patgprolactone) films.

References

1. Alig I, Kremer F, Fytas G, Roovers J (1992) Macromolecules 25: 5277

2. Imanishi Y, Adachi K, Kotaka T (1988) J Chem Phys 89: 7593

3. Hauvriliak S, Havriliak SJ 1996) Dielectric relaxation parameters for polymers.
In:Mark JE (ed) Physical properties of polymers handbook. AIP Press, New York

4. Ngai Kl, Rendell RW, Rajagopal AK, Tier S (1986) Ann New York Acad Sci 484:

150

Lindsey CP, Patterson GD (1980) J Chem Phys 73:3348

Palmer RG, Stein DL, Abrahams E, Anderson PW (1984) Phys Rev Lett 53: 958

Teyssedre G, Demont P, Lacabanne C (1996) J Appl Phys 79:9258

Aldana M, Laredo E, Bello A, Suarez N (1994) J Polym Sci Part B: Polym Phys

32:2197

9. Bello A, Laredo E, Suarez N, IEEE995 Annual Report: Conference on Electrical
Insulation and Dielectric Phenomena, Virginia Beach, VA, pp.440

10. Marchal E (1992) J Chem Phys 96:4676

11. Alegria A, Goitiandia L,Colmenero 1996) Polymer 37: 2915

12. Balsamo V, Gyldenfeldt F, Stadler R (1996) Macromol Chem Phys 197: 3317

13. Laredo E, Grimau M, Miller J, Bello A, Suarez N (1996) J Polym Sci Part B: Polym
Phys 34:2863

14. Doulut D, Bacharan C, M. Demont M, Barnes A, Lacabanne C (1998) J. non
Crystalline Solid®35-237:645

15. Ferry JD (1980) Viscoelastic properties of polymers. Wiley, New York, Chichester,
Brisbane, Toronto, Singapore.

© N



