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Relaxation time distribution from time and frequency domain dielectric
spectroscopy in poly (aryl ether ether ketone )

A. Bello and E. Laredo?®
Physics Department, Universidad SimBolvar, Apartado 89000, Caracas 1080, Venezuela

M. Grimau
Materials Science Department, Universidad SmBolivar, Apartado 89000, Caracas 1080, Venezuela

A. Nogales and T. A. Ezquerra
Instituto de Estructura de la Materia, C.S.I.C., Serrano 119, Madrid 28006, Spain

(Received 7 February 2000; accepted 10 April 2000

A new application of the simulated annealing Monte Carlo procedure is presented and applied to the
extraction of the relaxation time distribution from dielectric spectroscopy either in time or frequency
domain. This decomposition method named simulated annealing direct signal atf@RBISA), is

applied to computer generated curveg), €' (w), ande”(w), by using the most widely accepted
empirical distributions. The discretized distribution fits exactly the analytical expression which can
be evaluated in these cases for the set of parameters used in the simulation. Also, both distribution
functions are found to be identical which proves that the method is certainly converging to the right
solution in both cases. Experimental results on amorphougaglyether ether ketondor e(t),

€'(w), and€e”(w) are analyzed with SADSA and the obtained relaxation time distribution is used
to go from time to frequency domain and reciprocally. The results are compared to those obtained
by assuming a Havriliak—Negami profile for the distribution function. 2@00 American Institute

of Physics[S0021-96080)50226-9

I. INTRODUCTION +o0 t
¢(t)= f G(In(r))ex;{ — —)d In(7). 3)
There has been a considerable interest in recent time, to * T

find relationships between the conditions which describe the . . .
. . N . In the frequency domain, the complex dielectric constant
same relaxation process in frequency and in time domain

. . I5 written for re D r function of th
respectively:=* In the case of ther or slow relaxation, ap- S written for a pure Debye process as a function of the

pearing in glass forming liquids and polymers above theangular frequencye, at a given temperaturg, as

glass transition temperatur& ), most efforts have been de- €r— €y

voted to provide mathematical expressions for these €*(@,T)=ey+ Trior (4)
relationships-™ The extraction of the relaxation time distri-

bution function,G(In(7)), from the variation with time or If now a distribution of relaxation time is assumed the pre-
frequency of a relaxation function, in this case the dielectricceding expression in frequency domain becomes

function, has been the object of extended work. The expres-

sion of the time dependent dielectric constant can be written & _ _ = G(In(7))
oS € (0, T)=€ey+ (er—€y) L Ttier din(7), (5)
e(t)=ey+(er—ey)[1— (V)] (1) with the real and imaginary part ef being, respectively,

where eg and ¢, are the relaxedtE&o) and unrelaxed t(

=0) dielectric constant values ang(t) is the macroscopic € (w,T)=ey+(eg— GU)FW Md In( ) (6)
decay function. In time domain a good description for the —= 1+ w7
decay function is the so-called stretched exponential introénd
duced by Kohlrausch and later on by Williams and Watts
6,7
(KWW). o)~ : +oo G(In(T))wle o -
,T)=(eg— —————dIn(7).
(1) =exel — (t/ i) *1, @ COUTIRTI ) L vl

where 8 varies from 1(Debye processto 0 and it charac-  the most widely used distribution function for the phenom-
terizes the width of the relaxation time distribution. In term enological description of dielectric experiments is the

of the distribution of relaxation time, the decay function is Havriliak—Negami, HN, expression which describes an

expressed as asymmetric and broadened profile as compared to a Debye
curve, the expression of the complex dielectric constant be-

dE|ectronic mail: elaredo@usb.ve ing now
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_ Il. EXPERIMENT
e (w T):€U+& (8) . : - : .
' [1+ (o) ] Time domain and frequency domain dielectric experi-
ments were performed on amorphous [atyl-ether-ether-
ketoneg (PEEK, 450 G, IC] which is the customary name of

where the parameters andy are related to the broadening poly(oxy-1, 4-phenyleneoxy-1, 4-phenylenecarbonyl-1,

and the asymmetry of the profile, respectively. 4-phenyleng with Tg=418 K, M,~12500 g/mol andM,,
The relationship betweeé"* (o, T) and ¢(t,T) is given ~ ~40000 g/mol. Time domain measurements of the dielectric

by the one-side Fourier or pure imaginary Laplace transforeonstant, e(t), were performed as described elsewfiére

mation of the forrf’ from 10% to 10 s, by using a Mopsik dielectric

spectrometéf (IMASS Corp., Hingham, MA. Frequency
(o) domain measurements of the compégx dielectric permittivity,
elo)—ey [* . were performed at 12 Hzw/27w<10" Hz with a system
€R— €y _jo (—dg/dhexp(~iot)dt. © (Novocontrol GmbH, Hundsangen, Germangtegrating a
SR 830 Lock-in amplifier(Stanford Research Systems,
Sunnyvale, CA with a dielectric interface. In both cases,
To obtain the relaxation time distribution function from the jsothermal measurements were performed in amorphous
experimental data gathered with a variety of techniquesiims 0.005 cm thick with gold sputtered electrodes, 2 to 3
which measure the decay function as a function of time, th&m in diameter. In order to minimize the error in the tem-
CONTIN program, proposed by Provenclieis a procedure perature reading existing among the two different sample
widely used in recent works. By means of an inverse Laplac@olders, relaxation experiments were performed at similar
transform theconTIN code is used to extra&(In(7)) from  frequency of maximum loss values 6f10° Hz correspond-
the decay functiohwritten abovegEq.(3)]. The advantage of ing to T=(431.5-1.5) K.
the CONTIN procedure is the use of a constraint regularization
method which leads to the solution with less structure among
the possible solutions. This method has been recently sudl. COMPUTATIONAL METHOD
cessfully adapted by Alvareet al® to computer simulated The SADSA computer program best fits the experimen-
curves,e”(w), with a variety of distribution functions and to tal data, i.e..'(w,T), €'(w,T) or e(t,T), by discretizing
experimental data of polyvinylchloride and a liquid crystal-yhe gistribution function into a sum dfl contributions or

line polymer, in the frequency domain. bins, each characterized by a relaxation tip@nd a weight

The simulated annealing direct signal analysis procedurg, o,ntribytion to the respons6, . The real and imaginary
(SADSA) is a new method used to decompose the relaxation ;. of the dielectric function can then be approximated by
spectrum in Debye processes, each of them contributing to

the spectrum with a weight according to the profile of the K
discrete distribution of relaxation time. The details of the € (@, T)=€y+(er~ EU),Zl FA In(no, (10
. . = W Ty

computing method have been given elsewH8he method
is based on the simulated annealing Monte Carlo procedure M Gy
widely used since its introduction by Kirkpatriek al! The €'(w)=2, ———5AIn(7y), (11
validity of our procedure in the frequency domain has been T
tested with computer generated curves based on a variety @hd in time domain
distribution functions such a\f},OCole—Cole, Cole—Davidson, M .
Havriliak—Negami, and KWW. The histograms obtained _
which descrit?e the discretized distributiong functions, are ine(t)_eu+(ER_ 6U)I<§=:1 Gk( 1—exp{ a T_k) )A In(no. (12
excellent agreement with the analytical distributions whos
expressions are known in the first three cases; for the K . . "

values ofr, in a chosen interval for Inj. Initially, all the

decay function the corresponding distribution function is . : . o
- . relaxation processes contribute equally, i.e., the distribution

known for 8=0.5, for otherB values where there is not an . . . . :
box-shaped, and if the annealing schedule is appropriate

exact analytical expression the distribution can be calculate@ . o
e program will converge to the global minimum of the

by numerical integratiorisee expression in Table | of Bello |, = . ,
et all% to any desired degree of precision. In spite of these energy due.to th? rand.om. explorat|on of the pqramete_rs
: : space. The discretized distribution of relaxation time which

theoretical works, experimental work on this topic has bee . . . . .
P . h 'best fit the experimental data is obtained as the set of contri-
very scarce and restricted to very particular c&sés. butions, Gy, of each elementary process
1 ks .

The aim of the present work is twofold. Firstly, to ex-
plore the validity of the SADSA method to obtain the distri-
butions of relaxation time from time domain and frequency|y. RESULTS AND DISCUSSION
domain computer simulated curves. Secondly, to establisha = L
direct correlation between the distribution of relaxation time”" Distribution of relaxation time from computer
obtained independently from experimental time domain ané;enerated €'(0.7), €(w,T), and (1, T) curves
frequency domain dielectric results for the case of the In order to test the method a set éf(w,T), €'(w,T),
relaxation of polyaryl-ether-ether-ketone ande(t,T) were generated assuming a HN distribution func-

M

he input of the program is a set & equidistant starting
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FIG. 1. Computer-generated (o) (V, right vertical axi$ and e”(w) (O, In($)

left vertical axig with a HN distribution of relaxation time {=0.7, y

=0.3, 7yn=1 9. The lines are the results of the best fit achieved with the FIG. 3. Computer-generateqt) with a HN distribution of relaxation time

SADSA procedure. (=0.7, y=0.3, Tyy=1 9. The line is the result of the best fit achieved
with the SADSA procedure.

tion. In the frequency domain the generated data is plotted on | time domain, the corresponding curves &t,T) are

Fig. 1; the symbols represent the calculated points fofepresented in Fig. 3 for the same HN parameters as before.
€'(0,T) and €"(w,T) (a=0.7, y=0.3, andryy=1 S,A€  The open symbols are the simulated points calculated by
=1.15, ¢;,=3.25) and the continuous line the results of thecombining Eqs(13) and(3) to obtaing(t) and using Eq(1)
SADSA fittzing procedure. The sum of squares residualsyy generate(t,T); the continuous line is the best fit of these
SSR, arex.,,,=84x10"" and x;,,,=7.2<10"° whose  simulated points to Ec(12) obtained with the SADSA pro-
low values confirms the visual quality of the fittings. The cedure. Here(i(t)zl.lxlo‘f’ is again very low and the cor-
relaxation time distribution resulting from this analysis is respondingG . (In(7)) is plotted on Fig. 4 as a relaxation
identical in both cases and it is represented in Fig. 2 as @imes histogram. Here again the agreement between the ex-
relaxation times histogram, the height of each bar being protracted discretize@ .y (In(7)) and the analytical HN func-
portional to the contribution of each elementary processiion [Eq. (13)] is excellent. Additionally, the two indepen-
with relaxation timer,, to the complex curve. In this same dently obtained histograni&igs. 2 and #and consequently
figure the continuous line represents the analytical expreshe corresponding distribution functions are identical. The
sion of the correct expression for the HN distribution above described procedure has been tried for a wide range of
which follows very closely the discretized profile « and y parameters with similar results. The validity of the
SADSA procedure is then proved to be fully satisfactory

G(In(7)) = i sin(y6) , when there exist data covering a wide frequency range; the
T (14 2( 7/ 74) * cOS matl2) + (7] Tiyy) 2%) 772 procedure leads to identical distribution functions either from
(13 frequency domain data, i.e€ (»,T) or €'(w,T) or from
with time domain datae(t,T).
o= T ot (tun/7)“+Cog Ta) B. Distribution of relaxation time from experimental
2 sin(ma) ! €'(w,T), €(w,T) curves for the a-relaxation in

amorphous PEEK

for «a=0.7, y=0.3, andryy=1 s. ) ) )
The experimentale”’(w,T) (left vertical axig and
€' (w,T) curves(right vertical axig obtained for thex-mode
0.15 — T
: ’ ] 05—
2 owl ] "
\5_1\ i 1 & 010 -
Ol - S
v 005 . =
3 b l’)m 0.05 |- -
0.00 f— (e RN [ S ]
-30 20 -10 0 10 0.00 [ . | 1 | I : .
ln(f) -30 -20 -10 0 10

In(7)
FIG. 2. Distribution of relaxation time from the HN curves represented in
Fig. 1. The bar diagram is the discretiz€q,,(In(7)) in frequency domain  FIG. 4. Distribution of relaxation time from the HN curve fe(t) repre-
obtained from eithee’(w) or €’(w). The continuous line is the represen- sented in Fig. 3. The bar diagram is the discretifgg)(In(7)) in time
tation of the analytical HN distributiofiEq. (13)] with «=0.7, y=0.3, domain obtained frong(t). The continuous line is the representation of the
in=1s. analytical HN distributiofEq. (13)] «=0.7, y=0.3, 7yy=1 s.
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FIG. 5. a-relaxation of amorphous PEEK in frequency domdir;431.5  FIG. 7. a-relaxation of amorphous PEEK in frequency domadirs 431.5

K: €'(w) (V, right vertical axi$ and €"(w) (O, left vertical axi3. The  K: ¢'(w) (V, right vertical axi$ ande”(w) (O, left vertical axig. The lines
continuous lines are the results of the best fit achieved with the SADSAgre the results of the simulation of these functions by using the SADSA
procedure. The dotted lines represent the calculatethde” functions with distribution of relaxation time G, (In(7)) to calculate €'(w);

the parameters from the approximation of the histogram shown on Fig. 6 t&,, ,(In(7)) to calculatee”(w).

a HN distribution.

fied by the SSR which is now 5:910* for the fit to €” (),
on PEEK films (symbolg are shown on Fig. 5 forT  je. three orders of magnitude larger than that found by
=431.5 K and for 12 H= w/2m=<10> Hz. The continuous SADSA. Imposing a HN profile for the distribution leads to
lines are the result of the SADSA fitting witly>,=3.2  an approximation of the experimental results which is not as
x10 7 and Xi,z 1.0x 10 °. The distribution of relaxation satisfactory as the SADSA procedure result, even if the gen-
time, G (,,(In(7)), obtained from the best fit to th&(w, T) eral allure of the curve approaches the shape of the HN dis-
experimental data is shown in Fig. 6 as a relaxation timegribution. A direct fitting of the experimental points(w) to
histogram(white wide bars Due to the absence of data for the HN expression for the imaginary part of the dielectric
w>6.3x10° rad/s, the short values are omitted as the ex- constanisee Table 1 in Ref. 20leads now to the following
periment does not record the complete decay of the loss ogharacteristic parametershe=1.37, «=0.81, y=0.45,
the high-frequency tail. On Fig. 6 the histogram obtainedryy=3.8X10"* s, x?=6.5x10"°. The latter differ slightly
from the SADSA fitting of e’ (®), G, (,)(In(7)), is repre-  from those found befor& and the SSR is an order of mag-
sented by narrow bars with a pattern of diagonal lines and initude lower than previously, but still higher by a factor of
is readily seen that the similarity between the two histogramd.00 than that obtained by the SADSA procedure. The best
is excellent. From the fitting of any of the two relaxation fitting quality is obtained with the SADSA procedure which
time histograms to a HN distributiofsee continuous curves has the advantage of finding the best distribution without
in Fig. 6), the characteristic parameters are found toke: invoking any imposed profile for the sought distribution.
=1.30,=0.78,y=0.50, 7;y=23.5X 10" % s. The calculated However, it is noteworthy that the assumption of a HN dis-
€'(w) and €'(w) curves with these HN parameters are tribution to fit eithere”(w) or G.(,(In(7)) leads to fittings
shown in Fig. 5 as dotted lines. The observed differencesf acceptable quality as shown by SSR, in the range of
between the SADSA fit and the HN approximation to the10 “—10 °. The results obtained by interchanging the dis-
relaxation time histogram are significant and can be quantitribution function found in the fit ofe”(w,T) to generate

€'(w,T) and reciprocally, are plotted on Fig. 7 together with

the experimental points for PEEK. The continuous curves are

025 T the results of the SADSA fittings: The imaginary part of the
i f : dielectric constant is calculated with the discrete distribution
A o0 '; 3‘ E deduced from the fit of the real part and reciprocally. As can
5 65 B gé ’ 3 be seen from Figs. 5 and 7 any of the two distribution func-
\51 . |§ / é\ ] tions independently found, works equally well to adjust the
2 o0 |;‘§ é I 3 experimental data of the real or imaginary part of the dielec-
© £ nff 2 7 é ,l ] tric function in frequency domain.
0.05 - lialala|g 3
E D |||‘ o | :
0.00 E 'l? AL A C. Distribution of relaxation time from experimental
20 15 10 5 0 €(t,T) curves for the a-relaxation in amorphous
PEEK
In(7)

On going now from frequency to time domain, experi-
FIG. 6. Distribution of relaxation time in frequency domain for the ments are performed on a similar amorphous PEEK, at the
fe'i?‘at('f’(‘;o“ aETO(rF));KZUi'TEEN—’;?l'S (*Ti(T)*;e(;’_ar d'a?famtt's th; ;"S' same temperature and over a time interval 18<t<10 s;
cretized: G, (In(7) (white bar3, G,(,,(In(7)) (diagonal pattern bars - .
obtained, respectively, from the best fit €fw) and e’ (w) shown on Fig. the results are Shown_ in Fig. @pen Symbobs _It is to be
5. The continuous line is the best fit of the histogram to a HN distribution:N0ted that the steep increase of the dielectric constant for

Ae=1.30, =0.78, y=0.50, 7y=3.5x10"* s. longer times, due to the conductivity contribution has been
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FIG. 10. a-relaxation of amorphous PEEK in frequency domaih,
FIG. 8. a-relaxation of amorphous PEEK in time domains 431.5 K: e(t) =431.5 K: €' (w) (V, right vertical axig ande”(w) (O, left vertical axig.
(O) experimental points. The line is the result of the best fit achieved for theThe lines are the results of the simulation of these functions by using the
distribution of relaxation time5. ;) (In(7)) with the SADSA procedureA e distribution of relaxation timeS;)(In(7)) (Fig. 9 to calculatee’ (w) and
=1.09, e,=3.32,b=0.23. €'(w).

. . A similar comparison can be carried out now in time
taken into account by adding to E(12) a termbt, whereb domain, i.e., calculatee(t) either with the discrete

is assumed constant. The discretized distribution of relaxg 1 (0)(IN(7)) OF G (4 (IN(7)) obtained in frequency domain
ation time, obtained from the best SADSA fit to the experi- ;04 ‘shown on FigE. 6. The results appear now on Fig. 11, and
mental data, is represented on Fig. & €3.32,Ae=1.09,  44ain the agreement is very satisfactory. The fitting is made

— <1 i i
b=0.23 s 7). Due to the limited time range of the data, py taking the discrete distribution profile and generating the
mainly at low times, there appears a lack of contributions folyje|ectric function in time domain by means of expression
<10 2 s, which consequence is the absence of a smoothu)_ Additionally, the values ofe,=3.14, Ae=1.26, b

decay ofG(,)(In(7)) distribution at shortr. _ . =0.23 s'! are found, which compare well to those reported
To compare the distributions obtained either in fre-3hove from the fitting o (t) with G . (In(7).
guency or time domaine”(w) is calculated and shown in Summing up the results obtained on amorphous PEEK

Fig. 10 (left vertical axig, by using the discret&.)(In(7)  for the a-relaxation, it has been shown that the SADSA pro-
obtained in time domain. The agreement between the calcysequre does not require to decideriori neither the number
lated curve(dotted ling and the experimental dat®@pen o oyerlapping broadened processes, nor the profile of
circles is satisfactory at low frequencies. At higher frequen—G(m(T)), as it is the case in most currently commercially
cies the tail of the experimental curve is wider due to the lackyyajjaple software. On the contrary, the obtained relaxation
of experimentale(t) data at short times which in turn is ime histogram can be fitted to any chosen profile as it has
responsible for the absence of significant contributi@®s,  peen done in the present work for HN distributions with
at low In(7) values in the histogram shown on Fig. 9. On thegagonable results. The validity of the distribution of the re-
other hand, the simulation of the real pat(w), of the |5xati0n time, extracted either in frequency or in time do-
dielectric constant with the discre@,(In(7)) represented main, to predict the variation o"(w,T) or €' (w,T) and

on the same Fig. 1(filled triangles, right vertical axis, and €(t,T), has been proved. The knowledge of one of these
dotted ling, shows a better agreement than that found for thgnctions allows the simulation of the others.

imaginary part.

7 IIIIIIIIIIIIIIIIIII

0‘3:_|||||||||||;|||||||_: e(t) : :

: 5 6 ]

— o — ] s 4
P i— — - - -
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FIG. 11. a-relaxation of amorphous PEEK in time domaif=431.5 K:
FIG. 9. Distribution of relaxation time in time domain for tlerelaxation €(t), the line is the result of the simulation of this function by using the
of amorphous PEEKT=431.5 K: The bar diagram is the discretized distribution of relaxation timeG.(,,(In(7)) or G ,y(In(7)) shown on
G(y)(In(7)) obtained from the best fit of(t) shown on Fig. 8. Fig. 6.
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from €”(w). They show that the knowledge of the decay
£ (o,T) Gy(a) (In(7)) function in the case of syndiotactic PMMA allows the de-
tailed study of the merging of the and g3 relaxations which
is explained in terms of Williams’ ansatz without any need to
appeal to a change in the chain dynamics in the merging
region. The statistical independence assumed foathad 8
processes in a main chain glass forming polymer is a contro-
versial result®!” Many other conclusions can be reached
e(t.T) = Gy (In(7)) from the detailed knowledge @ (In(7)) when analyzing the
variations induced in the relaxation spectra by changing the
FIG. 12. Schematic summary of the various paths used to calculate thgpemmen preparation. Karat_asm al’® have Sh‘?""” n
dielectric functionse’ (), €’(w), ande(t) with the distribution functions ~ diblock copolymers, that the differences observed in samples
obtained with SADSA procedure for the-relaxation of amorphous PEEK. prepared from the melt and by slow solvent casting are re-
lated to the coherence of the ordered structure. Also the
variation of the width of the distribution, which shows a
V. CONCLUSIONS broadening as compared to that of the homopolymer when

A new method proposed here to calculate the relaxatiotn€ temperature is decreased and/or the molecular weight in-
time distribution from dielectric spectroscopy data has beeff"®@sed, are attributed by these authors to composition fluc-

shown to work both on computer generated curves and etuations and proximity to the glass transition effects on the

perimental data in frequency and time domain. The agreer_1orma| mode relaxation. The transformation &{In(7)) to

ment and resolution of the spectra is very satisfactory in thdh€ decay function is also very useful as the number of over-
cases tested by us which cover the most frequently used dil2PPing relaxations is best determined by fitting the decay
tribution functions. The obtained distribution functions from function to several KWW functions. The SADSA provides
frequency domain can be used to simulate the dielectric da@d? €Sy way to switch to time domain where a number of
in time domain and reciprocally. In Fig. 12 the various testsT0dels need extensive test.
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