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Analysis of two-dimensional energy and relaxation-time distributions
from temperature-dependent broadband dielectric spectroscopy
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We present a method to determine the two-dimensional 2D distrib@idW,In7,) of the relaxation time
7= 1,eXxpW/kgT) using an inversion of temperature-dependent broadband dielectric data. In contrast to the
usual evaluation of 1D distributiorgy 7), the 2D analysis reveals whether the broadening of a relaxation peak
has its physical origins in a variation of the activation enéfgyor the preexponential factat,, or both. A
study of theB relaxation of a polymer blend demonstrates the validity of the analysis. We compare the
distribution obtained from dielectric ac data Hz—300 MHz, 100 K—300 Kwith the results of a thermally
stimulated depolarization currents sampling technique. The contour li@€\W In7,) is shown to follow the
compensation 1aw.S0163-18208)05815-9

According to the Debye model the complex dielectricthe 8 mechanism in PET and point to the same mechanism

function of polarization relaxation, for PETG, i.e., to local relaxations of polar carboxyl groups
(COO) of the main chaiff.Since these molecular orientations
Ae(T) are independent of each other, their relaxation processes are
e(w,T)= m‘st(T)' (1) expected to be parallel and not hierarchical. The large broad-

ening of the relaxation peaks i, (about 4 frequency de-
depends on both the frequency and the temperature. It isades compared to 1.14 decades for a single Debye pjocess
characterized by the relaxation time and the relaxator indicates a distribution of relaxation times. There are empiri-
strength Ae=¢(w<1/7)—e., Where e,=¢(w>1/7). In  cale functions describing the permittivity of such distributed
the time domain this law corresponds to an exponential resystems(see, e.g., Ref.)2 Another approachuses a 1D
laxation of a polarization, i.e.,Pxexp(~t/7). For an Model forgr assuminga priori a constantr, and an expo-

Arrhenius-like thermal activation the following relation nential or Gaussian distribution &¥. The few free param-
holds: eters are fitted to experiment&(w, T) data. The only way to

obtain gt(In7) at a fixed temperature withowt priori as-
W sumptions is to inverse Eq3), which represents an ill-
T(T)zroexp(ﬁ). (2 conditioned problem(for a review see Ref. )6 However,
B there is a controversy about the general concept of distribu-
tions of relaxation time$DRT).” Althoughg+(In7) is unam-
(Piguously defined by Eq(3), the validity of an assumed
distribution may not be assessed due to a restricted frequency
the two equilibrium positions of a polar group and the range, inevitable experimen_ta@l errors, and the lack of analyti-
heiaht of th tential barridrAlthouah th thod cal procedures. But these difficulties are not funda_ment_al and
eight ot the potential barri€rAlthough the method we are a6 peen partly overcome. In Reb a stable iterative
going to describe may be applied to different types of theryamneqd |east squares inversion algorithm is presented and
mal activation, we restrict ourselves to the above Arrhemu%pp“ed to broadband data, and in R&fa regularization
form. - _ . . . method is usedsee also Refs. 9 and JLG5trictly speaking,
The superposition of independent single dielectric Debyghe results still depend on the particular method and on the
relaxations(including a possible dc conductivity,. due to  choice of damping factors or regularization parameters. The

The activation energWV and the preexponential facteg are
the basic quantities describing the physics of the relaxatio
For example, X, may be the oscillation frequency between

free charge carrieyss often written a$ fundamental problem, however, is not related to the algo-
rithm used. Jonschémotes that for sufficiently wide loss
= gr(In7) oadT) peaks the functional form ofir(In7) follows reasonably

d
EoWw close that ofe”(—Inw). So “the DRT function cannot, by

(3)  the nature of its derivation, contain more information than
i , o . does the experimentally determined susceptibility function.”
v_vhere gr(In7) is the no_rmallzed_d|str|but|on of rgl§1>_<at|on The conventional procedure of convertiafy) into g(In7)
times at temperaturg. Figure 1 displays the permittivity of ¢, ayery temperature only yields a set of quasi-independent
a PETG blend. PETG is a modification of polyethylene-1p fynctions. A physical interpretation is difficult, since dif-
terephtalatg PET). The mean values,=1.9x10"**s and  ferent combinations oV and 7, yield the same relaxation
W=0.446 eV of the relaxation process are close to those afime [Eqg. (2)].

e(w,T)=Ae(T) d(InT)+e,(T)—i

—xlt+ior(T)
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62 FIG. 2. Depolarization current normalized to the heating rate for
0.3 the system shown in Fig. 1. Dashed line: normal TSDC technique.
~ Solid lines: decomposed spectrum using thermal sampling. The
width of the polarization windowaround the respective maximum
0.2 I of a peak was 5 K.
01 L the dipoles keeps its orientation and contributes to the depo-
' larization current on heating. Repeating the procedure for
different temperature windows, the initial process is decom-
0.0

posed into a set of peaksolid lines in Fig. 2. From the
o 1 2 3 4 5 6 7 8 9 form and the position of the sampled peaks the correspond-
log (v [Hz]) ing (W, 7,)-pairs are determined. Sampled parts of the dis-
_ _ _ tribution may not necessarily represent single pairs,caind
FIG. 1. Dielectric function vs frequency for a PETG blend con-yy, 1yt only a subset of the distribution. The current at the
taining 3.86% of protonated polyanilinéetween 297 and 103 K, low-temperature side of the sampled peaks=tWi/(ksT)

down to 117 K in steps of 20 K). Solid lines, experimertRef. 3 .o “etermines the observable activation energy. For
with 800 frequency points per temperature; filled circles, calcula-

tion according to Eq(7). The deviation between calculated and eaf_hW \lf'alue sevzral\(:/, Z‘F]) pairs C.Om”tt)ult.e ':o a 2? dls.t”;h
measured data is due to a small phase drift of the network analyz ution. However, due 1o the experimental iIntervention in the

(0.07°). It gives rise to an absolut errdve,~Ag,<0.02. This polarization process, TSDC 2thermal sampling_ selects one of
systematic deviation is hardly visible in the large real part, whichthem: 7o=exd —W/(kgTy) Ik, T/ (Wh), whereTy, is the peak
has been used for the calculatih25%. Sinces,<e¢, it becomes temperature and denotes the heating rate. Thus, TSDC
noticeable in the imaginary pafl.0% in the center of the spec- does not yield a complete 2D distribution but selects a part of
trum). Below 50 Hz the error increases due to the small transmisit. While the contributing W,In7,) pairs are determined
sion coefficient, above 50 MHz due to a nonperfect sample geomdirectly 1? three assumptions have to be made to evaluate the
etry (Ref. 3. quasi-1D distributiorG'®: (i) The dipole moment of the con-
tributing relaxators is constant or knowfi.) The tempera-
The distribution of these basic quantities determines theure dependence of the equilibrium polarizat®pis known.
change of shape of(w) under a variation of the tempera- From a detailed analysis of both the ac and the TSDC data
ture. In general eithaw, or 7., or both may vary. In orderto we obtain P,<Ae=const. (ii) An additional relation be-
account for this effectgr(In7) in Eq. (3) is to be replaced tween the parameteW, In7,, andT,, of the sampled peaks

with a 2D distribution independent of temperature, i.e., is observed, i.e., the assumption of a 1D distribution is a
sufficiently good approximation. For our PETG ble(feg.
G(W,In7y) 2) W= aT'm holds with|=3.15 anda=6.68< 1078 eV/K'.
s(w'T):AS(T)f f T+iwr(T,W,In7 )d(ln 7o) AW Under these conditions the distribution is given by the area
° under the sampled peak 8t,, Q;=/f1(T)dT, and the heat-
e (T)—i O'dc(T). @ ing rateb; :?

EoWw
Qi dTm

GP(W;,(In To)i)“gm | (5

For the time being, the only experimental technique al-
lowing the decomposition of a distributed relaxation into its
elementary processes or in subsets of the distribution, is the®ur results are displayed in Fig.(8lled circles. Using G'°
mal sampling of thermally stimulated depolarization currentsve have calculated(w) at room temperaturgeq. (4)] and
(TSDO).}*2 |n normal TSDC a sample is polarized in a compared with the experimental ac ddteot shown. The
static electric field and cooled down to low temperaturesresult confirms our analysis.

Then the field is switched off and while heating the sample In order to decide whether the concept of DRT is useful to
the depolarization current is measufddshed line in Fig. 2 interprete dielectric data, a method is required that deter-
For thermal sampling the polarizing field is applied in amines unambiguously and withoatpriori assumptions the
small temperature window during cooling. Thus, only part of2D distribution G(W,In7,) of the basic quantities. Since at
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Fij=(Wit1=WIn(7j41/7))

_l Wit l+(w7'j+l)2
Z,fwi In[ 1+(w7'j)2 ]dW’ ©

Wi
k”:fwlﬂ{arctamwrﬁl)—arctamwrj)}dW, (10
and 7j=exg(In7,);+WI/(ksT)]. The integrals do not depend
on unknown parameters and are easily calculated numeri-
cally. Now the experimental data can be compared with
those obtained using E¢7) or (8), or a combination of both.

e The deviation between experimental and calculated values is
2100 In(, [s]) given by

a) 207125
. A(cij,Ae(T),ex(T),04dT))
w T og ex cal 2
e NT,w)— € T,w)
o b % S bl LDl
- ~ T=T; w=0; s*(T,w)KL
-40 — ° .
2 I A 3 wheree=¢, ¢, Or &5, etc. ands denotes the standard devia-
g™ ° tion of the experimental data. However, the unknownas
B P N ) well as theoy., Ae, ande,, values cannot be obtained by
C ° simply using a least-squares algorithm minimiziaguntil
100 — the experimental error limit is reached. The problem is ill
n | | | | | conditioned and small deviations in the experimental results
12 R e s T % as well as the error introduced by the discretization may
b) Wlev result in nonphysical contributions to the solution. For such

kinds of problems the structure-interference method has been
FIG. 3. (a) Distribution function obtained from the quasi-1D developed, originally to obtain 1D size distributions from
TSDC thermal samplingfilled circles; scalefland from the 2D  X-ray datat® It is based on the idea that a physically mean-
analysis of ac data(w,T). (b) Contour lines of the above distribu- ingful solution must be independent of the discretization. So-
tions (TSDC, filled circles; ac data, shadowlike regipnBor the  lutions belonging to different random discretizations
sake of completeness the whol&/(In7o) grid used for the inversion  {-.-W;---}X{---(In7);---} are averaged so that nonphysi-
of the ac data is displayed. The algorithm is stable, since it onlycal structures disappear. For example, taking simulated
generates contributions @ that are necessary for the description data[Eq. (4)] and adding different noise levels, the proce-
of e(w,T) and yieldsG=0 otherwise. dure finds the original distribution. This is not surprising
since least-squares algorithms are intrinsically insensitive
every temperature the whole 2D distribution contributes tayith respect to noise.
the frequency dependence of Eq. (4) implies that experi- For a more difficult and realistic test we have used the
mental data in a sufficiently large frequency and temperaturgea| part of the data shown in Fig. 1. 40 solutions on different
range have to be simultaneously used to deterr@n€or a 50x60 (W,In7,) grids were averaged to determine the dis-
further numerical analySiS of Eq4) we use the discrete form tribution function[Eqs_(G)’ (7)’ and(l]_)] The Comp|ex per-
mittivity calculated on its basi§Egs. (7) and (8)] is com-
_ o pared with the experimental data in Fig. 1. The deviation is
G(W.Ino) 2. 2 Cii ®i © within the range of the measurement ertsee figure cap-

, - . tion). Figure 3a) displays the 2D temperature-independent
with real coefficientsc;;=0 and based on step functions: (W,In7,) distribution compared with the TSDC results, in
@ij=1 for Wi=sW<W;, and (Inr);<In7,<(In7o);;1, and  gig 3(b) the contour lines are shown. The main contribution
#i;=0 otherwise. On the basis of a chosen discretization oft G to ¢ lies between 0.25 and 0.75 eV with a maximum
energy andr, space[the W; and (Inr,); valued, the step  peqr; ~6x 107165 andW=0.5 eV. Thus, this peak can be
functions in Eq.(6) can a_pproximate a di;tribution of arbi- 4ttributed to theB process. The half-width iAW=0.2 eV
trary shape. Now Eq4) yields fors=¢,—ie,, and AInz[Ins]=7. An approximation by a single Gaussian

fails, because the peak is asymmetric. The form of the dis-
sl(w,T)=As(T)2 2 cifij(0, N +ex(T), (7 tribution, an elongated ridge with rather steep sides, justifies
i the approximative quasi-1D evaluation of the TSDC data.
However, the TSDC distribution is broadened since the
agd T) sampled TSDC peaks are no single relaxators (pattly
sz(va)er(T)Ei 2 Cijkij (@, T)+ cw (8) overlapping subsets of the distribution resulting in enhanced
° peak area$Eq. (5)]. Above 1 eV,G(W,Inz,) is small. The
where contribution toe, at 297 K is below 1%(Fig. 1) and de-
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creases at lower temperatures, since these fast componeigh AH and r,>exp(—ASkg). A nonvanishing activation
are shifted out of the frequency window. The TSDC Va'“,esentropy can result in very smaf], values. In this case, 4
above 1 eV correspond to sampled peaks at the highsannat he interpreted as a simple rate of oscillation. The

temperature side of the spectrysee Fig. 2 near 200 )kand compensation law follows wheSxAH and has been

may be distorted due to additional processes above 200 K, Fown to arise naturally in systems, whekél is much

indicated by the increasing baseline. Thus, for both methOdFérger than bottksT and the typical excitation
B .

the experimental error above 1 eV is large. . .
Below 0.2 eV no TSDC data are available due to the By comparing the results of our 2D method with TSDC

restricted temperature range. The peak in the 2D data cofiat@ We have given independent experimental evidence for
tributes about 15% to the relaxator strength. Since the (he existence of aW,In,) distribution associated with A
activation energies are small and the peak is well separatdgfechanism. The 2D dielectric analysis is based (Ona
from that at 0.5 eV, we conclude that it is not associated wittStable method for the solution of inverse problefhsii) a
the B8 mechanism. For the time being we are not able tgdoroadband measurement technique of high precision due to
provide a microscopic explanation. temperature-dependent calibratibNo a priori assumptions

In summary, only for 0.2 e\. K W<1 eV G can be physi- 0n the shape o6(W,In7,) are made; i.e., in principle, the
cally interpreted as distribution function of tigrelaxation.  algorithm is applicable to discrete and continuous distribu-
The contour plot in Fig. @) indicates a linear relationship tions. Experimental and numerical investigations are in
for the W and Inr, values on the ridge of the distribution. It progress to determine the resolution of the method. Further
corresponds to the well-known compensation layxexp  studies have to show whether a superposition of independent
[—WI(ksT,)], where T, denotes the compensation tempera-Debye processes can be distinguished from hierarchical pro-
ture (see Ref. 14 and references cited thex€elihe smallr, cesses. Also the question whether the marked broadening of
values find an explanation in the Eyring theory of the acti-relaxations observed in many materials is due to common
vated state, wherexexp(AG). AG is the Gibbs free-energy features of the 2D distribution is of interest.
change which depends on activation enthaly and acti-
vation entropyAS of the relaxation, i.e. AG=AH—-TAS. We gratefully acknowledge financial support by the Deut-
Thus, the activation energy/ in Eq. (2) is to be identified sche Forschungsgemeinschd@toject No. NI 149/22-p
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