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ABSTRACT: The merging of the main and the secondary dielectric relaxations in a series of six polymers
has been investigated by using broadband dielectric spectroscopy (10~2—10° Hz). The data have been
analyzed in two different ways. In one case, the whole relaxation process has been modeled by the simple
addition of the relaxation functions corresponding to the main and secondary relaxations. In the other
case, we have used the approach first proposed by Williams and Watts (Williams, G.; Watts, C.D. In
NMR, Basic Principles and Progress; Diehl, P., Fluck, E., Kosfeld R., Eds.; Springer-Verlag, Berlin, 1971;
Vol. 4, pp 271—-285). This approach can be formally reduced to the addition of two terms, one corresponding
to the main relaxation and the other to a combination of the functions corresponding to the main and
secondary relaxations extrapolated from low temperatures. Both methods of analysis happen to describe
the experimental data successfully in the merging region. In the framework of the Williams and Watts
approach, the experimental behavior in the merging range is explained simply as a natural consequence
of the extrapolation of the low-temperature relaxation behavior. However, using the simple addition
method, this is not possible, which in this framework would be interpreted as due to a change of the
secondary relaxation mechanism in the merging region. Therefore, the Williams and Watts approach
provides the simplest physical picture for describing the merging of the o and f relaxations. Finally, the

results obtained in this framework are interpreted using a free-energy landscape model.

I. Introduction

The dynamics of amorphous polymers and other glass-
forming systems has been intensively investigated over
the past few decades. From a phenomenological point
of view, it is well established that the dynamical process
responsible for the main relaxation, commonly termed
as o relaxation, is related to the glass-transition
process.™ In addition to the o relaxation, which is
universally observed in every glass forming system,
another dynamical process, usually referred to as the
Johari—Goldstein j process, or secondary relaxation,>6
is also observed in most of the glass-forming systems.
Contrarily to the a relaxation, which involves coopera-
tive molecular motions, the  process has been com-
monly attributed to local rearrangements. Nevertheless,
the microscopic origin of both processes is still far from
being well understood.”~® However, these dynamical
processes, when studied in the range where they are
well separated, show a series of characteristics which
seems to be universal. The spectral shape of both
processes is in general very different from that corre-
sponding to a single Debye-like process. Although the
shape of the o process is essentially temperature
independent, the relaxation spectra of the  process
narrow systematically whit increasing temperature. On
the other hand, although the characteristic time of the
pB relaxation shows an Arrhenius-like temperature
dependence, the time scale of the a relaxation is non-
Arrhenius and tends to diverge some tens of degrees
below the temperature range experimentally accessible
(the lowest temperature accessible is a few degrees
below the glass transition temperature Tg).1° These very
different temperature dependences often lead to the fact
that the characteristic times of the two processes become
comparable at high temperature/frequency. This range
is usually referred to as the “merging region” or the
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“splitting region”. In the majority of the systems inves-
tigated so far, an extrapolation of the temperature
dependences from low temperature to temperatures
above the merging region, would imply that, at high
temperatures, the more local 3 process would become
slower than the cooperative a relaxation, a behavior
which has never been observed. This feature was
pointed out, more than 20 years ago, by Williams and
Watts.'® To explain this apparent paradox, these au-
thors developed a molecular model which assumes that
the dynamics of each individual entity is driven by two
different molecular mechanisms. The fast molecular
motions involved in the f relaxation are attributed to
restricted motions in a fixed environment which allow
a partial relaxation. Only when the a relaxation mech-
anisms are able to break down the environment is the
whole relaxation achieved. In the simplest case where
only autocorrelation terms are considered, which is a
simplification of the general concept given by Williams
and Watts, the whole relaxation function in the time
domain is given by

@1 = @o(Olf + (1 — f)ps(0] 1)

where ¢q(t) and @s(t) correspond to the normalized
(ranging from 1 down to 0) relaxation functions of the
o and j processes, respectively, and 1 — f, accounts for
the fraction of the relaxation allowed by the mechanisms
involved in the j process. This approach will be referred
in the following as WW ansatz. As commented above,
when both processes are well separated, the ¢.(t) decay
is not significant until the § relaxation is complete (i.e.,
@o(t) & 1 when ¢g(t) ~ 0) and therefore, eq 1 can be
rewritten as

@(t) =1, @o(t) + (1 — f)gp(t) ()
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This equation has been extensively used in the litera-
ture to analyze data, since for a long time the typical
relaxation measurements on polymers (mainly dielectric
an mechanical spectroscopies) were performed in the
temperature range where the relaxation times of the o
and S processes are very different, i.e., where egs 1 and
2 are equivalent. Only recently, have high-frequency
accurate dielectric measurements on polymeric systems
become available, making the range of temperatures
where the o. and 5 processes are very close to each other
accessible (merging range).

In a series of very recent works, the WW ansatz has
been successfully used for the analysis of the high-temp-
erature dynamics of both, polymers and low molecular
mass glass-forming liquids.1271° In these studies, it was
found that the whole dielectric relaxation at high tem-
perature can be described by means of eq 1 when ¢q(t)
and gg(t) are built by extrapolation from the low tem-
peratures, where both can be determined independently.
Furthermore, the analysis of the neutron spin echo data
of 1,4 polybutadiene in the same temperature range
measured dielectrically seems to support these results.!?

On the other hand, also recently,6-1° high-frequency
measurements on a series of polymers have been
analyzed in terms of eq 2. In this framework, which in
the following will be referred to as “addition ansatz”, it
is found that the characteristics of ¢g(t) change at high
temperature, mainly because the characteristic time of
the S relaxation does not follow the low-temperature
Arrhenius behavior any longer but deviates toward
faster times. This behavior has been interpreted by the
authors as a proof that there exists a change in the
polymer dynamics mechanism in the temperature range
where the o and j relaxations merge. The reason for
this conclusion is that some degrees above this temper-
ature region, the difference between the (extrapolated)
heat capacity of the glassy polymer and that of the melt
seems to extrapolate to zero. This finding has been
interpreted by these authors as a signature of missing
of cooperativity in the dynamics of polymer melts above
this temperature.

From the theoretical point of view, eq 1 is also
supported by the results obtained in the framework of
a free-energy landscape model for the dynamics of glass-
forming systems,?° when a slow secondary relaxation
is considered.?! In this model the 8 relaxation is at-
tributed to restricted angular fluctuations, modeled by
a superposition of simple two-site angular jumps within
a cone of angle 0, whereas the a relaxation occurs via
isotropic tumbling of the jump axis. In this framework,
it is found that eq 1 allows a rather good description of
the relaxation behavior in the merging region in the
general case, and it gives the exact solution for the
particular case in which the two relaxation mechanisms
are totally uncorrelated.

Trying to clarify the general validity of the WW
ansatz for the analysis of the relaxation behavior of
polymers and the subsequent implications about the
polymer melt dynamics at high temperature, in this
work we have investigated several polymer systems in
a wide temperature range. The polymers selected belong
to different families having very different characteristics
(glass transition temperatures, fragility, structure, ...)
so the conclusions obtained would be valid in general
for the dynamics of polymers in the merging region. We
have used broad-band dielectric spectroscopy since it
combines a very broad frequency range with a high
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resolution, which allows to investigate in detail the
relaxation processes in a very wide temperature range,
of typically more than 200 K.

The paper is organized as follows: In section Il a
detailed description of the two different ansatzs that will
be used in the analysis of the experimental data is
presented. Section Il gives a short description of the
experimental techniques used and the polymers inves-
tigated. In section 1V, the relaxation behavior of the
polymers is investigated and the results of the analysis
are depicted. In section V, the descriptions obtained in
the framework of the two different ansatzs are compared
and the implications of such a comparison are discussed.
Finally, the conclusions of this study are summarized
in section VI.

I1. Approaches for the Data Analysis

A detailed comparison between the physical grounds
of the addition and the WW ansatz can be found
elsewhere.?2 The main objective of this section is to
summarize how the two different methods of analysis
have been applied to the dielectric relaxation data in
the present investigation. In a dielectric relaxation
experiment, the frequency dependent complex permit-
tivity ¢*(w) can generally be expressed as

(@) = (& — €)P*(0) + &, ®3)

where ®*(w), which in the following will be referred to
as normalized relaxation function, is connected via a
Laplace transformation with the time derivative of
@(t), and ¢ and ¢, are the static value and the high-
frequency limiting value of the permittivity, respec-
tively. When two different processes (o and  in our
case) contribute to the dielectric complex permittivity,
the addition ansatz is the simplest empirical approach
that one can imagine. In this case, eq 3 can be written
in as

(6*(6()) - 600)/(65 - 6oo) = (I)*(a)) = fuq)*a(w) +
(1 =1 )P*y(w) (4)

where ®*(w) and ®*s(w) are now the normalized
relaxation functions corresponding to the two processes
considered. It is clear that eq 4 implies Ae = Aey + Aep,
where Ae = €5 — €, Aeq = Aefy and Aeg = Ae (1 — fy).
The counterpart of eq 4 in the time domain has the form
of eq 2.

It is well-known that the relaxation functions ®*,(w)
and ®*g(w) are not simple Debye functions, [i.e., @u(t)
and gg(t) are not simple exponentials]. However, these
non-Debye (nonexponential) functions can formally be
expressed in terms of empirical distribution functions
of Debye (exponential) processes. Therefore, each of
these two processes can be described by a distribution
function of relaxation times, gq(log 7) or gs(log 7), which
shape can be temperature dependent, with an average
(or characteristic) relaxation time zo(T) or 75(T). Below
the glass transition temperature, Ty, where the f
process can be observed detached from the o process,
the dielectric results of many polymers?? indicate an
Arrhenius temperature dependence, i.e.

E
(1) = 149 exp(kB—?r) (5)

where Eo represents an average activation energy of the
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p process, 1z is a preexponential factor and kg is
Boltzmann's constant. Taking into account eq 5, gs(log
7) can be interpreted in terms of a distribution of
activation energies.2® A Gaussian distribution

1

= .
oeV2m 2\ o

of variance og? usually gives a good description of the
experimental data at T < T4, being og approximately
constant. The corresponding gs(log 7) function is thus

9(E) = exp

given by
1 _1flog 7 — log rﬂ)Z]
with
log e
0= o e ®

The Arrhenius-like behavior of 74(T) and the Gaussian-
like shape of gs(log 7) are known as the “characteristics
of the dielectric § process”. However, an unbiased
application of the addition ansatz (eq 2 or 4) to fit
dielectric relaxation data in the temperature range T
> T4 (where the a and  processes start to overlap)
should admit that the temperature dependence of 75 and
gs(log 1) can change from the behavior observed below
Ty. Taking this possibility into account, and in order to
avoid any misunderstanding, we will call in the follow-
ing b process to the secondary process at any temper-
ature. It is worth emphasizing that this is only a
renaming of the g process that tries to distinguish the
secondary relaxation at any temperature from the
extrapolation of the low-temperature behavior (3 pro-
cess). Thus, accordingly to this nomenclature, eqgs 4 and
2 read respectively as

(€*(w) — €)l(es — &) = P*(w) = £, 0% (w) +
(1 — f)P*,(@) (9)

(p(t) = fon(pa(t) + (1 - fa) ¢b(t) (10)

When this approach is used for analyzing dielectric
relaxation data of glass-forming polymers in the merg-
ing region of the segmental and secondary relaxations,
the following results are usually obtained.

(i) The temperature dependence of z, follows a non-
Arrhenius behavior, which can be described by means
of the well-known Vogel—Fulcher equation,?* i.e.

Ty = Tqo EXP[B/T — To)] (11)

where B, Ty, (the ideal glass transition) and the limiting
relaxation 749, are fitting parameters. The shape of
gq«(log 7) does not change very much with temperature,
being the corresponding relaxation function in the time
domain well described by a Kohlrausch—Williams—
Watts (KWW)2526 function, i.e.

o(t) = EXD[—(T—tK)ﬂK] (12)

where 7w would be the characteristic time of the a
relaxation and Sk accounts for the nonexponentiality of
the relaxation, typically Sk ~ 0.4—0.5 and weakly
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dependent on temperature. Moreover, the relative con-
tribution of the a process, f,, decreases as the temper-
ature increases above Tyg.

(i) 7p(T) continuously deviates in the merging range
from the extrapolation of the Arrhenius behavior ob-
served at T < Tg[z3(T)]. gb(log ) narrows with increasing
temperature more than what should be expected from
the extrapolation of the low temperature behavior, and
simultaneously, it tends to become nonsymmetric. How-
ever, it is worthy of remark that, in the temperature
range where these effects are observed, the parameters
used to describe the shape of the b process are subjected
to high uncertainties due the coupling with the ones
describing the o process. In connection with this, it is
worth mentioning that in this framework at least seven
parameters are commonly used to fit each single curve
which is accessible only over about 4 decades.11:13.15.16

Now let us comment on the formalism of the WW
ansatz as it has been applied to analyze dielectric
relaxation data of a few glass-forming systems.11714 As
it is has already been mentioned, this approach is in
fact a simplification of the general concept proposed by
Williams and Watts because, so far, only the autocor-
relation terms of the reorientation of dipoles are taken
into account. The WW ansatz used by us is easier
formulated in the time domain as shown by eq 1, which
can be rewritten as

@(t) = fo@a(t) + (1 — f)e,(D)@(t) (13)

In the WW ansatz 1 — f, is related with the relaxation
achieved in a fixed environment, i.e., with g(t) = 1.
Therefore, in the dielectric relaxation case 1 — f, gives
the fraction of the dipole moment relaxation that is
achieved by the local motions. Moreover, in this ap-
proach both ¢.(t) and @s(t) are constructed at any
temperature by means of the extrapolation of the
temperature behavior observed in the temperature
range where both processes are well separated, i.e.,
where they do not overlap very much. In principle, this
is only a particular case. The core of the WW ansatz is
the term combining the main and secondary relaxations,
which reflects the statistical independence of both
processes. However, this does not imply “a priori” that
the a and g processes behave as pure extrapolations
from the low temperature. This is the simplest approach
we can imagine, and due to this reason, we should test
if it is possible to describe the data, within the experi-
mental uncertainties, in this simple framework. As it
was mentioned in the Introduction, eq 13 is also
obtained in the framework of free-energy-landscape
model for the simple case where no correlation exist
between the mechanisms responsible of the o and
process. Nevertheless, the model results show that the
behavior observed for the loss spectrum in the merging
region in the general case is hardly distinguishable,
taking into account the usual experimental uncertain-
ties, from that obtained in the particular case of
completely uncorrelated relaxation processes.?! In this
approach we follow the general procedure to obtain the
normalized relaxation from ¢(t) using the Laplace
transformation, i.e.

d*(w) = L, [~de(t)/dt ] (14)

iw

where L, is the Laplace operator. Taking into account
eqs 13 and 14, one obtains
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[e¥(w) — €alles — €n) = T, 2% (@) + (1 = f)P*pe(@)
(15)

where using the same terminology introduced in ref 12,
D*perr(w) represents Li{ —d[@«(t)@s)]/dt}. The algorithm
used by us to construct ®*se(w) is that reported in ref
12, which can be summarized as follows: Both ¢,(t) and
@p(t) can be expressed respectively as

2. = [ g,(log )e™"" d(log 7) (16)
@s(t) = [ gy(log )e™"" d(log 7) (17)
and therefore the term @ger(t) = @a(t) @p(t) results in

Pperr® = @) 50 = [ gy(log [ gylog 7') x
e W) g(log 7')] d(log 7) (18)

from which ®*ge(w) can be written as

D* () = [ g,(log 7)| [ gslog ') x

— (1 —— d(log 7)| d(log ) (19)
Ia);-+-;d

By comparing eqs 9 and 10 with egs 13 and 15, we have
to conclude that the addition ansatz and our simplified
WW ansatz would be completely equivalent from a pure
formal point of view if ®*p(w) = P*gerr(w) or if Ep(t) =
@u(t) @p(t) at any temperature. Below Ty, this equiva-
lence results to be trivial; however, well above Tg, in
the merging region ®*ge(w) is directly determined from
the low-temperature behavior whereas ®*,(w) is not.
Therefore, the interesting range to experimentally
compare the results obtained in the framework of the
two different ansatzs is the range where the main and
the secondary processes overlap (the merging region).

111. Experimental Section

Samples. Poly(epichlorohydrin) (PECH), poly(vinyl methyl
ether) (PVME), isopoly(methyl methacrylate) (i-PMMA), and
poly(vinyl acetate) (PVAc) were obtained from Aldrich. Tet-
ramethyl bisphenol polycarbonate (TMBPC) and poly(2-hy-
droxypropyl ether Bisphenol A), known as phenoxy (PH), were
supplied by Bayer and Union Carbide, respectively. The
chemical structure of the monomeric units is given in Figure
1. The glass transition temperatures of the samples, depicted
in Table 1, were obtained from the middle point of the
differential scanning calorimetry (DSC) trace measured at a
heating rate of 10 K/min.

For the dielectric experiments, the samples were prepared
on the electrode surface by solvent casting, with tetrahydro-
furan (THF) as solvent. Special care was taken to ensure that
no rest of the solvent remains in the sample.

Dielectric Measurements. Dielectric measurements were
performed in the frequency domain from 1072—10° Hz with a
Novocontrol System by means of two different equipments. A
Solartron-Schlumberger gain/phase analyzer S11260 supple-
mented with a broad dielectric converter allowed the dielectric
relaxation to be measured on the range 102 up to 107 Hz. For
higher frequencies (106—10° Hz), a Hewlett-Packard imped-
ance analyzer HP4191A based on the principle of a reflecto-
meter was used. The error in the determination of the loss
tangent of the dielectric constant was around 10~ for the first
set up and 102 for the second one. Overlapping of the spectra
at the same temperature was possible by means of the common
decade of both equipments (10°—107 Hz), and small corrections

Macromolecules, Vol. 34, No. 3, 2001

PECH

-CH,-CH-O-
|
CH, - Cl

PH

CH; 0

H
i I
—O—@Cl—@O—CHz—CH—CHz—

CH,

PVNME

-CH,-CH-
1
0 -CH,4

i-PMMA

CH,
f

-CH,-C-
|

72
0 0O-CH,

TMBPC

CH3 CH3z CH3; (O
!

L[}
-o-@o@o—c—
|
CH3 CH3 CH3

PVAc

-CH,-CH -
|
0-C-CH,
0

Figure 1. Chemical structure of the polymers investigated.

Table 1. Glass Transition Temperatures, Molecular
Weights, and the Parameters Describing the
Temperature Dependence of the f Relaxation for the
Studied Polymers Where Parameter A Gives the
Temperature Coefficient of og(T), A = dog/dT

Ty 0e(Tg) A 750 Eo
sample (K) My (eV) (eVIK) (s) (eV)

PECH 248 700000 0.069 —1.2x 107 9.9 x 10713 0.25

PH 370 35540 0.073 —9.6 x 1075 3.6 x 10716 0.45
PVME 247 21900 0.044 —4.4x107% 2.6 x 10718 0.22
i-PMMA 322 300000 0.12 —4.2x10* 16x107% 0.76
TMBPC 470 0.10 -12x10* 6.0x107% 0.85
PVACc 315 93080 0.073 —9.0x 1075 2.4 x 1072 0.32

were motivated by the uncertainties in the determination of
the sample thickness. Measurements were made under iso-
thermal conditions with temperature stability better than
0.1 K in all cases.

Sample holders, that act as electrodes, were parallel-plate
capacitors of 20 mm diameter for the low frequency setup and
5 mm diameter for the high-frequency one. The distances
between the electrodes were kept constant by insertion of
Teflon (PTFE) spacers (0.1 mm thick) in the first case and
quartz glass-fibers (0.05 mm thick) in the second one.

IV. Results and Data Analysis

Figures 2—4 depict some representative data of the
imaginary part of the dielectric constant for the studied
polymers in three different temperature ranges. At
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temperatures below Ty, the secondary relaxation is the
main responsible of the dielectric loss features. This
process is found in all the polymers investigated (see
Figure 2). The low strength of the dielectric relaxation
in this range makes difficult to have accurate measure-
ments in the high-frequency range (above 10° Hz). In
this range, the signal is of the same order of magnitude
or lower than the accuracy provided by the experimental
set up for all the systems. Therefore, below T4, the
reliable frequency range was 1072—10° Hz.

As the temperature is increased, the a relaxation
starts to be observed in the frequency window (see
Figure 3). The contributions to the dielectric losses
corresponding to the segmental and secondary processes
are distinctly. Except for PH, where the dielectric
strength of the secondary relaxation is higher than that
of a relaxation, it can be seen that the dielectric
dispersion is dominated by the a process. For PH,
TMBPC, and PVAc a conductivity contribution was also
found at these temperatures in the low frequency side.
This contribution has been successfully described by a
€'(w) 0 1w law (dashed lines in Figure 3). This
contribution was subtracted from the measured losses
to obtain the dipolar contribution to €'(w). In this
temperature range, the secondary relaxation mainly
contributes in the high-frequency range, and hence,
high-frequency measurements are essential to have a
good characterization of the process. The high-frequency
values of €''(w) in this temperature range were found to
be above the resolution limit of the high frequency
setup. The reason for this is that the contribution of the
secondary relaxation to the losses increases with tem-
perature and, simultaneously, the o relaxation starts
to significantly contribute in this range.

At temperatures well above Ty, the shift of the a peak
to higher frequencies, which is much faster than that
of the secondary relaxation, causes both peaks to become
closer to each other. This can be seen in Figure 4 where
a single peak shows up for PECH, i-PMMA, and
TMBPC. On the contrary, for PH the separation be-
tween the o and b processes still persists and the
merging of both relaxations is not apparent. PVME and
PVACc represent an intermediate situation.

As above commented upon, in this work we will
compare the results obtained when the experimental
data are fitted using the two previously described
methods to analyze the merging region. It has already
been shown above that for each method the dielectric
relaxation process can be expressed in terms of the two
distribution functions gq(log ) and gy(log 7) that contain
the dynamical information on the o process and the
secondary relaxation. We have also mentioned that
gp(log 7) can usually be well described by means of a
Gaussian-like function (eq 7). With respect to gq(log 7),
we have also commented that it usually corresponds to
a relaxation process that is well described by the KWW
function (eq 12) in the time domain. In the present study
the following distribution function, proposed by Raja-
gopal et al.?” has been used for gq(log 7)

g(log 7) =In 10@(ﬂrl)ﬂ/2(l_ﬁ) X
expl- — Aec) 1 @0

where § is a parameter related to the shape of the
relaxation and z. is a characteristic relaxation time of
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Figure 2. f relaxation isothermal loss curves for PECH, PH,
PVME, i-PMMA, TMBPC, and PVAc at 178, 215, 138, 300,
410, and 240 K, respectively. Solid lines represent the obtained
fittings as explained in the text.

the process. Equation 20 yields exactly a KWW function
only for g = 0.5. Nevertheless, it has recently been
shown?® that, in the range 0.2 < < 1, eq 20 also
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Figure 3. Isothermal loss curves slightly above T, for PECH,
PH, PVME, i-PMMA, TMBPC, and PVAc at 253, 385, 258, 335,
480, and 330 K, respectively. Solid lines represent the obtained
fittings as explained in the text. Dashed lines show the
contribution from the o process, and dashed—dotted lines are
the corresponding contribution from the b process. Dotted lines
in PH, TMBPC, and PVAc represent the subtracted conductiv-
ity contribution.
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Figure 4. Isothermal loss curves well above T4 for PECH,
PH, PVME, i-PMMA, TMBPC, and PVAc at 303, 405, 298, 370,
500, and 350 K, respectively. Solid lines represent the obtained
fittings as explained in the text. Dashed lines show the contri-
bution from the a process, and dashed—dotted lines are the
corresponding contribution from the b process. Thick dashed
line shows the obtained fitting according to the WW ansatz.



Macromolecules, Vol. 34, No. 3, 2001

provides a very good approximation to the KWW func-
tion. The KWW parameters and those of eq 20 are
related in the following way:

B« = 0.5+ 1.3237(8 — 0.5) + 0.4648(5 — 0.5)° +
1.2436(5 — 0.5)° — 2.0129(8 — 0.5)* (21a)

T
?K =1+ 1.4459(8 — 0.5) — 3.2598(8 — 0.5)> +

c

2.385(8 — 0.5)° — 2.1424(5 — 0.5)* (21b)

Hence, for a wide range of values of 3, using eq 20 is
equivalent to assuming a KWW function for ¢(t). Start-
ing from the distribution functions given by eqs 7 and
20, the dielectric relaxation functions have been evalu-
ated in the two different approaches by using egs 9 and
15. The model parameters were extracted at each
temperature by fitting the experimental losses using
standard minimization procedures. Note that in both
ansatz there are, in principle, the same six fitting
parameters, namely: Ae and f,, accounting respectively
for the total and relative dielectric relaxation strength,
7 and Pk, characterizing the dynamics of the o process,
and 1, and o, characterizing the dynamics of the b
process. Four different temperature ranges were con-
sidered on fitting.

(i) As it was commented above, well below Tg, the
secondary relaxation is the main contribution to the
dielectric losses in the measuring window, since the
characteristic time of the o relaxation is extremely
large. Therefore, one would expect that the dielectric
losses corresponding to the first term in egs 9 and 15
would be negligible. However, in the experimental
spectra of all the samples, the loss peak assigned to
secondary relaxation is superimposed on a nearly flat
contribution. The origin of such contribution, which
increases when approaching Ty, is not clear although it
might be due to the so-called high-frequency wing of the
o relaxation.?® Such a wing, showing a weak frequency
dependence, has been reported at temperatures well
below Ty in those systems which do not present a clear
secondary relaxation.?® Thus, in the fitting procedure
well below Ty, the contribution to the dielectric losses
of the a process was approximated by a flat background.

(i) At temperatures close but still below T, the
contribution of the a process starts to be more apparent
since in this temperature range the a process is close
to the slower limit of the experimental window. The
contribution of the a relaxation in this range decreases
with frequency following a power law. This contribution
would correspond to the segmental dynamics, which
below Ty exists in an out-of-equilibrium state with a
time scale faster than that expected for the equilibrated
polymer melt.2° This fact makes the power law contri-
bution to be apparent from temperatures well below Ty,
typically Tg — 40 K.

(iii) At temperatures from Ty up to around Ty +
40 K, the o-relaxation peak appears rather well sepa-
rated from the contribution of the secondary processes.
In this range a fitting in the framework of the addition
ansatz was performed allowing all the parameters in
eq 9 to be free. However, as aforementioned, in the WW
ansatz the parameters characterizing the secondary
relaxation, namely o and 7, were fixed in eq 15 to the
values extrapolated from the low-temperature behavior
(regions i and ii). This difference between the two
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methods of analysis above Ty is related to the above-
mentioned fact that, whereas below T4 both methods
are equivalent, above Ty the secondary relaxation is
determined from that observed below Ty in the WW
ansatz, while in the addition ansatz it might be differ-
ent.

(iv) At even higher temperatures, the two processes
are getting closer in frequency for most of the polymers
(merging region), whereas for others the secondary
relaxation is nearly out of the frequency window ex-
perimentally covered. In both cases, a strong coupling
between the fitting parameters appears, mainly in the
framework of the addition ansatz since there are more
fitting parameters. Thus, unrealistic values of the
parameters can yield reasonable fitting curves, and
therefore, the extrapolation of some parameters was
needed to obtain moderate uncertainties in the values
determined in the fitting procedure (see below).

Following the procedure described above, first the
experimental loss curves were fitted in regions i and ii.
It is important to note that the main part of the a
process is out of the accessible frequency window in
these regions and the two ansatzs, being equivalent,
yield the same curve fitting and parameter values. The
solid lines in Figure 2 show some representative curve
fittings in region i. We found that, below Tg, the average
relaxation time of the secondary relaxation follows a
well-defined Arrhenius behavior (eq 5) for all the
polymers (see Figure 5). The values of the corresponding
Arrhenius parameters obtained are listed in Table 1.
The activation energy seems to be somehow correlated
with the glass transition temperature according with
that found in recent studies.”'431 On the other hand, ¢
decreases with temperature as expected from eq 8 with
a nearly constant value of ogg. The weak temperature
dependence of og can be accounted by a linear fit with
the parameters given in Table 1. From that fit it is found
that the ratio og(Ty)/Eo is around 20% for all the
polymers investigated.

In region iii, the main part of the o process is inside
the frequency window; thus, it can be completely
characterized in this region. Note that in region iii, the
two methods of analysis are not strictly equivalent since
in the WW ansatz framework the parameters 73 and og
are taken from the behavior determined previously in
regions i and ii whereas in the addition ansatz t, and o
remain free. This enssures that, in the WW ansatz
framework, the number of fitting parameters is reduced
from 6 to 4. Despite that, the fitting curves resulting
from both procedures are hardly distinguishable. Some
representative fitting curves are depicted in Figure 4.
The parameters 7, and og obtained in this region in the
addition ansatz framework remain close to the ones
extrapolated from low temperature (values used in the
WW analysis). Concerning the other parameters, we
found that, by using both methods of analysis, the shape
of the o process remains nearly temperature indepen-
dent for PECH and narrows moderately with T for PH,
PVME, and TMBPC. On the contrary, for PVAc and
i-PMMA, the narrowing is more pronounced near Ty.
However, for all the polymers the shape parameter
becomes nearly temperature independent at high tem-
peratures. To account for these behaviors we have
described the temperature dependence of the shape
parameter Sk in all the polymers investigated using the
following function fk(T) = 1 — exp[—ci(T — ¢2)], which
has been proposed elsewhere.1%32 The values of ¢; and
o, as well as the values of fk at Ty, corresponding to
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Figure 5. Relaxation times for the different studied processes: Full circles represent the obtained relaxation times for the a
process, and the solid line represents the extrapolated Vogel—Fulcher behavior (see Table 2 for parameters). Open circles show
the relaxation times of b process and dashed line corresponds to low-temperature Arrhenius behavior (see Table 1 for parameters).

Crosses show the characteristic times corresponding to ®*gei(w).

Table 2. Parameters Describing the Temperature
Dependence of the o Relaxation of the Studied
Compounds Where the Parameters c; and c; Correspond
to the Equation pk(T) = 1 — exp[—ci(T — c2)]

sample  fk(Ty) ¢ (K™Y c2 (K) To0 (S) B (K) To(K)
PECH 0.53 35x 10°° —20556 7.5 x 10713 1281 202.9
PH 0.35 6.3x10°3 302 4.2 x 10711 553 3495
PVME 035 5.1x10°8 167 2.7 x 10713 1392 201.6
i-PMMA 0.22 5.2 x 1073 273 9.5x 10712 1167 282.1
TMBPC 039 5.2 x10°3 377 3.6 x 107 1589 415.6
PVACc 0.48 6.75 x 103 218 5.2 x 10718 1525 263.4

the different polymers are listed in Table 2. On the other
hand, the values obtained for the relaxation time of the
o process are also observed to be very similar in both
cases, although small differences become apparent when
the merging region is approached. Nevertheless, these
differences are so small that they cannot be detected in
Figure 5. Equation 11, with the parameters listed in
Table 2, gives a good description of the two sets of 7
data in this region. With respect to Ae and f,, we found
that Ae is hardly sensitive to the analysis procedure,
but the values of f, start to differ significantly when the
merging region is approached (see Figure 6).

As commented above, the temperature behavior of the
dynamic parameters in region iv cannot be determined
with sufficient accuracy by allowing all the fitting
parameters to be free in both of the methods. Thus, in
this region we have fixed some fitting parameters,
mainly for the addition ansatz but also in the framework
of the WW ansatz. In the former case we have extrapo-
lated B(T) and t4(T), i.e., the dynamic parameters

characterizing the o process, according to the temper-
ature dependencies found in region iii. This choice will
evidence any possible change in the temperature de-
pendence of the parameters describing the b process in
the merging region. However, in the Williams approach,
where o(T) and 74(T) are already extrapolated from the
low temperature, only A(T) was fixed in region iv. In
this way, the number of free fitting parameters in this
region becomes four for the addition ansatz and three
for the WW ansatz. From the fitting obtained by means
of the two approaches, it follows that both the curve
fitting and the fitting parameters are different in this
region for those polymers where the main and the
secondary processes are getting very close (merging
process). In both analyses, the fitting curves obtained
in region iv are in rather good agreement with experi-
mental data, even for the polymers where the overlap-
ping of the a and f relaxations is strong. However, the
addition ansatz does not produce a better fitting of the
experimental data than the one obtained using the WW
ansatz (see Figure 7), although an additional fitting
parameter is used in the former case. It is noteworthy
that, in the procedure followed here, the shape of
Ob(log 7) is assumed to remain symmetric in this region.
However, what is found when the addition ansatz is
used without any restriction for the shape of gy(log 7) is
that it tends to become asymmetric in the merging
range. This will be discussed in more detail in the next
section. In summary, it is apparent that, for those
polymers where the merging process is accessible, the
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Figure 6. Obtained relative relaxation strengths, f,, for all
the studied polymers. Full symbols correspond to the addition
ansatz and open symbols to the WW one.
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Figure 7. Dielectric loss curves for TMBPC at 480 and
510 K. Lines are fittings according to the addition ansatz
(solid) and to the WW one (thick dashed). Dashed line
represents the b process from the addition ansatz, dashed—
dotted line the S-effective process from the WW ansatz and
the dotted line the extrapolated g relaxation that would
correspond to parameters listed in Table 1.

parameters obtained using the two approaches are
different in this region. On the contrary, for the poly-
mers where the secondary relaxation and the o process
remain far from each other, both methods yield equiva-
lent results also in region iv.

V. Discussion

The results shown above demonstrate that the ex-
perimental data in the merging region of different
polymers can be well described using the two different
methods of analysis. In both cases, f, tends to decrease
with increasing temperature above Ty (see Figure 6) and
would eventually vanish at high temperatures, although
the uncertainty in the value of f, in this range becomes
extremely large, independently of the method used. The
rather similar values of f, found using the two ways of
analysis imply that the relaxation functions ®*p(w) and
D*geri(w) should be hardly distinguishable. To compare
the behavior of ®*,(w) and ®*ser(w) in detail, in Figure
5 we have depicted the characteristic times obtained
from the maximum of the losses associated with
D*geri(w) in comparison with the values of the charac-
teristic times of the § process determined using the
addition ansatz. When the main and the secondary
relaxations are well separated both coincide, as ex-
pected, with the line describing z4(T), i.e., the low
temperature behavior of the characteristic time of the
secondary relaxation. Moreover, approaching the merg-
ing region (but in some cases a few tens of degrees
below), both sets of data deviate similarly from the
extrapolation of the low-temperature 75(T). Therefore,
one of the most relevant features of the comparison is
that for all the polymers ©,(T) is found to be nearly
equivalent to 7ger(T). To further test the similarities
between ®*y(w) and P*gerr(w), in Figure 7 we show, as
an example, the loss spectrum of TMBPC at two
temperatures, one close to Ty and the other in the
merging region. As can be seen, the secondary relax-
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ation near Ty is much faster than the o one and
therefore the relaxation times 7z and t, are just the
same, as well as the contribution to the losses of
Dperf’ (w) and Py (w). Similar results are obtained for
the rest of the polymers. Thus, as shown above, no
differences exist between both methods of analysis at
temperatures close to Tg. At higher temperatures, the
situation changes gradually, and the description of the
two approaches is no longer exactly equivalent in the
merging range. As can be seen in Figure 7b, whereas
dp'"'(w) remains (by assumption) symmetric in the log
w scale, ®gerf’ (w) is markedly asymmetric. Nevertheless,
the frequencies at the maxima of ®gerf''(w) and @y (w)
are close and, furthermore, their widths remain similar
and clearly smaller than that expected from the ex-
trapolation of the secondary relaxation spectrum from
low temperatures. The similarity found between
D*geri(w) and P*p(w) is not trivial (note that ®*gerr(w) is
constructed from the extrapolation of the low temper-
ature relaxation behavior) and in fact implies that the
results obtained in using the addition ansatz give
support and justify the validity of the WW ansatz. It is
worthy of remark that this result directly emerges from
experiments performed on very different systems and
not from any particular interpretation of the data.

From the above discussion, the main difference be-
tween the two methods of analysis used in the merging
region is the different interpretation of the polymer
dynamics far above Ty In the WW ansatz, the high
temperature dynamics is directly connected with the
dynamical behavior observed at low temperature. How-
ever, in the addition ansatz the dynamics at tempera-
tures around and above the merging region have to be
interpreted as produced by a physical mechanism dif-
ferent from those responsible of the a. and  relaxations
observed at low temperatures. Moreover, whereas in the
addition ansatz the experimental finding that f, seems
to extrapolate to zero at high temperature is interpreted
as a vanishing of the a-relaxation process (and therefore
of the cooperativity), in the WW ansatz this interpreta-
tion does not hold. The reason is that in the WW ansatz
D*ger(w) represents the convolution term of ®*,(w) and
®*s(w), being its behavior dominated by the fastest of
the two processes. Since at very high temperatures the
characteristic time of the 3 process would become longer
than that of the o relaxation, in this range ®*ger(w) =
D*y(w), which yields ®*(w) = ®*y(w) for any value of
fo. Therefore, in the framework of the WW ansatz the
very high-temperature dynamics is governed, mainly,
by the mechanism responsible of the a relaxation. Thus,
within the WW ansatz, f, cannot be interpreted, in the
high-temperature range, as the relative contribution of
the o process to the whole relaxation. As abovemen-
tioned, in the WW picture f, indicates the part of the
time decay that would not occur if the molecular
environment does not change.

As was already commented upon in the Introduction,
the WW ansatz arises naturally on the basis of a free-
energy landscape model for the dynamics of glass-
forming systems when a slow secondary relaxation is
considered.?! In this model the secondary relaxation is
modeled by a superposition of simple two-site angular
jumps within a cone of angle 6, which, within the
assumptions of the model, determines the temperature
behavior of f,.?1 To compare the f,(T) behavior obtained
for the different polymers, in Figure 8 we have depicted
the f, values obtained using the WW ansatz as a
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polymers.

function of T/T,. The values of f, appearing in the figure
for T < T4 have been calculated as f, = Ae/[Aes +
Aeo(T)], Aeo(T) being the extrapolation of the Aeq
experimental behavior according with a Curie—Weiss
law. In the representation used in Figure 8 a direct
comparison among the different polymers and also with
the predictions of the landscape model is straightfor-
ward. From this comparison, it turns out that f,(T/Tg)
strongly depends on the type of polymer considered. Our
results indicate that, for TMBPC and PH, both having
phenyl rings in the main chain, f(T/Tg) shows a very
rapid decrease above T4 whereas for the vinyl polymers
investigated, PVME and PVAc, the decrease of f,(T/Tg)
is moderate. For the other two polymers, we found
intermediate situations. By comparison of the results
shown in Figure 8 with those obtained from the free-
energy landscape model (Figure 2b in ref 21), some
estimates of the 6 values corresponding to the polymers
investigated can be found. The values of 6 so obtained
are in the ranges: 70—80° for TMBPC and PH, 10—20°
for PVAc and PVYME, and 30—40° for PECH, and 0 =
45—-55° for i-PMMA. For the results of 1,4-polybutadiene
reported previously,!? the estimated value was 60—70°,
which is not very different from the values determined
by us for TMBPC and PH. Thus, it seems that fo(T/Ty),
and therefore the value of 6, is related to the monomeric
structure of the polymer.

V1. Conclusions

We have shown that the relaxation behavior of a
series of polymers in the high temperature range, where
the main and the secondary relaxations merge, can
successfully be described using two different ap-
proaches. Although these approaches have similarities
from a formal point of view, they imply very different
interpretations of the polymer dynamics at tempera-
tures well above Ty When the results obtained from the
two analysis methods are compared, it is found that the
results obtained with the addition method support the
validity of the WW ansatz. In particular, it is found that
the apparent deviation of 7,(T) from the Arrhenius
behavior deduced from low temperature can be inter-
preted as a consequence of the convolution term of the
o.and f processes (Pgetr). Since in the high-temperature
limit ®gerr becomes similar to @, the polymer dynamics
in this range will mainly be determined by the mech-
anisms responsible of the a relaxation independently
of the value of f,. This point of view is opposite to the
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interpretation of the finding that the parameter f, tends
to become zero at high temperatures as a proof of the
vanishing of the cooperativity in the polymer dynamics.
In summary, the WW approach provides a natural
explanation for the observed temperature dependence
of the dielectric response in the merging regime on the
basis of the low-temperature behavior. This finding,
which applies not only to the six polymers investigated
here but also to other polymeric and nonpolymeric
systems,11~15 strongly supports the molecular grounds
for the merging scenario from which the WW ansatz is
derived. In particular, recent calculations based on a
free-energy landscape model for the dynamics of glass-
forming systems, which also support the WW ansatz
analysis, allow a connection of the observed relaxation
behavior with the molecular mechanisms responsible of
the dynamics. Namely, on the basis of the assumptions
of this landscape model, the temperature dependence
of f, is determined by the angle 6 of the cone on which
the restricted angular fluctuations associated with the
f relaxation occur. Following this procedure, it turns
out that the values of 6 obtained are somehow correlated
with the chemical structure of the polymers investi-
gated, with 6 being large for the polymers with phenyl
rings in the backbone and smaller for the vinyl poly-
mers.
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