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The dielectric loss spectra of a series of copolyesters of poly(ethylene terephthalate) and poly(ethylene
isophthalate) have been measured as a function of temperature in a broad frequency ranges10−1–109 Hzd. By
these measurements, the merging of the two relevant relaxationsa andb has been studied. Theb processes
exhibit a complex temperature dependence, showing a clear Arrhenius dependence at temperatures well below
the glass transition temperature, a transition zone where the characteristic relaxation time of this process nearly
does not change with temperature, and an Arrhenius behavior with a higher activation energy for temperatures
above the glass transition. The analysis of these results indicates that theb relaxation in these systems presents
typical characteristics of a genuine Johari-Goldstein process. This finding has been interpreted as due to the full
monomer extension of the molecular motions involved in theb relaxation in agreement with recent proposals.
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INTRODUCTION

Among the intriguing phenomena associated with the
glass transition is the existence of ana relaxation dominating
the relaxation map of glass forming systems[1]. This process
is manifested at temperatures above the glass transition tem-
peraturesTgd, and it is associated with the cooperative reori-
entations and/or translations of the relaxing species. When
the glass forming system is a polymer, thea relaxation is
attributed to cooperative segmental rearrangements in the
main chain. However, in the relaxation map, there is also a
weaker process that appears at higher frequencies and is usu-
ally denoted asb relaxation [1]. The b relaxation can be
detected even belowTg. Traditionally, theb relaxation was
assigned to local motions of only a part of the molecule and
therefore it was considered to play no role on thea process.
However, the discovery by Johari and Goldstein ofb relax-
ations in low-molecular-weight rigid molecules indicated
that in some systems theb process involved the whole mol-
ecule. In these cases, theb relaxation is referred to as Johari-
Goldstein(JG) relaxation[2]. According to Johari[3], struc-
tural nonuniformity within the glass leads to heterogeneity in
mobility. The secondary process occurs in the regions where
the mobility is higher. Recently, the relaxation time of the JG
process has been found to be empirically related to the primi-
tive relaxation time of the coupling model(CM), which is
the precursor of thea relaxation [4]. The CM provides a
relation to estimate the characteristic relaxation time for the
predicted primitive relaxation,

t0 = stcdnstad1−n, s1d

whereta in Eq. (1) is the characteristic relaxation time of
the a process,tc is the crossover time from independent to
cooperative relaxation and has been estimated to be
2310−12 sec from neutron scattering experiments[5], andn
is related to the exponent in the Kolraush function:

fstd = expf− st/tad1−ng. s2d

If this primitive relaxation is responsible for the existence
of the secondary process, it is expected that its characteristic
time t0 is approximately the same as the characteristic time
of the b relaxation,tb. This approach has been shown to be
valid for a great variety of low molecular glass forming[4,6]
and polymer networks[7]. In polymer systems theb relax-
ation is independent of thea process when it is due to local-
ized motions of side chains and lateral pendant groups[6]. In
these cases, theb relaxation bears no similarity with the
concept of JG relaxation. However, it has been recently
shown that for polymers without pendant groups or side
chains, like, for example, 1,4-polybutadiene, or 1,4-
polyisoprene, theb relaxation involves the whole mono-
meric repeat unit[8]. Therefore, even if theb relaxation may
involve different intramolecular motions, when if affects es-
sentially all atoms of the repeat unit, it can be envisioned as
a JG process as shown by a recent report[6].

The improvement in resolution and the possibility of mea-
suring in broader frequency ranges has provided the possi-
bility of studying in more detail this weakerb relaxation.
Based on previous molecular dynamics simulations[9],
Boyd and Bravard[10] have proposed that theb relaxation
in a paradigmatic aromatic polymer like poly(ethylene
terephthalate) (PET), as studied by dielectric spectroscopy, is
a complex process that can be deconvoluted into three dif-
ferent contributions, each of them associated with the motion
of three different bonds involving essentially the whole mo-
nomeric unit. They remark that, in comparison with poly(eth-
ylene 2,6-naphthalene dicarboxylate) (PEN) with identical
chemical structure to that of PET with the exception of the
phenyl group of PET being substituted in PEN by a naphtha-
lene group, a particular component of theb process(the one
appearing at lower frequencies) may have slight intraseg-
mental cooperative character.

With these ideas in mind, we have attempted to under-
stand the connection between thea andb relaxations and to
probe the possible cooperative nature of theb relaxation. To
achieve that, we have selected a series of random copolymers*Corresponding author.
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of PET and poly(ethylene isophthalate) (PEI). The chemical
structure of the investigated samples is presented in Fig. 1.
The ethylene isophthalate units provide the same ester
groups to the macromolecular chains than the ones in the
ethylene terephthalate units. However, due to its chemical
nature and to the formation of copolymers, this family allows
us to explore the coalescence between thea andb processes
at very high temperature, avoiding the crystallization of the
systems. As a matter of fact, the rate of crystallization of
both PET and PEI was found to be strongly depressed by
copolymerization[11]. The interrelation between the second-
ary and thea process in this series of copolymers has been
studied in a broad-frequency-range dielectric spectroscopy,
in order to shed some light on the role of the secondary
process is glass forming polymers.

EXPERIMENTAL PART

All the samples were synthesized according to the well-
known two-stage polycondensation procedure. In order to
obtain the two homopolymers and the copolymer family with
different relative composition, several amounts of dimethyl
terephthalate, dimethyl isophthalate, and ethylene glycol
were used employing TisOBud4 as a catalyst[11]. The ob-
tained copolymers are statistical, and in all cases the weight
average molecular weight is aroundMw=50.000 g/mol. The
molar composition and the chain structure of the samples
were determined by means of1H–NMRspectroscopy[11].
The nomenclature used in this work to identify samples with
different content of ethylene terephthalate units is presented
in Table I. After vacuum drying at 363 K for 24 h, the pow-
ders originated from the synthesis were melt pressed at
560 K for 2 min and subsequently quenched to room tem-
perature using water refrigerated metal blocks. In that may
polymer films of about 250mm were obtained.

Films for dielectric spectroscopy were provided with cir-
cular gold electrodes(2 cm diameter for the low-frequency-
range experiments and 0.5 cm diameter for the high-
frequency range) by sputtering the metal onto both free
surfaces. In some particular cases,(low ET content) Kapton
spacers 120mm thick were used to avoid the two electrodes
to collapse at high temperatures. DSC experiments were car-
ried out using a Perkin-Elmer DSC4 instrument provided
with an ethanol cooling bath. The temperature was calibrated
by using indium. The samples were encapsulated in alumi-
num pans, and the typical sample weights used in these ex-
periments were about 6 mg. The heating rate employed was
10 K/min. Dielectric loss measurements«9=Ims«*d, where
«* is the complex dielectric permittivity, were performed
over a broad frequency window 10−1,F sHzd,109 in a
temperature range of 123,T sKd,473. To cover the above
frequency range, two different experiment setups were used.
From 10−1 to 106 Hz a Novocontrol system integrating an
ALPHA dielectric interface was employed. In the range
106–109 Hz, dielectric measurements were obtained by
means of an HP 4291 coaxial line reflectometer. In this case,
the dielectric loss was calculated by measuring the reflection
coefficient at a particular reference plane[1,12]. These two
instruments are integrated in a Novocontrol broadband di-
electric spectrometer. The temperature in this spectrometer is
controlled by a nitrogen jet(QUATRO from Novocontrol)
with a temperature error, during every single sweep in fre-
quency, of 0.1 K.

RESULTS

Figure 2 shows, as an example, for four selected samples,
the corresponding«9 values as a function of frequency for
temperatures atT.Tg. In the dielectric loss spectra of all the
studied samples it is possible to distinguish two relaxation
processes in different temperature regions. At low frequen-
cies, a prominent maximum, assigned to thea relaxation is
observed together with a fasterb process located at higher
frequencies. For the temperatures nearTg the a process ap-
pears well separated from theb one. However, as tempera-
ture increases, both relaxations exhibit very different
dynamic-temperature dependence, and hence there is a pro-
gressive merging. At high enough temperatures, only a single
«9 maximum is observed in those samples in which crystal-
lization is preventedsET,0.8d.

The relaxation curves as a function of frequency were
analyzed according to the Havriliak-Negami(HN) formal-
ism. In this case, the main features appearing in a typical
dielectric losss«9d frequency scan can be phenomenologi-
cally described as the superposition of two HN processes and
a conductivity term as follows:

«9 = S s

«0v
Ds

+ ImS o
k=b,a

D«k

f1 + sivtHN kdbkgckD , s3d

wheres is the direct current electrical conductivity,«0 is the
vacuum permittivity, the coefficient 0,s,1 depends on the
conduction mechanism[1,13], v is the angular frequency
sv=2pFd, D« is the dielectric strength of the relaxation,tHN

FIG. 1. Chemical structure of the monomers corresponding to
the studied polymeric systems.

TABLE I. Nomenclature used in the present work, molar frac-
tion of ET units,Tg of the samples as measured by DSC, andT0 and
D obtained from the fittings of Fmax

a to Eq. (5).

Sample name
Molar fraction

ET units Tg sKd T0 sKd D

ET100 (PET) 1.0 350 308 4.7
ET80 0.8 345 293 5.8
ET60 0.6 343 283 6.7
ET40 0.4 339 274 7.5
ET20 0.2 337 270 7.9
ET00 (PEI) 0.0 335 264 8.5
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is the most probable value of the relaxation time distribution
function, andb and c are shape parameters related to the
symmetric and asymmetric broadening, respectively[1,14].
The central relaxation timet has been calculated as being

t =
1

2pFmax
= tHNFsin

bp

2 + 2c
G−1/bFsin

bcp

2 + 2c
G1/b

, s4d

whereFmax is the frequency of maximum loss. This sort of
addition method has been successfully applied for describing
experiment data on the merging of theb and a relaxations
[15–17].

Figure 3 shows as an example the separation procedure of
the mentioned contributions to«9 for the case of the ET80
sample measured atT=363 K. The solid line represents the
best fit obtained by a Gauss-Newton fitting procedure[18].
Dotted lines represent the isolated conductivity term and the

separatedb and a processes. At high temperature, theb
relaxation maximum is located near the edge of the fre-
quency window.

The variation of the obtained HN parameters as a function
of temperature is presented in Fig. 4. As a general trend, in
the whole copolymer series, the HN parameters for thea and
b contributions present a similar evolution with temperature.

FIG. 2. Dielectric loss relaxation spectra as a function of fre-
quency for selected temperatures, as indicated by the labels, pre-
sented for four samples[ET00(PEI), ET20, ET80, and ET100
(PET)]. The two main relaxation processesa and b are observed.
Solid lines represent best fits according to Eq.(3).

FIG. 3. Dielectric loss values for ET80 sample at T=363 K. The
solid line corresponds to the best fitting from Eq.(3). Dotted lines
show the separated contribution of the conductivity terms«cond9 d and
the b anda relaxation, respectively.

FIG. 4. Havriliak-Negami parameters obtained for the whole
copolymer series corresponding to theb (left panels) and a (right
panels) relaxations: dielectric strengthD« (a1 and a2), symmetric
broadening parameterb (b1 and b2), asymmetric broadeningc (c1

and c2), and central relaxation timetHN (d1 and d2). Different sym-
bols corresponds to different ET comonomer concentration.sjd
ET100(PET), shd ET80, smd ET60, snd ET40, s•d ET20, andsnd
ET00 (PEI).
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The strength of theb relaxationsD«bd remains nearly con-
stant for all the samples for temperatures below their calori-
metric Tg and increases at higher temperatures. At even
higher temperatures, PEI and the samples with low ET con-
tent show a further tendency ofD«b to decrease. The shape
of theb relaxation changes with temperature. The symmetric
broadening parameterbb in the temperature measured range
takes a value around 0.4. However, the asymmetric broaden-
ing cb starts from very low valuess,0.2d at low tempera-
tures, indicating that in this range theb relaxation is asym-
metric, and gradually increases with temperature up to the

maximum valuescb=1d and for temperatures above,275 K
the b process becomes symmetric. The central relaxation
time tHN,b decreases with temperature. This tendency is also
observed fortHN,a. As opposed toD«b, D«a decreases with
temperature in the whole range.ba values are between 0.6
and 1 in all the samples, showing moderate dispersion in the
measured temperature window. Thea relaxation becomes
more symmetric at higher temperatures as indicated by the
upwards trend in theca parameter. AboveT<450 K thea
and b relaxations merge and the experimental data can be
described by a single relaxation process.

Temperature revolution of the different relaxations

As mentioned above,a and b relaxations exhibit very
different frequency-temperature behavior. In Fig. 5 the fre-
quency of maximum losssFmaxd of each relaxation has been
presented as a function of the reciprocal temperature in an
Arrhenius-like representation. For the sake of clarity the re-
ciprocal temperature has been normalized, for each sample,
to its calorimetric glass transition. As can be observed, at low
temperatures, the dependence of theFmax

b with the reciprocal
temperature tends to be linear, which corresponds to a typical
Arrhenius behavior with an activation energy of
59±1 kJ/mol. This behavior is indicated in Fig. 6 by the
solid straight line. However, at temperatures below, but very
close to, theTg of each sample,Fmax

b exhibits a nearly inde-
pendent temperature behavior and in the rangeT.Tg a sec-
ond Arrhenius-like dependence is observed, with a higher
activation energy than the one at low temperatures. The Fmax

a

shows a homogeneous temperature evolution that in the
Arrhenius representation exhibits some curvature which can
be described with the Vogel-Fulcher-Tamman equation

Fmax= F0 e−
DT0

sT−T0d , s5d

whereF0 is the preexponential factor, D is a parameter re-
lated to the fragility parameter[19], and T0 is the Vogel
temperature. The curved solid lines in Fig. 6 represent the
best fit according to Eq.(5) and the obtained parameters are
presented in Table I. It is noteworthy that the fits have been
performed consideringF0 as 1/s2ptANGELLd wheretANGELL

is equal to 10−14 s [19]. As can be observed from the param-
eters in Table I.T0 follows a similar trend to the one ofTg,
being in all cases approximately 50 K lower. TheD param-
eter slightly decreases as the ET content increases, indicating
a subtly more fragile behavior in the case of PET than in the
case of PEI.

DISCUSSION

As mentioned in the Introduction, the center of interest of
this work is to establish possible connections between the
two main relaxation processes(a and b) appearing in aro-
matic polyesters and to find some cooperativity signature in
the faster process(b one).

The more important facts with this respect found in the
results of this work are the following. The temperature de-
pendence of theb relaxation is more complex than the ex-
pected from a simple Arrhenius behavior. As observed from
the relaxation map(Fig. 5), Fmax

b exhibits at least two

FIG. 5. Evolution of the frequency of maximum loss of thea
andb relaxations as a function of the reciprocal temperature, nor-
malized by the calorimetric glass transition of each samplesTg/Td.
Same symbols as in Fig. 4.

FIG. 6. Dependence of the central relaxation times of the
a fta ssdg andb ftb sndg processes for all the samples. Also, cal-
culated primitive relaxation timet0 s•d obtained according to Eq.
(1).
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Arrhenius behaviors with very different slopes and a transi-
tion zone aroundTg whereFmax

b remains nearly invariant to
temperature. This invariability had been observed before for
nonpolymeric glass formers[20], and it is a signature thatb
relaxation is strongly affected by the glass transition. This
fact is also clearly observed in the dependence with tempera-
ture of the dielectric strength of theb processsD«bd pre-
sented in Fig. 4(a) where a clear increase appears around at
temperatures around the measured calorimetricTg. These
facts have important consequences in the interpretation of
the b process. On the one hand, to assure that this sort of
relaxations exhibits an Arrhenius-like behavior in the whole
temperature range is incorrect or imprecise. Extrapolations of
the Arrhenius tendency observed in the low-temperature
range at temperatures aboveTg may lead to inaccuracies
when studying the merging of thea and b processes as is
clearly seen from our experimental results in broadband. Ex-
trapolation of the linear behavior obtained in the Arrhenius
plot at T,Tg would lead to a finite merging temperature
sTM .Tgd wheretb becomes equal tosa. According to some
authors[21], this sort of behavior is one of the characteristic
signatures of ab relaxation to be JG like. As mentioned in
the previous section, atT.Tg the b relaxation exhibits a
second Arrhenius dependence with a higher activation en-
ergy than the one at low temperatures. The new activation
energies present some dispersion depending on the concen-
tration of the studies copolyesters. This is due to the small
number of points available for the fitting. However, in gen-
eral, they are considerably higher than the one obtained at
T,Tg, with an average value of 90 kJ/mol and a preexpo-
nential factort` around 10−21 s. The fact that this extrapola-
tion of t at very high temperatures provides a value faster
than the phonon frequencies lacks of physical sense and as
suggested by other authors provides an indication that theb
process cannot continue to high temperaturessT@Tgd, but
instead, it merges with thea relaxation. This behavior is also
typical of genuine JG relaxations and, in general, has been
observed in low-molecular-weight glass forming liquids, by
relaxation measurements under pressure. Here, due to the
different behavior of thea andb relaxations to this thermo-
dynamic variable[21], both processes appear well separated.
In our case, at ambient pressure, due to the broadband of the
measuring technique and the use of copolyesters to avoid the
crystallization of PET, this change in the slope oftb above
and belowTg is clearly observed. At this point we will focus
on the possible cooperativity of theb relaxations. As men-
tioned before, recently Boyd and Bravard[10] by means of
dielectric spectroscopy measurements have concluded that
the nature of theb relaxation in PET at low temperatures
sT,Tgd is complex and can be described by three different
contributions. Based both an experiments and on previous
molecular dynamics simulations on the same system[9],
they associate each of the three components of theb relax-
ation with each of the three conformationally flexible bonds
present in the PET monomer—i.e., the bond between the
aromatic ring carbon(CA) to the ester carbon(C) (CA-C
bond), the one between the ester ether oxygen(O) to the
aliphatic carbon bond(C) (C-O bond), and the one between
the aliphatic carbon-carbon(C-C bond). Therefore, they at-
tribute the origin of theb relaxation in PET to a pure in-

tramolecular one involving only the local motion of parts of
the molecule. These three processes can only be well re-
solved at very low temperaturessT!Tgd. Our results at
T,Tg are in agreement with this view, because of the strong
asymmetric character of theb relaxation, which can be in-
terpreted a due to a composite nature. The interpretation of
an intramolecular origin of theb processes would seem, at a
first glance, opposite to the definition of a pure JGb relax-
ation. However, Boyd and Bravard[10] also indicate in their
work that, from the three different molecularly originated
components of theb process, the slowest, one corresponding
to the CA-C bond has the highest rotational barrier and that
the mechanism to produce this component, which they re-
ferred to asb3, involves some degree of intrasegmental co-
operativity in groups of bonds rotations or conformational
jumps. Upon approachingTg sT,Tgd, the three components
tend to merge into a single one[10] and it is not possible to
resolve each of them. According to the coupling model[4],
the independent or primitive relaxation is the precursor of the
cooperativea relaxation. This characteristic of the indepen-
dent relaxation of the CM is shared with the JG relaxation.
Therefore, if ourb relaxation has some JG character, the
independent relaxation timet0, defined in Eq.(1), should be
located neartb. Values of the KWW exponent were calcu-
lated after inverse Laplace transformation of the HN func-
tions describing thea relaxation and subsequent fitting to the
KWW curve of the time-domain data[18]. We have calcu-
lated t0 for all the series of copolyesters measured and the
results are presented in Fig. 6. As can be observed in these
figures, the agreement betweentb and t0 at T.Tg is very
good in the whole range and allows us to propose that, in
PET and their analog isomers, theb relaxation possesses
typical features of a pure JG relaxation atT.Tg. This can be
understood as due to the intrasegmental cooperativity of the
b relaxation derived from the full monomeric extension of
the molecular components involved in it.

CONCLUSIONS

In this work the complex temperature behavior of theb
relaxation in aromatic copolyesters is reported. The more
relevant and significant results are summarized in the follow-
ing.

(i) The onset of the glass transition affects markedly to
the b relaxation.

(ii ) The shape of both processes is almost unaffected by
the presence of structural isomers, being in all cases very
similar to those of PET.

(iii ) At T .Tg the b relaxation in these systems exhibits
specific features, which according to the coupling model, are
characteristic of the primitive relaxation leading to thea
relaxation.
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