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Abstract

Our broadband dielectric study has revealed for the first time a relaxation (termed v') between the low temperature 3 and y-processes of
semi-crystalline poly(ethylene oxide) (PEO). The activation energy of the -y'-transition is indicative of a local process, and this relaxation
becomes broader with increasing temperature. We propose that this process is due to the motion of PEO segments in the transition region
between PEO lamellae and disordered interlamellar amorphous segments. The unusual local character of the /-process is explained by
analogy to the fast process or primitive a-relaxation in nanoconfined glass forming systems. This mechanism is supported by comparison of
the dielectric behavior of samples with different thermal histories. © 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Over the last several decades there have been extensive
reports of the relaxation behavior of semi-crystalline
polymers [1-3] and poly(ethylene oxide) (PEO) has
sometimes been used as a model, highly crystalline material
in such studies. In addition, PEO has attracted interest as a
consequence of its potential in high-energy density devices.
In early measurements of mechanical and dielectric loss
[4-7], PEO was found to exhibit three major relaxations
below its melting point (7;,). These are generally referred to
as the a, B and y-processes, with decreasing temperature
[8]. The a-relaxation is a local process associated with the
crystalline phase. It generally cannot be observed in
dielectric studies due to high dc conductance at higher
temperatures and lower frequencies, although some authors
have attempted to separate it out [6,9]. It has been reported
that the cooperative [B-process is absent in the dielectric
spectrum of a PEO single crystal mat (PEO molecular
weight (MW) > 10°), while the y-process remains.
Together with other experimental results, this indicates
that the P-process originates in cooperative segmental
motions only in a portion of the non-crystalline component,
and that this motion is not possible in the fold surfaces of
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single crystals. This is presumably true for segments in the
fold surfaces (‘interphase’) of melt-crystallized PEO as
well. Early on, the lower temperature <y-process was
assigned to local twisting in the main chains in both
defective regions within crystallites and non-crystalline
regions, including amorphous segments in the fold structure
on crystal surfaces. However, more recently, the y-process
in other highly crystalline polymers has been assigned to
local motions in the amorphous phase only [1].

In a relatively recent dielectric study of an immiscible
blend of 5% of a low molecular weight PEO in polystyrene
[10], Smith et al. reported a relaxation located between the o
and B processes, which they termed . They proposed that
this process was associated with segmental motion of
amorphous chains perturbed by being tethered to crystal-
lites. This observation is reminiscent of the two glass
transition temperatures (7,) reported in studies of PEO by
differential scanning calorimetry (DSC) and thermal
expansion data [11,12]. A higher temperature glass
transition, referred to in earlier literature as T,(U), was
proposed to arise from amorphous segments under relatively
more constraint by crystallites, and the lower Ty, T4 (L), from
amorphous segments completely or relatively free from
constraint [12].

An important feature of the solid-state structure of melt-
crystallized polymers is the transition region between the
crystals and isotropic disordered segments, i.e. the so-called
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‘interphase’. These transition regions have been proposed
theoretically [13,14] and observed experimentally, princi-
pally in experiments on polyethylene (PE) [15,16]. The
order—disorder transition has been estimated to occur over a
spatial range of 1-3 nm for linear PE. Since interlamellar
regions in polymers with high degrees of crystallinity like
PEO are on the order of 6—7 nm [17,18], chain segments in
interphase regions comprise a rather significant portion of
all non-crystalline segments.

As a preamble to our exploration of the dielectric
relaxation behavior of melt-miscible blends of PEO with
amorphous polymer diluents, we describe in this paper the
results of a broadband dielectric study of semi-crystalline
PEO. For the first time, we observe a relaxation located
between the B and vy processes, which we refer to as ¥/, and
assign it to the relaxation of segments in the interphase
region.

2. Experimental section
2.1. Materials

The PEO used in these experiments was purchased from
Polysciences. M,, and M, were determined from gel
permeation chromatography (GPC) to be 2.16 X 10° and
5.36 X 10*, respectively. Dimethylformamide containing
0.05 M LiBr was used as the mobile phase in the GPC
experiments. Calibration was performed using nearly
monodisperse (M, /M, < 1.1) PEO standards (Polymer
Standards Service, USA), ranging from 10 000 to
963 000 g/mol.

PEO powder was pressed at 100 °C with slight pressure
in a Carver hydraulic press for an hour. The molecular
weight was determined by GPC after pressing and found to
be essentially the same as that before heating. Samples were
cooled from the melt using different procedures. Sample A
was taken from the press and directly cooled in air to room
temperature. Sample B was immediately transferred into an
oven and crystallized at 54 °C under vacuum for 24 h. The
samples were stored in a desiccator at room temperature
prior to the dielectric experiments. Dielectric spectra were
acquired for each sample 24 h after processing (‘unaged’).
In addition, sample A was aged in a desiccator (at room
temperature) and the dielectric spectra determined after 80
days.

2.2. Differential scanning calorimetry

Degrees of crystallinity and nominal 7,,s were deter-
mined using a Perkin—Elmer DSC-7. Sample weights were
about 10 mg. Temperature and transition enthalpies
were calibrated using an indium standard. Heats of fusion
were converted to degrees of crystallinity using a perfect
crystal heat of fusion for PEO of 203 J/g [19]. The heating
rate used in all experiments was 10 °C/min.

2.3. Dielectric experiments

Dielectric relaxation spectra were collected using a
Novocontrol Concept 40 broadband dielectric spectrometer.
Temperature control was accomplished with a Novocontrol
Quatro Cryosystem. Experiments were run in the frequency
domain (0.01 Hz—10 MHz) and between — 140 and 25 °C in
2.5, 5 or 7.5°C increments. Temperature stability was
+0.1°C, and the minimum stabilization time set at any
given temperature was 1 min. Samples were cooled and
heated in the presence of N, during the dielectric
measurements. Dielectric specimens were 0.2—0.5 mm
thick, and were coated with a thin layer of gold on both
sides to optimize electrical contact, then sandwiched
between two electrodes having a diameter of 20 mm.

2.3.1. Dielectric data processing

Isothermal dielectric loss curves were fit with one or
more Havriliak—Negami (HN) functions and a dc loss
contribution (if necessary). The general expression used in
the fitting (including a dc loss contribution) can be written
as [20]

e(w)=¢ —ig"

N
22[7‘9“’, 80b+8m]—i[ 7 ] (1)
(14 (wn%) gyw
where the summation symbol is used in our case since more
than one relaxation process can exist in the frequency range
of the curve fitting. The symbols & and g, are the limiting
dielectric constants at infinitely high and low frequencies,
respectively; w, the angular frequency; 7, the characteristic
relaxation time of the process; o, the conductivity; &,, the
vacuum permittivity, 8.85X 10"'*F/m and N is an
exponent that characterizes the conduction process. N was
fixed at 0.65 after simulation with different values. The
exponents a and b (0 < a,b < 1) are shape parameters: a is
an indicator of the breadth of the relaxation, and a =
dlog £"/dlog f atf < f, a characteristic frequency related to
7. The parameter b represents the asymmetry of the curve
and ab = —dloge"/dlog f at f > fy. The dielectric relax-
ation strength, e, — g, will be represented as Ae.

At most experimental temperatures, more than one
relaxation process was present in the measurement fre-
quency range and were not well separated, making curve
fitting challenging. To facilitate analysis, loss data were
plotted vs. temperature and the temperatures of maximum
loss (Ty,.x) determined. The frequency of maximum loss
(fmax) at different experimental temperatures was then back
calculated from an Arrhenius plot and used as the initial
value of 7 in the curve fitting. Attention was paid to the
results of the fitting to ensure that all parameters change
continuously with temperature and that the experimental
dielectric constant (¢')—frequency data were also ade-
quately fit using the same parameters as determined from
the loss data. The first frequency spectrum to be analyzed
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Fig. 1. The comparison of the HN fitting results with the experimental data
at —87.5 °C for unaged sample A. (4) Experimental data; triangles: fitted
results; circles: dc loss; diamonds: the y'-process; squares: the y-process.

for a given sample was at a temperature where the different
relaxations were relatively well separated and a significant
portion of the peak(s) of interest were evident in the
experimental frequency range. The temperature dependence
of the fitting parameters was determined from these fits, then
data at other temperatures were fit following the established
temperature dependencies. Fig. 1 provides an example of
the curve fitting of the dielectric loss for unaged sample A at
—87.5°C.

3. Results and discussion

3.1. Degrees of crystallinity

Degrees of crystallinity determined by DSC for samples
A and B as a function of aging time are displayed in Fig. 2.
The initial value for sample A was measured within 1.5 h of
its return to room temperature and within 4 h for sample
B. The experimental uncertainty associated with the data
points in Fig. 2 are on the order of =2% crystallinity. The
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Fig. 2. Degree of crystallinity as a function of aging time. Filled circles:
sample A; filled squares: sample B.

Fig. 3. 3D dielectric loss spectra of unaged sample A.

initial crystallinity of sample A is 70%, while that of
isothermally crystallized B is considerably higher (83%),
and the latter remains unchanged during storage. Sample
A’s crystallinity continues to increase slowly on aging at
room temperature, reaching the level of sample B after
aging for ~ 100 days. The nominal melting point of A also
increases by about 2 °C during aging, but is still ~3 °C
below the T, of sample B after ~100 days.' The
implication is that some lamellar thickening occurs during
the aging of sample A (at a temperature corresponding to a
degree of supercooling (AT') of ~45 °C, and ~ 80 °C above
the PEO T,).

3.2. Dielectric relaxation

Fig. 3 displays the 3D dielectric loss spectra for unaged
specimen A. The location of the various relaxations can be
seen more readily in Fig. 4. Three distinct relaxation
processes are apparent: the 3 and y processes appear at
relatively high and low temperatures, respectively. The dc
conductance, which dominates at relatively low frequency
and high temperature, decreases from ~ 102 to 10~ '° S/cm
as temperature is reduced from — 10 to —40 °C (i.e. above
T,) and the apparent activation energy (E,) for the
conduction was determined to be ~62kJ/mol. Aged
samples A and B have similar relaxation behavior as
unaged sample A.

A third process, not reported previously, is located
between the B and y processes and is denoted here as y'. The
activation energies calculated from the slope of the
Arrhenius plots in Fig. 4 are 193, 15 and 21 kJ/mol for
the B, v, ¥ processes, respectively. The reason why the v'-
relaxation has not been observed in previous dielectric
studies of PEO is likely related to the relatively broad

! Melting points are not presented, in order to deemphasize specific
values. Since relatively large sample sizes were used in the experiments,
apparent peak melting points are artificially raised due to thermal lag during
the DSC experiments, resulting from low polymer thermal conductivity.
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Fig. 4. Arrhenius plot for unaged sample A, compared with published data.
Filled symbols: unaged sample A; unfilled symbols: data from literature.
Data from Ref. [7] (squares: MW = 2.8 X 10°; triangles: MW = 8.4 X 10°;
circles: single crystals; diamonds: melt-crystallized). Data from Ref. [11]
(slash: reported; ( X ) onset points); (4) data from Ref. [12].

experimental frequency window available in our exper-
iments. The B-relaxation merges with the y' and vy processes
as frequency increases, and the merged processes are
labeled as B + v and B + ¥ + v, having E, of 188 and
54 kJ/mol, respectively. The frequency—temperature
locations of the (3, y and merged relaxations agree very
well with those collected and published previously (Fig. 4)
[8].

From the 3D dielectric loss spectra, and with the aid of
the Arrhenius plot, it can be seen that in the 2D spectra of
dielectric loss vs. frequency, the v’ and -y relaxations are the
low and high frequency peaks, respectively, below T,. The
B-process is far beyond the low frequency portion of
the spectra until close to T, when it moves rapidly into the
experimental frequency range. The (3-process then merges
with the y/-relaxation when temperature is further increased
by only ~5 °C, which in turn merges with the y-process
after an additional ~ 15 °C. Note that in early studies the B-
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Fig. 5. The normalized dielectric spectra of the <y-relaxation of unaged
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Fig. 6. Relaxation map of the B, ¥ and -y processes for aged and unaged
samples A and B. Circles: unaged sample A; triangles: aged sample A;
squares: sample B.

process was incorrectly believed to be the dominant process
at all temperatures [4,8]. This can easily lead to unreason-
able conclusions concerning the [-relaxation from 2D
dielectric loss spectra.

The broad +vy-relaxation dominates the loss spectra at
most experimental temperatures and normalized loss plots
were created to evaluate the shape of the +y-process at
different temperatures. At the temperatures selected in Fig.
5, the y'-process (at lower frequency) does not appreciably
overlap with the +v-relaxation. The +y-process becomes
narrower with increasing temperature, due to a narrowing
in the distribution of local environments. The shape of the
PEO +y-process in amorphous blends of PEO with other
miscible polymers is nearly identical to that associated with
neat crystalline PEO [21], in general agreement with the
assignment of the y-process to non-crystalline segments [1].

Fig. 6 shows the relaxation map of the B, vy and vy
relaxations of the three different samples investigated in this
study. The data points for the B and y processes of all
samples overlap considerably, while those for the +'-
relaxation are very similar but vary a bit more among the
different samples. The HN fit parameters for all relaxations
of unaged sample A are shown in Fig. 7. Those for aged A
and isothermally crystallized B, as a function of temperature,
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Fig. 7. HN shape parameters of the dielectric relaxations of unaged sample
A. Filled symbols: parameter a; hollow symbols: parameter ab.
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Fig. 8. (a) Relaxation strengths of the y-process of all three samples as a
function of temperature. Circles: unaged sample A; triangles: aged sample
A; squares: sample B. (b) Relaxation strengths normalized to the
amorphous fraction in each of the samples, as a function of temperature.

are very similar. With increasing temperature the +'-
relaxation in all samples becomes more symmetric (a —
ab,b— 1). In addition, the frequency distribution of the v'-
relaxation (as indicated by the fit parameters in Fig. 7)
becomes broader with increasing temperature for all three
samples, opposite to the behavior of the 3 and y processes.

3.2.1. Relaxation strengths

The relaxation strengths of the local y-process at selected
temperatures for all three samples are presented in Fig. 8(a).
Ae(y) for the higher crystallinity aged sample A and,
particularly, sample B are lower than that of unaged sample
A, in general agreement with at least partial amorphous
origin of the y-process. If the y-relaxation is of completely
amorphous origin, the ratio of Ae(y) to the fraction of non-
crystalline segments in each sample should be constant. Fig.
8(b) presents this normalized relaxation strength for the
three samples at selected temperatures. The relative
uncertainty in dielectric strength is about 10%. Together
with the uncertainty in the crystallinity measurement this
leads to a calculated total uncertainty of ~ £ 12%. Clearly,
the ratios of the three samples cannot be distinguished
within experimental error.

The relaxation strengths of the various individual and
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Fig. 9. Relaxation strengths of all processes of unaged sample A.

merged processes are shown in Fig. 9 for unaged specimen
A. Ae for the B, merged B + ¥ + v and B + ' processes
decrease with increasing temperature, while those of the v/
and v relaxations increase. Based on generalizations formed
mainly from amorphous systems, the former behavior is
believed to be characteristic of cooperative processes and
the latter with local relaxations.

3.3. Origin of the v -relaxation

What is the origin of the vy'-process? In any multiphase
system one must first consider the possibility of a Maxwell—
Wagner—Sillars (MWS) mechanism. However, neither
phase has appreciable conductivity (o) in the temperature
range of the y'-relaxation (i.e. o, — o, is very small). An
estimate [22] of the relaxation time of an MWS process
leads to predicted frequencies =10 Hz, ruling out an
interfacial polarization mechanism as the origin of the v'-
process.

The second possibility considered was that the y'-process
is due to absorbed moisture. Several PEO samples were
placed into a sealed bottle, and suspended over a pool of
water. Dielectric spectra at — 95 °C for samples exposed to
water vapor for different time periods are compared in
Fig. 10. The ¥ and vy processes move to higher and lower
frequencies, respectively, with increasing moisture content,
and merge at the longest hydration time. Increasing water
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Fig. 10. Dielectric spectra of PEO at —95 °C at selected hydration times.

content is also accompanied by increasing dc conduction. If
the y'-process is associated strictly with water, its frequency
location would not be expected change, and its strength
should clearly increase, with increasing water content.
However, neither of these is the case.

Additional aging experiments were conducted on PEO
specimens, crystallized in a different fashion than samples A
and B. The relaxation strength of the v'-process was
observed to decrease on aging, inconsistent with a
relaxation due to absorbed moisture. Given the evidence
at hand, we conclude that the ' -process is not associated
with moisture, and it must therefore originate from PEO
itself.

Based on the evidence presented below, it is proposed
that the v'-relaxation involves segments in the order—
disorder transition region. The interphase region is envi-
sioned as consisting of tight chain folds that reenter the
lamella at a neighboring position and are unable to relax
cooperatively; looser folds; a portion of cilia protruding
from lamellae; and a portion of tie molecules connecting
neighboring lamellae. This transition zone has been
estimated to be ~2 nm thick for PEO [17,23] and segments
in such regions consequently make up a significant portion
of the total number of amorphous units, considering that the
total interlamellar width is only 6—7 nm. Consequently, it is
not surprising that the relaxation strength of the y'-process is
similar to Ae(B) (Fig. 9). Ae(y) of the aged and unaged
versions of sample A are indistinguishable within exper-
imental error, but are about a factor of two larger than the
strength of the v'-relaxation of sample B (Fig. 11). At
equivalent crystallinity, the interphase fraction in aged
sample A is expected to be larger than that of B due to
thicker lamellae in the latter (resulting from a higher mean
T.) and more rapid initial crystallization of sample A.

The assignment of the 4'-relaxation to the order—
disorder transition region can also explain its unusual
broadening behavior. Recall that this process becomes
broader with increasing temperature (see the decreasing HN
shape parameters in Fig. 7), opposite to the generally
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Fig. 11. The relaxation strength of the v/-process as a function of
temperature for the three PEO samples. Circles: unaged sample A;
triangles: aged sample A; squares: sample B.

observed narrowing of both cooperative and local relax-
ations with increasing temperature. The special behavior of
the v'-relaxation cannot be explained by assigning it to
disordered interlamellar amorphous segments, but can be
rationalized by invoking the interphase. When temperature
increases from below T,, the disordered amorphous
component on one side of interphase region becomes
more mobile, but the crystalline phase on the other remains
rigid until T,,. Therefore, the environmental asymmetry of
the order—disorder region becomes larger with increasing
temperature, resulting in a broader frequency distribution
for the vy'-relaxation.

One question remains to be answered: why is vy’ a local
process? The evidence at hand leads us to propose that the
~/-relaxation is similar to the ‘fast process’ in nanoconfined
glass forming systems [24—27]. It is generally believed that
a pure confinement effect leads to a reduction in 7T, while
strong surface interactions increase T, [28,29]. The
reduction in 7, upon confinement has been explained by
invoking the cooperatively rearranging region (CRR)
concept [30]. The glass transition, or equivalently the
segmental relaxation, is a cooperative process and is only
possible through the accompanying motion of other repeat
units in a minimum volume, i.e. the CRR. If the scale of the
confinement is smaller than the CRR, normal segmental
relaxations will be limited and a modified process emerges,
which involves fewer repeat units and sometimes becomes a
non-cooperative process. This leads to a decrease in T, and
relaxation time, since a smaller relaxation unit is involved.

The above analogy to nanoconfinement is also supported
by a study on PEO-layered silicate nanocomposites. PEO
(MW ~ 10°) was found to be intercalated in ~0.8 nm
galleries between silicate layers, and the motion of the
intercalated segments was found to be relatively non-
cooperative compared with the T, motion of amorphous
segments in bulk samples [31]. The proposed assignment is
further supported by a study of PEO chains (M,, = 2 X 10°
and 6 X 103) tethered on a silica surface [32], where the
‘tail’ segments (similar to the interphase in that segments
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are bounded by a rigid wall) protruding from the surface
were found to have greater mobility than segments in
amorphous regions in bulk PEO.

The faster y'-relaxation can also be explained by the
primitive a-relaxation concept [25]. Some segments in
looser folds and cilia will be oriented more or less
perpendicular to the lamellar surface and separated by
tight folds. One can therefore argue that these segments will
experience less entanglement and reduced intermolecular
constraints compared with Gaussian chains between lamel-
lae. A non-cooperative and faster relaxation process would
then be expected.

The -relaxation remains a cooperative process since the
distance between interfacial regions is comparable to or
larger than the size of the CRR (~2-3nm at Ty).
Confinement experienced by disordered PEO segments in
this region arises primarily from the interphases, which are
relatively ‘soft’ (with the degree of order varying through
the structure) and thus will not be as effective as a hard wall
in constraining the cooperative 3-relaxation.

Angell [33] has reported that the temperature at which
the relaxation time for the fundamental enthalpy relaxation
process reaches 100 s is close to the 7, obtained from
standard calorimetric measurements—specifically, the tem-
perature at which the heat capacity jump commences at a
heating rate of 10 °C/min. The location of the two Tgs
reported for PEO in Ref. [10] are plotted in Fig. 4, assuming
an effective frequency of 1.6 X 10™* Hz (~ 100 s), although
this assumption may be somewhat less suitable for sub-T,
transitions. The calorimetric T, values are much higher than
estimates from extrapolation of our B and ' processes data
to lower frequencies. However, the two transitions shown in
Ref. [11] are ~10-25 °C wide, and the end point of the
transition was used to define ‘T’ in Ref. [10]. Consequently,
we also plot in Fig. 4 the onset temperatures of the heat
capacity change. The locations of the B and +' transitions
extrapolate relatively near to the onset 7, values.

3.4. Merging of the B-relaxation with the ' and vy processes

The merging of relaxations in glass forming systems,
including polymers, is a long-standing topic [34,35]. When
the cooperative size scale decreases to the size of the
interphase, the interphase segments originally involved in
the v'-relaxation also begin to participate in the overall
cooperative segmental relaxation. This scenario is consist-
ent with the observation that the slope of the Arrhenius plot
for the B + ' process is almost the same as that of the {3-
process, and the initial value of Ae( + ') is approximately
the sum of the extrapolated Ae(B) and As(y).

Near the temperature where the B + ' and -y processes
merge, Ae(B + ' + ) increases stepwise to twice that of
Ae(B + ') + Ae(y). Sy and Mijovic [36] reported a simi-
lar jump of Ae from the local process to the merged local
and cooperative segmental process, through the 7, of
poly(methyl methacrylate) (PMMA) and its blends with

poly(vinylidene fluoride), while Dionisio et al. [37] filled
the gap around T, of neat PMMA with gradually increasing
Ag values. The merging of B and vy relaxations is typical of
mergence of cooperative and local relaxations. The
relaxation times of the two processes become comparable
at the merging point. The two processes were originally
separated, but are correlated and merged into a new process,
the details of which require further study.

4. Summary

Our broadband dielectric study revealed three relaxations
below the melting point of PEO: the B, ¥/, and -y relaxations,
with decreasing temperature. The cooperative B-process
arises from the segmental relaxation of disordered PEO
amorphous segments and the y-process from the local main
chain twisting of the non-crystalline component. We
attribute the dielectric y'-relaxation to the motion of PEO
segments in the transition regions between the lamellae and
the disordered interlamellar amorphous segments. The
unusual local character of the y'-process is explained well
by invoking nanoconfinement from the lamellae and an
immobile amorphous phase below T,. This mechanism is
supported by comparison of the dielectric behavior of
samples with different preparation histories.
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