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Abstract

Confinement of the glass-forming regions in the nanometer range influences the c-relaxation
which is associated with the glass transition. These effects were investigated for semicrystalline
poly(ethylene terephthalate) by dielectric spectroscopy and differential scanning calorimetry. The,
results are discussed within the concept of cooperative length, i.e. the characteristic length of the
cooperative process of glass transition. Both experiments showed a dependence of the glass tran-
sition on the mean thickness of the amorphous layers. For the dielectric relaxation, the loss maxi-
mum was found to shift to higher temperatures with decreasing thickness of the amorphous
layers, but no differences were observed in the curve shape for the differently crystaliized sam-
ples. For the calorimetric measurements, in contrast, there was no correlation for the glass tran-
sition temperature, whereas the curve shape did correlate with the layer thickness of the mobile
amorphous fraction. From the structure parameters, a characteristic length of approximately
(2.5%1) nm was estimated for the unconfined glass relaxation (transition).

Keywords: dielectric relaxation, differential scanning calorimetry (DSC), glass transition,
main relaxation, semicrystalline polymers, poly(ethylesie terephthalate)

Introduction

The glass transition is at present a central problem of condensed matter
physics, but there is no generally accepted theory for it. The investigation of
glass-forming liquids in geometries of confining length could give a deeper in-
sight into the nature of the glass transition [1]. In this paper, we discuss thermal
and dynamic glass transitions in confined amorphous regions of semicrystalline
polymers.

To describe the glass transition, the idea of molecules rearranging them-
selves cooperatively within regions of characteristic size [2] has been found to
be very attractive. This concept is at the center of discussions concerning the
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glass transition and there is growing interest in relating it to measurable physical
quantities [3]. Donth et al. [4-6] estimated the length of cooperativity to be a
few nm (§~2-3 nm). However, direct experimental verification of equilibrium
is not possible at present, because there are no time-resolving scattering meth-
ods for frequencies v<MHz on the nanometer scale. Therefore, we must try to
use indirect experimental methods to estimate the characteristic length range.
By confining a glass-forming liquid into small volumes of the dimensions of a
few nm’, it should be possible to get information on its cooperativity length.
This means that on decrease of the dimensions of the glass-forming regions be-
low the dimensions of the cooperatively rearranging regions (diameter <2£), a
different relaxation behaviour in comparison to that of the bulky amorphous
material should appear.

Investigations of the glass transition in confined liquids have been published
recently [3, 7-9]. In all these papers, controlled porous glasses were used to in-
vestigate the influence of size effects on relaxation dynamics. The results were
conflicting. Both a decrease [3, 7] and a small increase [8] in the dynamic glass
transition temperature due to restriction was found. An increase in the glass
transition temperature is in accordance with the theoretical prediction of Sappelt
and Jickle [1]. They pointed out that the confinement of glass-forming liquids in
geometries of confining length comparable to the cooperativity length € should
lead to a broadening of the glass transition and a shift to higher temperatures.

To test this hypothesis, we have used the confinement of the glass-forming
regions by the semicrystalline morphology of a polymer. In semicrystalline
polymers, the amorphous regions will be restricted by the crystalline lamellae
and the corresponding interfacial regions. As compared to controlled porous
glasses [9], only small effects related to surface interactions should appear, be-
cause the restriction of the glass-forming regions is due to the same substance.
In the present paper, we compare the glass transition in the amorphous regions
within the semicrystalline morphology with the bulky glass transition of the
same polymer in the fully amorphous state. By varying the size of the amor-
phous regions, d.m, One can investigate whether and how both the thermal
(vitrification) and the dynamic glass transition are influenced. Therefore, it is
first necessary to determine the dimensions of the regions which participate in
the glass transition. As introduced by Ishida [10] for dielectric and Wunderlich
[11] for calorimetric investigations, the fraction participating in the glass tran-
sition can be determined by the intensity of the relaxation process under
investigation (Ag, Acy; etc.) [4, 12]. We will compare the results of calorimetric
investigations on the vitrification process (Ac,) with those of dielectric spectros-
copy for the main relaxation process (As). The thickness of the layers participating
in the glass transition is then calculated by using a one-dimensional layer stack
model, as is often done for the interpretation of small-angle X-ray scattering
(SAXS) data [13].
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As reported earlier [4, 14], there is a correlation between the correlation
length & extracted from the shape of the ¢, curve in the glass transition region
according to Donth [15] and the thickness of the amorphous layers for semicrys-
talline poly(ethylene terephthalate) (PET). The investigation results in a coop-
erativity length for the unconfined thermal glass transition of the order of 2 nm
[4]. This paper aims to compare the results of calorimetry with those of dielec-
tric spectroscopy.

Sample characterization
Determination of amorphous layer thickness

As described previously [4], semicrystalline PET forms amorphous regions
with dimensions of the order of the cooperativity length £. Semicrystalline flex-
ible polymers exhibit a typical structure, with crystalline lamellae (index c¢),
interfacial or rigid amorphous (index ar) and mobile amorphous (index am) lay-
ers (Fig. 1). To determine the morphological parameters by using a one-dimen-
sional layer stack model, three assumptions must first be fulfilled:

(i) The sample is completely filled with the stack structure of Fig. 1. If the
semicrystalline sample is fully crystallized (this means as much as possible),
then non-crystalline regions are present only between the lamellae.

(i) The lateral layer extension is much larger than its thickness (dun, dr, do).
The layer thickness can then be determined from the one-dimensional layer
stack model via Eq. (3).
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Fig. 1 Stack of lamellae in semicrystalline polymers. X... Volume fraction; d4...layer thick-
ness; Index c...crystalline, ar...amorphous rigid, am...amorphous mobile
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(iii) The layers are homogeneous. Non-crystalline parts inside the lamellae
are associated with the rigid amorphous material.

In such a completely crystallized semicrystalline sample as described above,
only intraspherulitic amorphous regions exist between the lamellae, and no in-
terspherulitic amorphous regions {16, 17]. This means that we can observe the
glass transition within the mobile amorphous regions (dun) between the lamellae
[12], the thickness of which can be determined via Eq. (3).

Investigation of the relaxation intensity in most semicrystalline polymers
with crystalline mass fraction x. shows that not all of the non-crystalline frac-
tion (1-xc) participates in the glass transition [18]. Therefore, a rigid amor-
phous (%) and a mobile amorphous (x.m) fraction have been postulated [11].
The mobile amorphous fraction y.m, which contributes to the glass transition,
can be determined by using different methods, from the ratio between the re-
laxation intensity of the sample under test and the relaxation intensity of a 100%
amorphous sample. Wunderlich’s group developed this method [11], consider-
ing the intensity of the thermal glass transition

= G )
ACpa

where Ac, is the step height of the specific heat capacity at the glass transition

for the sample under test, and Acy, is that for a totally amorphous sample. The

rigid amorphous fraction can be calculated from

Kar = 1 — Xe ~ Xam (2)

The long period L of the samples was determined from the one-dimensional
electron density correlation function as measured by SAXS [19, 20]. According
to the one-dimensional layer stack model, the layer thickness can be evaluated
by the product L times volume fraction:

d.=LX. 2du=LXy dun=LXin (3)

The volume fractions (X) can be determined from the mass fractions (x)
through multiplication by the density ratio p/p, (or p/p. for the crystalline re-
gion), where p is the density of the sample under test, p, is the density of the
amorphous fraction, and p. is the crystalline density. The mass crystallinity
fraction . can be determined by wide-angle X-ray scattering (WAXS), melting
enthalpy, density or NMR methods. In the following, we have used the fraction
X from WAXS.
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Variation of amorphous layer thickness

Using different temperature—time programs, one can generate semicrys-
talline structures with different morphologies [20-23].

From one PET batch (ORWO K 36, M,~23000), we prepared two series of
samples with a variation of the thickness of the mobile amorphous layers of be-
tween approximately 1.8 nm and 3.3 nm.

The first sample series which we prepared used isothermal crystallization in
the temperature range 7.=120 to 220°C (3...18 h depending on the growth
rate). Both long period L and crystallinity ¥ increase with increasing 7; [22],
whereas the fraction X.n remains nearly constant {24].

The second series was prepared by gradual crystallization according to
Groeninckx [23]. First, the sample was completely crystallized (18 h) at
T,=120°C. Then, the sample was heated at a rate of ¢g=0.1 K min™" up to the
next annealing temperature, 7, e.g. 7,=140°C, at which the sample was addi-
tionally annealed for a period of 18 h. After that, the sample was heated again
at the same rate g up to the next annealing temperature 7,, and again annealed
for 18 h. This procedure was repeated until the final annealing temperature 7,
was reached. In the gradually crystallized series, no variation of the long pe-
riod, fixed by the first annealing at 120°C, was observed for T, less than 220°C
{20, 23]. The crystallinity ¥, increases with increasing annealing temperature,
similarly as in the first series.

The structure parameters determined for the two series are shown in Table 1.

Table 1 Layer fractions and thicknesses for the prepared PET samples

Sample  Crystallization %o Kar Yo do/ 2d.,/ darl
regime nm

iso 120 18 h 120°C 0.25 0.4 0.35 1.8 3.2 2.8
iso 140 6 h 140°C 0.26 0.38 0.36 2 3.2 3

iso 160 3 h 160°C 0.27 0.37 0.36 2.3 3.3 3.2
iso 180 3 h 180°C 0.30 0.34 0.36 2.6 3.1 3.3
iso 200 5 h 200°C 0.34 0.32 0.34 3.1 3.1 3.3
iso 220 10 h 220°C 0.36 0.33 0.31 3.6 3.4 3.2
gra 140 gradual to 140°C  0.26 0.41 0.33 1.9 3.3 2.7
gra 160 gradual to 160°C  0.27 0.42 0.31 2 3.4 2.5
gra 180 gradual to 180°C  0.29 0.43 0.28 2.2 3.4 2.2
gra 200 gradual to 200°C  0.33 0.42 0.25 2.5 3.4 2

gra 220 gradual to 220°C  0.37 0.41 022 2.8 3.3 1.8
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Experimental
Dielectric measurements

The dielectric measurements were carried out in the frequency range 0.01 Hz
to 1 MHz with a BDS 4000 broad band dielectric spectrometer (Novocontrol
GmbH). A frequency response analyzer SI 1260 (Solatron-Schlumberger),
which was supplemented by using a high-impedance preamplifier of variable
gain, was used to extract the complex dielectric function €*(@). The sample was
kept between two condenser plates in a cryostat. The sample temperature was
controlled by using a heated N, gas stream. Frequency scans were performed at
constant temperature, with a stability better than 0.1 K. The temperature scale
was checked via the melting point of indium. The deviation from the expected
melting point was less than 0.5 K.
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Fig. 2a Real part of the complex dielectric function in the glass transition region of PET for
the sample isothermally crystallized for 3 h at 160°C. The solid lines through the
data represent the fit using two superimposed HN functions (ot- and f-relaxation)
and A;-0™ for Maxwell-Wagner-Sillars polarization. The dashed lines show the HN
fit for o-relaxation

Figure 2 shows typical frequency scans for semicrystalline PET samples.
The measured dielectric function can be described quantitatively by generalized
relaxation functions. The most general one is the Havriliak-Negami (HN) equa-
tion [25]:

J. Thermal Anal., 47, 1996



DOBBERTIN et al.: SEMICRYSTALLINE PET 1033

(@) = & + Zf(—ui)TY O<B,Pr<1) (4)

B and vy are shape parameters; ® is the angular frequency of the applied field
®=2mnv; 1 is the characteristic relaxation time; and Ae=¢g,—¢,, is the relaxation
strength (e,=¢'(w) for m<<1/1; e.=€'(0) for >>1/1). The relaxation time =t
depends to some extent on the shape parameters 3 and y. The frequency of the
dielectric loss maximum vg., with vm_(z mm,() is independent of the
shape parameters and has been used in the followmg as the relaxation fre-
quency. The a-relaxation is influenced by neighboring processes, conductivity
on the low-frequency tail and secondary relaxation on the high-frequency tail.
These processes must be included in the fitting procedure [26}. Figures 2a and
2b show the real and imaginary parts of the complex dielectric function for a
sample crystallized isothermally at 7.=160°C.
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Fig. 2b Imaginary part of the complex dielectric function in the glass transition region of
PET for the sample isothermally crystallized for 3 h at 160°C. The solid lines
through the data represent the fit using two superimposed HN functions (o- and
B-relaxation) and A>-@™ for the conductivity contribution. The dashed lines show

the HN fit for the o-relaxation. The parameters for o- and [-relaxation used in
Figs 2a and 2b are the same

Calorimetric measurements
The parameters of the thermal glass transition were determined by using a

Perkin-Elmer DSC-7 differential scanning calorimeter. The temperature scale

J. Thermal Anal., 47, 1996
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of the calorimeter was calibrated with indium and lead for the scanning rate un-
der investigation and for the heat flow by sapphire. The purge gas was nitrogen.
The temperature of the calorimeter block and also the room temperature were
kept well stabilized in order to achieve reproducible scans.

In these measurements, the sample mass was about 15 mg and the scanning
rate was 10 K min™ for both heating and cooling. The sample was first cooled
from the corresponding crystallization temperature to 280 K in order to erase
the thermal history relating to the glass transition. From the heating scan,
which immediately followed, the glass transition temperature T, was determined
t0 be the temperature of the half step in c,, the intensity of the glass transition, Ac,,
being the difference between the tangents at 7, (see inset in Fig. 3). The heat ca-
pacities for various representative samples are plotted in Fig. 3.
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Fig. 3 DSC curves in the glass transition region for differently crystallized PET samples
(Table 1)

Results and discussion

Analogously to Eq. (1), the dielectric intensity can be normalized to the in-
tensity of the mobile amorphous fraction by

dietec _ _Ai 5)
Ko Ag,

Comparison of thermal and dynamic glass transition intensities reveals simi-
lar behavior (Fig. 4). In both experiments, we found that the relaxation intensity
(Ag, Acp) of the non-crystalline fraction (1 —xc) of the sample is smaller than ex-
pected. Such a quantitative analysis shows that there is a non-crystalline fraction
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which does not contribute to the relaxation intensity. There are other results [27]
which suggest that the differences observed from the two-phase model result from
a wrong determination of the crystallinity. To test this, we also determined the di-
electric strength of the secondary relaxation process (f-relaxation).

1,1 y T T T T T T T T ]

a am A/ Ag,
o iso Ae/Ag,
a gra Agl ae
« am Acp/ Ac
a iso Acpl Acpa
o gra Acpl Ac”
B am ae/ Ae,
B iso Ae/ ae,
B gra Ag/ As‘

normalized intensity

v v UL A U
00 01 02 03 04 05 06 07 08 08 10
Crystallinity y_

Fig. 4 Normalized intensity for o- (g, ¢p) and P-relaxation (¢) for differently crystallized
PET samples (Table 1)

The B-relaxation is connected with the local movements of the main chains.
Such local movements could be expected to occur in the whole non-crystalline
part because these movements are only slightly influenced through the confin-
ing crystalline lamellae. This is why the secondary relaxation should follow the
two-phase model (Ae~1-X.). Figure 4 compares the normalized dielectric inten-
sities for the a.- and the B-relaxation. We found the expected dependence for the
B-relaxation. This shows that the deviations from the two-phase model for the
a-relaxation are the result of a rigid amorphous fraction. This means that a lo-
cal movement is possible in the rigid amorphous fraction, but not a cooperative
segmental motion (a-relaxation, glass transition) [10].

A direct comparison of the mobile amorphous fractions found by DSC and
dielectric measurements is difficult. The dielectric intensity was determined for
each sample at the temperature which results in a frequency of 100 Hz for the
loss maximum (same relaxation time). For the DSC experiment, such an exact
assignment is not possible. From a relationship between cooling rate and relaxa-

tion frequency [15, 28], a frequency of nearly 107 Hz can be estimated for the
thermal glass transition at a cooling rate of 10 K min™

In the dielectric experiment, the relaxation strength for the a-relaxation de-
creases with increasing temperature. This decrease can be observed especially

J. Thermal Anal., 47, 1996
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for the amorphous sample. For the semicrystalline sample, a nearly tempera-
ture-independent relaxation strength was found. Consequently, the normalized
relaxation strength (Ae/Ae.,) depends on the temperature of the dynamic glass
transition, which depends on frequency. With increasing frequency or tempera-
ture, the normalized relaxation strength increases. To compare the normalized
relaxation strengths of dielectric and caloric relaxation, both measurements
must be performed at the same frequency. With the help of temperature-modu-
lated calorimetry, it would be possible to perform such measurements in the
future. Another reason to use the normalized relaxation strength from cal-
orimetric measurements for the determination of the mobile amorphous fraction
is the fact that calorimetry covers the response of all modes (degrees of free-
dom). In contrast, the dielectric response is related to the movement of an
electric dipole and not all modes are connected with such a movement.

In the present paper, therefore, the mobile amorphous fraction is determined
by the normalized step height of the specific heat capacity at the thermal glass
transition for a heating rate of 10 K min™', The thickness of the mobile amor-
phous layers within which the glass transition takes place is determined through
Eq. (3). For the samples under investigation, a layer thickness of from 1.8 nm
to 3.3 nm was estimated. The uncertainty of the absolute values is relatively
high, possibly up to 50%, due to the very simple model and also to the uncer-
tainty in the determination of both the long period L and the step height of the
specific heat capacity Ac,. Nevertheless, the tendency of the layer thickness
variation in the nanometer range is only slightly influenced by this uncertainty.
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Fig. 5 Arrhenius diagram for the dielectric o-relaxation of amorphous (stars) and semicrys-

talline PET samples (Table 1). Lines correspond to a VFT equation
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With use of the concept of cooperativity length, a confinement of the glass-
forming regions in the nanometer range should influence the relaxation behav-
ior. According to Sappelt and Jickle [1], the confinement of glass-forming
liquids in geometries of confining length comparable to the cooperativity length
should lead to a broadening of the glass transition and a shift to higher tempera-
tures. For differently crystallized PET, we found an isochronal (constant-fre-
quency) shift of the loss maximum (dynamic glass temperature) in the
Arrhenius diagram (Fig. 5). This shift correlates with the thickness of the mo-
bile amorphous layers (Fig. 6). A decrease in the thickness of the mobile amor-
phous layers results in an increase in the dynamic glass temperature. The
thermal glass temperature, determined by DSC, does not seem to follow this de-
pendence. However, there is a difference in the determination of the thermal
and the dynamic glass temperature. For the thermal experiment, we can not as-
sume that we measure at the same frequency. It is well known that there is a re-
lationship between the cooling rate and the observed glass transition
temperature. Also, there is a relationship between the cooling rate and the re-
laxation frequency [15]. We earlier showed [28] that it is necessary to include
the mean temperature fluctuation in this relationship. For semicrystalline PET,
it was found that the mean temperature fluctuation depends strongly on the
thickness of the mobile amorphous layers [14]. This means that the differences
in Fig. 6 can be a result of the different measurement conditions.
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Fig. 6 Dynamic (temperature of dielectric loss maximum at fpn.x=0.1 Hz) and thermal glass
temperatures as a function of the thickness of the mobile amorphous layers. Full sym-
bols represent gradually crystallized samples; open symbols represent isothermally
crystallized samples (Table 1)
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An analysis of the shape of the a-loss peaks revealed no differences between
the differently crystallized samples. However, we found a significantly broader
o-loss peak in the semicrystalline than in the amorphous samples (Fig. 7). Ac-
cording to the concept of cooperativity length, only the low-frequency tail is
influenced by the restriction of the glass-forming regions. The high-frequency
tail is not influenced. This result therefore lends strong support to the concept
of a cooperative glass transition [15, 29] in which the cooperative motion may
be described by a great variety of modes of different spatial extents. In this con-
cept, the high-frequency tail is mainly determined by short-range modes and the
low-frequency tail by long-range modes [30]. As shown in Fig. 7, the high-fre-
quency tails are not influenced by the geometrical restriction due to the crystals
because of the short mode length. For these molecular motions, it is of little in-
terest whether or not the crystals are located at a relatively long distance as
compared to the mode length. The motions detected at low frequencies are as-
sociated with long mode length (long distance fluctuations), which are
comparable to the dimensions of the mobile amorphous regions in the semicrys-
talline samples. Because of the geometrical confinement caused by the crystals,
the mode length is restricted to the geometrical length. To attain all molecular
movements necessary for the glass transition, the molecules have to find other
ways than those related with the long mode length. This means that the confor-
mational changes which occur in the semicrystalline sample will be carried out
by the molecules in a way that needs more time. In turn, the result is that the
low-frequency tail (corresponding to long times) is broadened.
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omo & is0160 375.5K
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Fig. 7 o-loss peak (conductivity and secondary relaxation are subtracted) normalized to the
same intensity (Ae=1) for amorphous and semicrystalline (iso 160) PET. The fre-
quency axis is normalized o the peak position (fnux~235 Hz)
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Preliminary measurements with a temperature-modulated calorimeter [28]
can be discussed in the same way. An isochronal temperature scan of the com-
plex heat capacity shows a much broader high-temperature tail, which
corresponds to low frequencies for the semicrystalline sample than for the
amorphous one. The low-temperature tail is influenced non-significantly.

Conclusions

The geometrical confinement of the glass-forming regions in semicrystalline
polymers is one way to determine the cooperativity length of the glass transi-
tion. The simple idea is to determine the dimensions of the glass-forming re-
gions at which the disturbance of the glass transition due to the confinement
starts. At the moment, it is not possible to observe directly the change from an
undisturbed glass transition to a disturbed one. The reason for this is that we do
not know any substance where we can vary the dimensions of the glass-forming
regions between approximately 6 nm and 3 nm. From our dielectric and cal-
orimetric investigations on semicrystalline PET, we observe a correlation be-
tween the parameters of the glass transition and the thickness of the mobile
amorphous layers. This layer thickness varies between approximately 1.8 nm
and 3.3 nm. Extrapolation of the layer thickness dependence of the maximum
position of the dielectric loss to the value for the bulky amorphous sample re-
sults in a layer thickness of about 5 nm. For layer thicknesses smaller than
5 nm, the confinement of the glass-forming regions should influence the coop-
erative movements. From this, we can estimate the correlation length of the un-
disturbed dielectric glass relaxation to be about 2.5 nm. From the calorimetric
investigations on the same samples, we observe a dependence of the width of
the glass transition range (curve shape) upon the layer thickness [4, 14], but no
correlation of the glass transition temperature (Fig. 6). Extrapolation of the
curve shape parameters to the bulky amorphous value yields slightly more than
3 nm [4]. Our results of 2.5 nm from dielectric relaxation and 1.6 nm from cal-
orimetry are within the error limits of both extrapolations. Therefore, it is not
possible to discuss any differences between the two measurements. However,
we can conclude that both independent measurements yield a correlation length
of some nm for the undisturbed glass relaxation (transition). This is in agree-
ment with the predictions of different theories {15, 31] and is independent of
any calculation relating to the theories.

The reason for the differences between the dielectric and calorimetric obser-
vations is not known at the moment. We found for the dielectric measurements
a dependence of the location of the maximum of the loss peak (dynamic glass
transition temperature), but no influence of the layer thickness on the curve
shape for the semicrystalline samples. In contrast, in the calorimetric investiga-
tion we observed no correlation between the glass transition temperature and
the layer thickness, but a dependence of the curve shape upon the layer thick-
ness. One reason for this different behavior may be the different measuring con-
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ditions. While the dielectric measurements are performed at constant tempera-
ture and variable frequency, the calorimetric investigations involve use of a lin-
ear temperature vs. time program to determine the heat capacity. With the help
of temperature-modulated DSC [32] and heat capacity spectroscopy [33], it
seems possible to perform isothermal measurements in an adequate frequency
range to determine the complex heat capacity. It should then be possible to com-
pare dielectric and calorimetric investigations directly to get information on
possible differences between the responses due to electric and thermal pertur-
bations. We intend to perform such measurements in the future.
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