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Abstract

The relaxation strength at the glass transition for semi-crystalline polymers observed by dif-
ferent experimental methods shows significant deviations from a simple two-phase model. Intro-
duction of a rigid amorphous fraction, which is non-crystalline but does not participate in the
glass transition, allows a description of the relaxation behavior of such systems. The question
arises when does this amorphous material vitrify. Our measurements on PET identify no sepa-
rate glass transition and no devitrification over a broad temperature range. Measurements on a
low molecular weight compound which partly crystallizes supports the idea that vitrification of
the rigid amorphous material occurs during formation of crystallites. The reason for vitrification
is the immobilization of co-operative motions due to the fixation of parts of the molecules in the
crystallites. Local movements (B-relaxation) are only slightly influenced by the crystallites and
occur in the whole non-crystalline fraction.

Keywords: dielectric spectroscopy (DETA), DSC, dynamic mechanical (DMA) spectroscopy,
glass transition, PET, polymers, relaxation, rigid amorphous, temperature modu-
lated DSC

Introduction

By varying the morphology of a semi-crystalline polymer one can investigate
whether and how both the thermal (vitrification) and the dynamic (relaxation) glass
transition are influenced. As given by Ishida [1] for dielectric and Wunderlich [2]
for calorimetric investigations, the fraction (), participating in the glass transition
can be determined by the strength of the relaxation process under investigation
(Ag; Acy; AJ;...) as

Ae Ac, AJ (1)

Kame = 75 Xame, = 70 Xam) =~

ame A €, ame, Acpa am) AJa

where Ae, Ac,, AJ are relaxation strength for permittivity, heat capacity and me-
chanical compliance, respectively of the investigated sample. The subscript “a’ in
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the denominator means the corresponding value of the fully amorphous sample.
From independent measurements like wide-angle X-ray scattering (WAXS), den-
sity, melting enthalpy,...etc. the crystalline fraction Xc can be determined. For poly-
mers, the mobile amorphous fraction (Xam) is less than the non-crystalline fraction
(1-x. ), so Wunderlich [2] introduced a third fraction which is non-crystalline but does
not participate in the common glass transition. It is called rigid amorphous (Xar).

Xar = Il P Xam @)

The questions arise: Does this fraction exhibit a separate glass transition at
higher temperatures? Is it smeared over a broad temperature range? Is the devitrifi-
cation a part of the melting of crystals [3]? Another interesting question is that of
possible differences between the values determined via Eqs (1) and (2) by different
methods.

We will thus compare the results from calorimetric investigations of the vitrifi-
cation process with those of dynamic experiments performed on the metastable, su-
per-cooled state of semi-crystalline poly(ethylene-terephthalate) (PET). Since vitri-
fication temperature (7,) depends on cooling rate while dynamic glass transition
temperature (T,y,) depends on frequency, it is possible to investigate the relaxation
strength at different temperatures. From such investigations we will try to obtain in-
formation about the temperature dependence of the different fractions resulting
from (1) and (2). In our laboratory we cover a frequency range from 10~ to 10° Hz
for dielectric spectroscopy and from 10~ to 100 Hz for mechanical spectroscopy.
In the case of PET we are able to shift the dynamic glass transition temperature
about 40 K by varying the frequency over 8 decades.

Using dielectric and mechanical spectroscopy we can additionally observe the
low temperature (local, secondary, B-) relaxation. The low temperature relaxation
is connected with local movements, whereas the glass transition should be con-
nected with co-operative movements [4, 5]. According to Eq. (1) we can calculate
the mobile amorphous fraction related to the local movements from the relaxation
strength of the B-relaxation. We compare the results with that of the dynamic glass
transition (main-, c-relaxation) [6].

The common picture is that the rigid amorphous fraction, observed in semi-
crystalline polymers, is the result of restrictions of molecular mobility due to the
fixation of the polymer chain at the surface of the crystalline lamellae. This paper
presents an example for a rigid amorphous fraction in a low molecular weight com-
pound directly related to the formation of a small amount of crystallites.

Experimental

Poly(ethylene-terephthalate) PET allows variation of morphology over a wide
range and study of its influence on the relaxation behavior. Using different tempera-
ture-time programs, one can generate semi-crystalline structures with different
morphologies [7~10].
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Sample preparation

From one PET batch (ORWO K 36, M,, ~ 23000) we prepared two series of
samples with a variation of crystalline, rigid amorphous and mobile amorphous
fraction between 0.25-0.35, 0.32-0.43 and 0.2-0.35, respectively.

The first sample series was prepared by isothermal crystallization in the tem-
perature range 7,=393 K to 7,=493 K (3...18 h dependent on the growth rate).
The samples were crystallized to the end of primary crystallization to get samples
totally filled with lamellae stack structures (as totally as possible for a given T, ).
The crystallization was stopped when the sample was totally filled with such lamel-
lae stack structures to avoid secondary crystallization. This allows us to take into
account only intra-spherulitic amorphous regions and to neglect inter-spherulitic
amorphous regions [11, 12]. Both long period L and crystallinity . increase with
increasing T [9].

The second series was prepared by gradual crystallization according to Groen-
inckx [10]. First, the sample was completely crystallized (18 h) at 7,=393 K.
Then, the sample was heated at the rate of g=0.1 K min™ up to the next annealing
temperature, e.g. 7,=413 K, at which the sample was additionally annealed for a
period of 18 h. After that, the sample was heated again at the same rate ¢ up to the
next annealing temperature T, and again annealed for 18 h. This procedure was re-
peated until the final annealing temperature 7, was reached. As shown in [7] and
[10] in the gradual crystallized series no variation of the long period, fixed by the
first annealing at 393 K, can be observed for T, less than 493 K. The crystallinity
X increases with increasing annealing temperature similar to the first series.

The low molecular weight compound investigated is 2,5-bis(2-dodecyloxycar-
bonyl-phenylthio)terephthalic dodecyl diester. Synthesis of this and homologues are
described elsewhere [13]. The chemical structure is shown in Fig. 1.

ooc S‘<C°?5;\,\,\’\/\/
v\,\,\’\’\/

Fig. 1 2,5-bis(2-dodecyloxycarbonyl-phenylthio)terephthalic dodecyl diester

Differential scanning calorimetry (DSC)

Vitrification, that means the change from a meta-stable equilibrium of a super-
cooled liquid to a non-equilibrium state of a glass, was investigated by DSC mea-
surements on cooling using either a Perkin-Elmer DSC-2 or a DSC-7. Figure 2

shows typical DSC traces in the glass transition region of different crystallized PET
samples.
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Fig. 2 Standard DSC measurements of different isothermal crystallized PET samples.
iso 393 ... iso 473 - crystallizaton temperature 393 K ... 473 K, respectively. Meas-
uring conditions see text

The temperature scale of the calorimeter was calibrated with indium and lead
for the scanning rate used and for the heat flow by sapphire. The purge gas was ni-
trogen. The temperature of the calorimeter block as well as the room temperature
were kept well stabilized at temperatures of (19810.1) K and (300+0.5) K respec-
tively, in order to realize reproducible scans. Sample mass was about 12 mg and the
scanning rate was 10 K min™ for both heating and cooling. The glass transition
temperature T, of the compounds was taken as the midpoint temperature. The mid-
point temperature is usually defined as the temperature of the half step-height Ac,
at the glass transition, see inset in Fig. 2.

With temperature modulated calorimetry (TMC) like third harmonic detection
[14, 15], photoacoustic methods (PA) [16], light heating DSC [17] or temperature
modulated DSC (TMDSC) [18, 19] frequency dependent heat capacity can be de-
termined in the temperature range of the meta-stable equilibrium in the super-
cooled state. With these methods it is possible to perform heat capacity spectros-
copy. We used a Perkin-Elmer DDSC-7 and a Setaram DSC 121 to determine the
complex heat capacity in the glass transition range (Fig. 3).

The following measurement conditions were chosen unless otherwise stated:
saw tooth modulation with modulation frequency 0.017 Hz (modulation period
1 min); temperature amplitude 0.2 K; underlying cooling rate 0.8 K min~!; sample
mass ca. 12 mg; temperature calibration for temperature modulated mode by liquid
crystal phase transition [20]; heat flow calibration by poly(ethylene-terephthalate)
at 300 K according to the ATHAS data bank [21].

Because the modulation frequency available with TMDSC is low (107 to 107 Hz)
[22], some overlapping of vitrification and the dynamic glass transition occurs which
slightly influences the dynamic glass transition [23]. To reduce the influence of vit-
rification on the dynamic glass transition, additional quasi-isothermal measure-
ments [24] were performed using the Setaram DSC 121. Also, comparison of the
results from quasi-isothermal and scanning measurements allows observation of the
possible influence of melting or crystallization on the determined heat capacity values.

J. Thermal Anal., 49, 1997
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As seen from Fig. 3, there are no differences between the values above the glass
transition. That means, no melting below the crystallization temperature occurs.
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Fig. 3 Temperature Modulated DSC measurements. Samples as in Fig. 2. Measuring condi-
tions see text. The quasi-isothermal measurements (W) has been performed with a
Setaram DSC 121. Modulation period 600 seconds; modulation amplitude 0.1 K;
sample mass 273 mg

Due to the very broad glass transition region in semi-crystailine PET the preci-
sion of the common TMDSC apparatus is not high enough to obtain reliable values
of phase shift  due to the glass transition and consequently the tan(3) or the imagi-
nary part of the heat capacity. For detailed information on complex heat capacity and
its determination see e.g. [14, 15, 19, 22] and references therein. To obtain informa-
tion on the relaxation strength of heat capacity, we used the real part of the complex
heat capacity. Figure 3 shows typical curves for different crystallized PET samples.

Dielectric measurements (DETA)

The dielectric measurements were carried out in the frequency range 0.01 Hz to
1 MHz with a BDS 4000 Broadband Dielectric Spectrometer (Novocontrol GmbH).
A frequency response analyzer SI 1260 (Solatron-Schlumberger), which was sup-
plemented by a high-impedance preamplifier of variable gain, was used to extract
the complex dielectric function

e'(N =e'() ~ ie”(f) (3)

with f — frequency, €' real part, € imaginary part. The samples with a thickness
of approximately 100 pm were kept in a cryostat where the sample temperature was
controlled using a nitrogen gas stream of controlled temperature. Frequency scans
were performed at constant temperature, with a temperature stability better than
0.1 K [25].

Figure 4 shows typical frequency scans for PET isothermally crystallized at
433 K. The measured dielectric function for a relaxation process can be described
quantitatively by generalized relaxation functions. A general one is the Havriliak-
Negami (HN) equation [26]:
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- 4
e"(f)=am+Ae{1 +(z‘f/fc)B] " (0<B, pr< 1) X

B and vy are shape parameters; fis the frequency of applied field; £, the characteristic
relaxation frequency; and, Ae=¢ ¢, the relaxation strength (e, =¢’(f) for f <f;

e, =¢'(f) for f>1).
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Fig. 4 Real (a) and imaginary (b) part of the complex dielectric function in the glass transi-
tion region of PET for the sample isothermally crystallized for 3 h at 433 K. Measur-
ing temperature as parameter. The solid lines through the data represent the fit using
two superimposed HN-functions (Eq.( 4)) (0~ and B-relaxation) and A, /™ for the
Maxwell-Wagner-Sillars-polarization or 4, f™ for conductivity for the real (a) and
the imaginary (b) part, respectively. The parameters for c—and B-relaxation used in
Figs 4a and 4b are the same. The dashed lines show the HN-fit for the a-relaxation

The a-relaxation is influenced by neighboring processes, conductivity on the
low frequency tail and secondary relaxation on the high frequency tail. These pro-
cesses must be included in the fitting procedure [27] to obtain correct values for the
relaxation strength. The curves in Fig. 4 are fitted with a superposition of two HN-
functions (for o- and B-relaxation, respectively) and a term describing the conduc-
tivity or the surface polarization. The dotted line in Fig. 4 represents the HN-func-
tion for the a-relaxation. Both, the imaginary and the real part of the dielectric
function are used for fitting.

Dynamic mechanical spectroscopy (DMA)

For the dynamic mechanical spectroscopy we used an ARES spectrometer from
Rheometric Scientific. We measured the resultant torque expended by the sample in
response to the shear strain. The rectangular samples (35 mmx10 mmx1 mm) were
temperature controlled in an oven by using pressured air, an air chiller for mechanical
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refrigeration and two heaters. The temperature was calibrated using water, indium and
tin by adding a small solid sample in between two half polymer samples and measuring
the change in sample length during melting due to a small compression.
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Fig. 5 Real (a) and imaginary (b) part of the complex mechanical modulus in the glass tran-
sition region of PET for the sample isothermally crystallized for 3 h at 433 K. Mea-
suring temperature as parameter. The solid lines through the data represent the fit us-
ing a modified HN-function (Eq. (5)). The parameters used in Figs 5a and 5b are the
same

At different constant temperatures between 198 K and the crystallization tem-
perature of the sample under investigation we performed frequency sweeps in the
range of 1.6-107 to 80 Hz. Figure 5 shows the real and imaginary parts of the me-
chanical modulus for the same sample as in Fig. 4. Since it is difficult to compare
relaxation strength from DMA with that of DSC and DETA, one must be sensitive
to choose the comparable values. Because ¢, and e are compliances we have to de-
termine relaxation strength from mechanical compliance (J) too. From our mea-
surements at first, we plotted modulus G as a function of frequency and determined
relaxation strength AG from a fit of a modified HN-function [28] (Fig. 5).

G'(h=0C.+8G[1+ ] ©<B, B )

where {3 and vy are shape parameters; G* is complex mechanical modulus; f is fre-

quency of applied strain and f, is the characteristic relaxation frequency; and,

AG=G_-G, the relaxation strength (G_=G ’(f) for f > fo G=G'(f) for f < f,).
Because J*G*=1 we can derive relaxation strength AJ from AG according to

AG
GG

0

AJ =

(6)
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Results and discussion

The comparison of vitrification and dynamic glass transition for PET from the
different measurements shows a similar behavior. In all experiments we found that
the relaxation strength (Ac,, Ae, AJ) of the non-crystalline fraction (1-Xc) of the
samples are smaller than those expected from the two phase model. In Fig. 6 the
normalized relaxation strength (mobile amorphous fraction according to Eq. (1))
from the different methods is plotted against crystallinity. Line A represents a two-
phase model including crystalline and non-crystalline amorphous fractions only.
The points from the low temperature relaxation follow this model whereas the
points from the glass transition deviate significantly. The difference between line A
and the points at a given crystallinity indicate a non-crystalline fraction, which does
not contribute to the relaxation intensity (rigid amorphous, Eq. (2)). Comparing the
results from dielectric, calorimetric and mechanical measurements we observe a
decreasing mobile amorphous fraction (normalized relaxation strength). This may
be related to the different co-operativity of the corresponding movements.

Taking into account that we have investigated only samples crystallized at least
until the end of primary crystallization, no bigger (100 nm and larger) melt like
amorphous regions in between spherulites must be taken into account [12]. There-
fore the different values for the rigid amorphous fraction between 0.32 and 0.43 are
due to variations inside the lamellar structure (spherulites).

There are other results which suppose that the found differences from the two-
phase model are due to wrong determination of crystallinity [29]. To test this, we
have determined the dielectric strength of the low temperature relaxation process
(B-relaxation) by dielectric and dynamic mechanical measurements. As generally
accepted, the -relaxation is related to local movements of the main chain or of lat-
eral groups. Such local movements could be expected to occur in the whole non-
crystalline part because these movements are only slightly influenced by the confin-
ing crystalline lamellae. That’s why the secondary relaxation should follow a two-
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Fig. 6 Normalized relaxation strength for all samples and different measurements as a func-
tion of crystallinity. Line A corresponds to a two-phase model and the dashed line B
is a guide for the eyes for the results from dielectric measurements
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phase model (Aeg; AJp o< 1-). Line A in Fig. 6 represents the normalized relaxa-
tion strength for a two-phase model. The points for the B-relaxation lie on this line.
For the B-relaxation a two-phase model seems to be correct and the measured points
fit the model, so the determination of crystallinity can not be totally wrong. Conse-
quently, the deviations from the two-phase model for the o-relaxation must be the re-
sult of a rigid amorphous fraction. In the rigid amorphous fraction a local movement
is possible but not a co-operative segmental motion (o.-relaxation, glass transition).

To test whether there is a separate glass transition of the rigid amorphous frac-
tion at higher temperatures, we performed DETA, DMA, DSC, TMDSC and quasi-
isothermal TMDSC measurements over a wide frequency or temperature range. As
shown in Figs 4 and 5 the relaxation spectra is very broad (half width more than 6
decades in frequency). Additionally problems especially for DETA result from the
superposition of the a-relaxation by neighboring processes. So, for the DETA this
must be taken into account (Fig. 4). Uncertainties in the shape parameters and also
the relaxation strength remain. Over the entire frequency range only one broad peak
was observed for the a-relaxation without large changes in the shape parameters
[30]. If there are separate processes in the rigid amorphous fraction a small sepa-
ration of the second process or at least a change in the curve shape should occur at
different frequency positions of the loss peak. Our measurements yield a shift of 8
decades with increasing temperature but we do not observe any indication of a sec-
ond process. This finding is somewhat different from that found by Kremer and co-
workers [31, 32] for low molecular weight glass forming liquids confined in porous
glasses. They found two superimposed relaxation processes in the dynamic glass
transition region which are well separated in frequency. One related to the o-relaxa-
tion and the other to a "interfacial" relaxation due to the inner surface.

In Fig. 7 the relaxation strengths from DETA and DMA are plotted as a func-
tion of temperature. Normally for the amorphous sample, a decrease of relaxation
strength with increasing temperature can be observed. Our measurements from the
semi-crystalline PET yield a nearly constant value for the relaxation strength. This
is contrary to some other investigations [33, 34]. As shown in [30] the separation of
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Fig. 7 Relaxation strength from isothermal DETA (102 Hz< < 10% Hz) and DMA
(10 Hz <f< 10* Hz) measurements as a function of measuring temperature for the
sample isothermally crystallized at 393 K. The dashed lines are guides for the eye
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the a-relaxation with respect to the -relaxation and conductivity is very important
for the determination of relaxation strength. We have done this very precisely by ex-
trapolating curve shape and peak position of the f-relaxation and conductivity from
temperatures where we can observe these effects separately (low and high tempera-
tures, respectively) to the temperature where we observe the o-relaxation [30].

In spite of all uncertainties we do not find any indication of a separate glass tran-
sition while increasing temperature neither from calorimetric nor from dynamic
measurements. The question arises what is the reason for the glassy state of the
rigid amorphous fraction? To answer the question, our image is the following:
while cooling a polymer from the melt, crystallization occurs at 7,. At the same
moment, the mobility of the chains in the immediate vicinity of the lamellae is dras-
tically reduced. No co-operative movements are possible which means that the
chains are vitrified. The material behaves as a glass as shown in Fig. 8 [3]. The re-
maining liquid mobile amorphous material vitrifies at lower temperatures compara-
ble with that of a bulky amorphous sample (7).

glassy rigid amorphous

AH
c

Enthalpy

crystaifine & glassy

mobile amorphous crystalline & liquid

mabile amorphous

T T
"] [
Temperature
Fig. 8 Schematic plot of enthalpy as function of temperature for the different fractions of a
semi-crystalline polymer

To illustrate vitrification by partial crystallization heating and cooling scans for
the low molecular weight compound 2,5-bis(2-dodecyloxycarbonylphenylthio)tere-
phthalic dodecyl diester are given in Fig. 9. From both heating as well as cooling
scans a superposition of glass transition and melting or crystallization, respectively
can be seen. The heat of fusion of about 12 kJ mol™ shows that only a small part of
the molecule, may be parts of the alkane chains, are involved in this crystallization.
The observed melting temperature of 246 K corresponds to a crystallized alkane
chain of about 10 carbon atoms [35, 36]. We will investigate this in more detail in
the future. For the totally crystalline compound a heat of fusion of about

- 123 kJ mol™ was obtained.

The glass transition as well as the fusion peak is shifted by 7 K between heating
and cooling. Because the temperature axis is corrected to thermal lag effects (about
2 K) the origin of this difference can not be the glass transition. Neglecting differ-
ences in the curve shape, the glass transition normally occurs at the same tempera-
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Fig. 9 Heating and cooling scans in the glass transition region of 2,5-bis(2-dodecyloxycarbonyl-
phenylthio)terephthalic dodecyl diester. Heating rate 10 K min™'; sample mass 2.4 mg.
The inset shows additional cold crystallization and melting

ture for cooling and heating. The observed difference can be related to the super-
cooling of crystallization of alkane chains. That means we observe the vitrification
(devitrification) of the whole molecule (Acp;=490 1 mol™'K™) due to the crystal-
lization (melting) of a small part of it.

Temperature modulated measurements support this picture because we do not
observe a frequency dependence of the glass transition in the real part of the com-
plex heat capacity. This result shows that there is a vitrification as well as devitrifi-
cation due to crystallization (immobilization) or melting (mobilization), respec-
tively of a small part of the molecule. For this compound during partial crystal-
lization, the whole non-crystalline fraction becomes rigid amorphous. It becomes
glassy at higher temperatures than expected from the homologues and no vitrifica-
tion (devitrification) due to temperature changes without change in the crystalline
structure can be observed. From the homologues an extrapolated 7, of about 140 K
is expected [13] but vitrification is observed at about 240 K. We think in principle
the same happens for most of the semi-crystalline polymers. To clarify this further
investigations are necessary.

From another point of view, this result is important too. If immobilization of a
small part of the molecule results in vitrification of the whole molecule a co-opera-
tive motion is necessary for mobilization (glass transition). Because local move-
ments are still present in partially crystalline systems, this supports the idea of the
co-operative nature of glass transition.

Conclusion

Investigations of the glass transition in semi-crystalline PET other than cal-
orimetric also yield a rigid amorphous fraction. Qualitatively the same results can
be observed by different investigations of dynamic glass transition (relaxation).
Comparison of mobile amorphous fraction from vitrification (Ac,pgo with that es-
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timated from relaxation strength of dielectric- and dynamic mechanical spectros-
copy as well as, temperature modulated calorimetry, shows no significant differ-
ences for two series of different crystallized PET. No temperature dependence of
the mobile amorphous fraction could be seen from dielectric and dynamic mechani-
cal measurements over a wide frequency range. We do not detect a separate glass
transition for the rigid amorphous fraction until melting of crystals. The superposi-
tion of glass transition (vitrification, devitrification) with crystallization or melting
is due to the immobilization of long range movements (modes) due to the fixation
of molecule parts by the crystallites. Local movements as observed by the B-relaxa-
tion are only affected to a small extent by this fixation [30]. Observations on a low
molecular weight model compound support the idea of crystallization (immobi-
lization) induced glass transition in the vicinity of crystallites.
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