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Polycarbonate displays physical ageing when subjected to annealing in the glassy state. The ageing is
considerably enhanced with oriented polycarbonate, particularly if the orientation is achieved by cold
drawing. The effect of cold drawing and annealing on mobility and free volume has been investigated by
means of electron spin resonance spectroscopy using the spin probe method as well as by dilatometric and
X-ray scattering studies. The experimental results show that the mean rotational correlation times of the
probes and the correlation time distribution depend on the mechanical and thermal history of the samples.
The mobility changes are correlated with results of X-ray scattering and dilatometry and interpreted in
terms of changes in the magnitude of the free volume and its distribution.
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INTRODUCTION

The macroscopic dynamic properties of amorphous
polymers are known to depend strongly on the density
of the molecular packing, ie. on the free volume!.
Physical ageing, which takes place in the glassy state due
to its non-equilibrium character?~* and is connected with
the decrease of the free volume, therefore leads to
appreciable modifications of such dynamic properties.
Examples are changes in the creep behaviour, a transition
from a more ductile to a more brittle behaviour and a
decrease of gas permeability.

It has frequently been pointed out that it may not only
be the amount of free volume but also its distribution that
affect macroscopic dynamic properties®®. It is for this
reason that, in addition to methods like dilatometry’-8,
calorimetry®!°, mechanical and dielectric spectros-
copy!11:12 small-angle X-ray scattering techniques!3—13
have also been employed as well as positronium annihila-
tion spectroscopy'®, photochemistry!”!°, e.s.r.2° and
i.r.2! spectroscopy. These methods can provide infor-
mation on structural and dynamic changes at the
microscopic level, such as fluctuations of the free volume,
for instance.

Such studies on the mechanism of ageing in amorphous
polymers and on its influence on thermal, mechanical
and other macroscopic properties have so far been
restricted to macroscopically isotropic systems. The
deformation of amorphous polymers, on the other hand,
can be expected to change both the amount of free volume
available and its distribution. This in turn will have a
strong impact on the ageing properties of oriented glassy
polymers and its effect on macroscopic properties. This
is the topic of this paper. It is concerned with a
comparison of the physical ageing processes taking place
in isotropic and anisotropic polycarbonate, as controlled
by the characteristic values of the magnitude and
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distribution of free volume in these states. The experi-
mental techniques of choice are e.s.r. spectroscopy using
the spin probe method, small-angle X-ray scattering and
dilatometry.

EXPERIMENTAL

Material

The experiments were performed with polycarbonate
(bisphenol A, tradename Makrolon LS 55/102, obtained
from R6hm AG, FRG). Four different types of samples
were investigated by e.s.r. spectroscopy:

(1) isotropic unaged (i, u);

(2) isotropic aged (i, a);

(3) anisotropic unaged (a, u); and
(4) anisotropic aged (a, a).

The first sample (1) was prepared by quenching the
material from temperatures well above the glass transition
temperature to room temperature. The second sample
(2) was subsequently annealed at T,=125°C for t,=12
days. The third sample (3) was prepared by deformation
of set (1) at room temperature in a hydraulic press.
Finally, the fourth sample (4) was obtained from type
(3) by annealing at T,=60°C for t,=12 days.

Samples for dilatometry, X-ray scattering and dynamic
mechanical measurements were drawn at room tempera-
ture with a deformation amounting to up to 8§0%.

Methods of measurements and evaluation

The small-angle X-ray scattering investigations were
performed with a Kratky small-angle X-ray camera,
equipped with a heating cell. Absolute intensities were
established by using a moving slit device. The dilato-
metric studies were performed in a mercury-filled glass
dilatometer, which was placed in a heating bath. A
cathetometer was used to measure the height of the
mercury level as a function of temperature and ageing
time.

The dynamic mechanical measurements were performed



on a Myrenne ATM 3 automatic torsional pendulum
operating in automatic mode with the following par-
ameters: heating rate 3°Cmin~!, frequency 2 Hz. Shear
moduli G’ and loss coefficients tan § were evaluated as
a function of temperature.

E.s.r. measurements were carried out on a ER 200D
SRC Bruker spectrometer equipped with a temperature-
controlled heating cell, enabling temperature variations
in the resonator cavity. Samples for e.s.r. measurements
were obtained using the spin probe, 2,2',6,6'-tetramethyl-
piperidine-1-oxil (TEMPO). The probe was introduced
into the polymer by the vapour diffusion technique at
elevated temperature for a time sufficient to cause a
homogeneous distribution in the sample.

RESULTS AND DISCUSSION

Results on the effect of ageing on the density

We intend to analyse ageing phenomena in isotropic
and oriented glassy polymers with respect to the density
of the molecular packing and with respect to the relation
between the amount of free volume present and the
mobility of the system. It is for this reason that results
concerned with the effect of ageing on the total volume
will be discussed prior to e.s.r. results on the effect of
ageing on the mobility.

Physical ageing is known to be accompanied by a
decrease of the volume as a function of time at constant
temperature. As an example, Figure 1a shows a charac-
teristic result for polycarbonate in its isotropic state and
Figure 1b for a polycarbonate that was cold drawn at
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room temperature??, The volume is found to decrease in
both cases approximately linearly as a function of the
logarithm of the ageing time. The main difference between
the isotropic and anisotropic samples is that the rate of
volume relaxation defined as':

r=—(1/V)[dV/d(log t,)]

is approximately twice as large for the anisotropic state
if the ageing temperature is kept between room tempera-
ture and 100°C22. This becomes apparent from Figure
2, which displays the ageing rate for both isotropic and
anisotropic polycarbonate as a function of the tempera-
ture.

The interesting finding is that the volume relaxation
happens faster in drawn polycarbonate despite the fact
that its density has been increased relative to that of the
isotropic state by about 0.3% (despite the fact that T, is
not influenced by drawing). The conclusion that might
be drawn is that the free volume has been increased by
cold drawing, although the density has increased.

E.s.r. spectroscopic studies on the dependence of the
mobility of spin probes on the thermal and
mechanical history

Unaged samples. In the following we will use e.s.r.
spectroscopic results on the rotational mobility of small
probe molecules to obtain indirect information on the
free volume of the matrix?3. Stable nitroxide radicals
were used as probes because of their relatively simple
spectra. These consist of three hyperfine lines, which
originate from the interaction between the free electron
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Figure 1 Dependence of the volume on the ageing time: (a) isotropic polycarbonate; (b) cold-drawn polycarbonate. @, 45°C; O, 65°C; &,

70°C; ¥V, 100°C; A, 110°C; O, 130°C
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Figure 2 Rate of volume relaxation versus ageing temperature for
isotropic and cold-drawn polycarbonate. [J, Isotropic; @, cold drawn
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Figure 3 E.s.r. spectra of the PC-TEMPO system for the case of an
isotropic unaged sample at several temperatures

(spin s=1/2) and the nitrogen nuclear spin (I=1). The
actual shape and the width of the spectrum depend on
the rotational velocity, i.c. on the rotational correlation
time t,. The assumption is that, by using such nitroxides
as dynamic probes in a polymer matrix, one is able to
extract information on the environment, in particular on
the free volume that is available in the matrix material
and on its variation with temperature, thermal history
or mechanical history, etc.2%-2324,

Figure 3 represents as an example the dependence of
the e.s.r. spectra of the probe TEMPO in unaged
isotropic polycarbonate at various temperatures. It is
apparent that the separation of the extrema of the spectra,
2A, depends on the temperature: it becomes continuously
smaller with increasing temperature. The reason is that
the probe tumbles sufficiently rapidly at enhanced
temperatures to be able to average out the anisotropy
of the nitrogen hyperfine tensor A. A characteristic
separation 24 of about 30 G is observed in this so-called
motionally narrowed regime.

A much broader spectrum is observed at low tempera-
tures, the separation 24 amounting to more than 60 G.
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The reason is that the rotational motion of the nitroxide
probe has become so slow at these temperatures that the
anisotropy of the hyperfine tensor is no longer averaged
out. In this case the separation is controlled by the largest
component of the tensor A—which is 4,,—and lies in
the range between 60 and 70 G.

We will discuss, in the following, what kind of
information can be derived from such spectra. One
usually divides the dynamic range accessible to the
e.s.r. technique into the range of rapid rotations
(10" *s <1, <107 8s), in which the motionally narrowed
spectrum is observed, and the range of slow rotations,
in which the broad spectrum is observed.

E.s.r. spectra in the fast motion region have the
advantage that they can be evaluated with respect to the
correlation time relatively easily, on the basis of the
Freed—Fraenkel equation?’ (assumption of isotropic
rotation):

1(T)=6.7x 10~ 1AH  [(I,/I_)**—1]

where AH, is the width of the low-field component of
the triplet spectrum, and I, and I _ are the intensities of
the low- and high-field lines of the triplet signal. The
rotational frequencies of the probe are thus given by:

O(T)=1/[2n7(T)]

and one can determine them in the rapid rotation range
as a function of temperature, thermal and mechanical
history, as will be shown below. Figure 4 illustrates the
dependence of the rotational frequency of the isotropic
unaged sample as a function of time in terms of an
activation diagram. This diagram can be used to determine
the activation energy for the rotational motion of the
probe in the matrix and to relate it, for instance, to
relaxation processes taking place in the matrix material
itself. This topic will be discussed in more detail below.

No such simple direct analysis is possible outside the
rapid rotation range. The spectra can, however, be
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Figure 4 Arrhenius plot of rotational correlation frequencies of
the probe TEMPO in polycarbonate for various thermomechanical
histories. @, Isotropic, unaged; Y, isotropic, aged (12 days, 125°C);
A\, anisotropic, unaged; [, anisotropic, aged (12 days, 60°C)
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Figure 5 Temperature dependence of the spectral parameter 24, for the PC-TEMPO system
for various thermomechanical histories. Symbols as for Figure 4

analysed to yield another piece of information on
dynamic properties. An increase of the rotational corre-
lation time gives rise to a very strong increase in the
width of the spectra and the separation becomes most
sensitive to changes in the correlation time in the range
of 50 G where the transition from the rapid to the slow
motion regime takes place. The temperature T, has
thus been used as a characteristic dynamic transition
temperature, which in turn depends on the volume of the
probe used. Figure 5 displays the dependence of the width
of the separation of the extrema of the spectra, 24,., on
the temperature. The strong variation of the width in a
narrow temperature range around 50°C is apparent. Ts5q
is thus about 50°C in this particular case. If we assume
that such a rapid rotation of the probe can only take
place if the size of the free-volume entity in which the
probe is located is larger than the probe volume, we have
to conclude that the free volume may become larger than
170 A3 due to volume fluctuations (which corresponds to
the probe volume) at temperatures above Tso. This is
a rather large value in view of data published in the
literature, for instance, based on positron annihilation
studies, which gave values of less than 100A3 for
polycarbonate in the temperature range considered
here'®. This aspect will be reconsidered below.

Effect of ageing. In the following we will be concerned
with the effect of ageing in oriented and isotropic
polycarbonate on the rotational frequency in the rapid
rotation range and on the location of the transition
between the rapid rotation and the slow rotation regime.
The results are displayed in Figures 4 and 5 together with
those observed for the unaged isotropic samples, which
have already been discussed above.

It is apparent from the activation diagram that the
rotational frequencies of all kinds of samples become
identical above the glass transition temperature. This is
of course reasonable since both ageing effects and
orientation effects relax in this temperature range so that
the dynamic state of all kinds of samples should become
identical.

Strong differences are, however, apparent below the
glass transition temperature. The rotational frequencies

are much higher in the unaged samples in comparison
to the aged samples, whereas the mobility differences
between isotropic and oriented samples is small. Ageing
leads, however, to a much stronger decrease of the
rotational frequencies as far as the oriented samples are
concerned. The rotational frequencies are much smaller
in the latter case even if the ageing time was shorter and
the ageing temperature was lower in comparison to the
ageing parameters characteristic of the isotropic phase.
These results show definitely that ageing is enhanced in
oriented samples.

The shift of the characteristic temperatures Tsqg, On
the other hand, which is observed for aged samples and
particularly for oriented and aged samples, is rather
small, amounting to less than 5 K. It thus seems that the
characteristic temperature is not a very sensitive tool as
far as the detection of mobility changes occurring during
ageing is concerned.

Finally, the specific shapes of the spectra and their
variation with ageing have to be discussed. The spectra
are expected to consist of three lines, as discussed earlier,
and this is also what is approximately observed at
elevated temperature in the motionally narrowed regime.
The finding is, however, that the spectra display additional
features reminiscent of composite spectra, particularly at
temperatures close to but below Tsqg. This becomes
apparent from Figure 6, which displays the spectra in
this temperature range for both isotropic and anisotropic
samples. An additional shoulder is apparent on the
high-field side of the spectra.

Such composite structures have been described in the
literature for amorphous polymers in the melt and in the
glassy state?*:2* and it was shown that they do not
originate from anisotropic tumbling motions but rather
from a rotational correlation time distribution, which in
turn can be attributed to a corresponding distribution of
the free volume in the matrix. A schematic diagram
representing this situation is depicted in Figure 7. Those
motions possessing correlation times shorter than that
connected with Ty, give rise to a motionally narrowed
contribution and the remaining ones to the broad ones.
It is for this reason that one only expects two components
of the spectra, despite the presence of a broad relaxation
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Figure 6 E.s.r. spectra of the PC-TEMPO system for various thermomechanical histories: (a) isotropic
unaged; (b) isotropic aged; (c) anisotropic unaged; and (d) anisotropic aged samples
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Figure 7 (a) Scheme of free-volume distribution in an amorphous
polymer. Hatched area is the region accessible to the spin probe. (b)
A scheme of the correlation time distribution concept in a polymer—
probe system, according to ref. 24

time distribution, and one component at high tempera-
tures, where all motions are rapid relative to the timescale
given by Ts4.

Figure 6 gives a comparison of the composite spectra
of isotropic and anisotropic samples and it also shows
the variations to which the shapes of the spectra taken
below Ts, are subjected due to ageing. It seems that
the anisotropic samples possess a smaller amount of
probes, which are able to rotate rapidly compared to the
isotropic samples. This is a rather surprising result in
view of the fact that drawing was found to increase the
rate of the volume relaxation, which seems to indicate
that drawing leads to an increase of the free volume.

Furthermore, the findings show that the shoulder
resulting from the motionally narrowed component
becomes smaller and even vanishes with increasing
ageing time. The reason apparently is, as depicted
schematically in Figure 7, that the timescale of the total
rotational correlation time distribution is shifted to larger
values, so that less and less contributions originate from
rapid rotations of the probes.

Next we will briefly discuss the correlation between
probe rotation and the relaxations taking place in the
polymer matrix. The fact that the motional narrowing
takes place in a temperature region where the f'-
relaxation of polycarbonate is known to take place may
be taken as an indication of such a correlation. Figure 8
displays a relaxation map of mechanical and dielectric
relaxation frequencies of molecular motions in isotropic
polycarbonate together with the correlation frequencies
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Figure 8 Arrhenius diagram of rotational correlation frequencies
of the probe TEMPO and mechanical and dielectric frequencies
of molecular motions in polycarbonate. @, ESR measurement;
V., diclectric measurement of the p-relaxation (ref. 22); A, dy-
namic mechanical measurement of the f,8’ and a-relaxation; [J,
dynamic mechanical measurement of the §'-relaxation (ref. 26); —,
dynamic mechanical and dielectric measurement of the a-relaxation
(ref. 27)

of the probe TEMPO in this polymer. By comparison it
is evident that there is no direct frequency correlation
between the motion of probes and the motion of kinetic
units of macromolecules in the region between T, and



T,. This leads to the conclusion that in the glassy state
of polycarbonate the probes are moving like independent
kinetic entities in a given free-volume environment
depending on the thermomechanical history and that
their motion is only indirectly influenced by molecular
mobility of the chains through the structural reorganiz-
ation of the environment of probes in the polymer matrix.

Results on density (volume) fluctuations

Finally, we intend to study the distribution of the free
volume in polycarbonate and its variation during drawing
and ageing. Information of the width of the free-volume
distributions is available from studies on density fluctu-
ations. The absolute small-angle X-ray intensity in
the small-angle regime is directly proportional to the
mean-square value of the particle density (or volume)
fluctuation!3-13:

1(s)/Io~3N?/N

for s=0; I, is primary beam intensity. Figure 9 represents
results on the mean-square value of unaged isotropic and
drawn samples. The finding is that the fluctuations
increase due to drawing. This increase is stable at room
temperature but tends to relax at increased temperatures
relatively rapidly!®. The stable value that is approached
corresponds exactly to the one characteristic of the
isotropic state. Thus, the interpretation in terms of
packing density and its fluctuations is that the width of
the free-volume distribution is increased by the drawing
and decreased by annealing. This contrasts to the case
of isotropic samples, where no definite correlation
between ageing effects on the absolute volume and on
the absolute magnitude of the density fluctuations was
observed??.

CONCLUSIONS

Drawing quite obviously leads to an enhancement of
ageing, as is apparent from both the increased rate of
volume relaxation and the more rapid decrease of the
probe mobility in the polycarbonate matrix, as found by
¢.s.r. spectroscopic studies. Based on the free-volume
concept, the conclusion is that the amount of free volume
increases due to drawing, despite the fact that drawing
leads to an increase of the average density. In addition,
the X-ray data reveal that the width of the distribution
is increased on drawing and decreases again on ageing.
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Figure 9 Results on thermal density fluctuations of unaged isotropic
and drawn polycarbonate. O, PC isotropic; [, PC cold drawn
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Figure 10 Scheme of free-volume distribution in drawn, unaged and
drawn, aged polycarbonate, as suggested by e s.r., X-ray and dilatometric
results

The e.s.r. data, on the other hand, indicate that the
concentration of those probe molecules that are able to
rotate rapidly at room temperature is reduced due to
drawing, which does not seem to fit the interpretations
given above. If one assumes, however, that the probe
molecules have a tendency to be located in large
free-volume entities (see values on the probe volume and
the average free-volume size given above), one can
reconcile all the results by assuming that drawing leads
to additional free-volume entities on the small-scale side
of the distribution, as shown schematically in Figure 10.
This will increase the width of the distribution as well as
the average magnitude of the free volume without
contributing on the large-scale side. This might also
explain why the relaxation of the width happens rapidly
even at low temperatures as well as why the enhanced
ageing is limited to temperatures well below T,: smaller
entities relax first. Finally, these model considerations
may explain why the final width of the free-volume
distributions observed for the drawn samples agrees with
the one of the undrawn sample: only the additionally
induced (by drawing) free-volume entities relax.
Finally, the question has to be considered whether the
increased free volume and the changes in the distribution
of the free volume couple to macroscopic properties of
the samples. As an example, we will consider the
mechanical shear modulus G’ and the loss coefficient
tan 6. They are shown in Figure 11 for cold-drawn unaged
and aged samples (12days, 60°C) as a function of
temperature. One observes, in addition to the strong
p-relaxation at about —90°C, a shoulder for tan é in a
temperature region of ~50°C in the case of the unaged
cold-drawn samples, which is absent in undrawn samples.
Within the framework of the free-volume concept, this
shoulder can be attributed to an increase in the total
amount of free volume caused by the mechanical
deformation process leading to an enhanced molecular
mobility. Physical ageing causes changes in G’ and a
significant drop of tan d in this temperature region due
to the relaxation of primarily those additional free-
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Figure 11 Shear moduli G’ and tan é of cold-drawn unaged (--) and
aged (12 days, 60°C) (—-—) PC as a function of temperature

volume entities which were caused by the deformation
process.

Another interesting topic is the correlation between the
B'-relaxation occurring at about 40°C for isotropic and
anisotropic unaged as well as for aged samples and the
characteristic temperature T5,; obtained from es.r.
measurements. It seems possible that the molecular
motions responsible for the f’-relaxation lead to changes
in the amorphous polymer matrix in such a way that the
mobility of the spin probes is drastically enhanced from
the slow rotating regime to that of fast probe rotation.
Based on the finding of different activation energies of
the f’-relaxation and the spin probe jumping rates (cf.
Figure 8), one has to conclude that the probes are more
sensitive to the structural rather than to the dynamic
properties of their environment.
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