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ABSTRACT: The structure of a quenched sample of a liquid crystalline polyester, poly-
(diethylene glycol-p,p�-bibenzoate) (PDEB), and its physical aging was studied by
microhardness methods (MH), wide-angle X-ray scattering (WAXS), and positron an-
nihilation lifetime spectroscopy (PALS). It was established that the smectic layers in
the liquid crystalline domain are oriented parallel to the sample plane. Physical aging
leads to an increase of either the Vickers microhardness, directly related to the elastic
modulus of the material, or the total microhardness, which includes all the components
of the overall deformation. These mechanical changes are due to a decrease in the sizes
of nanopores and the consequential increase of the density of the disordered phase.
© 2002 John Wiley & Sons, Inc. J Appl Polym Sci 83: 2363–2368, 2002
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INTRODUCTION

A typical feature for almost all polymers is struc-
tural change with time and, therefore, variation
of mechanical properties (i.e., polymers age and
are materials with time-dependent mechanical
properties).

When a polymeric material is quenched from a
temperature above its glass transition tempera-
ture (Tg) to another below its Tg, the polymer
sample is in a nonequilibrium state and the time-

dependent structural change to the equilibrium
state is known as physical aging.1,2 This process
is accompanied by an increase of density in the
material and a decrease in the free volume holes.
The aging process of amorphous and semicrystal-
line polymers is relatively well studied.1–5 At
the same time, there are only a few works con-
cerning physical aging of liquid crystalline poly-
mers.6 –11

The aim of this investigation is to study the
physical aging of liquid crystalline poly(diethyl-
ene glycol-p,p�-bibenzoate) (PDEB), of which
smectic SA structure and properties change very
fast.9 The presence of the central ether group in
the spacer inhibits the transition of mesophase
into crystal phase, typical for polybibenzoates
with only methylene units in the spacers.6,10,11

The present study of the physical aging process of
PDEB includes its structure and some mechani-
cal properties, as well as their changes during the
process.
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EXPERIMENTAL

Materials

The chemical structure of the polymer under
study is

�OOCOBBOCOOOCH2OCH2

OOOCH2OCH2OOO�n

where BB stands for the bibenzoic unit. The
method of synthesis is described in ref. 6. The Tg
obtained by DSC8 is 55°C. The material was
molded at 190°C, pressed, and then quenched in
ice water. Several portions of this quenched sam-
ple were annealed for different times (from 5 to
120 min) at 36°C. After finishing the annealing
process, each portion was kept in a container
thermostated with ice water to fix the structure.
For wide-angle X-ray scattering (WAXS) and mi-
crohardness (MH) studies, each portion was
maintained for 5 min at room temperature and
then measured.

Microhardness Measurements

MH measurements were performed by using
loads between 1.25 and 160 g on a microhardness
tester, mhp-160, attached to a NU-2 microscope.
The indentor is a regular square pyramid with a
top angle of 136°. From the projected diagonal
length of the indentation at either loaded or un-
loaded state, different MH characteristics can be
determined, as follows:

1. Vickers microhardness (MHV). This is a
parameter characterizing the material
plastic resistance against pyramid pene-
tration. MHV is connected with the irre-
versible component of deformation. It is
calculated according to

MHV � kP/d2 (1)

where k is a constant, deduced from the
pyramid geometry, and d is the diagonal of
the projected area of indentation after tak-
ing out the indentor.

2. Total microhardness (MHT). This charac-
teristic is defined on the analogy of MHV
as12,13

MHT � kP/D2 (2)

where D is the diagonal of the indentation
in the loaded state. Thus defined, this
value can be considered as a measure for
the material total resistance against inden-
tor penetration. MHT is connected with the
total deformation, including elastic, plas-
tic, and viscoelastic components.

Positron Annihilation Lifetime Spectroscopy (PALS)

PALS is a very useful tool for direct evaluation of
the radii of free-volume holes, localized in the
disordered regions of polymers. The PAL tech-
nique is applicable to pore sizes in the range of
the subnanopores (0.2–2 nm). The method is
based on the behavior of positrons in the con-
densed matter. When a positron from a radioac-
tive source, such as 22Na with mean kinetic en-
ergy around 0.21 MeV, enters a solid sample, it
rapidly spends up its energy on ionizing and ex-
citing the matrix atoms and becomes thermalized
in � 10�12 s. The thermalized positron can anni-
hilate as a free particle in � 150–300 ps. Because
of its positive charge, the positron can be trapped
in an open volume before annihilation. Here, be-
cause of lower electron density, positron can exist
before annihilation for a longer time, which de-
pends on the free-volume size. In molecular sol-
ids, positron can form, with a medium electron, a
bound system called positronium (Ps). It exists in
singlet or triplet state, para-Ps (p-Ps) and ortho-
Ps (o-Ps), respectively. Para-Ps self-annihilates in
125 ps, whereas the time of o-Ps self-annihilation
in vacuum is � 140 ns. In the sample, the o-Ps can
pick up one of the surrounding electrons and an-
nihilates it in several nanoseconds, the so-called
pick-off process. The o-Ps lifetime, �, depends on
the pore sizes. If an infinite spherical potential of
radius R0 with an electron layer of thickness �R
is supposed,14,15 the relationship between � and
the free-volume hole radius R (R � R0 � �R), is

� �
1
�

� 0.5�1 �
R
R0

�
1

2�
sin�2�R

R0
���1

(3)

where � is in nanoseconds and R is in angstroms.
The empirically found value of �R is 0.1656 nm.15

The lifetime spectrometer used is a standard
fast–fast coincidence apparatus based on ORTEC
Electronics. The time resolution was around 280
ps full width at half-maximum. For data process-
ing, the program PATFIT,16 with which a lifetime
spectrum is fitted by a sum of exponentials, was
used.
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Two consecutive PAL measurements at room
temperature were made on the initial nonaged
quenched sample, with a time interval of 1 week.

WAXS Measurements

WAXS studies were performed by means of an
X-ray diffractometer Siemens D-500 by using Cu
K� radiation in transmission and reflection
modes.

RESULTS AND DISCUSSION

Microhardness Measurements

Both parameters (MHV and MHT) as a function
of loading, for the sample annealed during 120
min at 36°C, are presented in Figure 1. As the
loading is greater, the depth of penetration is
higher and the microharndness of the inner lay-
ers is measured. There is a well-pronounced max-
imum for MHV at low loads, which means a
greater resistance against the plastic deformation
of the layers close to the surface. This greater
resistance could be a consequence of the quantity
or perfection of the more ordered supermolecular
structural units, their better arrangement, even-
tually their parallel orientation to the surface, or
a combination of these reasons.

The dependence of MHT versus aging time,
measured at 20 g loading, is shown in Figure 2.
MHV, measured with a 24 g load and reported in
ref. 8, is presented for comparison in the same

figure. It can be seen that MHV increases pre-
dominantly during the first half an hour of aging.
Because MHV is sensitive to structures which
show resistance to plastic deformation, it can be
supposed that in the first 30 min the aging in-
duces a reinforcement of the intermolecular con-
nections, but it cannot be specified which phase,
LC or amorphous, is more affected. Therefore, to
clarify the structure of the sample and its changes
during the aging process, WAXS and PALS inves-
tigations were carried out.

WAXS Studies

The X-ray patterns of the samples, annealed for
different aging times at 36°C, in reflection and
transmission modes, are shown in Figure 3. X-ray
patterns measured at reflection consist of a set of
narrow reflections overlapping on the amorphous
halo [Fig. 3(a)]. This result shows that quenching
does not prevent the formation of a quite perfect
smectic phase.

The obvious difference between the X-ray pat-
terns obtained in reflection and transmission
modes could be explained by the assumption that
smectic planes are oriented in the plane of the
sample as a result of the pressing process. Accord-
ing to this suggestion, scattering at reflection
would be obtained by the smectic layers and
amorphous macromolecules but not from the me-
sogens within the layers. On the other hand, at
transmission mode the diffraction from the smec-
tic planes could not be observed, whereas the

Figure 1 Dependence of microhardness (MHV and
MHT) as a function of loading.

Figure 2 Dependence of microhardness (MHV and
MHT) as a function of aging time.
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contribution to the amorphous scattering would
arise mainly from the distances between mole-
cules within the smectic domains. This result con-
firms the previous supposition based on the mi-
crohardness measurements about orientation of
the smectic planes parallel to the sample surface.

Positron Annihilation Lifetime Spectroscopy

Three- and four-term analyses of the lifetime
spectra were attempted. The four-term analysis
was successful only if the shortest lifetime �1 was
fixed, and a linear constraint, I2 � I3 � 3 I1, of
the relative intensities was used. The mean life-
times, �m � ¥�n In (n � 1–N, N � 2, 3, and 4,
respectively), obtained coincided in the error lim-
its. The results from the three- and four-term fits
of the time spectra were presented in Table I. The
pore radii, calculated by eq. (3), are also given.

As was established by many authors,17 because
of positron irradiation during the time of mea-
surements, the intensity of the o-Ps lifetime de-
creases for some kinds of polymers. In the present
case, four consecutive measurements were made
for 24 h and no unidirectional change in the o-Ps
intensities was observed. So, the effect of 24-h
positron irradiation of PDEB (source activity
about 8 	 105 Bq) is negligible.

Following one of the widely accepted interpre-
tations of positron lifetimes in polymers, the two
shorter lifetimes, �1 and �2, should be ascribed to
p-Ps and free (i.e., not formed positronium)
positron annihilation.18 These lifetimes are not

Figure 3 Wide-angle X-ray diffraction patterns of
PDEB sample, measured at reflection (a) and transmis-
sion (b) modes.

Table I Positron Lifetimes �n, Their Relative Intensities In, Mean Lifetime �m, and Pore Radii Rn

from Three- and Four-Component Fit of Positron Lifetime Spectra

First Measurement Second Measurement

� (ps) I (%) R (nm) � (ps) I (%) R (nm)

Three-Component Fit
�1 301 I1 72.7 — �1 289 I1 63 —
�2 635 I2 18.8 — �2 495 I2 26 —
�3 1823 I3 8.8 0.296 �3 1531 I3 10.4 0.249
�m 497 �m 473

� (ps) I (%) R (nm) � (ps) I (%) R (nm)

Four-Component Fit (�1-Fixed)
�1 125 I 5.74 — �1 125 I1 5.1 —
�2 377 I2 77 — �2 337 I2 79.7 —
�3 1030 I3 12.9 0.172 �3 1230 I3 14.1 0.200
�4 2200 I4 4.3 0.305 �4 1700 I4 0.6 0.260
�m 498 �m 459
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sensitive to structural changes of a polymer.19

The two longer lifetimes, �3 and �4, should be
considered as due to o-Ps pick-off annihilation at
free-volume holes and their values depend on
pore sizes via eq. (3).

Recently, the physical meaning of the o-Ps in-
tensity is under debate. It was shown20 that the
equation21

Fv � CIo-PsV
�o-Ps� (4)

where C is a fitting parameter and V(�o-Ps) � (4/
3)�R3 is the pore size, does not give the correct
absolute values of fractional free volume Fv.
Equation (4), however, could be used to determine
qualitatively the trend in Fv variation when the
polymer is subjected to some treatments. In the
present case, the temperature, pressure, and
chemical composition of the polymer studied were
the same between and during the time of mea-
surements. Therefore, the change of parameter Fr
� Io-PsV(�o-Ps) could be considered a measure of
the variation of the fractional free volume Fv.

Physical aging of PDEB at room temperature,
as it can be seen from Table I, results in a de-
crease in the longest lifetime and an increase in
its intensity, for a three-component fit. This
means that dimensions of free-volume holes de-
crease whereas their quantity increase (i.e., the
amorphous phase becomes more homogeneous
during aging).

Four-term analysis shows a decrease of both
longest lifetime �4 and its intensity. Moreover, the
value and the relative intensity of the shorter
o-Ps lifetime �3 slightly increases. Therefore, the
four-term analysis clarifies the homogenization of
pores, because the difference between the sizes of
the pores decreases (i.e., decreases the pore size
dispersion). It seems that most of the larger pores
collapsed, whereas the remaining (�1%) only di-
minished their sizes. The parameter P was de-
creased from 0.78 to 0.51 (i.e., about 34%). These
observations are in agreement with the published
results on physical aging of polymers22,23 and are
confirmed by the present results on PDEB, of
which rate of density increase is considerable
even at room temperature (i.e., well below its Tg).

CONCLUSIONS

The structure of quenched PDEB samples con-
sists of smectic domains and amorphous areas.

The smectic layers in the liquid crystalline do-
main are oriented parallel to the sample plane.

Physical aging leads to an increase of the total
microhardness as well as the Vickers one, related
directly to the elastic modulus of the material.

The changes of mechanical properties during
the aging process are due to the decrease of the
distance between macromolecule segments in
amorphous area (i.e., decreasing the sizes of
nanopores and increasing the density in the dis-
ordered phase).
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