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ABSTRACT: Physical phenomena such as glass transition temperatures, melting points,
and relaxational behavior have been determined for a wide range of thermotropic liquid
crystalline polymers (TLCPs) and polycarbonate (PC). Damping intensities of rigid
TLCPs during glass transition are greater than those of semirigid and semiflexible
TLCPs. Positron annihilation lifetime spectroscopy was also employed to evaluate free
volume parameters of polymers. In general, the positron annihilation lifetime spectros-
copy (PALS) free volume parameters show that all TLCPs have much smaller, fewer
free volume sites compared with PC. Correlations were found between PALS free
volume parameters and glass transition temperature, dynamic mechanical damping
strength, and bulk density where greater free volume parameters corresponded to
higher glass transition temperatures, greater damping strength, and lower density.
© 2001 John Wiley & Sons, Inc. J Appl Polym Sci 82: 2252–2267, 2001
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INTRODUCTION

Main chain thermotropic liquid crystalline poly-
mers (TLCPs) have been extensively studied in
recent times, particularly in relation to their me-
chanical properties and rheology. The chain rigid-
ity and high degree of alignment possible in
TLCPs often result in a high modulus (especially
if measured in the direction of molecular align-
ment). Such a rigid chain conformation with its
lack of entanglements leads to low melt viscosity,

small or negative die swell, and long relaxation
times.1 Most commercially available TLCPs or
those that have been under development with
industrial applications in mind are polyesters
with two or three constituent monomers. While
the effect of molecular structure on the physical
properties (such as thermal and relaxational be-
havior and orientation) have been widely stud-
ied,2–5 far less has been reported on the micro-
scopic packing of these materials and the manner
in which this relates to a macroscopic property
such as density. This is of fundamental interest
since it involves rheology and mechanical proper-
ties. Furthermore, it is the packing of TLCPs that
gives them their thermally processable nature. If
LCPs are too perfectly packed and strongly asso-
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ciating, they may behave like the well-known lyo-
tropic aromatic polyamide fiber (Kevlar) process-
able only from solution. The two primary strate-
gies to ensure a reduction in crystalline melting
temperature and a low viscosity to allow TLCPs
to be processed by conventional plastic processing
equipment are the incorporation of (a) flexible
units and (b) rigid units that are able to reduce
the linearity of the chain.6 This is emphasized
later in this paper where examples of such mate-
rials are given.

This work includes evaluating the excluded or
free volume by a subatomic, nondestructive probe
technique known as positron annihilation lifetime
spectroscopy (PALS). The scientific basis of this
technique is presented shortly where its applica-
bility as a potent measure of the microscopic
space between chains on an ångstrom scale is
indicated. A wide range of polymers, mainly
TLCPs, has been chosen in this study. In addition
to free volume behavior evaluated by PALS, the
relaxational properties of these materials will
also be investigated. This is done to allow simple
structure–property relationships to be obtained
and to correlate such properties with the free
volume sampled by PALS.

Background to PALS

A positron is the antiparticle of an electron and
has almost the same physical properties as an
electron but bears an opposite (positive) charge. If
a collision takes place between an electron and a
positron, the two will annihilate with each other
and create a burst of energy. Although a positron
can exist for infinite time in a true vacuum envi-
ronment, the positron will be annihilated if sur-
rounded with condensed materials through one of
three mechanisms. Each positron annihilation
mode has its own characteristic lifetime (the time
between its birth and annihilation with an elec-
tron). The fastest annihilation mechanism is the
formation of the hydrogen-like atom, para-
positronium (p-Ps), which consists of an electron
and a positron in the antiparallel spin state. p-Ps
has a lifetime of 0.125 ns and its annihilation
gives two g-rays. The second fastest annihilation
occurs when a free positron directly collides with
an electron leading to emission of 1–3 photons.
The longest lifetime of the positron annihilation is
through the formation of an ortho-positronium
(o-Ps), a bound pair of a positron and an electron
in the parallel spin state. In vacuum, the annihi-
lation of an isolated o-Ps has a characteristic life-

time of 140 ns, producing three g-rays. By con-
trast, in condensed media, o-Ps can exist no
longer than 9 ns due to the pick-off or quenching
process in which the o-Ps annihilates by picking
off an orbital electron with opposite spin from
neighboring molecules, and thus it produces two
g-rays, instead of three.

It is the last mode of positron annihilation that
is of most importance in material research be-
cause the o-Ps annihilation via the pick-off mech-
anism occurs predominantly in the region where
electron density is low. Vacancy-type defects in
metals and ceramics and free volume sites in
polymers are the locations where such pick-off
process takes place as o-Ps is pushed toward them
due to repulsion by positive charged atomic nuclei
of the surrounding molecules.7,8

If the positrons annihilate in a material with a
perfect crystalline structure, they will all experi-
ence the same environment and thus display only
one mode of annihilation. Therefore, the lifetime
distribution of the positrons in such matters is a
simple exponential decay curve,9

N~t! 5 exp~2jt! (1)

where N(t) is the fraction of the positron remain-
ing at time t, and j represents the rate of positron
annihilation.

For semicrystalline or amorphous materials,
positrons will encounter various molecular envi-
ronments such as free volume sites and crystal-
line defects. A positron lifetime spectrum can be
expressed as a sum of exponentially decaying life-
time components,

N~t! 5 SiIi exp~2jit! (2)

where Ii and ji represent the intensity of the
positron and the positron annihilation rate, re-
spectively, by the ith mode. The lifetime of the
positron at the ith mode can be obtained from the
reciprocal of ji (ti 5 1/ji). It is usually found that
a spectrum of a polymeric material can be fitted
with three mean lifetimes, corresponding to the
annihilation of p-Ps (t1, I1), free positron (t2, I2),
and o-Ps (t3, I3). The mathematical expression of
this three-mode decay curve is

N~t! 5 I1 exp~2t/t1! 1 I2 exp~2t/t2!

1 I3 exp~2t/t3! 1 D (3)
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where D is the value of the background decay.
From this equation, I1, I2, and I3 can be obtained
as the zero time intercepts and t1, t2, and t3 as the
reciprocals of the slopes, by fitting the decay curve
with three straight lines, corresponding to three
modes of annihilation. Values of the longest life-
time parameters (t3 and I3) have been found to be
closely related to free volume. A larger free vol-
ume site leads to a longer t3, and a higher number
concentration of free volume sites lead to a
greater value of I3.

The magnitude of the free volume radius can
be estimated using the following semiempirical
equation10 by assuming t3 is 0.5 ns in the case of
an environment without free volume; the size of
the free volume site can be approximated by a
spherical potential well with radius R,

t3 5
1
2 F1 2

R
R0

1
1

2p
sinS2pR

R0
DG21

(4)

where t3 is the o-Ps lifetime. R0 5 R 1 DR where
DR is the fitted empirical electron layer (and
equals 1.66 Å) from molecular crystals with
known vacancy sizes. As t3 generally ranges from
0.5 to 3 ns, the mean radius of free volume sites in
polymers is approximately from 1 to 6 Å.

The average volume of free volume sites Vf,
assuming a spherical geometry, can then be cal-
culated as

Vf 5
4
3 pR3 (5)

The total free volume fraction hf expressed in
percentage, can be determined from the equa-
tion11

hf 5 CVfI3 (6)

where C is a constant empirically determined
from comparison with pressure–volume–temper-
ature (PVT) data. For common glassy polymers, C
has been found to range7 from 1 3 1023 to 2 3 1023.
For examples, epoxy11 has a C value of 1.8 3 1023

and PS has a C value12 of 1.4 3 1023. A somewhat
large value of C, 6.5 3 1023, was reported for poly-
(chlorotrifluoroethylene) (PCTFE),13 which could
result from the inhibition of o-Ps formation by its
halogen moieties.14

Brandt et al.15 examined the pick-off process in
different lattices and concluded that the free vol-
ume sites are the main locations where the pick-

off annihilation of o-Ps takes place. The valida-
tion of the application of PALS on the deter-
mination of free volume properties has been
quantitatively verified in some cases. Kobayashi
et al.16 found a good correlation between t3 and
free volume estimated from the group contribu-
tion method for various polymers. The fractional
free volume distribution of a glassy polystyrene
was found to agree well between data obtained
from PALS and the free volume theory by Simha
and Somcynsky.12 Schmidt and Maurer17,18 re-
ported a good agreement between the free volume
parameters calculated from PALS and PVT on
the blends of poly(ethylene oxide) (PEO) and poly-
(methyl methacrylate) (PMMA). Some factors,
such as temperature,19 pressure,20 and degree of
crystallinity,21 influence the PALS parameters
the same way as they would affect free volume.

EXPERIMENTAL

Materials

A selection of seven TLCPs and a flexible engi-
neering polymer whose chemical structures are
shown in Figure 1 were used in this study. These
TLCPs were chosen specifically to include semic-
rystalline and amorphous, fully aromatic and al-
iphatic-aromatic polymers, as well as materials
with different degree of flexibility. They are all
general-purpose, unfilled grades and supplied in
pellet form. The engineering thermoplastic cho-
sen for comparison with TLCPs was bisphenol-A
type polycarbonate, which is a conventional, flex-
ible-chain amorphous thermoplastic despite its
high degree content of aromatic units.

Vectra TLCPs are members of wholly aromatic,
semicrystalline copolyesters or polyester-amides
obtained from Ticona (USA) (formerly Hoechst-
Celanese). Vectra A950 (referred to as Vectra-A
hereafter) is a well-studied TLCP that consists of
73 mol % p-hydroxybenzoic acid (HBA) and 27
mol % 2-hydroxy-6-naphthoic acid (HNA), as
shown in Figure 1(a). VectracC950 (referred to as
Vectra-C) is also based on HBA and HNA [Fig.
1(b)], and its precise composition has not been
revealed. Based on the correlation between melt-
ing points of HNA/HBA polymer and their HNA
contents,22 Vectra-C with a melting point of
327°C indicated by the product data sheet may
contain either higher concentrations of HNA or
HBA than Vectra-A. It is favorable to manufac-
ture HNA/HBA TLCPs with high HBA content
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because HNA is generally the most expensive
monomer to produce in such copolyesters, al-
though Tms of such TLCPs are expected to be
higher. The molecular weights of these (and
other) TLCPs can not be measured by gel perme-
ation chromatography (GPC), as they do not
readily dissolve in appropriate solvents. The
weight-average molecular weight (Mw) of Vectra-
A is about 30,000, a value derived from its intrin-
sic viscosity,23 and represents one of the few re-
ported values among the commercial TLCPs.

Unlike Vectra-A and Vectra-C, which belong to
the polyester family, Vectra B950 (labeled as Vec-
tra-B) is a terpolymer and polyesteramide that
consists of 600molb% HNA, 20 mol % terephthalic
acid (TA) and 20 mol % aminophenol (AP). Its
molecular structure is shown in Fig.1(c).

HIQ45 is a semicommercial TLCP obtained
from the research laboratory of Ticona. Its ter-
polyester structure can be seen in Fig.1(d) and it
comprises 45 mol % HBA, 27.5 mol % isophthalic
acid (IA) and 27.5 mol % hydroquinone (HQ). In-
corporation of a disruptive comonomer is com-
monly used to reduce the melting point of TLCPs.
In the case of Vectra materials the 2,6-linked

naphthalene unit is introduced to encourage a
loss of chain linearity. Similarly, meta-linked ar-
omatic rings (isophthalene units) are incorpo-
rated as part of HIQ45. TLCPs such as HIQ45 are
favored because they do not contain the expensive
HNA monomers.

HX2000 belongs to a class of materials, HX
series, manufactured at various times by DuPont
that vary in crystallinity from semicrystalline
(e.g., HX4000, HX6000, HX8000) to amorphous
(HX1000, HX2000). The HX series are believed to
be wholly aromatic TLCPs with bulky side
groups. HX4000 has been reported to contain TA,
HQ, and phenyl hydroquinone (PHQ).24 HX2000
is the only amorphous TLCP used in this re-
search. Detectable crystallinity of HX2000 has
been shown to be possible only after prolonged
and careful heat treatment.25 Such heat treat-
ment was not been applied in this work and any
possible annealing effect has been avoided to pre-
serve its amorphous features. The molecular
structure is likely to be a terpolyester composing
of TA, PHQ, and possibly a very small amount of
HBA6 as demonstrated in Fig.1(e). Precise con-

Figure 1 Chemical structures of TLCPs and PC used in this study.

MAIN CHAIN TLCPS 2255



centrations of the constituents of HX2000 are not
known.

Rodrun TLCPs are based on HBA and poly(eth-
ylene terephthalate) (PET) and obtained from
Unitika, which is licensed to produce these mate-
rials from Eastman Chemicals. The PET/HBA
TLCP was originally manufactured by (then
named) Tennessee Eastman under the name
X7G. Rodrun LC3000 (referred to as LC3000
hereafter) consists of 60 mol % HBA and 40 mol %
PET, while Rodrun LC5000 (referred to as
LC5000 hereafter) consists of 80 mol % HBA and
20 mol % PET, as seen in Figure 1(f) and Figure
1(g), respectively. The molecular weight of the
Eastman PET/60PHB TLCPs has been reported
to be around 20,000 using the intrinsic viscosity
method.26,27

TLCPs whose rigidity is reduced without the
introduction of flexible spacers are called “semi-
rigid” TLCPs, while the term “semiflexible” is
used for TLCPs with flexible spacers.6 Despite no
clear boundary between rigid and semirigid
TLCPs, TLCPs such as Vectra materials are re-
garded as rigid TLCPs and TLCPs with structure
shown in Figure1(d) are considered semirigid
TLCPs in this work. TLCPs such as Rodrun ma-
terials are referred to as semiflexible TLCPs due
to their ethylene moieties.

A bisphenol-A type polycarbonate (referred to
as PC hereafter) whose molecular architecture is
shown in Figure 1(h) was also used. It serves as a
model thermoplastic for the purpose of compari-
son with TLCPs. The PC is Lexan 134, obtained
from GE Plastics, Australia. Based on GPC, the
weight- (Mw) and number-average molecular
weight (Mn) are 69,000 and 36,000, respectively.

All polymers were dried at 100°C in a vacuum
oven for 24 h. Compression-molded platens of
20mm thickness were prepared by a laboratory
pneumatic press under a pressure of 200MPa for
5 min. The platens were then quenched to room
temperature quickly by removing the mold as-
sembly to another press cooled by a running wa-
ter jacket.

Experimental Techniques

A DuPont 9900 thermal analyzer with a differen-
tial scanning calorimetry (DSC) module was used
to study the thermodynamic transitions of the
materials. All samples of 10–15 mg were initially
scanned over a temperature range from 50°C to
the final temperature at a heating rate of 20°C/
min and cooled to 50°C at a cooling rate of 20°C/

min immediately upon attaining the final temper-
ature. All samples were then scanned again from
50°C to the final temperature at the same heating
rate. The measurements were carried out with a
continuous nitrogen gas flow of 60 cm3/min. The
reported results were taken from the second heat-
ing runs of the experiments to avoid the experi-
mental artifacts arising from previous thermal
history. The temperature of the instrument was
calibrated using indium and zinc standards.

DMTA was undertaken using the Perkin
Elmer DMA-7 (DMA-7) and the Rheometrics dy-
namic analyzer II (RDAII). The three-point-bend
mode was employed for samples tested by DMA-7
at a frequency of 1 Hz and a scan rate of 2°C/min
with a continuous helium gas flow of 40 cm3/min.
The sample dimension was 20 3 5 3 2 mm. The
RDAII was equipped with rectangular torsion fix-
tures for oscillatory shear deformation test on
solid samples. In order to compensate for thermal
expansion of the sample during torsion testing,
the auto tension function was enabled, which au-
tomatically maintained a 10 N tension force on
the sample. Specimen dimensions were 50 3 5
3 2 mm. They were oscillated at 1 Hz in a 2°C
step with a soak time of 11minute to obtain ther-
mal equilibrium.

The PALS measurements were made on an
automated EG&G Ortec fast–fast coincidence sys-
tem using a 22Na spot source of approximately 2
mm in diameter and instrument resolution of 270
ps. The equipment was thermally equilibrated in
an air-conditioned laboratory maintained at 22
6 1°C to avoid electronic drift. The source of 1.3
MBq was contained between two 2.5 mm thick
titanium foils. No considerable source contribu-
tion due to the titanium foils was found based on
measurements of 99.99% pure, annealed, and
chemically polished aluminum samples that show
a single lifetime spectrum of 166 ps. The source-
sample assembly was made by sandwiching the
source between two pieces of polymer coupons of
20 3 20 3 2 mm. At least 10 spectra were ob-
tained each with 30,000 peak counts (roughly 1
million overall counts) and were analyzed using
the PFPOSFIT program with a three-parameter
model. In order to numerically fit the PALS spec-
tra, the shortest lifetime was set at 0.125 ns
which is the characteristic lifetime of p-Ps anni-
hilation in molecular solid.

Due to the strength of the radioactive isotope
decaying with time, PALS measurements were
conducted within a given time. The positron
source, 22Na, used in this work has been shown
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able to last for 200 days of use before any serious
reduction of source strength. The values of t3 and
I3 measured on PC at times elapsed from the new
22Na source showed a less than 2% variation in
200 days.28 The reported PALS data in this work
were collected in 100 days following the prepara-
tion of the source.

Solid densities of the materials were measured
by using a Micromeritics Accupyc 1330 gas dis-
placement pycnometer. It determines the volume
and density of the test sample by measuring the
pressure change of helium in a calibrated volume.
The sample weight was obtained from a four-digit
electrical microbalance and keyed into the pyc-
nometer to calculate the density. The as-molded
samples were purged by helium ten times to en-
sure a consistent, dry atmosphere on testing. The
mean density of the sample was obtained from ten
measurements at ambient temperature under a
helium atmosphere.

RESULTS AND DISCUSSION

Most thermal properties and dynamic mechanical
thermal properties of the TLCPs used in this
study can be found in the literature for various
experimental conditions. Properties of TLCPs
have been known to susceptible to the thermal
and/or mechanical history they experience before
testing. Therefore, it is necessary to carry out all
measurements on samples processed in the same
way and using the same test conditions, as previ-
ously described in the experimental section.

Thermal Properties

Figure 2 shows the thermograms of various
TLCPs and PC measured by DSC and the thermal
transitions of the materials are summarized in
Table I.The reported Tm values are peak temper-
atures and the Tg values are determined by the
midpoint method.29 Except for HIQ45 and
HX2000, TLCPs show weak and ill-defined glass
transition behavior in their DSC thermograms.
TLCPs like Vectra polymers do not show distinct
slope changes in the DSC thermograms when
compared with that of a flexible polymer, PC.
Although the thermograms of HIQ45 and HX2000
do display clear slope changes, their glass transi-
tions are much less apparent than flexible poly-
mers such as PC. Instead of becoming rubbery,
the so-called glass transition experienced by
TLCPs seems to increase the molecular mobility
to an extent much less than for flexible polymers.

Both HIQ45 and HX2000 are terpolymers, con-
sisting of three different ester units, rather than
the two in Vectra-A and Vectra-C. This could re-
sult in a greater diversity of molecular environ-
ments in them, possibly frustrating tight packing.
In addition, the meta-linkages in HIQ45 mole-
cules make them less straight (lower persistence
length), and the bulky phenyl substituents of
HX2000 also hinder close packing. As a result,
they behave somewhat more TP-like and show
prominent glass transition behavior compared
with the other TLCPs studied.

The melting behavior is also different between
samples. TLCP melts still maintain a degree of
molecular order following melting because of the
liquid crystalline state, and thus the heats of fu-
sion (DHf) of TLCPs (if any) are small compared
with those of crystalline flexible polymers in the

Figure 2 DSC thermograms of TLCPs and PC at
20°C/min.

Table I Thermal Transitions of TLCPs and PC
Measured by DSC

Materials Tg (°C) Tm (°C) DHf (J/g)

Vectra-A —a 278 0.92
Vectra-C —a 325 1.23
Vectra-B —a 282 2.69
HIQ45 130 317 5.69
HX2000 184 —b —b

LC3000 —a 218 3.78
LC5000 —a 283 1.72
PC 152 —b —b

aToo weak to be determined by DSC.
bMelting phenomena not observed.
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literature. Vectra-A and Vectra-C have DHf val-
ues only about 1 J/g. The greater DHf found from
Vectra-B is probably due to the presence of amide
groups that are capable of forming strong hydro-
gen bonds, and thus there is a higher enthalpic
change involved in disrupting these bonds. HIQ45
has been reported to be biphasic in the molten
state.30,31 In the sense that it is able to pass into
the isotropic melt state at a temperature before
degradation occurs, it demonstrates the largest
DHf among the TLCPs studied. This is presum-
ably because some crystallites melt into the iso-
tropic phase, where greater enthalpic differences
exist between ordered crystalline phase and dis-
ordered isotropic phase. HX polymers can be ei-
ther amorphous or semicrystalline,24,32 most
likely depending on the concentration of the phe-
nyl substituents. In the case of HX2000, it ap-
pears to be an amorphous TLCP, as originally
claimed by the manufacturer and thus no melting
peak is observed.

For Rodrun polymers, the Tm of the TLCP in-
creases from 218 to 283°C and the DHf decreases
from 3.78 to 1.72 J/g when the HBA content in-
creases from 60 mol % (LC3000) to 80 mol %
(LC5000). This indicates that the observed melt-
ing behavior results from the melting of the PET-
rich phase in the Rodrun TLCPs, because the Tm
of PET is around 240°C 33 and the similar PET/
PHB TLCPs manufactured by Tennessee East-
man have been shown to be compositionally het-
erogeneous in nature.2,34 In addition, the Tm of
the homopolymer of HBA is claimed to be as high
as 445°C.35 It has been shown that the Tm of the
PET-rich phase in the PET/PHB TLCPs reduces
with increasing HBA content up to 60 mol % due

to the early nucleation or a dilution effect induced
by the incorporation of HBA moiety.2 The DHf
values of the PET-rich phase in the Rodrun
TLCPs are generally between about 2– J/g and
decrease with the incorporation of HBA.2,36 Note
that the value of DHf strongly depends on the
thermal history, and heat treatment such as an-
nealing has a significant effect on both Tm and
DHf.

2 The influence of thermal history is beyond
the scope of this work.

Dynamic Mechanical Properties

The tand curves of the TLCPs and PC using the
Perkin-Elmer DMA-7 in the three-point bending
mode at 1 Hz with a heating rate of 2°C/min are
shown in Figures 3–5.

There are three molecular relaxation processes
observed, the peak temperatures of two major

Figure 3 The tand spectra of Vectra-A, Vectra-C, and
Vectra-B using DMA-7 at 1 Hz.

Figure 4 The tand spectra of LC3000 and LC5000
using DMA-7 at 1 Hz.

Figure 5 The tand spectra of HIQ45, HX2000 and PC
using DMA-7 at 1 Hz.
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relaxations at about 100 and 30°C and a weak
relaxation at about 250°C, in the tand curve of
Vectra-A, as seen in Figure 3. According to the
nomenclature used for flexible polymers, they will
be named a-, b-, and g-relaxations in the order of
decreasing peak temperature. The weak g-relax-
ation is attributed to the motion of phenylene
units in HBA.4,5,37 Because this relaxation is a
very localized motion involving only a small por-
tion of the main chain, the relaxation tempera-
ture is independent of the composition of the
HNA/HBA TLCPs.38 The b-relaxation was shown
to result from the local reorientation of the HNA
moieties.39 The a-relaxation temperature or Tg is
associated with the onset of the cooperative mi-
cro-Brownian motion along the main chain found
in flexible polymers.40 Because Vectra-C contains
the same kinds of monomers as Vectra-A, all
three relaxations shown by Vectra-A can also be
found in the tand curve of Vectra-C, as also shown
in Figure 3. Although its detailed chemical com-
positions have not been released by the supplier,
the HNA content of Vectra-C has been estimated
to be around 15 mol % by using dielectric relax-
ation method.41

Vectra-B also shows three relaxations, as also
shown in Figure 3, because it possesses similar
moieties as Vectra-A and Vectra-C (Fig. 1). Vec-
tra-B shows the highest Tg among Vectra TLCPs
due to its amide groups that form strong hydro-
gen bonds and limit chain mobility. It has been
reported that the existence of amide links in an
ester environment can effectively increase Tg of
the TLCPs.42 A high Tg is an important require-
ment for polymers used as structural materials at
elevated temperatures since the mechanical per-
formance of the polymers usually decreases
sharply when the glass transition occurs. The
b-relaxation of Vectra-B is both greater in the
relaxation temperature and intensity because it
consists of more HNA (60 mol %) compared with
that of Vectra-A (27 mol %) and Vectra-C (ca. 15
mol %). While the temperature location of the
relaxation relating to HBA is independent of com-
position, the relaxation relating to HNA moiety
has been found to depend on concentration.38 Also
observed in Fig. 3, is a shoulder peak in both tand
curves of Vectra-A and Vectra-C between their
a-and b-relaxations. This could arise from the
molecular relaxations involving particular se-
quences or combinations of HNA-rich segments.

Figure 4 shows the tand curves of LC3000 and
LC5000 by DMA-7. There are only two relax-
ations observed in the tand curves of Rodrun ma-

terials, as they do not contain naphthalene units.
The a-relaxation observed at around 80°C has
been assigned to the glass transition of the PET-
rich phase.43 The a-relaxation of the HBA-rich
phase has been reported to occur between 160 and
190°C,43,44 although it is not often observed. The
Rodrun samples studied here were fractured by
the action of the probe of the DMA-7 at tempera-
tures greater than 150°C despite the small force
of about 900 mN used. No a-relaxation relating to
the HBA-rich phase was thus able to be detected.
As discussed previously, LC order appears to re-
strain the intensity of a-relaxation of TLCPs.
LC5000 has the intensity of a-relaxation similar
to Vectra TLCPs (close to that of Vectra-A and
Vectra-C, but still lower than Vectra-B) as seen in
Table II, while LC3000 displays a greater tand
intensity than LC5000 due to its higher PET con-
tent. With reference to the Tg of pure PET
(78°C),2 the increase of HBA concentration seems
to have little effect on Tg values as Tg of LC3000
and LC5000 are 75 and 83°C, respectively. This
indicates a limited miscibility of HBA in the PET-
rich phase. The secondary relaxation of the Ro-
drun TLCPs is also due to the rotation of phe-
nylene rings, also the cause of the relaxations of
Vectra TLCPs. Compared with Figure 3, the
change of chemical environment due to different
comonomers of the TLCPs does not affect the
temperature of this secondary relaxation much.
With a greater HBA concentration, the intensity
of secondary relaxation of LC5000 is stronger
than that of LC3000, and even becomes compara-
ble to its a-relaxation.

Due to their much stronger damping behavior
compared with those TLCPs in Figures 3 and 4,
tand curves of HIQ45, HX2000, and PC are plot-
ted together in Figure 5. The greater damping
behavior of HIQ45 apparently results from its IA
moiety, which interrupts the otherwise all-para
chain linearity. The kinked links, such as IA moi-
ety, have been reported to be an effective way to
reduce Tm and increase the Tg of TLCPs.42 It is
clear that the steric effect, arising from the phe-
nyl pendant along the all-para aromatic molecu-
lar chains, predominantly affects the HX2000
chain packing. The bulky substituents of the
HX2000 serve to keep the HX2000 chains some-
what apart and even distort the chain linearity
due to the orientation of the substituents.42

Therefore, the highest Tg value, and also the
greatest damping intensity, occur for HX2000
amongst all the TLCPs studied.
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The aromaticity of PC is similar to LC3000
(Fig.1) but shows significantly stronger damping
behavior. This is because, in addition to the
methyl substituents that frustrate packing, its
rigidity is significantly reduced due to the pres-
ence of carbonate linkages which are flexible and
rotate easily. This clearly illustrates the dissimi-
lar damping nature of TLCPs and flexible poly-
mers. Since the glass transition phenomena of
amorphous polymers result from free volume
sites created by the long, flexible chains that en-
tangle with each other in the amorphous bulk, it
is understandable that rigid TLCPs show a lesser
degree of damping behavior in the glass transi-
tion. It has been proposed that the a-relaxations
of the TLCPs might only transform the materials
from a glassy state to a mobile nematic state,
instead of the rubbery state displayed by flexible
polymers.4 In fact, after passing through the glass
transition temperature, the TLCPs studied still
remain “glass-like” according to the observation
of the DMA-7 probe displacement. For example,
there was no mark left by the oscillating probe on
the surface of the TLCP sample after completion
of the test (30–50°C above Tg). Conversely, the
PC sample had a distinct mark created by the
probe due to permanent deformation following
the glass transition region.

Note that glass transitions of TLCPs have been
found to closely depend on their molecular order
induced by varying chemical structures or apply-
ing thermal treatment (annealing).3,45 Smectic
polyesters have been shown to have lower Tgs
compared with that of isotropic polyesters with
similar chemical structures, while temperature of
g-relaxation is higher for smectic samples than
for isotropic ones.45 This was attributed to the
more stretched conformation of the flexible spac-
ers in the smectic structure.45 It has been re-

ported that annealed TLCPs showed increase in
Tg due to the development of molecular order that
leads to constraint of molecular mobility.3 In this
work, samples were quenched to room tempera-
ture after platen press at above Tm completed.
This procedure can erase previous thermal his-
tory and avoid any annealing effect so that the
discussion of the properties of TLCPs can be lim-
ited on molecular structures achieved under these
processing conditions.

Table II lists values of Tg and tand from DMA-7
and RDAII. Because the effective heating rate of
RDAII, including isothermal soak and measure-
ment time, is lower than that of DMA-7, values of
the glass transition of materials measured by
RDAII are all lower than those obtained by
DMA-7. The intensities of the glass transitions of
the polymers determined by RDAII show a simi-
lar trend to those measured by DMA-7. Vectra
TLCPs and LC5000 have low tand intensities of
the a-relaxations, whilst PC, HIQ45, HX2000,
and LC3000 display high tan intensities.

In general, the storage modulus of a flexible
polymer maintains a constant value at low tem-
peratures in the glassy state, decreasing sharply
at the point when glass transition occurs. This is
clear from the shear storage modulus curve of PC
measured by RDAII at 1 Hz in Figure 6. The onset
of glass transition seriously decreases its mechan-
ical performance as the polymer chains become
mobile. By contrast, the shear storage modulus G9
of the rigid TLCP such as Vectra-A begins de-
creasing at temperatures well below its Tg and no
sharp decrease at the glass transition region is
observed, although the a-relaxation is indeed ob-
served as a maximum in its tand curve (Fig. 3).
This is due to the close-packing and low entangle-
ment density of rigid TLCP molecules compared
with flexible thermoplastics. Without entangle-

Table II Comparison of Tg and Intensity of tan d Peak Measured by DMA-7
and RDAII at 1 Hz

Materials Tg (°C) (DMA-7) tan d (DMA-7) Tg (°C) (RDAII) tan d (RDAII)

Vectra-A 100 0.11 98 0.07
Vectra-C 99 0.08 96 0.07
Vectra-B 146 0.14 136 0.11
HIQ45 132 0.19 123 0.20
HX2000 200 0.31 185 0.40
LC3000 75 0.2 59 0.19
LC5000 81 0.1 73 0.06
PC 154 0.87 153 1.59
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ments to function as physical crosslinks and thus
hinder chain motion, slippage between adjacent
chains is more likely to occur in TLCPs. There-
fore, molecular relaxation processes take place
gradually in response to an applied deformation
as a function of increasing temperature, rather
than more collectively as for the glass transition
of PC. This is also related to the fact that the
b-relaxation of Vectra-A is very close in nature
and coupled to the a-relaxation, as seen by their
similar intensities in Figure 3. As discussed pre-
viously, a-relaxations of rigid chain polymers are
essentially a limited motion of the main chain,
which can be seen by the low magnitude of the
a-relaxations. Therefore, at temperatures for
which phenylene units (g-relaxation) and naph-
thalene units (b-relaxation) have been relaxed in
a local fashion, there are only limited chain mo-
tions remaining and able to take place at the
a-relaxation.

The behavior of G9 of HX2000, the amorphous
TLCP, is somewhat intermediate between that of

PC and Vectra-A. Instead of maintaining a con-
stant modulus at low temperatures as does PC, G9
of HX2000 decreases slowly with temperature
like Vectra-A. However, a rather noticeable de-
crease in its storage modulus occurs at the glass
transition region. The LC nature of HX2000 ap-
pears to allow molecular relaxation to a similar
extent as Vectra-A prior to its glass transition.
The bulky substituents along the HX2000 main
chain reduce the perfection of molecular packing
and thus the coordination of chain movement for
interchain slippage. The lack of crystallinity in
HX2000 may also contribute to its similarity in
behavior in this respect to PC (i.e., dramatic de-
crease in G9), which is also an amorphous poly-
mer, compared with other semicrystalline TLCPs.
In addition, both Vectra-A and HX2000 exhibit
greater values of G9 than PC at low temperatures,
retaining higher values of G9 at temperatures
above glass transition as well.

Free Volume Behavior

The mean value of o-Ps lifetime, t3, is indicative of
the mean size of free volume sites in polymeric
materials. Table III details the PALS parameters,
derived physical quantities and densities of the
polymers. The t3 values obtained for Vectra-A and
Vectra-C compare reasonably well with the re-
ported PALS results for the HBA/HNA TLCPs.24,46

The t3 values of around 1.2 ns were determined
for the 75/25 HBA/HNA and 58/42 HBA/HNA
TLCPs, while a t3 value for the 30/70 HBA/HNA
TLCP was found to be lower.46 A higher t3, 1.43
ns, was measured for a similar HBA/HNA TLCP
(Vectra A900).24 The t3 value of HX2000, 1.66 ns,
agree well with the reported value, 1.685 ns, of a
similar material, HX4000.24 PC has the longest t3
of all materials used in this study, and its t3

Figure 6 Shear storage moduli of Vectra-A, HX2000,
and PC using RDAII at 1 Hz.

Table III Free Volume Parameters by PALS and Densities for Various TLCPs and PC

Materials t3 (ns) I3 (%) Vf (Å3) hf/C (% Å3)
Density
(g/cm3)

Vectra-A 1.29 6 0.03 10.28 6 0.49 37.97 6 2.14 390 6 41 1.397 6 0.002
Vectra-C 1.24 6 0.06 5.38 6 0.44 34.47 6 4.07 183 6 33 1.357 6 0.003
Vectra-B 1.19 6 0.42 0.69 6 0.57 31.01 6 26.89 22 6 39 1.375 6 0.002
HIQ45 1.39 6 0.02 9.6 6 0.31 45.82 6 1.8 439 6 28 1.395 6 0.003
HX2000 1.66 6 0.02 12.88 6 0.22 67.07 6 7.3 861 6 100 1.263 6 0.002
LC3000 1.29 6 0.28 1.14 6 0.37 37.97 6 19.98 43 6 37 1.394 6 0.002
LC5000 1.18 6 0.37 0.75 6 0.31 30.42 6 23.48 23 6 27 1.396 6 0.002
PC 2.03 6 0.02 31.83 6 0.36 99.52 6 1.7 3167 6 139 1.199 6 0.003
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compares well with values of various polycarbon-
ate materials reported in other studies.25,28,47

As the free volume Vf represents the dimension
of the free volume sites more explicitly than t3,
the discussion of free volume sizes of various poly-
mers will be given in terms of Vf. Volume of av-
erage free volume site Vf calculated by Eq.(4) and
Eq. (5) from t3 values of various polymers pre-
sented here show the following order:

PC . HX2000 . HIQ45

. Vectra-A > LC3000 . Vectra-C

. Vectra-B . LC5000

The majority of TLCPs possess free volume sites
about one-third the size of the free volume sites of
PC. HX2000 possesses the largest free volume
site among TLCPs, which is only two-third the
size of PC. The significant interference of the phe-
nyl substituents of HX2000 on molecular packing
apparently is the dominant cause for it possessing
the largest free volume magnitude found in
TLCPs studied, although still smaller than PC.
The smallest free volume demonstrated by
LC5000 probably results from its greatest concen-
tration of rigid HBA moiety, which encourages
the very close molecular packing and thus frus-
trates the formation of larger free volume sites. In
addition, the rather high degree of crystallinity,
evidenced by its high value of DHf (Table I), may
also play a minor role since o-Ps predominantly
probes the amorphous region. It is not yet clear to
what extent the packing of chains in the crystal-
line regions differs from that of solid LC regions
with the literature claiming that they are very
similar in terms of density.48 With a higher PET
content, LC3000 has larger free volume sites than
LC5000. A PET/50PHB TLCP (with 50 mol %
HBA) has been found to have Vf of 50 Å3,49

greater than LC3000 whose HBA content is 60
mol %. The t3 of pure PET has been found to be
around 1.8 ns, corresponding to a free volume site
of 80 Å3.47 The incorporation of HBA into PET
effectively changes its free volume size. With in-
creasing HBA content, the sizes of free volume
sites decrease from 80 Å3 for pure PET to 30 Å3

for LC5000 (80 mol % HBA).
Although Vectra-B contains a great amount of

HNA unit (60 mol %) that frustrates para linear-
ity of HBA unit, its free volume size is smaller
than both Vectra-A (27 mol % HNA) and Vectra-C
(15 mol % HNA). The reason for Vectra-B having

such small value of t3 (and thus the small size of
free volume sites) is likely due to its highly polar
amide linkages. The presence of amide groups in
polymers may lead to decreasing free volume size
for a number of reasons. They can affect the mo-
lecular chain packing and thus free volume be-
havior by drawing the Vectra-B molecules close
together via the formation of hydrogen bonds. In
addition, they may also chemically influence the
formation and annihilation of o-Ps as some elec-
tron acceptors such as nitrobenzene derivatives
have been known to be capable of inhibiting as
well as quenching o-Ps.50 Quenching would lead
to a decrease in t3, while inhibition would reduce
the value of I3. Therefore, when interpreting
PALS results obtained from polymers with moi-
eties that can chemically affect formation or life-
time of positron species, the possibility of quench-
ing and inhibition has to be taken into account.
The slightly smaller free volume of Vectra-C com-
pared with that of Vectra-A might be due to its
higher concentration of HBA, as the case of Ro-
drun TLCPs where LC5000 shows the smaller
free volume site than LC3000. HIQ45 possesses
the third largest free volume due to its frozen-in,
biphasic structure30 in which the isotropic phase
is expected to have free volume sites potentially
much larger than the anisotropic phase.

I3 is a measure of the probability of o-Ps for-
mation and is usually taken as indication of the
number concentration of free volume sites in poly-
mers if there is no moiety which will significantly
inhibit the formation of o-Ps. In Table III, poly-
mers whose t3 values are high in general also
have higher mean I3 values. Compared with PC,
all TLCPs have lower concentrations of free vol-
ume sites. This is the result of both LC packing,
as well as the partial crystallinity of the TLCPs
(other than the amorphous HX2000) since it is
thought that the o-Ps primarily forms and anni-
hilates in the amorphous region.

In order to isolate the influence of molecular
packing on I3, the only amorphous TLCP,
HX2000, in this study should be compared with
PC. As stated previously, HX2000 has the highest
I3 value among all TLCPs due to its loose packing
and lack of crystallinity. By contrast, PC contains
more than twice the amount of free volume sites
than HX2000. Although the bulky substituents of
HX2000 are expected to promote the creation of
free volume sites, the LC packing of HX2000
clearly still dominates in the sense that both size
and number of free volume sites are less than the
flexible PC. Surprisingly, Vectra-A has the second
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highest I3 in TLCPs and the reason is not fully
understood. Vectra-C has a lower I3 than Vectra-
A since it comprises more para HBA units, which
leads to a more linear structure. The PALS study
of similar HBA/HNA materials has been reported
to show I3 values at about the same order of
magnitude.24,46 The very low value of I3 shown by
Vectra-B mainly results from chemical effects,
that is, the presence of the amide groups which
can inhibit the formation of o-Ps.51 Although
HIQ45 is likely to have the highest crystallinity
as seen from its highest DHf amongst all TLCPs,
it possesses a high value of I3 due to the contri-
bution of its isotropic phase. Both LC3000 and
LC5000 have very small I3 values, 1.14 and
0.74%, respectively. The I3 value reported for a
PET/50PHB TLCP is of the order of a few per-
cent,50 which is slightly higher than the values
found here but nevertheless very small. This may
arise from a greater proportion of PET-rich phase
where more free volume sites are present. PET
shows I3 ranging from 12 to 9% with crystallinity
varying from 0 to 53%. The incorporation of HBA
units in PET decreases I3 from around 10% for
neat PET to 1.14% for LC3000 (60% HBA) and
0.74% for LC5000 (80% HBA).

Note that PALS parameters for a given mate-
rial determined in various research laboratories
are not necessarily the same or even close. In
addition to the intrinsic molecular packing, the
instrument characteristics such as isotope used
and software employed are all influential in the
PALS results. Therefore, as a paper using PALS
to study a number of TLCPs, the present work
serves the purpose to differentiate PALS free vol-
ume properties of TLCPs using the same PALS
apparatus, compared to reviewing PALS data as
done by others.

Due to the unavailability of the C constant to
calculate the free volume fraction by Eq. (6), a
parameter, hf/C, is used to evaluate and compare
the free volume fraction of polymers. The values
of hf/C, as listed in Table III, take into account
both the size and concentration of the free volume
sites. The order of hf/C of the polymers from large
to small is

PC . HX2000 . HIQ45 . Vectra-A

. Vectra-C . LC3000 . LC5000

. (Vectra-B)

As a result of the combination of the largest free
volume sites and highest concentration of free

volume, PC has the greatest free volume fraction
in this study. The bulky substituents of HX2000
hinder the crystallization process and also lead to
less perfect molecular packing. Therefore,
HX2000 has the highest free volume fraction
among TLCPs. However, it still contains only
about a quarter of the free volume present in PC
due to its LC packing. HIQ45 has the third great-
est level of hf/C due to its isotropic regions, and
possibly also the fact that it is a terpolymer and
thus less likely to pack as well as Vectra TLCPs.
Vectra-A with 73% HBA, compared with Vectra-C
with about 85% HBA, appears to have a greater
fraction of free volume. A higher HBA content in
Vectra-C clearly improves the chain packing and
reduces the presence of free volume sites as the
smaller hf/C of Vectra-C is predominantly contrib-
uted by reduced I3. The hf/C data for LC3000 and
LC5000 is low due to the very low values of I3,
while the lowest hf/C of Vectra-B is clearly the
result of chemical effects of the amide groups
rather than molecular packing.

As free volume is the origin of the glass tran-
sition phenomena of polymeric materials, it is
tempting to see whether the free volume param-
eters derived from the PALS correlate well with
the glass transition parameters such as Tg and
tand. A plot of PALS parameters vs Tgs of poly-
mers (except for Vectra-B whose PALS results are
likely dominant by chemical influences on o-Ps
formation) is shown in Figure 7. All PALS param-
eters indicate the trend that increases in size,
number density and fraction of free volume sites
of polymers lead to a higher Tg. This trend may
seem to be contradictory to the idea that larger,
greater number of free volume sites would facili-
tate the occurrence of glass transition and thus
decrease Tg. For example, experimentally anneal-
ing a TLCP, HIQ40, has been shown to increase
Tg with annealing time as well as annealing tem-
perature due to improvement in molecular pack-
ing.3 However, packing is in itself only part of
picture. The ease of molecular mobility due to the
molecular structure will also play an important
role. Higher Tgs in LC materials can be achieved
by incorporating kinked units such as meta link-
ages in HIQ45 and units which are difficult to
rotate such as bulky substituents in HX2000.42

Therefore, TLCPs which have greater Tgs due to
reduction in ease of molecular mobility may in-
trinsically pack poorly and thus show greater free
volume properties.

Figure 8 depicts the magnitude of tand at the
glass transition correlating with the values of Vf,
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I3, and hf/C. Although there are some fluctuations
at the region of low tand, it is clear that greater
values of Vf, I3, and hf/C correspond to stronger
damping intensities. It is arguable as to whether
the correlations between glass transition param-
eters and PALS parameters are valid, since PALS
is performed at room temperature and the glass

transition occurs at the higher temperature. It is
possible that the free volume detected by PALS at
low temperatures is responsible for the damping
behavior at the glass transition. Since free vol-
ume is roughly frozen in below Tg, such an as-
sumption is reasonable. As stated previously for
Figure 8, TLCPs containing units that are capa-

Figure 7 Correlation between Tg and PALS free volume parameters (Tg from DMA-7
data of Table II and PALS data from Table III).

Figure 8 Correlation between damping strength and PALS free volume parameters
(damping strength from DMA-7 data of Table II and PALS data from Table III).
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ble of increasing Tg may also pack poorly. It fol-
lows that the greater free volume behavior mea-
sured by PALS, the greater chain mobility at Tg,
and thus the higher value of tand.

PALS parameters have been used to interpret
the changes of molecular packing of conventional
thermoplastics from annealing,9 and the mechan-
ical performance resulting from such changes.52

It could be problematic to attempt to correlate the
free volume behavior determined under the un-
disturbed steady state with properties measured
when the polymer undergoes changes in molecu-
lar alignment or even deformation. Another prop-
erty that should be easier to correlate with PALS
data is density. As the free volume is essentially
the unoccupied space inside of the polymer, the
bulk density of the polymer may well reflect its
free volume fraction. A highly crystalline polymer
should have a greater density compared with its
amorphous analogue. If the polymer can also
show LC order, it is logical to presume that the
TLCPs would possess intermediate values of den-
sity according to the degree of molecular order.
Table III also lists density values of the materials
studied. The comparison between PC and TLCPs
appears to be relatively straightforward with the
TLCPs all having densities greater than 1.3 (ex-
cept for HX2000 whose value is just below), as
well as lower free volume fractions. Likewise, PC
with a much larger free volume fraction shows a
much lower density. Within the TLCPs, there are
some anomalies. For example, Vectra-A with a
seemingly less close-packed structure according
to PALS has a very high density. In addition to
free volume, density is also influenced by other
factors. The most obvious one is, of course, crys-
tallinity. However, the degree of crystallinity in
TLCPs is thought to be low and it has been found
that there is little difference in density of TLCP
crystals and solid LC region.53,54

Figure 9 examines the correlation between hf/C
and density of polymers. In general, the macro-
scopic property, density, reflects what would be
expected from the results of microscopic measure-
ments, hf/C of PALS. That is, a higher density
corresponds to a lower hf/C. However, it appears
that other factors also affect density once the
polymers are close packed as are TLCPs since the
correlation is less obvious in the low hf/C region.
It is clear that other than the nanosized free vol-
ume space characterized by PALS, factors such as
chain volume, chain conformation, and perhaps
packing on larger size scales become important
when free volume fraction is small.

CONCLUSIONS

A wide selection of TLCPs was investigated with
focus on their transition behavior and free volume
properties. The melt and solid state properties of
TLCPs are quite different from those of flexible
polymers due to variation in the molecular pack-
ing. TLCPs exhibit distinct molecular alignment
as a result of their rigid molecules, while conven-
tional flexible polymers display entanglement
networks. Molecular mobility of TLCPs possible
during the glass transition is likely only to a
lesser extent compared with that of flexible poly-
mers such as PC. This is seen from their ill-
defined glass transition behavior in the DSC ther-
mograms and the rather low intensities of tand
peaks by DMTA. It is found that TLCPs that more
closely resemble flexible polymers with regards
chain conformation exhibit more prominent glass
transition behavior. This includes TLCPs, which
contain more flexible segments (LC3000, LC5000),
meta- linkages (HIQ45), or phenyl substituents
along the main chains (HX2000). Heats of fusion
(DHf) of TLCPs are much lower than crystalline
flexible polymers in the literature because the
molecular order of TLCPs only changes from a
crystalline state (or only a paracrystalline state55)
to a liquid crystalline state rather than to an
isotropic state as in conventional crystalline flex-
ible polymers. Larger values of DHf were found in
TLCPs with hydrogen bonding (Vectra-B) or con-
taining nonliquid crystalline phases (HIQ45).

Free volume on an angstrom scale exists in
polymers due to imperfect packing of the long
polymer chains. Positron annihilation lifetime
spectroscopy, which is capable of detecting defect

Figure 9 Correlation between density and free vol-
ume fraction index.
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structures in materials, was used to determine
and allow comparison of free volume properties in
polymers. The relatively extended molecular con-
formations of TLCPs due to their chain rigidity
would be expected to result in free volume behav-
ior quite different from that of flexible polymers.
TLCPs are shown in this work to have relatively
smaller, fewer free volume cavities than a linear
thermoplastic such as PC. TLCPs with kinked
moieties or bulky pendent substituents possess
more, larger free volume. TLCPs containing
amide groups show very small PALS parameters
as o-Ps were chemically quenched and/or inhib-
ited. PALS parameters of TLCPs and PC show
correlations with their glass transition tempera-
tures, damping intensities (peak heights of tand
peaks by DMTA) and densities. This indicates
that angstrom-sized free volume cavities probed
by PALS in the glassy state are also important in
determining molecular motions related to the
glass transition. The seemingly contradictory Tg
dependence of PALS parameter where higher Tg
corresponds to larger, more free volume sites may
result from molecular architecture of TLCPs.
Some units in TLCPs such as meta linkages and
pendent phenyl groups lead to higher Tgs due to
difficulty in molecular rotation, even though it
may give rise to poor packing of TLCPs. Density
was found to correlate to the magnitude of the
free volume fraction characterized by PALS. How-
ever, its dependence on chain volume, chain con-
formation and possibly packing on size scales
larger than those probed by PALS becomes im-
portant when polymer chains are close packed.
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