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Structure and temperature behavior
of thermotropic liquid-crystalline

Ultrax copolyesters

Abstract Phase and relaxational
transitions in the commercial
thermotropic liquid-crystalline
copolyesters Ultrax 4002 and Ultrax
4003 were studied by X-ray diffrac-
tion, differential scanning calorime-
try, and mechanical analysis. In spite
of only a slight difference in the
compositions of the copolyesters,
considerable differences in their
structure and temperature behavior
were observed. In particular, it was
shown that the degree of crystallinity
differs by more than a factor of 2 for
the as-spun fibers upon annealing
above the glass-transition tempera-
ture. The type of crystalline structure
as well as the ability to crystallize are
also different. The glass-transition
temperature of both copolyesters is
determined as the temperature of the

appearance of mobility of the most
rigid comonomer units and does not
depend on the composition of the
materials. Annealed copolyesters are
semicrystalline materials with a two-
phase structure, where the crystalline
phase coexists with a liquid-crystal-
line one. The structure of the latter is
characterized by aperiodic positions
of smecticlike layers in space. On
heating the materials the crystalline
phase is transformed into a pseudo-
hexagonal mesophase indicating
features of a second-order phase
transition.

Key words X-ray diffraction -
Thermotropic liquid-crystalline
copolyesters - Highly oriented
fibers - Two-phase composition -
Aperiodic smecticlike structure

Introduction

Thermotropic liquid-crystalline (LC) polyesters have
been of considerable interest both scientifically and
commercially because of their excellent mechanical
properties, thermal stabilities, chemical and flame resis-
tance, and especially of the ease in producing uniform
molecular orientation under elongational flow, resulting
in a low melt viscosity along the flow direction and
giving rise to high strength fibers by melt extrusion [1].

The considerable academic interest results, first of all,
from the ability of these materials (they are, as a rule,
random copolymers with a statistical distribution of
comonomer units within macromolecules) to crystallize
in any combination and ratios of their components [2].

Two principally different models have been proposed to
describe the solid-state structure of these copolymers.
The nonperiodic layer model by Windle et al. [3] agrees
very well with morphological studies, but cannot
describe satisfactorily the wide-angle X-ray scattering
(WAXS) diffractograms. The paracrystalline model by
Guttierezz et al. [4] shows good agreement with the
experimental X-ray patterns, but the molecular picture
behind the model is not very plausible. It is expected that
perhaps a combination of elements of both models may
in the future give a more realistic physical picture of the
structure of random LC copolyesters (CPE).

The objective of our study largely concerns the
determination of the structure of the noncrystalline
phase component of such materials. Indeed, if CPEs are
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able to crystallize, they should be semicrystalline
polymers. It is essential to note that their crystallinities
seldom exceed 30%. Taking into account the rigid
nature of the comonomer units, the question of the
structure of the noncrystalline phase is puzzling. Our
experience in this field shows that the structure of the
noncrystalline phase happens to be unusual and
interesting [5-9].

From the ability of stiff-chain CPEs to form thermo-
tropic LC structures [1], one can expect that the
development of LC nematic phases is most probable in
these materials. However, in addition to nematic states
smecticlike structures were also recently found for some
CPEs [5-9]. New mesophases form either a periodic
layer structure typical for smectics or an unusual
aperiodic one. The development of the smectic LC
structure is already an interesting observation by itself,
since those macromolecules do not contain physically
pronounced mesogenic groups within main or side
chains. The aperiodic smectic structures, never observed
for polymers before, are not only stable within a wide
temperature range, but also exist up to [5-9] and even
above [10] the melting point of the crystalline phase.

Thus, our general interest is to realize whether such
structures are inherit only of some special representa-
tives of the class of thermotropic LC CPEs, or if they
are characteristic of all such materials. In addition to
the data presented earlier [5-9], we report the results
of the study of one further family of thermotropic LC
random CPEs, so-called Ultrax, which are commercial
products.

Experimental

The three-component wholly aromatic CPEs Ultrax 4002 (CPE-1)
and Ultrax 4003 (CPE-2) produced by BASF, Ludwigshafen,
Germany, were prepared from terephthalic acid, isophthalic acid,
and p,p-dioxybiphenol. The specimens and the data on their
compositions were kindly provided by V.G. Kulichikhin (Topchiev
Institute of Petrochemical Synthesis, Moscow, Russia). The
compositions were obtained from IR investigations. According to
these data, the CPEs have the chemical structure shown in Fig. 1.

CPE fibers were prepared by melt extrusion at 350 °C using
a Brabender rheoscope. The diameter of the monofilaments was

Fig. 1 The chemical structure
of a CPE-1 and b CPE-2
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typically 10 um. Both as-spun fibers and those subject to prolonged
multistep annealing (10.5 h at 192 °C, 8 h at 212 °C, and 8 h at
235 °C) were studied. The annealing conditions were chosen on the
basis of differential scanning calorimetry (DSC) and mechanical
data. Specimens for X-ray analysis were prepared by stacking
about 300 monofilaments aligned in parallel to a compact bundle.
Measurements of temperature dependence were carried out under
isometric conditions (ends of fibers were fixed). For DSC
measurements we used 10-20 mg sample material placed in sealed
standard pans. To avoid thermal prehistory, each sample was used
only once.

X-ray diffraction studies were carried out with a standard
Siemens D 500T 0-0 diffractometer using copper radiation. The
beam was monochromatized with a graphite crystal (A =0.154 nm).
Equatorial and meridional diffraction patterns were recorded
in transmission mode using a scintillation counter as a detector.
Slit collimation of the primary and diffracted beams was used. In
addition, we used a pulse-height descriminator adjusted to Cu Ko
radiation. The temperature of measurements was varied from 20 to
300 °C.

Two dimensional WAXS and small-angle X-ray scattering
(SAXS) patterns were registered with an 18-kW Rigaku X-ray
generator. The rotating anode was used as a source of copper
radiation. The primary beam, 0.5 mm in diameter, was monochro-
matized with two graphite crystals (1=0.154 nm). A two-dimen-
sional gas detector (Siemens) was used to record patterns in
transmission mode with a specimen placed in a special chamber
under vacuum. By changing the sample-to-detector distance either
WAXS or SAXS patterns were obtained. The maximum length
of the optical bench was 3 m. The typical exposure time was up to
10 h. Measurements were carried out at ambient temperatures.

Thermal properties of the samples were studied using a Mettler
TA 4000 differential calorimeter within a temperature range
extending from 20 to 350 °C at a heating or cooling rate
of 20 °C/min. All DSC measurements were carried out with CPE
fibers kept with free ends (nonisometric conditions).

Dynamic viscoelastic characteristics of CPE fibers were mea-
sured using the Rheometrix instrument at frequencies 1, 10, and
100 Hz and temperatures 20, 100, and 150 °C. The amplitudes of
dynamic loading did not exceed the region of linear viscoelasticity.
Different levels of loading corresponding to different degrees
of extension were used. Standard mechanical tests and shrinkage
measurements were performed using an Instron-1121 machine
equipped with a temperature chamber.

Results and discussion
Analysis of DSC data and results of mechanical tests

CPE-1 and CPE-2 samples were first analyzed with
respect to their thermal behavior. DSC traces during
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heating, cooling, and reheating cycles of as-spun fibers
of CPEs under study are shown in Fig. 2. Upon first
heating of both samples a wide endothermic effect is
observed extending from 140 to 300 °C for CPE-1 and
from 220 to 340 °C for CPE-2. On cooling from the
temperature of extrusion (350 °C), where the viscosity of
the materials is very low, in the DSC trace of the first
sample a steplike change of the curve typical of a glass
transition is observed in the temperature range 110-
140 °C. The glass-transition temperature estimated from
the inflection point is 124 °C. On reheating CPE-1 the
glass transition (119-133 °C) is again well pronounced
and the inflection point is localized at 126 °C. Thus, the
glass-transition temperature is determined to be approx-
imately 125 °C.

In contrast to CPE-1, the glass transition is not
detectable in the DSC traces of as-spun CPE-2 fibers,
indicating perhaps a relatively small content of the
noncrystalline phase in the material. Indeed, in the DSC
trace of the cooling cycle one can recognize only a weak
exothermic maximum localized between 305 and 265 °C,

endo exo

endo exo

T 1 1
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Fig. 2 Differential scanning calorimetry traces registered on heating
(1), cooling (2), and reheating (3) of as-spun fibers of a CPE-1 and
b CPE-2

whereas on reheating, the DSC trace exhibits a corre-
sponding endothermic effect extending from 265 to
320 °C. Such hysteresis of thermal effects during
heating—cooling cycles is a common feature of the first-
order phase transition in semicrystalline polymers. Thus,
it is rather probable that CPE-2 is a crystalline polymer
containing a relatively high amount of the ordered phase
already in the initial fibers.

It has been reported previously [11] that the glass-
transition range of CPE-2 is similar to that of CPE-1
and coincides with the temperature of defreezing of the
local mobility of the most thermally stable comonomer
unit in the CPE material, namely, the biphenol group.
Such a coincidence appears to be a universal feature of
all thermotropic LC CPEs [12]; however, in our case it
is essential to note that a relatively small difference in
the composition of the CPEs under study leads to a
considerable change in the temperature behavior.

In addition to the DSC examination, the monofila-
ments of the CPEs were studied by dynamic mechanical
analysis by varying the initial loading of the sample, the
temperature, and the frequency of the loading—unloading
cycles. To begin with, measurements were carried out
over 15 min in order to obtain an estimate of the
dynamic modulus.

The experimental data obtained at ambient temper-
ature and a frequency of 10 Hz are shown in Fig. 3. It
was found that the character of the curves is also similar
for other experimental conditions. Qualitatively the
dependences presented are typical of all LC polymers
[13]. The main quantitative difference between the CPEs
under study is related to the nearly threefold higher
modulus of the CPE-2 fibers than of the CPE-1 ones.
This fact might again indicate a different level of
crystallinity in the two CPEs.

Figure 3 shows that the modulus E increases with
increasing force applied to both materials. Upon un-
loading the value is always higher than upon first
loading, indicating an increase in rigidity of the CPE
fibers. For all the following cycles the loading—unloading
curves coincide with the unloading one in the first cycle.

The results of static examination of the samples
agree well with the data of the dynamic mechanical
tests. The stress—strain plots recorded at room temper-
ature for both CPEs (not shown here) have the typical
form of uniform convex curves and indicate a de-
crease in the modulus when the stress rises. Again
corresponding estimations show that the value of the
modulus for the CPE-1 fibers (20 GPa) is approxi-
mately 3 times smaller than that for the CPE-2 material
(60 GPa). At elevated temperatures, the character of
the deformation behavior for both CPEs remains
almost the same. Only the elongation at break, being
similar for both materials at ambient temperatures,
differs at 150 °C: it is 2.8 and 5.0% for CPE-1 and
CPE-2, respectively.
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Fig. 3 Dynamic mechanical data for as-spun fibers of a CPE-1 and b
CPE-2 registered on first loading (curve 1) and unloading (curve 2)

A more complicated discrepancy is observed when
shrinkage is measured during heating of as-spun CPE
fibers (Fig. 4). As one can expect, up to 100 °C the
length of the CPE-1 fibers hardly changes. On further
heating to the glass-transition range (100-150 °C), a
considerable eclongation of the sample is observed
followed by stabilization of the sample’s dimensions at
higher temperatures (150180 °C), and subsequently, by
a secondary elongation range above 180 °C.

The situation looks like the competition between two
processes of opposite direction which take place in the
material. According to our data [13] heating as-spun
fibers of stiff-chain LC polymers above the glass-
transition temperature usually leads to an increase in
the degree of orientation of the stiff macromolecules
accompanied by an elongation of the length of the
sample on the whole. In the case of CPE-1 such a
behavior is observed upon heating from 100 to 150 °C
(Fig. 4, curve 1). Then, or in parallel, another process
starts to act, probably related to the crystallization of
the material, which is usually accompanied by a
shrinkage due to the development of a more perfect
structure. Indeed, the plateaulike part of the curve is

Shrinkage-Elongation, %

. . .
0 100 200 300
Temperature,’C

Fig. 4 Temperature dependences of elongation—shrinkage measure-
ments on heating of as-spun fibers of CPE-1 (curve 1) and CPE-2
(curve 2)

observed between 150 and 180 °C. It seems probable
that the crystallization is completed at 180 °C, and
on further heating the secondary elongation process
becomes predominant. It may indicate a complicated
character of the high-temperature evolution of the
structure. It is essential to note that according to the
data of dynamic mechanical tests, the material starts to
flow at 180 °C; however, one cannot see any indication
of melting in the DSC curve in this range of tempera-
tures (Fig. 2a).

The temperature behavior of the CPE-2 fibers
(Fig. 4, curve 2) rather differs from that for the first
CPE. Before the glass-transition temperature the length
of the sample remains stable followed by a shrinkage
within the range 125-180 °C and, then, by an elongation
of the sample as observed for CPE-1. If one takes into
account that the content of the crystalline phase in the
initial material may be higher than for CPE-1, it might
be expected to find the absence of elongation during
heating of the sample above the glass-transition
temperature. The network of crystallites and the low
mobility prevent the process of additional orientation
of chains on heating leading to stable dimensions of
fibers in this temperature region. Above 125 °C only
recrystallization may start, resulting in the shrinkage of
the sample on heating up to 180 °C followed by
secondary elongation as was also observed for CPE-1.
We should note that in contrast to CPE-1, the CPE-2
material only starts to flow at 270 °C (instead of 180 °C
for CPE-1).

In order to identify the complicated sequence of
phase and relaxation transitions on heating both
copolymers under study, X-ray analysis at ambient
and elevated temperatures was carried out.
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Structure and phase composition of as-spun
and annealed CPE fibers from X-ray analysis

Taking into account the data of DSC and mechanical
analysis, one can identify the following temperature
regions to be of most interest: the temperature range up
to 100 °C; the region centered at 125 °C; the range
between 150 and 180 °C; and, finally, the high-temper-
ature region extending above 180 °C. Note that the
annealing regime of as-spun CPE fibers (see Experimen-
tal) was chosen namely within the latter temperature
range, where as shown earlier [11] the highest degree of
crystallinity of the materials was reached.

To begin with the first temperature range the
structure of as-spun and annealed CPE fibers at room
temperature was investigated. Two-dimensional WAXS
and SAXS patterns of as-spun fibers of both CPEs
(Fig. 5a, b) reveal the high degree of chain orientation.
One can also see that the assumption proposed earlier is
really true: in contrast to CPE-1, the initial CPE-2 fibers
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Fig. 5 Schematic representation of wide-angle X-ray scattering (a—d)
and small-angle X-ray scattering (e, f) patterns of as-spun (a, b, ¢) and
annealed (c, d, f) fibers of CPE-1 (q, ¢, e, f) and CPE-2 (b, d) obtained
at ambient temperature. The fiber axis is vertical

already contain a large amount of the crystalline phase.
The existence of well-pronounced Bragg reflections
not only in the equator and meridian but also in the
quadrants of the X-ray pattern, in particular in the first
layer line (Fig. 5b), well proves this conclusion.

As may be expected, annealing leads to the develop-
ment of crystallinity in both materials (Fig. 5c, d). The
analysis of X-ray patterns of annealed fibers shows
considerable differences in the crystalline structure of
the two CPEs. In particular, the main reflection in the
equator in the case of CPE-1 has a double character,
whereas only one Bragg spot is observed almost at the
same angular position in the equator of the CPE-2 X-ray
pattern. In addition, in the case of CPE-2 the meridional
maximum in the second layer line is observed, whereas
for the first CPE it is absent there, etc. These facts
indicate different types of crystalline modifications
developed upon annealing of the CPEs under study.
Again one may be surprised that such a slight difference
in the chemical structure leads to considerable changes
in the crystalline structures.

SAXS patterns of as-spun and annealed fibers of both
CPEs are typical of those of other representatives of this
class of copolymers [6-8]. Because the SAXS patterns of
both copolymers are similar, they are shown in Fig. 5e
and f for only one of them. According to the analysis
carried out in Ref. [14], the weak diffuse scattering
observed in the meridian of the SAXS patterns goes
along with the absence of long periodicity, while the
relatively intensive diffuse scattering in the equator
indicates a well-developed porosity of the materials. It
was shown [14] that the long axes of such anisotropic
microvoids are parallel to the fiber direction, whereas
the small axes are oriented perpendicularly. Compared
with the as-spun CPE fibers (Fig. Se), in the annealed
samples not only equatorial but also meridional small-
angle scattering is relatively intense (Fig. 5f). The
peculiar cross-shaped form of SAXS suggests that
randomly distributed microvoids in CPE fibers may
have the form of parallelepipeds.

The detailed analysis of WAXS patterns was carried
out on the basis of the equatorial and meridional
diffraction patterns shown in Figs. 6 and 7 for as-spun
and annealed fibers of CPE-1 and CPE-2, respectively.

The equatorial diffractogram of as-spun CPE-1 fibers
(Fig. 6a) shows a strong diffuse maximum at 20 =19.9°.
The profile reminds on the one of the thermotropic LC
CPE known as Vectra [7]. The meridional scattering
shows distinct Bragg reflections in the fourth (2004 =
28.27°) and sixth (2609 = 43.76°) layer lines, which, as the
corresponding calculations show, are not exactly periodic.
The analysis of such aperiodic maxima for the Vectra CPE
resulted in the development of two different models of its
crystalline structure mentioned before [3, 4].

However, the pseudoamorphous character of the
profile of the equatorial scattering in the X-ray pattern



208

Fig. 6 Equatorial (a, ¢) and
meridional (b, d) diffractograms a b
of as-spun (a, b) and annealed .
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Fig. 7 Equatorial (a, ¢) and a b
meridional (b, d) diffractograms
of as-spun (a, b) and annealed e 100 006
(c, d) fibers of CPE-2 obtained 2
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of CPE-1 in addition to the absence of Bragg reflections
in the quadrants allows the conclusion to be drawn that
there are no indications of the existence of a crystalline
phase in this material. The structure of CPE-1 looks like

2 Theta, degree

that of a single-phase material, or at least like a system
containing only a very small number (less than 5%,
which is the limit of sensitivity of the method) of
small crystallites (not more than 7-8 nm in size).
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Detailed analysis of the data obtained for other
representatives of this class of copolymers [6-8] showed
that such a structure should better be identified with a
LC smectic phase with nonperiodic layers rather than
with a crystalline phase [5, 9]. The X-ray pattern of as-
spun fibers of CPE-1 also possess all the features of such
a structure.

Upon annealing CPE-1 above 180 °C (see Experimen-
tal), the material crystallizes, resulting in the development
of Bragg reflections in the X-ray pattern, as mentioned
previously (Fig. 5¢). Indeed, the appearance of a number
of maxima in the equator (Fig. 6¢) and in quadrants
(Fig. 5¢) indicates this process. In addition, one can
see (Fig. 6¢c, d) that after annealing sample CPE-1
becomes semicrystalline, where approximately 16% of
the crystalline phase coexists with the aperiodic LC
smectic phase component (the procedure of the estima-
tion of crystallinity for oriented CPE fibers is described in
Ref. [14]).

Analysis of angular positions and intensities of 11
Bragg reflections in the X-ray pattern of annealed fibers
of CPE-1 shows that the best fit between calculated and
experimental data is obtained for an orthorhombic
crystalline modification. Using a least-squares procedure
we can estimate the parameters of the unit-cell:
a=0.838, »=0.528, and ¢=1.258 nm. The main crys-
tallographic data are presented in Table 1.

In CPE-2, one can see (Fig. 7) that already the initial
as-spun fibers contain approximately 21% of the crys-
talline phase. This value increases twofold for the
annealed material (43%). Moreover, the corresponding
more detailed analysis shows that the crystalline
modification of CPE-2 differs from that of CPE-1. In
particular, in the equator of the X-ray pattern of
as-spun and annealed fibers (Fig. 7a, c) one can see very
strong (at 20.12°) and very weak (at 35.6°) reflections,
whose spacings are related by a factor of 1.75. This value

is very closed to the square root of 3, indicating a
hexagonal type of crystalline structure in this material.

For CPE-2 the parameters of the unit cell of the
crystalline modification were calculated using a set of
nine Bragg reflections: ¢ =0.510 and ¢=1.205 nm. The
main crystallographic parameters are listed in Table 1.
Thus, the structure of the second CPE under study is
also biphasic in both as-spun and annealed fibers, where
21-43% of the crystalline phase coexists with the
aperiodic LC smectic phase component.

Again, as mentioned in the previous sections, one can
recognize that only a slight difference in the composi-
tions of the CPEs under study leads to a considerable
difference in the ability of the materials to crystallize.
Indeed, different crystallinities are reached after anneal-
ing at similar conditions and different types of crystalline
modifications are formed for the two samples.

X-ray analysis of CPE fibers at elevated temperatures

In the following we compare the evolution of the X-ray
diffraction patterns registered at elevated temperatures
during step-by-step heating of as-spun CPE fibers with
the DSC and mechanical analysis data. The equatorial X-
ray diffractograms recorded on heating fibers of CPE-1
and CPE-2 are shown in Figs. 8 and 9, respectively.
In addition, the temperature dependences of the inten-
sities and the angular positions of the main reflections
in the X-ray patterns of both samples are illustrated in
Figs. 10 and 11.

Before the onset of the glass transition (100 °C) the
profile of the scattering curve of CPE-1 (Fig. 8) only
slightly differs from that obtained at 20 °C (Fig. 6a).
Meanwhile, the intensity of the main maximum slightly
increases in this temperature range followed by a
stronger increase within the glass-transition range

Table 1 Some crystallographic data for annealed fibers of the copolyesters (CPEs) under study obtained from wide-angle X-ray scattering

patterns patterns as described in the text

CPE-1 (crystallinity 16%)

Equator Meridian
Miller indexes 110 200 211/210 Diffusive halo 004 006
20 (degree) 19.81 21.25 28.02 20.0 28.39 43.45
d (nm) 0.448 0.418 0.318 0.443 0.314 0.208
Half-width (degree) 0.6 0.7 - 6.0 1.2 1.5
Crystallite dimension (nm) 14.0 13.2 — - — -
CPE-2 (crystallinity 43%)
Equator Meridian
Miller indexes 100 110 Diffusive halo 002 004 006
20 (degree) 20.12 35.6 20.42 14.83 28.04 43.29
d (nm) 0.441 0.252 0.435 0.597 0.318 0.209
Half-width (degree) 0.6 - 3 1.0 1.3 1.5
Crystallite dimension (nm) 14.0 - - - -
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(100-150 °C). Such behavior correlates well with the crystallization starts to develop in parallel to thermal
data of the shrinkage measurements (Fig. 4, curve 1). expansion. Indeed, the development of two Bragg

On further heating from 100 to 150 °C, the increase reflections, (110) and (200), in the diffractogram (Fig.
in intensity becomes nonreversible, indicating that 8), corresponding to the orthorhombic modification of
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Fig. 10 Temperature dependence of the angular position of the main
equatorial reflections in the X-ray pattern of as-spun fibers of CPE-1.
The points for the (200,,,,) reflection are plotted using the data for
annealed fibers. The /ines are a guide for the eye

crystalline CPE-1, is observed. On cooling the sample
from any temperature within the range 150-180 °C, the
X-ray pattern recorded at 20 °C will be almost similar to
that registered at elevated temperatures and will look
approximately like that shown in Fig. 6c for the annealed
and subsequently cooled sample.

On heating the sample to 180 °C both main reflec-
tions of the orthorhombic modification start to overlap
(Fig. 10b) owing to different slopes of the temperature
dependences of the angular positions and, finally,
coincide at 180-200 °C. As a result, only one strong
Bragg maximum is present in the equator of the X-ray
pattern (Fig. 8) superimposed on the background of the
diffuse halo. Its half-width (0.4°) becomes even smaller
than that for the annealed sample (Table 1), corre-
sponding to a lateral dimension of coherently scattering
regions of about 22.5 nm.

According to Ref. [15] the existence of only one
narrow and intensive Bragg reflection in the equator of
the X-ray pattern of CPE-1 above 180 °C is related to
the development of random shifts of the chains against
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Fig. 11 Temperature dependence of the angular position of the main
equatorial reflection in the X-ray pattern of as-spun fibers of CPE-2.
The /ines are a guide for the eye

each other along the longitudinal direction at such high
temperatures and, in addition, perhaps due to the
appearance of conformational distortions in macromol-
ecules. Such behavior is typical of mesophase structures
of flexible-chain polymers known either as condis-
crystalline [16] or columnar [17] mesomorphic states.
This type of structure, as a rule, is characterized by
two-dimensional pseudohexagonal packing of the chain
centers of gravity within the plane perpendicular to
the macromolecular axis. It seems probable that the
high-temperature form of the structure of CPE-1 is a
mesophase of this type. In other words, on heating the
first CPE in the vicinity of 180 °C the phase transition
from the orthorhombic crystalline to the pseudohexag-
onal mesomorphous state takes place.

It is well known that a mesophase of this kind
possesses an increased mobility of the chain segments
(compared with a crystalline phase) [16, 18]. Perhaps for
to this reason the secondary elongation of the sample is
observed in Fig. 4 (curve 1) to start at 180 °C, when the
crystal-mesophase transition is completed. In addition,
exactly at the temperature of the phase transition, the
material of as-spun fibers starts to flow as mentioned



212

earlier. Such behavior is rather more characteristic of a
mesophase structure than of a crystalline one. It is
essential to note that, in contrast to the as-spun fibers,
the annealed material starts to flow much later, i.e.
approximately at 260 °C, when the mesophase starts to
melt. Only a slight indication of the main reflection of
the mesophase is left in the equator of the X-ray pattern
at 295 °C. Above 300 °C the material again has the
uniphase structure of a LC nematic melt.

On cooling the CPE-1 fibers from the temperature
range of the existence of the mesophase, the X-ray
pattern of the sample registered at room temperature
looks exactly like the one shown in Fig. 6¢. This means
that a reversible transition from the mesophase to the
orthorhombic crystal takes place. The highest level of
crystallinity (16%) is reached on cooling from 235 °C,
while on cooling from, for instance, 295 °C it is only
about 10%; therefore we chose not to raise the annealing
temperature (see Experimental) above 235 °C.

As might be expected, the temperature evolution of
the structure of CPE-2 differs from that of CPE-I.
Analysis of the equatorial diffractograms recorded
at elevated temperatures (Figs. 9, 11) reveals that up
to 200 °C the hexagonal crystalline structure remains
almost like that in the initial sample. Again, as observed
for CPE-1, on heating to 200 °C the intensity of the
main reflection increases. Between 125 and 200 °C
the crystallinity of the material increases. In parallel,
the angular position of the main reflection drops
monotonically owing to thermal expansion (Fig. 11);
its half-width also decreases accompanied by a corre-
sponding increase in the crystallite dimensions from
11.0 to 14.0 nm. Finally, at 200 °C the character of
the temperature dependence in Fig. 11 changes consid-
erably, indicating the transformation of the structure of
the material.

Above 200 °C in the equator of the X-ray pattern of
CPE-2 the (110) reflection of the hexagonal phase
disappears (Fig. 9). The (100) reflection becomes
narrower (the half-width is 0.3°), indicating a further
increase in the dimensions of coherent scattering regions
up to 24.0 nm. It is essential to note here that on cooling
the material from the temperature range 200-260 °C the
half-width again becomes 0.6°. This means that the
crystallite dimensions change reversibly between 14.0
and 24.0 nm during heating—cooling cycles. This effect is
discussed elsewhere [18, 19] and is typical for the crystal—
mesophase transition, where the mesophase is, namely,
of the condis-crystalline or columnar type [16, 17].

From all these observations one has to conclude that
for CPE-2, as was also shown for CPE-1, the phase
transition from the hexagonal crystal to the pseudohex-
agonal mesophase is observed at 200 °C (while for CPE-1
it was at 180 °C). Again on cooling the material from the
temperature range where the mesophase exists, the
reversible sequence of the transitions takes place.

The mesophase starts to melt at 270 °C (at this temper-
ature the material also starts to flow), followed by
the transition to the LC nematic melt above 320 °C.
Namely, between 270 and 320 °C an endothermic
effect is observed in the DSC trace of reheated CPE-2
(Fig. 2b).

To recall the discussion on the data presented in
Fig. 4, the following explanation may be given for the
temperature-dependent changes of the fiber dimensions.
One may take into account that the initial sample of
CPE-2 is already crystalline, and that the network
of crystallites may prevent the elongation process on
heating the sample. Thus, it is understandable that
elongation is not observed above the glass-transition
temperature, as it takes place for CPE-1. In contrast, a
slight shrinkage of the sample due to, perhaps, some
additional crystallization during annealing of the mate-
rial is observed at 180-200 °C, followed by a secondary
elongation process, which develops when the transition
to the mesophase is complete.

Conclusions

The detailed analysis of the structure, phase composi-
tion, and temperature behavior of the two CPEs under
study allows the structure of all phase components
as well as of all phase and relaxational transitions on
heating—cooling cycles of the materials to be identified.

It was found that only a slight change in the chemical
structure of the CPEs, namely, a 5% change in the ratio
of terephthalic acid to isophthalic acid content results in
a considerable difference in the behavior of the material.
Indeed, the structure of the initial fibers of CPE-1 is
uniphase and noncrystalline, whereas the as-spun fibers
of CPE-2 already contain a lot of the crystalline phase.
The crystalline structure developed in CPE-1 during
annealing above the glass-transition temperature is
orthorhombic, while that in CPE-2 is hexagonal.
Finally, the highest level of crystallinity reached by
multistep annealing at elevated temperatures of the two
CPEs differs by approximately a factor of 2 in the
materials.

Both copolymers also exhibit features which are
typical of other representatives of this class of thermo-
tropic LC CPEs. In particular, the noncrystalline phase
of the materials has the structure of so-called aperiodic
LC smectics, which has been described as a new type
of LC states in polymers. Upon heating both CPEs,
a phase transition from the crystalline state to the
pseudohexagonal mesophase is observed. This meso-
morphic state is typical, as a rule, for flexible-chain
polymers, where the chains do not contain mesogenic
groups; however, it seems that this type of mesophase
structure is also an inherent feature of the random stiff-
chain CPEs.
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At the very end of the discussion, only one main
question remains open. What is the order of the crystal—
mesophase phase transition observed in those materials?
Indeed, the absence of a well-pronounced heat effect in
the DSC trace, the change in the slope (instead of a
steplike drop) observed in the temperature dependences
of angular positions of crystalline reflections (or,
alternatively, in the corresponding temperature depen-
dences of the spacings), and the reversible character of
the structural transformation lead to the conclusion that

this process looks more like a phase transition of the
second than of the first order. Whether this conclusion
is really true, and maybe even universal for all of the
thermotropic LC CPEs, has to be shown by further
studies, which are in now progress.
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