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The relaxation behaviour of a thermotropic polymer liquid crystal, poly(tetramethylene terephthaloyl-bis-4-
oxybenzoate), and its derivatives with substitution in the mesogen and/or in the spacer, have been analysed
by dynamic mechanical analysis and differential scanning calorimetry (d.s.c.). By comparing the relaxation
spectra of the four polymers some conclusions can be drawn. They all show a 3 relaxation at low
temperature and an « relaxation above room temperature. The 3 relaxation has been associated with local
motions of the mesogenic unit. The substitution of chlorine in the mesogen increases the temperature of this
relaxation by 60°C, but it is not affected by substitution in the spacer. The « relaxation has been associated
with the glass transition of the amorphous phase. It increases by approximately 15°C with the introduction
of lateral methyls in 1,4 position in the spacer, independently of substitution in the mesogen. The presence
of crystalline order, besides the nematic mesophase, broadens this relaxation. © 1997 Elsevier Science
Ltd.
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INTRODUCTION

Thermotropic polyesters are main-chain liquid crystal
polymers which have been widely studied in order
to estabhsh the relationship between structure and
properties' . One of the most 1mportant series is that in
which the mesogenic unit is 4,4'-terephthaloyl dioxydi-
benzoic acid and polymers with linear methylene spacers
have been synthesized and studied by several authors

The introduction of substituents in the mesogen and in
the spacer produces a very important effect on the
thermotropic behaviour of these polyesters and on the
nature of the mesophases formed. Recently, the effect of
symmetric or asymmetric lateral substltutlon in the
flexible spacer has been studied in our group'>™. In all
cases, the presence of side groups produced a less etﬁment
packing of the chains, leading to a reduction of transition
temperatures and the loss of three-dimensional ordering.
These facts are of fundamental importance in the
technological applications of these materials in order to
blend them with high application thermoplastic polymer
matrices. Therefore, not only changes in the spacers have
been reported, but also substitution in the mesogenic
units has been considered to obtain lower processing
temperatures and mesophases with high stability Thus,
substituents with different polanty have been incorpo-
rated onto the aromatic units>'*, In this sense, we have
studied the thermal transitions of poly(tetramethylene
terephthaloyl bis-4-oxybenzoate) (P4TOB), and its

* To whom correspondence should be addressed

derivatives, shown in Figure 1, with substituents in the
mesogen and/or in the spacer, in order to correlate the
structure with the properties of these polymers”’ls”17

On the other hand, the relaxation behaviour of main
chain liquid crystal polymers is very complex and a
detaﬂed analys1s has been carried out in only a few
cases'®?>. In most of these studies it is very difficult to
correlate the maxima observed by dynamic or dielectric
measurements with the type of motion and which parts
of the structure are involved in them.

In this paper, we report the low and intermediate
temperature behaviour of the polymers shown in Figure 1.
Dynamic-mechanical analysis has been used to determine
the transitions and relaxations presented in the tempera-
ture range from —150 to 150°C. This analysis will allow
the comparison with d.s.c. measurements in order to
establish the corresponding relaxation modes and its
relationship with the structure of these polyesters. The
four polymers form a nematic mesophase and their phase
diagram have been prev10us1y studied'>*'". The pre-
sence of polar groups in the mesogen and lateral branches
in the spacer will affect their relaxation behaviour as well
as they have affected the transitions above room
temperature.

EXPERIMENTAL

The synthesis and characterization of the four polymers
studied has been described elsewhere!*!>!

The thermal transitions were measured using a Mettler
TA-4000/DSC30 d.s.c., coupled to a PC with TA-72
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Figure 1 Schematic drawing of the four polymers studied and the nomenclature used

thermal analysis software. The heating and cooling rates
were 5°Cmin~", and the glass transition temperatures
were taken at the midpoints of the change in AC,; in the
experimental thermograms.

Dynamic mechanical measurements were performed
on a TA Dynamic-Mechanical Thermal Analyser
(d.m.a.) working on the flexural-bending mode at
frequencies of 0.1, 0.5 and 1 Hz. The experiments were
carried out in the temperature range from —150°C to
150°C, using a heating rate of 5°Cmin~'. The samples
were prepared as films with dimension 10 x 5 x 0.5 mm
by compression moulding from the nematic mesophase
and cooled down to room temperature.

RESULTS AND DISCUSSION

In order to consider the influence of the structure on the
thermal behaviour, the main transitions obtained by
d.s.c. for the four polyesters and its thermodynamical
parameters are summarized in Table 1.

Poly(tetramethylene terephthaloyl bis-4-oxybenzo-
ate), P4TOB, has two crystalline forms dependlng on
thermal treatment and a nematic mesophase The
substitution of lateral methylenes at the 1,4 position in the
spacer, PDM4TOB, results in a considerable lowering of
the transition temperatures. The crystal-liquid crystal
transition is lowered 100°C and a similar depression is
observed for the mesophase—isotropic transition. The
mesophase formed is also nematic but the formation of
three-dimensional order is h1ndered and can only be
obtained by long annealing processes . The substitution
of chlorine in the mesogen, PACTOB, reduces only slightly
the transition temperatures with respect to the unsub-
stituted polymer. PACTOB presents three-dimensional
order, in spite of the substitution, and two different
crystalline forms have also been observed'® . Finally, the
combination of substitution in the spacer and in the
mesogen, PDM4CTOB, produces the most important
lowering in the transition temperatures (Table D,
and inhibits the formation of three-dimensional order’

The four samples were studied by dynamic mechamcal
analysis and displayed two relaxations, referred to as «
and S, respectively, in order of descending temperature
(Figures 2-5). This is a general result and appears in all
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Table 1 Thermal transitions and thermodynamical parameters of
polymers studied

T Tei AT AH. AH

Sample O (O O  (Fmol™)  (Imol™
P4TOB" 285 350 65 11.1 -
PDMA4TOB" 185 250 65 4.25 2.44
P4CTOB'® 274 319 45 212 4.23
PDM4CTOB!? 133 176 43 3.9 2.56
T, i.: temperature of crystal-liquid crystal transition
T.i: temperature of liquid crystal—isotropic transition
AT =Tiei — Toxe

2.0 160

50
TC)

Figure 2 D.m.a. curves of a P4TOB film heated to 300°C and cooled
to room temperature measured at 0.1 Hz

cases independently that the structures correspond to
linear and nonlinear spacers and to chlorinated or not
chlorinated mesogenic moieties.

In Table 2, these results are summarized for both
relaxations, stating the temperatures at which the
maxima occur at indicated frequencies. These values
correspond to the temperature of the loss moduli
maxima. The activation energy for each relaxation has
been obtained from the frequency shift of the corre-
sponding maxima. The activation energy for the g
relaxation has been calculated by Arrhenius, and for the
a by the Vogel approx1mat10n taking for the best fit a



value of T, = S0K. It is important to point out that
the very high values found for the activation energy for
the o transition correspond to a very small range of
frequencies and, therefore, to a few degrees in the maxima.
In this case, the corresponding errors are high, and the
energies can be regarded only as comparative and
approximate ones due to the limited experimental range
of frequencies.

Moreover, from Table 2 it can be noticed that the «
transition temperature for the samples PATOB and
PACTOB and for the samples PDM4TOB and
PDM4CTOB are practically identical. In other words,
it seems that Ta is very little affected by the chlorine
substitution in the mesogenic unit. However, when T«
is considered for a structure with symmetrical and
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Figure 3 D.m.a. curves of a PDM4TOB film heated to 200°C and
cooled to room temperature measured at 0.1 Hz
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nonsymmetrical spacers, there is an important increase
of Ta for the last cases, since it should correspond to a
structure with more steric hindrance.

In order to consider the origin of the dynamical
relaxations, it is useful to compare these data with the
calorimetric ones. The glass transition temperatures of
the samples PDM4TOB and PDM4CTOB are 73°C and
79°C and of the samples P4ATOB and P4CTOB 63°C and
67°C, respectively. It is very important to note that in
these two former polymers the T, is hardly observed by
d.s.c. due to their high crystallinity (40-50%). These
values are lower than the reported values for T, which
is a general finding in polymers®” and has been attributed
to different ranges of frequency for the two experimental
techniques.

With this analysis, the a relaxation can be related, in
principle, with the glass transition temperature of this
system. It is around 15°C lower for the structure with
the linear spacer, independently of the chlorinated and
non-chlorinated mesogenic unit.

Below T7,, relaxations involve motions of small
sequences and several peaks have been observed in
thermotropic polyesters and copolymers18 192833 1o
rationalize the discussion of our results, we should first
consider the general results on relaxations of liquid
crystalline main chain polyesters, some precursor poly-
mers related with the structure of this liquid crystal as
poly(butylene terephthalate)** and ﬁnally, the pre-
vious analysis of polyesters based on 4, 4'-terephthaloyl
dioxydibenzoic acid and alkylene diols ’24'25

The relaxation phenomena in main chain hquid crystal
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Figure 5 D.m.a. curves of a PDM4CTOB film heated to 150°C and

Figure4 D.m.a. curves of a PACTOB film heated to 290°C and cooled cooled to room temperature measured at 0.1 Hz ( } and 1.0Hz
to room temperature measured at 0.1 Hz (- - )

Table 2 Summary of data for o and S relaxation processes

Sample P4TOB PDMA4TOB P4CTOB PDM4TCOB

Freq. (Hz) 0.1 0.1 0.5 1.0 0.1 0.1 0.5 1.0
Ts (°C) =71 =75 -62 —~62 -6 -8 6 14
T, (°C) 63 80 80 82 67 82 86 85
E, 8* (kImol™") - 49.4 - 483

E, o (kImol™) - 612.23 - 398.53

B*: the T and E, of 3 corresponds to §; in PACTOB and PDM4CTOB (see text) .
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polyesters have been divided into two fundamental cases:
(a) rigid polyesters; (b) semirigid polyesters. In the first
case, three relaxation processes are apparent in polymers
based on naphthyl and phenyl esters: an « relaxation at
110°C associated with the glass transition; a 3 process at
50°C associated with rotation of the naphthalene groups;
and a v process at —40°C associated with rotation of the
19,28,29 30,31
phenyl groups Semirigid polyesters showed
only two relaxatlon processes: a glass transition
related with the o relaxation and a sub-glass process
at about —40°C. In both cases, the 3 and v processes
seem to exhibit an Arrhenius temperature dependence
with relatively low activation energies (50—70 kJ mol™").
Copolymers of PET and PHB have been analysed
recently, and the (@ relaxation has been assigned to
local motions of the ester groups attached to both sides of
the aromatic rings' 21323

On the other hand, early dynamic- mechamcal meas-
urements on poly(butylene terephthalate)***>, PBT,
reveal two relaxations. The «a relaxation (at 50°C, 1 Hz)
has been attributed to large scale conformational
rearrangement of the chain in the amorphous region,
and, therefore, can be considered the glass transition.
The 8 relaxation (at —90°C) involves local conforma-
tional motions in the chain, and it has been related to
restricted motions of the carbonyl group and of the
glycol residue. These motions have been considered to
occur in the amorphous region. Dielectric relaxation
techmques have also been used to study molecular
motion in PBT** and similar results than those
described above have been obtained.

Some pioneering work has been reported on the
dynamxc-mechamcal behaviour of supercooled mesophase
in polyesters based on 4 4 terephthaloyl dioxydibenzoic
acid and alkylene diols>***. Some of these polyesters
show the usual behaviour expected for semirigid macro-
molecules with a 3 loss peak, typically characterized by a
broad distribution of relaxation times. For high alkylene
diols, a well pronounced ~ peak centered at —125°C was
always present. Because of the crystalline features of these
polyesters, the dynamic-mechanical behaviour presents
important differences depending on the thermal history,
i.e. quenched samples from the liquid crystal state or melt
crystallized samples. During quenching, the liquid crystal-
line phase is prevented from crystallizing and remains as a
supercooled mesophase. When it is transformed into a
more ordered phase, the transformation seems to be
independent of the chemical structure of the flexible
spacers. In other words, it seems that the rigid core of the
repeating units is involved in the transformation.

A systematic study based on dielectric measurement
has been performed very recently on several thermo-
tropic polyesters?®3, in order to correlate the spectra
observed with the intramolecular motion, i.e. the
mobility of individual groups contained in the mesogen
OT spacer.

With all the above considerations let us analyse again
our data for the 3 relaxation. As it has been proposed
from dielectric relaxation processes”, the COO groups in
the mesogenic centres and at the boundary with the
spacer have different environments along the chain and,
hence, conditions of the internal motions should be
different. Below, T,, the lowest temperature process
is related to the mobility of the external ring because
they adjoin the flexible linear spacer. At higher tempera-
tures, the process is related with the possible reorientation
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of the COO groups in the central part of the mesogen.
These groups are limited in their motion because they are
located between two aromatic rings. In the polymers
studied in this work, the chains with linear and non-linear
spacers show the same (3 relaxation temperatures (see
Table 2) and, therefore, for unmodified mesogenic units
the @ relaxation seems not to depend on the spacer.
However, for the chlorinated moieties, there is a
significant change. The 3 temperature is located at
around —6°C. In other words, it is about 60°C higher
than in the case of non-chlorinated mesogenic units and
depends strongly on the chlorination but not on the spacer
type. Moreover, the § relaxation for the polymers with
chlorine in the mesogen shows a shoulder at low
temperature around —70°C. This shoulder is more evident
as the frequency increases and at 1 Hz for PDM4CTOB
two peaks at —70°C (3,) and 13°C () are clearly
observed (Figure 5). The temperature of (3, changes
slightly with frequency, but 3, increases considerably, and
the activation energy in Table 2 is calculated for 3, in the
case of PDM4CTOB Considering the dielectric results in
several polyesters mentioned above, we may associate
the 3, relaxation to the motion of the external rings, and
01 to the motion of the central one, perturbed by the
proximity of the chlorine atoms. In order to clarify this
last point, an in depth study of the nature of the motions
involved in the 3 relaxation will be carried out by solid
state n.m.r.

As was previously stated, the four polymers have a
nematic mesophase. Therefore, the differences observed
in the temperature of the maxima are not affected by
changes in the nature of the mesomorphic phase.
However, P4TOB and P4CTOB also have crystalline
order. The presence of three-dimensional order seems
not to affect the 3 relaxation, but there are differences in
«. This is a general fact in semicrystalline systems in
which T, related with the amorphous phase or with the
1nterfaces is strongly dependent on crystallinity levels®®
If we compared PATOB with PDM4TOB, or P4CTOB
with PDM4CTOB (Figures 2-5), the « relaxation is a
very sharp peak for the polymers with lateral substitu-
ents in the spacer, and becomes broader for the ones with
linear spacers.

In summary, we have studied the effect of substitution
in the mesogen and in the spacer on the relaxation
behaviour of poly(tetramethylene terephthaloyl-bis-4-
oxybenzoate). The (3 relaxation observed by d.m.a. is
determined by groups localized in the mesogen and is
very much affected by the introduction of polar groups in it
and not by the spacer. The « relaxation is associated with
the glass transition temperature of the amorphous phase
and increases with the asymmetric substitution of methyls
in the 1,4 position in the flexible spacer. The presence of
crystalline order, besides a nematic order, broadens the o
transition in the two polymers with linear spacer.

ACKNOWLEDGEMENT

Financial support from the research project MAT 95-
0189 and MAT96-1357-E is gratefully acknowledged.

REFERENCES

1. Lenz, R. W., J. Polym. Sci., Polym. Symp., 1985, 72, 1.
2. Economy, J., J. Macromol. Sci., Chem., 1984, 121, 1705.



20.
21.

Chapoy, L. L., Recent Advances in Ligquid Crystalline Polymers.
Elsevier, London, 1985.

Jin, J. 1., Antoun, S., Ober, C. and Lenz, R. W., Polymer, 1980,
12, 132

Galli, G., Chiellini, E., Ober, C, and Lenz, R. W., Makromol.
Chem., 1982, 183, 2693.

Ober, C., Jin, J. I. and Lenz, R. W., Polym. J., 1982, 14, 9.
Bilibin, A. Yu., Ten’kovtsev, A. V., Piraner, O. N. and
Skorokhodov, S. S., Polym. Sci. USSR, 1984, 26, 2882.
Bilibin, A. Yu., Ten’kovtsev, A. V. and Skorokhodov, S. S.,
Makromol. Chem. Rapid Commun., 1985, 6, 209.

Lenz, R. W., Polym. J., 1985, 17, 105.

Skorokhodov, S. S. and Bilibin, A. Yu., Makromol. Chem.,
Macromol. Symp., 1989, 26, 9.

Marco, C., Lorente, J., Gomez, M. A. and Fatou, J. G., Polymer,
1992, 33, 3108.

Lorente, J., Marco, C., Gomez, M. A. and Fatou, J. G., Polymer,
1992, 33, 202.

Del Pino, J., Marco, C., Gomez, M. A. and Fatou, J. G,,
Makromol. Chem., 1992, 193, 225.

Nieri, P., Ramireddy, C., Wu, C. N., Munk, P. and Lenz, R. W,
Macromolecules, 1992, 25, 1796.

Del Pino, J., Goémez, M. A., Marco, C., Ellis, G. and Fatou,J. G.,
Macromolecules, 1992, 25, 4642.

Del Pino, J., Gomez, M. A, Ellis, G., Marco, C. and Fatou, J. G.,
Macromol. Chem. Phys., 1994, 195, 2049.

Del Pino, J., Marco. C., Ellis, G., Gomez, M. A. and Fatou, J. G.,
Polymer Bull., 1994, 33, 505.

Gedde, U. W, Buerger, D. and Boyd, R. H., Macromolecules,
1987, 20, 988.

Alhaj-Mohammed, M. H., Davies, G, R., Abdul Jawad, S. and
Ward, I. M., J. Polym. Sci. Phys., 1988, 26, 1751.

Borisova, T. 1., Macromol. Symp., 1995, 90, 153.

Chen, D. and Zachmann, H. G., Polymer, 1991, 32, 1612.

22.
23.
24.
25.
26.
27.
28.
30.
31.
32

33.

Relaxations in P4TOB: M. A. Gomez et al.

Goémez, M. A., Marco, C., Fatou, J. G., Suarez, N., Laredo, E.
and Bello, A., J. Polym. Sci. Polym. Phys., 1995, 33, 1259.
Suarez, N., Laredo, E., Bello, A., Gémez, M. A., Marco, C. and
Fatou, J. G., Polymer, 1996, 37, 3207.

Frosini, V., de Petris, S., Galli, G., Chiellini, E. and Lenz, R. W,
Mol. Cryst. Lig. Cryst., 1983, 98, 223.

Frosini, V., Marchetti, A. and de Petris, S., Makromol. Chem.
Rapid Commun., 1982, 3, 795.

Ward, 1. M., Mechanical Properties of Solid Polymers. Wiley
Interscience, London, 1985.

Meier, D.J. (ed.), Molecular Basis of Transitions and Relaxations.
Gordon and Breach, New York, 1978.

Blundell, D. J. and Buckingham, K. A., Polymer, 1985, 26, 1623.
Kalika, D. S. and Yoon, D. Y., Macromolecules, 1991, 24, 3404.
Wendorff, J. H., Frick, G. and Zimmermann, H., Mol. Cryst.
Lig. Cryst., 1988, 157, 455.

Gedde, U. W, Liu, F., Hult, A., Gustafsson, A., Jonsson, H.
and Boyd, R. H., Polymer, 1991, 32, 1219.

Benson, R. S. and Lewis, D. N., Polymer Commun., 1987, 28,
289.

Ahumada, O., Ezquerra, T. A., Nogales, A., Balta-Calleja, F. J.
and Zachmann, H. G., Macromol. Rapid Commun., 1995, 16,
899.

Farrow, G., Mclntosh, J. and Ward, 1. M., Makromol. Chem.,
1960, 38, 147.

Illers, K. H. and Breuer, H., J. Coll. Sci., 1963, 18, 1.
Sandrolini, F., Motri, A. and Saccani, A., J. Appl. Polym. Sci.,
1992, 44, 765.

Ito, E. and Kobayashi, Y., J. Appl. Polym. Sci., 1980, 28, 2145.
Leury, W. P. and Choy, C. L., J. Appl. Polym. Sci., 1982, 27,
2693.

Borisova, T., Fridrikh, S., Gotlib, Y., Medvedev, G., Nikonorova,
N., Skorokhodov, S. and Zuev, V., Makromol. Chem. Macromol.
Symp., 1993, 72, 67.

POLYMER Volume 38 Number 21 1997 5311



