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ABSTRACT: The orientational behavior of a thermotropic poly(ether ester), PH31B32, with biphenyl units as
mesogens and spacers with methyl substituents, has been analyzed. This polymer is one of the few mesophase-
forming systems where the amorphous phase can be easily quenched from the isotropic melt. Moreover, under
certain conditions the mesophase of this polymer is able to exhibit an anomalous orientation with the molecular
axes perpendicular to the uniaxial deformation direction. Specimens of PH31B32 both in the amorphous state or
in the smectic mesophase have been studied by stséssn and fiber X-ray diffraction experiments. In the first

case, a fast strain-induced liquid crystallization was observed. In the second case, several strain rates and deformation
temperatures have been tested in order to map out the conditions for obtaining the two different kinds of orientation.
From the diffraction results, obtained at a final deformation of 300%, those conditions have been approximately
defined, leading to a region (at “intermediate” stretching temperatures and strain rates) of mixed orientations.
Exclusively parallel orientation is obtained at low deformation temperatures and high strain rates, while the region
with 100% perpendicular orientation will appear at rather low strain rates and high temperatures, outside the
detection limit of the dynamometer, and overlapping with the isotropization of the mesophase. A model for the
two kinds of orientation, based on the hierarchical structure of liquid-crystalline polymers, is proposed.

Introduction this polymer shows that it can be easily prepared in either the
n. pure isotropic amorphous state or in a low ordered smectic
mesophas®11so that the two pure phases can be characterized.
For instance, the DSC and DMTA results indicate that the two
|phases show well different glass transition temperatures.

The aim of the present study is to analyze the orientational
behavior of PH31B32. Both amorphous and liquid-crystalline
specimens are tested in stressrain and X-ray diffraction
experiments, and different deformation rates and temperatures
are investigated in order to map out the conditions for obtaining
the two different kinds of orientation, since it is presumed that
those conditions will depend very much on the particular
characteristics of the different LCPs.

The wide variety of favorable properties (including mechal
ical properties, dimensional stability, low gas permeability, etc.)
and the option to tailor them with simple variations in the
structure are two of the most relevant aspects for the industrial
and academic interest in liquid-crystalline polymers (LCPs).
Moreover, their particular hierarchical structure, with different
levels of organization, and its correlation with the final properties
are also an attractive aspects of these systems.

One of the most interesting applications of LCPs is the
production of high modulus fibers, taking advantage of the
inherent anisotropy of the constituent molecular chains. Evi-
dently, as in any kind of fiber, the ultimate properties depend
upon the degree of orientation achieved, and considerably highExperimentaI Section

moduli can be obtained along the polymer chains. . . L
The details for the synthesis and characterization of PH31B32

. BUt. there is a pr!c'e to pay fo_r en_hanced properties n the have been previously report&tin short, the monomer 1,3-bis(4-
direction of _the cha_ln. t_he det_erloratlon of those properties in diethyloxycarbonyl-4biphenyloxy)-1-methylpropane was obtained
the perpendicular directioh Evidently, these statements apply  trom ethyl 4-hydroxy-4-biphenyicarboxylate an&-1,3-butane-
to those cases of “normal” orientation, where the molecular diol, under Mitsunobu conditior’. The polymer PH31B32 (see
chains are aligned preferentially in the direction parallel to the structure in Figure 1) was obtained by melt transesterification of
deformation process. the monomer with 2-methyl-1,3-propanediol using tetraisopropyl

However, it has been reported that some LCPs with smectic fitanate as catalyst. The purified polymer was found to have an
or nematic mesophases may exhibit, under particular circum- intrinsic viscosity of O.681_dL/g (measured at 3D in chloroform
stances of uniaxial stretching or shear deformation, a kind of by using an Ubbelohde viscometer).

. . . . Size-exclusion chromatography data were obtained using a
9 R
anomalous onentgﬂo‘h, _whe_re the chain axes are perpendicu Waters 150C gel permeation chromatograph, equipped with two
lar to the stretching direction. As a consequence, the best

. 2 . ~ “=>"detectors: the conventional refractive index concentration detector
mechanical properties in such systems are found in the Q|rect|onand a viscometer Retrofit GPC 150R from Viscotek Co. After a
normal to the fibeP. New prospects are, therefore, envisaged universal calibration (from measurements in different polystyrene
from this particular behavior. standards, using chloroform as eluent at %), the obtained
We have recently synthesiZé€d'a new poly(ether ester) with ~ molecular weight values ard,, = 43 600 and\l, = 20 600.
the biphenyl unit as mesogen and two different methyl- A film of the polymer was obtained by compression-molding in
substituted trimethylene spacers. This polymer, named as& Collin press between hot plates (18D) at a pressure of 1.5
PH31B32, has the structural unit depicted in Figure 1. The MPa and subsequently cooling down to room temperature between

. : T water-cooled plates in the press. This sample is found to be
thermal, structural, and dynamic-mechanical characterization of amorphous. Part of this amorphous film was annealed in an oil

bath at 115°C for 24 h. Under these conditions, a low-ordered
* Corresponding author. E-mail: ernestop@ictp.csic.es. smectic mesophase is obtainéd:
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Figure 1. Structural unit of PH31B32.

100 . . . . . Ka radiation. The distance from sample to the film (around 7.1
80'_ ] cm) was determined by using aluminum foil as standard. X-ray
o I | photographs of selected specimens were obtained with synchrotron
2 60k 1 radiation in the soft-condensed matter beamline A2 at Hasylab
3 H 1 (Hamburg, Germany), by using an image plate detector, located at
% 40 - 7 a distance of 20.5 cm from the sample.
£ 20+ e

Results and Discussion

Usually, it is rather difficult to quench the isotropic melt to
an amorphous glass when liquid-crystal formation is possible,
and extraordinary quenching techniques may be needed. How-
ever, recent work in our laboratory has been directed to reduce
the tendency of the elongated LCP chains to build the supramo-
lecular mesophase structure by decreasing the geometrical and
L ] structural symmetry of the constituent molecules. This has been
o.oo60 slo 1(I)o 1£o 14"0 1(;)0 attained in PH3_1832, where the mesogens are biph_enyl groups,
0 and spacers with an odd number of methylene units and with
methyl substituents are used. These methyl groups introduce
Figure 2. DSC melting curve of a liquid-crystalline specimen of  stryctural irregularity not only because of the lowering of the
Egﬁg;giﬁgﬁv‘éengo?ﬁgrr;el(i%‘;ir'{“egra' curve corresponding 10 the o chain interactiord but also due to the random distribution
of head-to-head and head-to-tail sequences along the polymer

heat flow (W/g)

DES - . : . - backbone (see Figure 1).
stretched ] The result is that PH31B32 develops a low-ordered me-
mesophase sophase with a rather slow rate of formafidH in such a way
2.0 - g that the isotropic melt of this polymer can be easily quenched
' * EAI RN into the glassy amorphous state, and considerably high annealing
. times at temperatures above the glass transition (and below the

¥
T

isotropization temperature) are necessary to develop such a
mesophase. As indicated above, an annealing af Clduring
24 h was chosen for obtaining the smectic mesophase.

stress (MPa)

i 7 The DSC melting curve corresponding to such annealed
I ] sample is shown in the lower part of Figure 2. Two transitions
, are observed: the glass transition of the smectic glass, centered

05T 7 at 84°C, and the isotropization of the mesophase, exhibiting a
I : ] peak temperature of 150 and a total enthalpy of 18.2 J/g.

amorphous ' The corresponding integral curve of this isotropization endot-

e N herm is shown in the upper part of Figure 2, where it can be

0 100 200 300 IS shown i upper p lgure £, w :
strain (%) observed that a very minor, but appreciable, amount of

] ) ) o ) isotropization is already present at temperatures as low as 125
Figure 3. Stress-strain curve corresponding to the uniaxial stretching 130°C. On the contrary, the initial quenched film of PH31B32

at 100°C of an amorphous specimen of PH31B32 with a strain rate of S o o
0.67 mint. The X-ray fiber diffractograms of the initial stage Whichis completely amorphous, exhibits only the glass transition

(amorphous specimen) and of the final stage (stretched mesophasejn the corresponding DSC scéhnow at 95°C.

are inserted (fiber direction: vertical). The first stressstrain experiment was performed in an

amorphous specimen. At room temperature, and at any tem-

with a Perkin-Elmer DSC7 calorimeter connected to a cooling perature bglovwg, the specimens are too brittle to b.e analyzed,

system, at a heating rate of 2G/min. so that the informative experiments have to be carried out above
The stressstrain curves were determined using a Minimat 2000 Tg- Figure 3 shows the stresstrain behavior of an amorphous

dynamometer. The specimens for these experiments were punchegpecimen stretched at 10C. After an initial elastic region,

out from the polymer films, either amorphous or in the liquid- characterized by a Young modulus, of around 1.6 MPa, a

crystalline state. The dimensions of these specimens were aroundyielding point is observed, with a yield stresg, of 0.54 MPa

13 mm long, 6 mm wide, and 0.35 mm thick. In a first set of (see Table 1), followed by a rather remarkable strain hardening,

experiments, two specimens, amorphous and liquid crystalline, werejn sych a way that the stress rises to 1.76 MPa for a 300%

uniaxially stretched at 100C with a strain rate of 0.67 min. In deformation.

d set, liquid-crystalli i tretched at different . N .
a seconc Set, iquic-clystalin SPecimens were stretched at dMere - rhe cause of this hardening is found when analyzing the

temperatures and strain rates. All the samples were stretched until ; . -
a final strain of 300%. X-ray diffractograms, which are also shown in Figure 3. The

Wide-angle X-ray diffraction photographs of the oriented fibers lower photograph corresponds to the initial amorphous sample

were taken at room temperature using a flat-plate camera attachedvhere only the amorphous isotropic halo, centered at around
to a Phillips 2 kW tube X-ray generator using nickel-filtered Cu 0.47 nm, is observed. The photograph at the top of Figure 3

Differential scanning calorimetric measurements were carried out
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Table 1. Mechanical Parameters (Young Modulusk, and Yield Stress,oy) and Order Parameter for the Uniaxial Stretching at 100 °C of Two
Specimens of PH31B32 Which Are, Initially, Amorphous and Liquid Crystalline, Respectively; Only Parallel Orientation Is Observed

deformation parameters

sample initial state T(°C) strain rate (min®) E (MPa) oy (MPa) order parameter (parallel)
amorphous 100 0.67 1.6 0.54 0.960.01
mesophase 100 0.67 12.5 2.19 0498.01

corresponds to the stretched fiber, at the end of the experimentalthough the widths are slightly different, however, the two
The diagram shows now a narrow spot (and its second order)samples exhibit the same layer spacing: 1.26 nm. The structural
in the meridian, and the outer diffraction at higher angles is unit of PH31B32, shown in Figure 1, is calculated to have an
split into two maxima, above and below the equator. This pattern extended chain length of 2.89 nfthHowever, since it includes
is characteristic of a smectic mesophase with consecutivetwo alternating spacers of not very different lenéftlit,can be
mesogens arranged in an alternating antiparallel fashith expected that a single-layer smectic structure is exhibited, with
(SmGy: mesophase), typical for polybibenzoates with odd a spacing corresponding to about one-half of the total repeat
spacers. The narrow lower angle diffraction corresponds to the unit, as a result of the random mixing and accommodation of
spacing between smectic layers (with a value of 1.26 nm). Sincethe two spacer¥’26
it appears in the meridian, it follows that the molecular axes  Anyway, both specimens exhibit narrow peaks, so that the
are aligned parallel to the stretching direction; i.e., a “normal” different layers retain a rather exact periodicity. However, only
orientation has been developed. the second order is observed, with an intensity around 15% of
It is important to mention that, starting from an amorphous that for the first-order peak, indicating that the molecules within
specimen, the mesophase has been obtained in the few minutethe layers are imperfectly arrangéd.
of the deformation experiment (4.5 min). However, it was shown  Additional relevant information is obtained from the azi-
beforé? that several hours is needed to develop the mesophasgnuthal integration of the X-ray diffractograms of the fibers.
just by effect of the temperature. The present process can beFigure 6a shows the corresponding integrations in the region
termed, therefore, as strain-induced liquid crystallization, in of the smectic layer peak. As mentioned before, the two
analogy with the well-known strain-induced crystallization specimens exhibit a maximum of intensity at an angle°ah0
reported for semicrystalline polymet%:25 relation to the meridian of the photographs, indicating a
A second experiment was performed on a specimen of ‘normal” orientation of the molecules: they are arranged parallel
PH31B32 which has been annealed at 1C5or 24 h. Under 10 the stretching direction. _
these annealing conditions, the smectic mesophase has been Another important parameter that can be determined from
formed’ as |t can be Observed |n the x_ray photograph at the the aZImutha| |ntegrat|0n.|n F|gure 6a IS the Order parameter.
bottom of Figure 4. This photograph shows the two lower angle The average degree of orientation of the LC layers with respect
narrow diffractions, corresponding to the smectic layer spacing t©© the stretching direction can be represented by the order
(at 1.26 nm) and its second order, and the outer amorphous-Parameter, which can be related to the spherical harmonics of
like halo. the probability distributiord,similarly to the case of the Hermans
The stressstrain curve corresponding to this liquid-crystal- orientation function for semicrystalline polymers. It is usual to
line specimen is also shown in Figure 4. This curve is quite N€9lect the higher harmonics, and thus the order parangter,
different than the one for the amorphous sample in Figure 3. 'S equivalent to the second harmoni, according to
First, a considerably higher Young modulus is obtained (12.5
MPa compared with the 1.6 MPa for the amorphous specimen, [P,L= (3|]b052 al-1)/2 1)
as seen in Table 1), and also the yield stress is much higher
(2.19 MPa instead of the 0.54 MPa in Figure 3), reflecting the Wherea is the azimuthal angle in relation to the meridian, i.e.,
significantly higher order of the smectic mesophase. Moreover, the stretching direction. The average on the right-hand of eq 1
the stress after yielding keeps approximately constant, althoughcan be determined from the intensity distributidife), as
it is now not very different than the one at the end of the strain follows:2728
hardening of the amorphous sample. This is not surprising since

the two ultimate morphologies are rather similar: on stretching, foﬂlzl (o) co< asin o do
it was shown that the amorphous sample presents strain-induced o< al= — (2)
liquid crystallization, and in fact, the photograph at the top of f(; I(a)|sina| dau

Figure 4 is practically the same than that obtained from the

amorphous specimen after stretching (photograph at the top oftherefore, a perfectly uniaxially oriented sample will ha&ve
Figure 3). Both photographs are characteristic of a 8MC =1 while a completely isotropic sample is characterize®by
mesophase, and in both cases a “normal” orientation of the — (.
polymer ChainS in I’e|atI0n to the Stretching d|reCt|On iS Obta|ned By app'ylng eqs 1 and 2 to the data |n F|gure Ga’ the Va'ues
A deeper insight into the analogies and/or differences betweenof 0.96 and 0.93 are obtained for the order parameter of the
the structures obtained by stretching the two different PH31B32 samples stretched from the amorphous and from the liquid-
specimens has been obtained from both radial and aZimUtha|crysta||ine specimens, respectively, of PH31B32, as reflected
integration of the corresponding X-ray photographs. Obviously, in Table 1. In both cases, therefore, rather perfect orientations
the unoriented samples are of rather little information, so that of the smectic layers are attained, slightly better in the case of
such integrations have been performed on the stretched fiberthe initially amorphous specimen. The magnitude of the errors
photographs. reported in Table 1 (and in Table 2) for the order parameter
The radial integrations, in the region of the smectic layer was determined just from the different values obtained from
spacing, for the photographs of the two stretched specimens ofthe peaks at azimuthal angles ¢fand 180 (90° and 270 for
PH31B32 are shown in Figure 5. It can be observed that the perpendicular orientation).
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Figure 4. Stress-strain curve corresponding to the uniaxial stretching
at 100°C of a liquid-crystalline specimen of PH31B32 with a strain 0 45 92 135 180

rate of 0.67 min’. The X-ray fiber diffractograms of the initial stage
(unoriented mesophase) and of the final stage (stretched mesophase) o (®)
are inserted (fiber direction: vertical). Figure 6. Results for the azimuthal integration, in the region of the
layer spacing (a) and of the wide-angle amorphous-like halo (b), of
100 ' ' — the X-ray photographs for the two stretched specimens of PH31B32 at
the top of Figures 3 (open symbols) and 4 (solid symbols). The origin
for the azimuthal angle. has been taken in the meridian (stretching
80 4 direction).
°C, for the tested deformation rates. Particularly interesting are
60 T the results obtained when stretching at TZ0 The stress
E strain curves at three well different strain rates are shown in
o Figure 7. The three curves are rather similar in shape, although
= 40 ] the values for the Young modulus and yield stress are rather
different, as observed in Table 2.
20 i More revealing are the 2D X-ray photographs acquired at
the end of those three tests: as observed in Figure 8, parallel
3 orientation is obtained for the highest deformation rate, while
0 e . , i predominantly perpendicular, anomalous, orientation is exhibited
06 07 08 09 1.0 for the lower strain rates. The type and degree of orientation
1/d (nm-1) can be quantified from the corresponding azimuthal integrations

Figure 5. Results for the radial integration, in the region of the layer in_ the region of the smectic layer peak, which are presented in
spacing, of the X-ray photographs for the two stretched specimens of Figure ga,. It can l?e Obs_erved that aro”nd 98% of normal’
PH31B32 at the top of Figures 3 (open symbols) and 4 (solid symbols). Parallel, orientation is obtained for the strain rate of 0.917hin
while that percentage decreases to around 19% and 10%,
On the other hand, Figure 6b shows the azimuthal integration respectively, for the strain rates of 0.091 and 0.0091 ikt
in the region of h|gher ang|esy i_e_, the region of the amorphous_ is eVident, therefore, that the anomalous perpendicular orienta-
like halo of the mesophase. As commented above, this widetion is favored by the lower strain rates and the higher
peak appears split below and above the equator. Specifically,deformation temperatures.
the distribution curves in Figure 6b exhibit two maxima at The order parameters deduced from the azimuthal intensity
azimuthal angles of around 68nd 112. This is characteristic  distributions in Figure 9a are collected in Table 2, for both the
of a SmG: mesophase with consecutive mesogens in an parallel and perpendicular orientations. It can be observed that,
alternating antiparallel arrangeméftforming an angle of in general, the order parameter is higher in the case of parallel
around+21 or—21° in relation to the molecular axis. normal orientation, although rather high values of the order
Additional experiments were performed on liquid-crystalline parameter (around 0.9) are also obtained when the perpendicular
PH31B32 specimens, directed to analyze the conditions necesorientation is predominant.
sary to obtain, eventually, a perpendicular anomalous orientation Regarding the amorphous-like peak at wide angles, the
of the polymer chains. Several experiments were carried out atcorresponding azimuthal integrations are shown in Figure 9b.
different temperatures and rates of deformation, in samples of Again, the better “resolution” of the two split peaks reveals a
PH31B32 that were previously annealed for 24 h at 1T5 slightly better degree of orientation for the higher strain rate,
i.e., all of them exhibit from the beginning the SgGne- when parallel orientation is predominantly obtained. It is also
sophase. In all cases, the relative amount of each type ofinteresting to note that now the split spots of the amorphous-
orientation was determined from the X-ray diffractograms like halo are located at around 28bove are below the equator
obtained in the fibers stretched until a 300% deformation. (azimuthal angles of 64and 118) for the sample with parallel
The results show that appreciable amounts of perpendicularorientation, instead of the 2found before. It seems, therefore,
orientation are observed at deformation temperatures above 11@hat the tilt angle increases as the deformation temperature
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Table 2. Mechanical Parameters (Young Modulusk, and Yield Stress,ay) and Order Parameters for the Uniaxial Stretching at 120°C and
Different Strain Rates of Liquid-Crystalline Specimens of PH31B32; Both Parallel and Perpendicular Orientations Are Observed

deformation parameters order parameter

sample initial state T(°C) strain rate (min?) E (MPa) oy (MPa) parallel perpendicular
mesophase 120 0.91 6.2 0.45 0:50.01

mesophase 120 0.091 2.7 0.15 090.03 0.89+ 0.02
mesophase 120 0.0091 1.2 0.08 0490.02

increases. Moreover, this angle takes the value 6fa2gl 30 and overlapping with the isotropization of the mesophase.
in the specimens with predominantly perpendicular orientation Anyway, Figure 11 represents a fairly good mapping of the
(now at the right or at the left of the meridian), so that the tilting conditions for obtaining the two kinds of orientation, under the
of the mesogens in relation to the molecular axis is higher in present deformation protocol described in the Experimental Part.

this case. _ _ It is important to note that a very interesting aspect is deduced
Regarding the experiments when stretching at other temper-f,m Figure 11 when comparing to the behavior of other systems
atures, it has to be pointed out that above 12D the reported in the literature. In the present case, it is rather difficult

isotropization is beginning to occur, as reflected in Figure 2. 1, optain exclusively perpendicular orientation (rather easy to
Moreover, the forces involved are then so low that they cannot get the parallel one), while other reported systénisunder

be accurately measured by the dynamometer, so that@29  gjnijar deformation conditions, show the opposite behavior: it

the upper limit. , is necessary to stretch at very low temperatures (close to the
On the contrary, we have performed several experiments atgaqq transition) and at very high strain rates, to obtain

lower stretching temperatures. Three selected photographs are, ¢|sively the parallel orientation, while 100% of anomalous

shown n Figure 10. It can be obs.erved., flrs_t, that even at Very ,antation is easily produced at moderately higher temperatures,
low strain rates only parallel orientation is obtained when far away from the isotropization of the corresponding me-

Istretchlng at 105C. (_Fo(rj ttt]e lf])redsent sample geometr)é, (;%%GSophase. More information for other systems and conditions is
owest strain rate attained by the dynamometer is around 0.006, 004 to understand these different behaviors.

min~1, but we decided to stay slightly above that lower limit.) ) . . . .
The final aspect is the visualization of the mechanism for

However, a certain amount of perpendicular orientation is e ) . ! . -
produced when stretching at 12C and low strain rates, as obtaining either type qf orientation. The hlerarchlcal structure
observed in Figure 10. of low-ordered smectic mesophases of LCPs is reported to
All the relevant results for the different tested stretching consist of different level®-31 starting from the basic molecular
temperatures and strain rates are collected in Figure 11, wheredffangement with the mesogens organized into smectic layers.
each point represents the actual conditions of the experiment, The order in the arrangement of these smectic layers will be
and the number above them are the percentages of paraueplsturbed by thg a(_:cu_mulatlon of paracrystalline dls_tortlons, by
orientation deduced from the corresponding radial integrations. the random shift inside the layers, or by the regions where
From these values, the conditions for obtaining each type of Ségregated defects are concentraf@d: Anyway, layered packs
orientation can be approximately defined, leading to a region With correlation lengths of 18670 nm are presumed before those
(at “intermediate” stretching temperatures and strain rates) of interruptions. These dimensions are on the order of the extended
mixed orientations. The “lower” boundary of this mixed region chain length: considering the molecular weight and the length
can be defined rather accurately from these results, so that theof the repeating unit (see above), an extended chain length of
zone with exclusively parallel orientation is well-defined. around 100 nm is obtained for the present PH31B32 polymer
On the contrary, the region with 100% perpendicular orienta- Sample. Therefore, and as was shown before from the synchro-
tion is not so accurately defined, since, as commented above, ittron results of this polymétand of another polybibenzoate??
appears at those conditions of rather low strain rates and highit seems that the chain folding, if any, is not very extensive in
temperatures outside the detection limit of the dynamometer the smectic mesophase.

)
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Figure 7. Stress-strain curves corresponding to the uniaxial stretching Figure 8. X-ray diffractograms of the fibers after uniaxial stretching

of liquid-crystalline specimens of PH31B32 at 1ZDand with different
strain rates: 0.91 mirt (upper curve), 0.091 mit (middle curve),
and 0.0091 min* (lower curve).

(Figure 7) of liquid-crystalline specimens of PH31B32 at 20and
with different strain rates: 0.91 (a), 0.091 (b), and 0.0091 (o).
Fiber direction: vertical.
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Figure 11. Mapping of the conditions to obtain the two different types

of orientation in liquid-crystalline specimens of PH31B32, as a function
o (°) of stretching temperature and strain rate (for a final deformation of

. . . . . 300%). The points represent the conditions of the different experiments,

Figure 9. Results for the azimuthal integration, in the region of the with the percentage of parallel orientation above them.

layer spacing (a), and of the wide-angle amorphous-like halo (b), of

the X-ray photographs for the three specimens of PH31B32 in Figure

8 stretched at different strain rates: 0.91 mi(solid symbols), 0.091

min~! (open symbols), and 0.0091 min(continuous line). The origin Initial state:

for the azimuthal angle: has been taken in the meridian (stretching Domains randomly oriented

direction).

fiber ‘ " )
direction b4

105 °C, 0.0086 min™

O O

110 °C, 0.086 min™' 110 °C, 0.0086 min

Figure 10. Selected fiber X-ray diffractograms after stretching liquid-
crystalline specimens of PH31B32 at the indicated temperatures and
strain rates. Fiber direction: vertical.

Low temperature andior high
High temperature and/or sirain rate
low sirain rate Breaking and reorganization of

Crientation of domains domains

M lecular axes are perp Il.wul.ar‘ M lecular axes am p “‘m‘

The next hierarchical level is the assembly of those packs to _
defme_ dor_nams in the m|cror_1 s_|ze scale. In this struct_ure, ea_lch Figure 12. Schematic model for obtaining perpendicular (left pathway)
domain will have a characteristic order parameter, which varies o parallel (right pathway) orientation starting from idealized liquid-
slightly with position but may change very much (disclinations) crystalline domains. For better visualization, the domains have been
from one domain to the other, the global order parameter being pictured as well separated and rather regular.
the average of those of all domaihherefore, the order
parameter may be considerably high in a very local scale (insidethe deformation, so that the molecular axes are perpendicular
the domains), in contrast to the much lower value on a global to the stretching directionanomalous orientation
scale. On the contrary, in the case of high strain rates and/or low

We can, therefore, envisage the initial structure of our smectic temperatures, the domains will not be able to follow the
polymer as composed of domains randomly oriented but with deformation, and presumably, they will broke apart and
a rather “regular’ order parameter inside the domains, as reorganize into some kind of fibrillar structure, ending with the
depicted in the upper part of Figure 12. (The domains have beenmolecular axes parallel to the direction of deformatiowrmal
pictured as well separated and rather regular, for better Orientation as in the right pathway of Figure 12.
visualization, and with a perfect order inside.) If it is assumed Irrespectively of the deformation mechanism, it has been
that the dimensions of the domains in the lateral directions are shown that it is relatively easy to design the deformation
considerably larger than in the direction of the molecular axis, conditions in this PH31B32 liquid-crystalline polymer in order
it seems reasonable to expect that in the case of low strain ratego obtain either type of deformation or a mixture of them. If
and/or high deformation temperatures, these domains will be we consider that the best mechanical properties are always in
able to slide through the disclinations and reorient in relation the molecular axis directionit means that fibers can be prepared
to the direction of deformation, following the left pathway of with a tailored balance of properties in the directions parallel
Figure 12 and ending with the largest dimension oriented with and perpendicular to the fiber axis, although, evidently, the
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