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Electron microscopy of non-periodic layer
crystallites in thermotropic random copolymers
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Transmission electron microscopy (TEM) has been used to characterize non-periodic layer
crystallites in thermotropic random copolyesters composed of 4-hydroxybenzoic acid and
2-hydroxy-6-naphthoic acid. The crystallites are most clearly observed when imaged in the
equatorial reflection, indicating that they are associated with intermolecular ordering. The crys-
tallites appear to be platelets with their thin axis parallel to the molecular chain axis. Crystallite
growth is highly dependent on thermal history and occurs to a significant extent during the
early stages of annealing above the glass-transition temperature in the solid state. Long-term
annealing of the copolymers results in an increase in the number of crystallites, as well as
sharpening the diffraction pattern. The extent of lateral development of the ordered regions
also depends on the degree of polymerization (DP), being greater for a copolymer of lower

DP.

1. Introduction

Some aromatic homopolyesters, such as those derived
from 4-hydroxybenzoic acid (HBA) or 2-hydroxy-6-
naphthoic acid (HNA) residues, retain their stable
crystalline structure up to the temperature where they
decompose, thereby making them intractable from a
thermal processing standpoint. The problem is allevi-
ated by building copolymers from the parent mono-
mers, which have lower melting points and, of course,
reduced crystallinity. The random copolymer mol-
ecules are sufficiently rigid and straight to exhibit
liquid-crystalline characteristics between their melting
point (&300°C) and decomposition temperature
above 400°C.

Several investigators {1-5] have reported aperiodic
meridional X-ray diffraction maxima which are shown
to be indicative of a true random copolymer, but the
presence of a well-defined equatorial reflection (and
sometimes off-equatorial ones) suggests a finite degree
of crystalline order [6, 7]. In fact, Butzbach et al. [8],
using X-ray analysis, have estimated that the degree of
crystallinity in an HBA-HNA (58:42) copolymer
could exceed 60% after very long anneal times,
whereas Blundell [6] has measured 21% crystallinity in
a similar (40 : 60) copolymer. The concentration of the
first of the aperiodic intrachain maxima on the meri-
dian, especially after annealing, has been interpreted
in terms of a model in which similar but non-periodic
sequences on neighbouring chains are in register [9].
Ordered regions formed in this way are referred to as
non-periodic layer (NPL) crystallites and are shown
schematically in Fig. 1.

After the conception of that initial scheme, Hanna
and Windle [10] investigated and made predictions for
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the geometrical limitations on ordering in liquid-crys-
talline copolymers varying in both composition and
molecular weight, and Golombok ez al. [11] have
demonstrated for a point model that NPL crystallites
are consistent with the observed intensification of the
meridian at the first intrachain layer line. The first
direct observation of these crystallites was reported by
Donald and Windle [12]. Using an annealed HBA-
HNA (70: 30) copolymer, the crystallites were imaged
in dark-field TEM and appeared as platelets about
100 nm long and 20 nm thick in the chain direction.
Further visual evidence of NPL crystallites has since
been reported [5] in an etched sample of HBA-HNA
(75:25) copolymer of lower molecular weight.

The objectives of this work are to use TEM imaging
and image-analysis techniques to further an under-
standing of NPL crystallites in thermotropic random
copolymers and to characterize the morphology of
these crystallites in terms of processing conditions and
molecular weight.

2. Experimental methods
The copolymers used here have been provided by the
Hoechst-Celanese Corporation (Summit, New Jersey,
USA) and are composed of 75mol% HBA and
25mol % HNA, as given below:

[HOOC~@OHL75 + [HO_COOH ]

For convenience, this classification of copolymer will
be hereafter denoted B-N. The high-molecular-weight
(HMW) sample has a degree of polymerization (DP)
of about 150, and the low-molecular-weight (LMW)
one has a DP of approximately 25.
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Figure 1 Schematic representation of a non-periodic layer (NPL)
crystallite in a thermotropic random copolyester. These crystallites
are the result of Jongitudinal register of adjacent identical sequences
of monomer units.

To obtain specimens that are electron-transparent
in conventional TEM, a variation of the method for
producing ultrathin sheared films used by Donald and
co-workers [12-17] was employed (see Fig. 2). Small
sections of copolymer were cut from the pellets received
and were placed on freshly-cleaved NaCl. The tem-
perature of the specimen and substrate was increased
to a designated temperature (7,) at which shearing
commenced. Once the sample had reached the tem-
perature, it was quickly sheared with a freshly-
sharpened razor blade and immediately quenched to
0° C on an aluminium block to “freeze in” the molecular
orientation [18]. Unlike the previously used method of
Donald and co-workers [12-17], the resulting films
were then scored into sections that would fit on to
the TEM copper grids, and the rocksalt substrate was
dissolved prior to subsequent annealing in order to
avoid substrate effects, such as surface-driven homeo-
tropy [15]. After the ultrathin films, typically measuring
about 100 nm thick, had been picked up on 100 x 200
mesh folding grids, they were annealed in an inert
nitrogen atmosphere at a temperature (7,) above the
glass transition temperature (7, ~ 190°C) in the
solid state for a desired length of time (z,). The films
were then carbon-coated to improve their stability
under the electron beam.

To minimize radiation damage of organic crystals,
a Jeol JEM 2000-EX transmission electron micro-
scope, equipped with a high-resolution polepiece and
LaB filament, was operated at 200keV. The dia-
meters of the condenser and objective apertures were
set at 300 and 20 + 5 um, respectively, and selected-
area electron diffractograms (SAEDs) were obtained
using a nominal camera length of 120 cm and a 300 um
field-limiting aperture. Dark-field imaging conditions
that permitted successful recording of crystallites were
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Figure 2 lllustration of the technique used for preparing ultrathin
films of B-N copolymers suitable for conventional TEM study. The
temperature at which the shearing is performed is denoted 7.
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limited primarily by the radiation sensitivity of the
crystallites themselves [19]. Consequently, the optimal
magnification range for observing (focusing) and
recording the crystallites in the HMW copolymer was
kept between 8000x and 10000 x, but this was
reduced to 6000 to 8000 x for the LMW material.
Most micrographs presented here were acquired by
using low dosages and “‘shooting blind” (i.e. focusing
on one area and then recording an adjacent, undam-
aged region). Information on the radiation sensitivity
of the crystallites was obtained by recording the cur-
rent beam density of a bright-field image on the small
viewing screen in the microscope and the time of
exposure to the electron beam. Assuming an ideal
electron collection efficiency at the screen, the resul-
tant electron density in the sample plane was deter-
mined by the general method described in the litera-
ture [20-22].

Microdensitometry was performed using a Joyce-
Loebl digital scanning microdensitometer (Technical
Operations, Inc., Burlington, Massachusetts, USA) set
on a 100 um spot size. Measurements and contour map-
ping of the resulting images, which typically occupied
frames of 512 x 512 pixels, were performed using the
Semper VI image analysis algorithm by Synoptics Ltd.

3. Results
3.1. Imaging of crystallites from the HMW
copolymer

All of the micrographs in this section were obtained
from samples sheared in the fluid mesophase, with
T. = 310°C, and subsequently annealed for a short
time (¢, = 30min) at a temperature above the T, in
the solid state (T, = 200°C). A typical SAED pattern
obtained from a region about 2.5 um in diameter from
the HMW B-N copolymer is presented in Fig. 3. It is
clearly evident that the average molecular orientation
is well aligned in the direction of the shear (vertical).
The third meridional reflection is more laterally dif-
fuse than the first, suggesting some degree of imperfec-
tion in the longitudinal register between the chains in
the crystallites [11]. Measurement of the meridional
reflection spacings shows that the position of the third
peak is not a simple multiple of the first, with the ratio
of scattering vectors between the first and third along
the meridian being approximately 0.32. The signifi-
cance of this fact is that the intrachain spacing is
aperiodic, i.e. the copolymer is indeed random, in
agreement with other reports on this material [1-5, 9,
11}.

Fig. 4 is a series of electron micrographs taken from
different regions of the specimen on account of radi-
ation damage and imaged using selected areas of the
back focal plane, as illustrated in Fig. 4a. Fig. 4b is
thus the bright-field (BF) image, and Figs 4c¢ to f
demonstrate dark-field (DF) microscopy: the equa-
torial reflection (labelled ¢ in Fig. 4a), the “wing”
off-axis region (d), the intrachain meridional region
(e) and the third meridional reflection (f). DF imaging
utilizing the first meridional spot was severely hin-
dered by the proximity of the reflection to the centre
beam spot and by its relatively rapid fading during
irradiation.
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Figure 3 Selected-area electron diffractogram (SAED) of the HMW
B-N copolymer demonstrating the orientation of the molecular axis
(vertical), the randomness of the molecular chains (aperiodic meri-
dional maxima), and the finite degree of lateral ordering (equatorial
reflections).

To maintain the same level of radiation damage and
thereby facilitate comparison between the micro-
graphs in Fig. 4, the regions recorded were all free
from previous radiation damage and were exposed to
similar radiation doses over the course of being
recorded. An example of a BF image of the HMW
B-N copolymer is presented in Fig. 4b. Contrast vari-
ations in this mode of imaging are principally due to
variations in atomic composition or specimen thick-
ness. Since the composition of this copolymer is
expected to be uniform, thickness variations are likely
to be responsible for contrast observed in BF micro-
graphs, with the darker regions representing thicker
areas of the specimen. These variations are quite use-
ful in determining the direction of shear, which will be
kept vertical in all of the micrographs presented in this
work.

The DF image shown in Fig. 4c was acquired by
tilting the beam so that the central region of the
equatorial reflection was centred in the objective aper-
ture. Bright features, measuring approximately 20 nm
thick and 60 nm long, appear to be oriented with their
short axes paralle! to the shear direction, which is
confirmed to be the molecular chain axis [23] by the
diffraction patterns. Since the bright features are seen
only in DF images, they would appear to be the
diffracting entities producing the sharp diffraction
maxima, such as the equatorial reflection, in the
SAED pattern and therefore demonstrate the presence
of crystalline order. Since these entities are discrete
and spaced at irregular intervals, it is reasonable to
conclude that they may very well be NPL crystallites.
Indeed, their disposition is strikingly similar to the
modelling predictions of Hanna and Windle [10].

Fig. 4d shows the results of imaging in the off-axis

“wing” region of the equatorial reflection. Orientation
contrast is paramount, and a-banded texture [13, 14, 17]
is revealed with a periodicity, measured along the
shear direction, of about 0.24 yum. When the beam is
tilted to the region between the meridional maxima (e
in Fig. 4a), the resulting DF image (Fig. 4e) also
displays diffracting structure oriented normal to the
shear direction. Although not nearly as pronounced
or regular as the bands, part of this observed pattern
is on the same size scale as that of the bands, while
there is a distribution of diffuse spots in the back-
ground (which are not as sharply defined as the crys-
tallites in Fig. 4¢). Upon tilting the beam further along
the meridian so that the centre of the third meridional
arc is centred in the objective aperture, very little
contrast is seen in the DF image (Fig. 4f). Dark patches
do suggest the presence of areas that are not contrib-
uting to this diffraction arc.

It must be pointed out that Figs 4d to f have had
their contrast enhanced to facilitate viewing of low-
contrast structure. Intensity measurements of struc-
tural features in the corresponding digitized micro-
graphs reveal that the crystallites in Fig. 4c are
approximately 21% more intense than the back-
ground, whereas the diffracting structures in Figs 4d
and e exceed the background level by about 12 to
13%. Contrast variations in Fig. 4f do not differ by
more than 3%.

The failure to image the entities in the much weaker
meridional reflections, or even in BF, is considered
to be an experimental problem associated with the
resulting beam damage of the polymers and should
not be interpreted in terms of a lack of correlation
between the laterally sharp meridional reflections and
diffracting entities. Indeed, recent studies [24] of a
closely related but more beam-resistant polymer have
demonstrated the presence of crystallites in both DF,
in the meridional reflections as well as in the equa-
torials, and in BF. The fact is clear that the small
entities are only imaged in strong, sharp features of
the diffraction pattern. This point, coupled with the
observation that the diffraction maxima fade at much
the same rate upon irradiation, strongly indicates that
they represent crystals.

3.2. Crystallite characteristics

Since these NPL crystallites are observed only when
the equatorial reflection is used for DF imaging, the
remaining micrographs in this work will be DF images
utilizing this particular reflection. Thickness vari-
ations in the sample can, however, be detrimental to
the clarity of the crystallites, with thicker regions
superimposing many potential images. Fig. 5 demon-
strates the result of tilting the specimen 20° along a
single-tilt axis within the microscope. In this case, the
tilt axis is estimated to be about 53° from the shear
direction. The crystallites, still oriented normal to the
shear direction, appear thicker than those seen earlier
and measure about 30 nm thick and 60 nm long. The
variation in crystallite shapes between Figs 4c and 5
(which were both from the same specimen) is indica-
tive of the crystallites being plate-like, since tilted
projections would simply expose more of the crystallite
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Figure 4 (a) Schematic diagram of the SAED typically exhibited by the B-N copolymer showing the locations of the objective aperture in
DF imaging (as described in the text). (b) A BF electron micrograph, using the central beam spot in (a). The remaining micrographs were
acquired by DF imaging in (c) the equatorial reflection, (d) the off-axis “wing™, () the intrachain region and (f) the third meridional arc.
The small SAED schematic diagram on each micrograph designates which region is responsible for the DF image. Contrast enhancement
of Figs 4d to f, necessary to facilitate the viewing of low-contrast structure, is discussed in the text.

surface to the electron beam, as is seen in Fig. 5. Asin
Figs 4d to f, the contrast has been slightly enhanced in
this micrograph (Fig. 5) due to the loss of contrast
attributable to the increased sample thickness in the
direction of the electron beam. Here, the average crys-
tallite intensity exceeds the background intensity by
about 19%.

The relationship between these crystallites and the
banded texture is seen in Fig. 6. It is of interest to note
that the crystallites, lying normal to the local mol-
ecular director, appear to be absent from banded areas
which are almost completely non-diffracting (dark).
These dark regions are arcas where the structure is
misoriented and would diffract into the wings of the
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equatorial diffraction peak, which are not included in
the aperture. The absence of crystallites in these
regions would imply that they are misoriented in con-
cert with the matrix.

3.3. Effect of thermal history

In this section, the effect of varying these factors is
examined. The micrographs presented in Fig. 7 have
all been obtained from samples keeping T, = 310°C.
In Fig. 7a, the image reveals the results of shearing
and immediately quenching a specimen without any
subsequent annealing. The presence of crystallites,
although not as well-formed as those previously seen,
is in accord with differential scanning calorimetry,



Figure 4 Continued.

which suggests that quenching is unable to suppress
crystallization in these materials.

Annealing specimens such as the one shown in Fig.
7a for 30 min at 7, = 200° C results in the crystallite
structure observed in the previous micrographs and is
presented in Fig. 7b for the sake of comparison. Long-
term annealing (¢, = 480 min) at the same T,, as is
seen from Fig. 7c, appears to increase the number
density of crystallites (i.e. the number of crystallites
per unit area observed), and there is some indication
that the crystals are slightly thicker. It should also be
noted that there is no evidence of large-scale crystal
growth. However, as is expected [1], the degree of
crystallinity in the long-annealed sample presented in
Fig. 7c is estimated to be significantly higher than that

Figure 5 DF image of a sample that has been tilted 20° along a
single-tilt axis within the electron microscope. The tilt axis is shown
in the SAED insert.

in the short-annealed one in Fig. 7b; but the increase
is not as dramatic as the crystallite formation during
the short-term anneal, indicating that most of the
primary crystallization occurs during short time spans
of annealing above T,. Annealing a specimen at a
higher temperature (7, = 250°C) for 60 min yields
the crystallites observed in Fig. 7d. The primary dif-
ferences between the crystallites acquired by annealing
at 200° C and those obtained at T, = 250° C, with the
latter averaging about 20 nm thick and 80 nm long, are
the clarity and increased length of those annealed at the
higher temperature. When 7', is increased even further

Figure 6 DF micrograph demonstrating the relationship between
the supramolecular “‘banded” texture and NPL crystallites. The
dark bands correspond to regions of maximum misorientation
about the shear axis. It is significant that few crystallites are imaged
in these regions, confirming that there is close correlation between
the molecular chain axes in the crystals and the matrix.
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Figure 7 DF images of an annealing sequence of HMW samples sheared at 310°C. (a) The sample received no subsequent annealing. (b)
Annealing for 30 min at 200° C results in a significant increase in crystallites. (c) Extended annealing for 480 min produces a continued, but
more moderate, increase in the crystallite population. (d) Increasing T, to 250°C and keeping 1, = 30 min yields crystallites which appear
somewhat thinner and longer than those in (b).

still to 300° C (which is above T,), the ultrathin films
can no longer maintain sufficient structural integrity
and collapse into fibrils that are not electron-transparent.

The micrographs seen in Fig. 8 are obtained from
samples where T, has been increased to 350°C
(approximately 60 to 70°C above their 7,). A small
volume fraction of comparatively long crystallites is
apparent in the samples which were unannealed, as
shown in Fig. 8a. Increasing the annealing time to
30 min at 200° C (Fig. 8b) and 250° C (Fig. 8c) results,
once again, in a large increase in the crystallite popu-
lation. As in the previous case (when T, = 310°C),
long-term annealing does not significantly alter the
crystallite morphology but does increase the degree of
crystallinity.
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3.4. Effect of molecular weight

A typical SAED of the LMW B-N copolymer is pre-
sented in Fig. 9. As has been reported elsewhere {5],
the positions of the principal meridional and equa-
torial reflections are the same as those observed in the
HMW analogue; however, the material is not as well
oriented. Off-axis reflections have been observed in
diffraction patterns of this material, suggesting three-
dimensional crystallinity; this issue, however, is to be
discussed elsewhere [25].

DF imaging in the centre of the equatorial reflection
once again results in the appearance of diffracting
entities, as seen in Fig. 10. The crystallites in Fig. 10a
differ considerably from those exhibited by the HMW
copolymer, by appearing a little thinner but considerably



longer, averaging approximately 10 nm thick and 200
to 300nm long. The length of these crystallites is
almost 3 to 5 times the length of those seen earlier in
this work for the HMW copolymer. Their thickness is
of the order of the molecular length (x~ 16.5nm) but
varies more or less at random along the crystallite
length. The “dark™ discrete features which appear in
Fig. 10 are presumed to be crystallites diffracting out-
side the aperture and are discussed later.

It should be noted that Fig. 10a and an enlargement
presented in Fig. 10b (which clearly shows the jagged
edges of the crystallites) represent the copolymer
sheared well below its T, (=280 to 290°C) at
T, = 200° C and subsequently annealed for 30 min at
the same temperature. Under these conditions, which
are identical to those used by Donald and Windle [12]
to obtain crystallite images in an HMW 70:30 B-N
copolymer, the act of shearing is actually conducted
against a solid, rather than against a fluid. Shearing

Figure 8 Annealing sequence of DF micrographs when 7, is
increased to 350°C. (a) Crystallites persist even when ¢, = Omin.
Subsequent annealing for 30 min at (b) 200 and (c) 250° C results in
a significant crystallite population.

above T, followed by annealing at T, < T, results
in crystallites more structurally similar to those seen in
the HMW material but still remaining significantly

longer [25].

4. Discussion

According to Sawyer and Grubb [22], the three most
important classes of liquid-crystalline polymers include
the aromatic polyamides, the “rigid rod” polymers,
and the aromatic copolyesters. The first two categories

- refer to lyotropic polymers, which require the presence

of a solvent to exhibit liquid-crystalline flow charac-
teristics; the last refers to a class of liquid-crystalline
polymers that can be thermally processed in a meso-
phase melt. Studies of poly(phenylene terephthal-
amide) (PPTA) [26], the Kevlar aromatic polyamide,
and of poly(p-phenylene benzobisthiazole) (PPBT)
[27], an example of a ‘“rigid rod” polymer, have
revealed the presence of crystallites, oriented along the
molecular axis, in these materials. Recently, investi-
gations of Mazelet and Kléman [28] have shown that
crystallites also form but appear normal to the mol-
ecular axis in a thermotropic homopolyester exhibiting
a nematic phase. However, the crystallites first imaged
by Donald and Windle [12] and now characterized
here are unique in that they form in a random ther-
motropic aromatic copolyester.

Despite variations due to the processing conditions
mentioned earlier, the average crystallite size in the
HMW B-N copolymer is approximately 20 nm thick
(in the chain direction) and 60 nm long, in agreement
with the previous report [12]. It should be emphasized,
however, that the crystallites reported here for the
HMW material are obtained when samples of the
copolymer were (i) sheared above its T, and (ii)
annealed in the absence of any substrate. The presence
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Figure 9 SAED of the LMW B-N copolymer, exhibiting reflections
similarly spaced [5] as in Fig. 3. The arcing of the equatorial reflec-
tion in particular is indicative of a broad distribution of lateral
periodicities.

of a substrate has dramatic effects on microstructural
growth in ultrathin polymeric films, especially if the
specimen thickness is of the same magnitude as the
chain length. The most important of these effects in
B-N films undergoing annealing is homeotropy, in
which a polymer chain tends to orient normal to the
substrate surface [15]. The presence of the KCI sub-
strate during annealing may explain why crystallites
were not noticed [12] in specimens that had been
sheared at 300° C or higher. In addition, the domains,
boundaries and veins reported [15-17] for B-N
copolymers annealed on KCI are not observed in the

films of the HMW copolymer produced here. Prob-
lems associated with the absence of any supportive
substrate, such as film retraction [17], have not been
encountered in this study during annealing at tem-
peratures more than 50° C below the T, of the copoly-
mer, although some evidence of twisting [16] may be
evident in the LMW material [25].

The most significant hindrance in obtaining elec-
tron micrographs representative of the crystallite mor-
phology and population has been the radiation sensi-
tivity of the copolymer to the electron beam. While a
detailed study of this effect will be presented elsewhere,
it is worth noting the dose levels used in this work, as
estimated from knowledge of the current beam density
at the image plane and the calibrated magnification
[21, 22]. Assuming an ideal screen collection efficiency,
the doses of the BF image (Fig. 4b) and DT images
(Figs 4c to f) are of the order of 660 4+ 200Cm™>.

Radiation damage in organic crystals is responsible
for crystalline diffraction spots fading and/or
broadening with dose and is, consequently, more
apparent in DF imaging than in BF [19]. According to
Grubb [20], intramolecular spacings tend to persist
longer than crystalline order during irradiation. The
observed rapid broadening of the principal equatorial
reflection is consistent with this trend. The first meri-
dional reflection becomes engulfed in an enlarging
central halo, while the third meridional arc remains
the longest and eventually spreads to a full halo. In the
case of the HMW copolymer, the crystallites are noted
to always fade before the conclusion of the recording
step; thus, there is an inherent degree of distortion in
the micrographs, even though operating at 200 keV
reduces the radiation damage in organic specimens by
about 37% compared with 100keV [21]. A reduction

Figure 10 DF micrographs of the LMW B-N copolymer as imaged in the equatorial reflection. (a) Crystallite orientation in a sample which

was both sheared and annealed at 200° C (approximately 80° C below its T,

of (a).
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). (b) Morphology of individual crystallites in an enlargement
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in the magnification necessary to observe crystallites
in the LMW material has allowed the use of lower
doses, resulting in the retention of some crystallite
structure beyond a single exposure.

The observation that the fading of the diffracting
entities is correlated with the broadening of the equa-
torial halo supports the conclusion that it is organic
crystals that are being imaged, albeit imperfect ones.
The annealing sequence (Fig. 7) of the HMW copoly-
mer sheared at 310° C and annealed at 200° C provides
insight into crystallite formation. Even without subse-
quent annealing, the sheared sample in Fig. 7a exhibits
some crystalline order, which is the result of cither (i)
crystallite preservation beyond T,,, (ii) crystallite for-
mation during the shearing action, or (iii) crystallite
formation during the rapid quench. Although it has
been demonstrated [9] that crystalline order in these
copolymers can be increased by shearing, evidence
also exists [6] that some crystallization occurs even in
samples that have been quickly quenched. Annealing
a sheared specimen for even a short period of time at
200° C (Fig. 7b) results in a drastic increase in crystal-
lites. Long-term annealing is seen to produce more
crystallites but does not seem to alter significantly the
crystallite morphology, as is evident from Fig. 7c.
Thus, it can be reasonably concluded that the crystal-
lites undergo significant development during the early
stages of annealing, suggesting that the formation of
these physical crosslinks hinders the translational
motion of adjacent chains necessary for further lateral
sequencing. This observation supports the nucleation
model proposed by Blundell [6], in which the initial
formation of crystallites hinders chain diffusion,
thereby retarding crystallite growth and crystalline
perfection. Crystallization in these copolymers has
also been explained [8] in terms of a two-step process,
the first of which is fast and occurs on the order of
seconds and the second of which is very slow (of the
order of 107 sec).

Attempts at discerning the crystallization in B-N
copolymers from X-ray analysis have resulted in esti-
mates of 21% in a 40: 60 copolymer [6] to 30 to 60%
(depending on annealing conditions) for a 58:42
sample [8]. However, it is difficult to gquantify the
crystallinity of the HMW copolymer in this study
from electron micrographs; suffice it to say that it is
probably as high as 15% and certainly much less than
50%.

It is apparent from Fig. 10 that the crystallinity is
higher in the LMW copolymer than in the HMW
analogue. According to the predictions made by
Hanna and Windle [10], the crystallinity is expected to
increase as the DP decreases, due to facilitated lateral
alignment of the shorter chains. Since the NPL crys-
tallites in Fig. 10 seem to be located in one of the
thinnest regions of the ultrathin film, it is reasonable
to estimate a crystallite separation distance. Before
doing so, though, the nature of the “dark™ entities
observed in that micrograph must first be discerned.

One possibility is that the dark entities observed
here, also seen in a closely related material [24], may
indicate the presence of microtears. However, micro-
tears normally lie in the direction of shear and exhibit

fibrillar detail and are visible in BF imaging. The dark
entities in Fig. 10 lie normal to the shear direction and
are not observed in BF.

The remaining possibility with regard to the nature
of these entities, which tend to appear in samples
cither sheared below T, or sheared above T, and
annealed for long periods of time, is that they are
crystallites diffracting outside the objective aperture.
This may occur when some of the comparatively long
equatorial arc due to crystallites lies outside the objec-
tive aperture. Another conceivable explanation for the
absence of diffraction inside the aperture is that the
molecules in the non-diffracting crystallites have some
preferred orientation along the axis of the electron
beam, similar to some of the supramolecular struc-
tures reported elsewhere [16, 17]. In either case, the
dark entities dispersed between the diffracting crystal-
lites are also believed to be crystallites diffracting
outside the microscope aperture. Including them in
the crystallite population of Fig. 10 yields an average
separation distance of 75nm, with a corresponding
crystallinity of approximately 13%, assuming a film
thickness equal to that of the crystallites (10 nm). It
should be borne in mind that this value could still be
an underestimate, since some crystallites may have
been lost through damage during irradiation, even at
the lower magnification employed. Hence, this value
of the crystallinity is not thought to be inconsistent
with an earlier value of 21% [6] or model predictions
in the region of 20% [10].

5. Conclusions

The aim of this work has been to characterize the
crystallites that develop in two thermotropic random
copolymers with the same composition but different
molecular weights. Crystallites in the HMW material
are observed clearly only when the centre of the equa-
torial reflection is used for the DF imaging. Failure to
image the crystalline entities in BF or in DF using the
weak meridional maxima as sources of diffraction
contrast is attributed to the beam sensitivity of the
polymers. Unlike crystallites found in other liquid
crystalline polymers [26, 27], the randomly distributed
crystallites observed here, typically measuring 20 nm
thick and 60 nm long, are oriented normal to the shear
direction, i.e. the molecular chain axis. The fact that
they are identified with aperiodic meridional maxima
indicates that they are the non-periodic layer crystal-
lites referred to in the literature [5, 9-12].

It has been found that shearing up to 60 to 70°C
above the T, of the copolymer (in the fluid meso-
phase), followed by a rapid quench to 0°C, does not
preclude the existence of these crystallites, although
subsequent short-term annealing (¢, = 30min) above
T, in the solid state results in a noticeable increase in
their number. Extended annealing (7, = 480 min)
yields a further increase in the crystallite population
and in overall crystallinity, but the changes are less
pronounced in terms of the crystallite morphology.
Annealing at temperatures close to the melting point
is seen to produce crystallites which appear thinner
and longer than those found after lower-temperature
treatments.
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The LMW analogue exhibits a higher crystallinity
than the HMW material, with crystallites typically
measuring 10 nm thick and 200 to 300 nm long. Shear-
ing below and above T, produces crystallites that vary
considerably in both structural detail and population.
An estimate of the crystallinity in the LMW copolymer
sheared and annealed below T,, based on an apparent
crystallite separation distance of 75 nm, is 13%, which
1s consistent with the predictions of Hanna and Windle
[10].
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