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Surface controlled crystallization of
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Epitaxial crystallization of poly(tetramethylene terephthalate) from dimethyl phthalate
solution on alkali halide crystals has been studied using electron microscopy and electron
diffraction techniques. Rod-like crystals oriented in the {110) directions of the substrate
were found to form at short crystallization times. At longer times, however, lamella-fike

crystals, which were nucleated at the sides of the rod-like crystals, grew in directions
dictated by the substrate. Besides the normal bidirectional orientations induced by the
substrate, the polymer crystals showed twinning which was found to be due to the

triclinic lattice structure of the polymer.

1. Introduction
This paper reports our initial attempt to study
morphological changes which accompany stress-
induced phase transitions in poly(tetramethylene
terephthalate) (PTMT). PTMT has become a
subject of interest over the last few years as it
became evident that many of its useful properties
are related to a stress-induced reversible phase
change which can take place [1]. The structures
of the two known phases (a: relaxed, §: under
strain) have been studied in detail [2—5]; and
although there are some discrepancies on the
iattice parameters of the p-phase, there is almost
a general agreement with respect to the lattice
parameters of the a-phase, as is shown in Table 1,
Stambaugh er al. [6—8] re-examined the §-
phase crystal structure of PTMT using X-ray and
infrared techniques and confirmed values given
by Mencik [3]. Therefore, in the present work
{although it does not change any conclusion}
the B-phase lattice parameters given by Mencik
were used.

2. Experimental details

In order to carry our morphological studies of
PTMT, it is necessary to have well defined single
crystals of this polymer. However, due to the
stiffness of the chain backbone, it is almost
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impossible to grow a large enough single crystal
for direct mechanical testing.

Epitaxial crystallization of PTMT from a
dilute solution on alkali halides seems to be an
appropriate approach for production of a thin
film of oriented single crystals. The epitaxial
method is well known to produce crystalline
films from hard-to-crystallize materials. A group
of oriented crystals of PTMT would show the
same behaviour as a larger single crystal would
show to an applied strain. Further an unaxial
strain can be applied in thin films merely by
pulling the supporting film. The phase transition
rate can be controlled by the draw direction,

Since epitaxial crystallization of PTMT has
not been studied before, some preliminary experi-
ments were run to identify an acceptable solvent.
Nitrobenzene and dimethyliphthalate were found
to be suitable solvents and the latter was chosen
for safety reasons. In the course of experi-
mentation, three different polymer concentra-
tions, i.e. 0.01, 0.05 and 0.3%, were ured and we
observed that the higher the concentration, the
higher the nucleation density and the initial
growth rate. This is in accordance with previous
observations {9]. Experiments were carried out
using KI, KBr, NaCl and KCl substrates at the
same polymer concentration and temperature.
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TABLE I Unit cell data

Reference a (nm) b (nm) ¢ (hm) a® g° ¥° Volume (nm?)
Menchik

[2] 0483 0.596 1.162 99.9 1152 111.3 0.2600
Yokouchi

etal. [3] 0483 0.594 1.159 99.7 115.2 110.8 0.2604

Hall and

Pass [4] 0.489 0.595 1.167 98.9 116.6 110.9 0.2628
Desborough

and Hall [5] 0.487 0.599 1.167 99.8 116.2 110.9 0.2629

On the basis of the growth rate, the amount of
growth after 30 min and the nucleation density,
KCl was found to be the best substrate. Changing
the substrate had no effect on the phase of PTMT
produced. The crystallizations were carried out
by cleavage of the salt at the crystallization tem-
perature in the solution. This provided two fresh
surfaces for adsorption at a well-controlled starting
point.

Epitaxial crystallization of PTMT, therefore,
was carried out using solutions of 0.05wt%
polymer in dimethylephthalate on KCl at different
temperatures. The resulting films were Pt/C
coated, removed from the surface by substrate
dissolution in water and picked up on the water
surface by copper EM grids. These grids were
examined in the bright field and diffraction
modes using a Jeol 100B transmission electron
microscope. The result of these experiments
follows.

3. Results and discussion

At the temperature range from 170°C to the
melting point of PTMT, ie. 228°C, sporadic
nucleation and deposition of the polymer on the
substrate takes place (Fig. 1). Results show that
although the deposited material is to some extent
oriented in both of the {110) directions of the
substrate, diffraction patterns could not be
obtained. This is probably due to the thinness
and poor crystallinity in these samples. This
behaviour has also been observed from other
polymers like polyethylene [10] when the high
molecular weight fraction is preferentially
adsorbed.

At a temperature range from about 150 to
170° C, rod-ike crystals were observed to grow
in the {110) directions of the salt. The lower
the temperature, the thicker these crystals grew
in a given time period. Fig. 2a shows crystals
grown on KClI at 155° C for 30sec and Fig. 2b

Figure 1 Flectron micrograph
of high molecular weight PTMT
epitaxially crystallized on KClI
for Smin at 190° C. Amrow
points in the substrate (110)
direction.



is the diffraction pattern of the same area. It
is evident that the chain axis of the molecules is
parallel to the (100) plane of the substrate and
aligned in two directions 90° apart, i.e. the
(110 and {110} directions.

At longer times, the rod-like crystals grow
as thick as 50nm without any change in width
but, most important, the molecules start crystal-
lizing with their chain axes perpendicular to the
surface, giving rise to lamella-like crystals (Fig.
3a). Fold surface epitaxy (FSE) secems to be a
more descriptive term for this type of growth
in contrast with. fold plane epitaxy (FPE) which
describes rod-like crystals (Fig. 4). These terms

Figure 2 (a) Electron micro-
graph of PTMT epitaxially
crystallized on KCl for 30sec
at 155° C. Arrow points in the
substrate (110) direction. (b)
Electron diffraction pattern and
indexing scheme obtained from
PTMT rod-like crystals shown
in Fig. 2a,

refer to the top plane of each crystal. FSE has
the fold tips in this plane, whereas FPE has the
chains in this plane. Dense nucleation and growth
at 150°C led to rows of highly oriented FSE
lamellae (Fig. 5).

Close examination of the diffraction patterns
show the FSE nucleation takes place such that
the b-axes of the two types of crystals fall in
the same direction.

The nucleation and growth of the FSE crystals
on the substrate, has been observed in other
gystems [11, 12] but so far has been misinter-
preted as a “collapsed” or “toppled over” part
of overgrown rod-like crystals. What is common
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Figure 3 (a) Electron micrograph of PTMT epitaxially crystallized on KCI for §min at 155° C. Arrow points in the
substrate (110) direction. (b) Electron diffraction pattern and indexing scheme obtained from PTMT lamella-like

crystals shown in Tig. 3a.

among those situations is that for one reason or
another, rod-like crystals do not cover much of
the surface of the salt and polymer molecules
find it easier to nucleate and grow at the sides
of the overgrown rod-like crystals with their
chain axes perpendicular to the surface rather
than merely grow on top of the few existing
sites. ’
As to the morphology of the rod-like crystals,
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they accept a feather-like pattern with a central
line along the FPE rod. Closer observations show
that each rod-ike crystal is composed of smaller
entities (Fig. 6). Diffraction patterns show that
besides orientation in the (110) and (1T0) direc-
tions, there is a twinning which occurs along the
(010) plane. This twinning happens because the
crystals which are growing with their c-axes
in the (110} direction have two equally possible



directions for the b-axis. This double orientation
of the molecules might be the reason for the
observed discontinuity in the morphology of
the rod-like crystals (Fig. 6).

FSE crystals, because of how they nucleate,
accept the orientations associated with the FPE
crystals plus a double orientation with respect
to the (100) plane. This happens again for the
same reason, i.e. in a crystal with a given b-axis
there are two equally possible directions for the
a-axis. Fig. 3b shows a diffraction pattern from
a part of a crystal which focuses on this effect.
One can also observe a pattern of double orien-

Figure 4 Electron micrograph
of PTMT rod-ike crystals and
lamella-like crystals, epitaxially
grown on KCl for 5min at
155° C. Arrow points in the
substrate (110) direction.

tation with its plane of twinning at (730) (see
Fig. 7). This is due to the fact that the b-axis of
FSE crystals is the same as that of FPE crystals.
As was mentioned before, there are two directions
for the b-axis of FPE crystals with an angle 20°
apart. This gives rise to a double orientation when
FSE crystals grow on the side of rod-like crystals.
Although the crystal growth of PTMT seems
very complicated and inconvenient for further
study, one has to bear in mind that it is always
possible to find regions, due to surface defects
in the substrate, where some orientations are
preferentially favoured. Therefore the number

Figure 5 Electron micrograph
of PTMT lamella-like crystals
densely grown on KClat 150° C
for Smin. Arrow points in the
substrate (110) direction.
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Figure 6 Electron micrograph of a PTMT rod-like crystal grown on KCl for 30sec at 155° C. Discontinuity in the
morphology of the crystal is in evidence. Arrow points in the substrate (110} direction.

Figure 7 Electron diffraction pattern and indexing scheme obtained from PTMT lameila-like crystals showing double
orientation with its plane of twinning at (730).
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of variables is decreased in these cases. This pre-
liminary examination of PTMT crystallization has
given insight into the mechanism of the epitaxial
crystallization of polymers with a friclinic struc-
ture as well as paving the way for further studies
of morphology of this type of crystal under
strain.

4. Conclusions

Poly(tetramethylene terephthalate) (PTMT) has
been crystallized as both rod-like and lamellae
crystals on the (100) freshly cleaved surfaces
of a variety of monovalent alkali-halides. The
nature of the interaction was an epitaxial one.
Both the fold planes and fold surfaces of PTMT
were observed to orient along certain preferred
substrate directions.

Thus, the presence of a single crystal surface
was sufficient to allow the growth of distinct
crystal morphologies of PTMT which are easily
isolated for individual observation in an electron
microscope. Such a technique should prove
useful in allowing a detailed study of morphology
changes accompanying deformation of PTMT,
This study is being currently pursued.
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