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Abstract The crystallization behavior of poly(ethylene adipate) (PEA) on highly oriented high-density polyethylene (PE)
substrate both from solution and isotropic melt was studied by means of optical microscopy, differential scanning
calorimetry, atomic force microscopy and electron diffraction. The results show that the PE influences the crystallization of
PEA strongly, which results in an epitaxial growth of PEA with well ordered structure. At the boundary of the PE substrate, a
transcrystalline PEA layer is observed. Fine structural observation illustrates that the PEA grows on the PE substrate in edge-
on lamellae with fixed orientation. Electron diffraction demonstrates that the epitaxial organization of PEA on PE occurs with
both polymer chains parallel, which leads to the (00/) PEA diffractions inclined £23.5° to the chain direction of PE crystals.
Combining the real space morphological observation and electron diffraction results, it is concluded that the epitaxial PEA
edge-on lamellae are folded in the {00/} lattice planes.
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INTRODUCTION

The structure and properties of a polymer at foreign surfaces are critical in many scientific and technical
applications! ™. Tt is known that the special interaction between the substrate and the polymer chain segments
can strongly affect the physical properties of the polymer including glass transition temperature®® ", molecular
mobility">'%), crystallization!”'*! and melting behavior'®”. This leads to increased interest in the structure and
property characterization of polymer thin films contacted with a foreign surface. In particular, the crystallization
behavior of polymers at interfaces has been extensively studied owning to the fact that over 2/3 synthetic
polymers are crystallizable. The influence of a substrate on the crystallization of a polymer is most frequently
displayed by the change in the crystallization kinetics. In some special cases, crystallization of a polymer on a
substrate can also induce a unique oriented structure through epitaxial growth. This provides an effective
pathway to manipulate the property and even the functionality of semicrystalline polymers™>' =%, For example,
poly(vinylidene fluoride) shows pronounced polymorphic crystalline forms™'". While its o~form is the most
common one, its f-phase is the one that has attracted the widest interest due to the extensive piezo- and pyro-
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electric applications. It is well documented that crystallization on the surface of potassium bromide can
successfully control the growth of it from melt at atmospheric pressure in its piezo- and pyro-electric Aform"*.
As a consequence, the polymer epitaxy has been an extreme research theme since the early 1980s.

For polymer epitaxy, much attention has been paid to the systems with PE****7*] In our previous work,
we have studied the epitaxial crystallization of poly(butylenes adipate) (PBA), an aliphatic biodegradable
polyester, on highly oriented PE substrate™”. As well documented, PBA exhibits two different modifications
designated as o and /3 depending on the preparation conditions®®*>?. While planar zigzag chains packed in an
orthorhombic unit cell with dimensions a = 0.506, b = 0.735, and ¢ = 1.467 nm was characterized for the f-form,
the o~form was found to be packed with the planar zigzag PBA chains in a monoclinic unit cell with dimensions
a=0.67,b=0.80, c=1.42 nm, and f = 45.5°. Our experimental results demonstrated that during crystallizing
the PBA on oriented PE substrate, oriented S-form PBA lamellae arranged with their chain direction parallel to
the chain direction of PE substrate crystals were always observed regardless of crystallization conditions®). This
has been well explained in terms of matching between the interchain distances when the almost identical ab
projection of the crystalline structure of #PBA and PE (orthorhombic unit cell with a = 0.74, b = 0.494, and
¢ = 0.2534 nm'*") are considered. An additional aspect to be considered is associated with the similarity of
crystalline unit cell, i.e. whether the same orthorhombic packing of both #PBA and PE is an important factor in
determining the epitaxial organization of PBA on oriented PE substrate. To clarify this, the crystallization
behavior of poly(ethylene adipate) (PEA), which exhibits also the monoclinic and orthorhombic unit cells, on the
highly oriented PE substrate was studied. The experimental results indicate that epitaxial crystallization of PEA
on the oriented PE substrate takes place in its monoclinic form, indicating that the similarity in crystalline unit
cell is not a crucial factor for determining the epitaxial growth.

The purpose of this paper is to present the detailed experimental results of PE induced PEA crystallization
behavior. According to the obtained results, the origin of epitaxial crystallization of PEA on oriented PE
substrate is discussed.

EXPERIMENTAL

The PEA used in this study was purchased as a research-grade material from Aldrich Chem. Co. The weight-
average molecular weight (M,,) determined by gel permeation chromatography (GPC) is ca. 10000 g/mol. The
PE used in this study is Lupolen 6021DX, produced by BASF AG Ludwigshafen, Germany. Uniaxially oriented
thin PE films were prepared according to a melt-draw technique introduced by Petermann and Gohil*!.
According to this method, a small amount of a 0.5 wt% solution of PE in xylene was poured and uniformly
spread on a preheated glass plate at ca. 125 °C, where the solvent was allowed to evaporate at the preparation
temperature. After evaporation of the solvent, the molten thin PE layer was then drawn up by a motor-driven
cylinder with a drawing speed of about 2 cm/s. The obtained thin films with thickness ranging from 30 nm to
50 nm are well suitable for TEM observation.

Samples for optical microscopy observation were prepared by dipping a glass slide, which was partially
covered with highly oriented PE substrate thin film, into a 2 wt% chloroform solution of PEA. The obtained thin
layer was then dried at room temperature for several days by evaporation of the chloroform. The dimensions of
thus prepared samples can reach 2 cm x 2 cm. For melt crystallization of PEA, the sample was heat-treated at
75 °C (above the melting point of PEA but below the melting point of PE substrate) for 10 min and subsequently
cooled to different temperatures for isothermal crystallization. Samples for atomic force microscopy (AFM) and
electron diffraction studies were prepared by spin-coating 1 wt% chloroform solution of PEA on the mica
surface covered with highly oriented PE film. Samples for differential scanning calorimetry (DSC)
measurements were prepared by sandwiching a solution cast PEA film of ca. 10 pm in thickness between two
highly oriented ultrathin PE films with same chain orientation. Such a configuration could enhance their contact
areas as well as avoid dewetting of the PEA on PE surface.
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For optical microscopy observation, a Carl Zeiss Axioskop 40 optical microscope equipped with a hot stage
was used in this study. All pictures presented in this paper were taken under crossed polarizers. Fine structure on
lamellar scale was illustrated by Tapping-mode AFM images obtained using a Nano-Scope III MultiMode AFM
(Digital Instruments). Si cantilever tips (TESP) with a resonance frequency of approximately 300 kHz and a
spring constant of about 40 N m™' were used. The scan rate varied from 0.5 Hz to 1.0 Hz. The set-point
amplitude ratio 4,/4, was adjusted to 0.7-0.9, where A4y, is the set-point amplitude and 4, is the amplitude of the
free oscillation. The set-point ratio and amplitude were chosen such that the surface was tracked while
maintaining the necessary contrast in the phase images. Phase-contrast bright field transmission electron
micrograph and electron diffraction pattern were taken with a Hitachi H-800 transmission electron microscopy
operated at 100 kV.

DSC measurements were carried out by using a Mettler Toledo-822¢ DSC instrument with nitrogen gas
purge at a flux of ca. 50 mL/min. The temperature and the heat flow of the equipment were calibrated with an
indium standard.

RESULTS

Presented first in Fig. 1 is the representative phase-contrast bright field (BF) transmission electron micrograph
and the corresponding electron diffraction pattern (inset) of the highly oriented PE substrate films. The arrow in
the picture indicates the drawing direction during film preparation. In the BF image, the bright lines reflect the
amorphous regions, while the dark areas between the bright lines display the high-density crystalline lamellar
regions. It can be clearly seen that the obtained PE substrate film consists of highly oriented lamellar structure
with the lamellae arranged perpendicular to the drawing direction. On the electron diffraction pattern, the
appearance of well-defined sharp reflection spots confirms the high orientation of the PE films. All of the
reflection spots shown in the diffraction pattern has been successfully accounted for by the orthorhombic unit
cell with axes a = 0.74, b = 0.494, and ¢ = 0.2534 nm. The alignment of the (002) diffraction spots in the
drawing direction demonstrates an orientation of the chain axes in the film plane and along the drawing
direction. The coexistence of the (020) and (110) reflections indicates a fiber orientation, while the absence of
the (200) reflections implies a preferred orientation of the g-axis more inclined in the film normal direction.
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Fig. 1 A BF transmission electron micrograph and its corresponding electron

diffraction pattern (inset) of a melt-drawn highly oriented PE film
The arrow indicates the drawing direction during film preparation.

To give an overall inspection of the crystallization behavior of PEA on highly oriented PE substrate, the
samples were observed by optical microscope under crossed polarizers. Figure 2 shows an optical micrograph of
the layered PEA/PE sample as prepared, i.e. the PEA crystallized from solution after the evaporation of the
solvent. For a direct comparison, the PEA is only partially supported by the PE oriented film, which is located in
the lower left corner of the picture. The boundary line of the PE substrate film can be easily recognized. The
arrow indicates the drawing direction of the highly oriented PE substrate during preparation, i.e. its chain
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orientation, which is parallel to the boundary line. Considering that the PE film is too thin (less than 50 nm) to
provide birefringence contribution at present condition, it is the PEA layer that contributes the birefringence in
the optical micrograph. From Fig. 2, one can clearly see the different supermolecular structures of PEA
crystallized on the glass and PE surfaces, respectively. On the glass substrate, the PEA crystallizes in spherulitic
structure. This is typical for polymer crystallized from solution on glass slide. On the other hand, the PEA
crystals on the PE substrate show much stronger birefringence with respect to the PEA spherulites formed on
glass surface. Moreover, no individual PEA crystals can be identified. This implies unequivocally that the PE
substrate exhibits strong nucleation ability toward PEA. The enhanced nucleation density of PEA results in the
formation of abundant PEA microcrystallites that cannot be resolved individually under optical microscope. The
strong nucleation ability of PE toward PEA is also demonstrated by the formation of the transcrystalline
structure at the boundary of the PE substrate.

e

Fig. 2 An optical micrograph shows the morphologies of PEA crystallized from the solution on glass slide
(upper right corner) and PE substrate (lower left corner)

The boundary of PE substrate can be clearly identified and the molecular chain direction of PE is parallel to the
boundary line as indicated by an arrow. The PE chain direction is 45° inclined to the polarizers.

Similar morphologies were also observed for the PEA melt crystallized on the highly oriented PE films.
Figures 3(a) and 3(b) present the optical micrographs of the double-layered PEA/PE samples heat-treated at
75 °C for 10 min and subsequently cooled to 27 °C and 20 °C for isothermal crystallization, respectively. In
these pictures, the PE substrates are located at the lower left corners with the chain directions parallel to the
boundary lines, as indicated by the arrows. The exact same thermal conditions provide us a reasonable
comparison of the different crystallization behavior of PEA on glass slides and PE substrates. From Fig. 3(a), we
see that crystallizing the PEA at 27 °C on a glass slide (upper right corner) results in the formation of typical
spherulites. The spherulites show clearly the banded structure caused by regular extinction phenomenon. Around
the PE substrate boundary, a transcrystalline layer of PEA has been produced, indicating the high nucleation
ability of PE towards PEA. It is interesting that extinction rings in the spherulites are straightened to parallel
arranged linear extinction bands with same band periodicity as the spherulites. This means that the PE induced
PEA crystals exhibit the same growth habit as bulk crystallized ones. The PEA crystals grown on the PE
substrate (lower left corner) is, however, quite different. They grow in microcrystallites without extinction band.
Actually, in the transcrystalline layer there exists also a non extinction thin layer, which is in direct contact with
the PE boundary as indicated by the dash lines. When crystallizing the PEA at 20 °C, except for the
disappearance of the banded structures and the decrease in spherulite size, the morphologies of PEA on the neat
glass, at the boundary of PE as well as on the PE substrate film do not change much. The disappearance of the
banded structures is reasonable since they form only in the temperature window of 25-30 °C as reported in the
literature!*”. The decrease in spherulite size is caused by the enhanced nucleation density.
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Fig. 3 Optical micrographs present the morphologies of PEA crystallized from melt on glass slide (upper right
corner) and PE substrate (lower left corner) for 5 h at (a) 27 °C and (b) 20 °C, respectively

The boundary lines of the PE substrates can be clearly identified and the molecular chain directions are parallel
to the boundary lines as indicated by the arrows. They are 45° inclined to the polarizers.

The above optical microscopic observations clearly indicate that the PE exhibits very strong nucleation
ability toward PEA, resulting in the formation of microcrystallites. This has also been demonstrated by the
elevated crystallization temperature of PEA in contact with the PE substrate during cooling from the melt. As
shown in Fig. 4, the crystallization of PEA on the PE substrate starts at ca. 48 °C, which is about 25 K earlier
than its bulk crystallization (at about 22 °C). It results from an early start of nucleation induced by PE. The peak
crystallization temperature of PEA in contact with the PE is 32 °C, which is also much higher than its bulk peak
crystallization temperature (at ca. 6 °C).

PE/PEA
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—40 -20 0 20 40 60 80
Temperature (°C)

Fig. 4 DSC curves of the PEA/PE and pure PEA samples during the cooling
process after heat-treated at 85 °C for 5 min to erase their thermal history
The cooling rate is 10 K/min.

It has frequently been reported that the specific nucleation capacity of PE on a series of materials results in
the formation of oriented structures, namely, the occurrence of polymer epitaxy™=>**I To find out whether
the PEA grown on the PE oriented film also exhibits preferred orientation, fine structural features of PEA
crystallized on the PE substrate surface has been revealed by AFM observation. Similar morphologies were
always observed for the PEA crystallized on the PE substrate either from solution or from the melt at different
temperatures'*®. Figure 5 presents a representative AFM phase image of the PEA crystallized on highly oriented
PE substrate. The arrow in the picture shows the drawing direction of the PE film during preparation. From
Fig. 5, one can see a cross-hatched edge-on lamellar structure of PEA with its lamellae ca. £66.5° apart from the
chain direction of the PE substrate film. This indicates the occurrence of epitaxial crystallization of PEA on the
PE substrate and has further been confirmed by electron diffraction.
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Fig. 5 An AFM phase image showing the fine structural feature of PEA
crystallized from the solution on a highly oriented PE substrate
The molecular chain direction of PE is indicated by an arrow.

Figure 6(a) shows an electron diffraction pattern of a PEA/PE double layer, which has been heat-treated at
85 °C for 5 min and then cooled to 27 °C for isothermal crystallization. The appearance of well-defined
reflection spots of both PEA and PE demonstrates that both the PEA and PE layers exhibit high degree of
orientation, indicating the preferred orientation of PEA on oriented PE substrate, i.e. the occurrence of
heteroepitaxy. All of the reflection spots contributed by PEA crystals can be accounted for by a monoclinic unit
cell with parameters a = 0.547, b = 0.724, ¢ = 1.155 nm, and B= 113.5° 4*4"-%1 A sketch corresponding to the
electron diffraction pattern of Fig. 6(a) with some reflections being indexed is shown in Fig. 6(c), in which the
reflections coming from the PEA crystals are presented in short lines and those coming from PE substrate
crystals are presented as solid ellipses. The angle between the [00/] diffraction directions for PE and PEA
crystals are measured to be +23.5°. Actually, the diffraction pattern contributed by the PEA crystals is somewhat
similar to its fiber pattern, as presented in Fig. 6(b), simulated by using Cerius® program according to the same
monoclinic unit cell. It should be pointed out that the strongest (110) and (020) diffractions in the fiber pattern
are not observed for the epitaxially crystallized PEA, indicating that the (110) and (020) lattice planes of the
epitaxially grown PEA crystals are out of Bragg diffraction condition. This suggests that the ac plane of the PEA
is in contact with the PE substrate. In this case, as depicted in Fig. 7, a parallel chain alignment of both PEA and
PE results in the location of (00/) PEA diffractions in the direction exactly +23.5° apart from the chain direction
of both PE and PEA. According to the alignment shown in Fig. 7, the (200)pg, diffraction spots of the PEA are
expected to locate along the [hkO] direction of PE. It is, however, not recognized in the electron diffraction
pattern. This seems hard to be understood. But considering the almost identical lattice spaces of (200)pg, and
(020)pg (0.25 versus 0.247 nm), overlapping of the (200)pga diffraction with the (020)pg diffraction is highly
possible. Taking all these into account, we speculate that the epitaxial crystallization of PEA on oriented PE
substrate takes place with the (010)pga lattice plane in contact with the PE substrate and a parallel chain
alignment of both polymers.
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Fig. 6 (a) An electron diffraction pattern of a PEA/PE double layer, which has been heat-treated at 85 °C for 5 min and
then cooled to 27 °C for isothermal crystallization; (b) A simulated diffraction pattern of the PEA with fiber orientation;
and (c) a sketch of the electron diffraction pattern shown in Fig. 6(a)

The solid ellipses represent the reflection spots of PE, while the short lines represent the electron diffractions of PEA.

DISCUSSION

Heteroepitaxies of PE on an oriented substrate or other polymers on the oriented PE substrate have been
frequently studied. In most cases, a parallel chain alignment of the epitaxial pairs has been obtained™* 3* 4=,
Up to date, only three exceptions have been reported in the literatures. One is the epitaxial crystallization of PE
with isotactic polypropylene (iPP)** *7! It was found that, either PE crystallized on oriented iPP
substrate!*** > or ;PP grown on the oriented PE substrate’®), an alignment of both polymer chains £50° apart
from each other was always observed. Another one is the epitaxial crystallization of PE with syndiotactic
polypropylene (sPP), for which a 37° inclination of both polymer chains has been observed whenever epitaxial
crystallization between these two polymers takes place®™ °”). The third one is the epitaxial crystallization of
PLLA on highly oriented PE substrate, which results in an arrangement of PLLA with molecular chains
perpendicular to the chain direction of the PE substrate!®”!. These different mutual chain orientations are
associated with the different matching geometries of the involved polymers. We here present another case of the
parallel chain epitaxy with PE. In the present case, even though the chains of both polymers are parallel aligned,
the lamellar orientation of the PEA with respect to the PE substrate is quite different from the parallel chain
epitaxy reported previously. For a fully understanding of the obtained mutual orientation feature, the crystalline
structures of PE and PEA have to be compared.

Similar to the PBA, it was reported that the PEA exhibits also two different crystalline forms
One of them is characterized by the aforementioned monoclinic unit cell, while the other one is reported to be
the type of an orthorhombic unit cell with the dimensions of @ = 0.512, b = 0.841, and ¢ = 1.228 nm"****), In our
previous study about the epitaxial crystallization of PBA on highly oriented PE substrate, we found that in all
cases the PBA crystallizes in its orthorhombic form with the chain axes of the PBA crystals parallel to the chain
direction of the PE crystals. This has been well explained in terms of interchain distance matching between both
polymers. However, we do not know whether the same orthorhombic unit cells of both PEA and PE plays also
an important role in governing the epitaxial growth of PEA. For the present case, one can find excellent
matching of both kinds of PEA with PE substrate. For example, the interchain distance of PEA in its
orthorhombic form along a-axis matches very well with the interchain distance of PE along b-axes. The
mismatching is 3.5%, well below the upper limit (15%) for the occurrence of polymer epitaxy as proposed by
Lotz and Wittmann et a/®. On the other hand, even excellent matching is found between the interchain
distances of PEA in its monoclinic form along the [100] direction and PE along its b-axis direction. The
discrepancy is only 1.2%. It is this better matching that results in the epitaxial growth of PEA on the PE substrate
in its monoclinic form. This implies that crystallographic matching is more important for polymer epitaxy than
the molecular chain packing way in the unit cell.

[42, 47, 48, 58, 59]
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Another thing to be addressed is the lamellar arrangement of PEA grown on the PE substrate. The electron
diffraction result clearly indicates a simple parallel chain alignment of both polymer chains. The AFM image
shows, however, a crosshatched lamellar structure with the PEA lamellae ca. +66.5° apart from the chain
direction of the PE substrate crystals. This indicates a +23.5° inclination of the PEA chains with respect to
lamellar normal direction. It is actually reasonable when the lamellae with {00/} fold surfaces is considered. As
illustrated in the right part of Fig. 7, a chain folding in the {00/} surface leads exactly to the formation of PEA
lamellae 66.5° apart from the chain direction of the PE substrate crystals. This crosshatched structure should take
the response for a remarkable property improvement of the PE/PEA system reported in Ref. [60], as also found
for the PE/iPP system!®"- %],

PE substrate

Fig. 7 A sketch of the crystal orientation of PEA with respect to the PE substrate and the
chain folding way in the lamellar crystals

CONCLUSIONS

The crystallization behavior of PEA on highly oriented PE substrate both from solution and isotropic melt was
investigated by means of optical microscopy, DSC, AFM and electron microscopy. The results clearly indicate
that the PE substrate has strong nucleation ability toward PEA as revealed by the appearance of PEA
transcrystalline layer at the PE boundary as well as the heteroepitaxy of PEA on the PE surface. The epitaxial
crystallization of PEA on the PE substrate results in the formation of PEA edge-on lamellae with the long axes
ca. £66.5° apart from the chain direction of PE crystals. Electron diffraction result shows that PEA grows
epitaxially on the PE substrate in its monoclinic form with its ac plane as the contact plane. The PEA molecular
chains are aligned parallel to the chain direction of the PE substrate, which leads to the (00/) diffractions of the
PEA £23.5° apart from the chain direction of PE substrate crystals. The combined AFM and electron diffraction
results indicate that folding of the PEA chains in the lamellar crystals takes place in the {00/} surfaces.
Moreover, the epitaxy of PEA in its monoclinic form rather than orthorhombic form originates from a better
matching and indicates that the similarity in the unit cell systems is not so important as the matching between the
involving polymer pairs in governing the polymer epitaxy.
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