Macromolecules 2000, 33, 4871—4876

Control of Molecular and Microdomain Orientation in a Semicrystalline
Block Copolymer Thin Film by Epitaxy

Claudio De Rosa,"” Cheolmin Park,® Bernard Lotz,* Jean-Claude Wittmann,*
Lewis J. Fetters,® and Edwin L. Thomas*'

Department of Materials Science and Engineering, Massachusetts Institute of Technology,
Cambridge, Massachusetts 02139, Institut Charles Sadron, CNRS, 6 rue Boussingault,
67083 Strashourg, France, and Exxon Mobil Research and Engineering Company,
Corporate Strategic Research, Annandale, New Jersey 08801

Received December 21, 1999; Revised Manuscript Received April 5, 2000

ABSTRACT: Epitaxial crystallization is utilized to control both molecular chain orientation and
microdomain structure in a thin film of a semicrystalline triblock copolymer, composed of crystallizable
polyethylene (PE) end blocks and an amorphous ethylene-alt-propylene (PEP) midblock where the
microphase separation is driven by crystallization from a homogeneous melt, characterized by small-
angle and wide-angle X-ray diffraction. Surface interaction due to a crystallographic matching of unit
cells between the crystalline PE block and benzoic acid (BA) substrate induces high orientation of the
crystalline PE block, resulting in a well-ordered parallel lamellar microphase-separated structure. The
excellent orientation induced by the surface interaction is evidenced by the selected area electron diffraction
(SAD) pattern and bright-field (phase contrast) and dark-field (diffraction contrast) transmission electron
microscope (TEM) images of the block copolymer thin film. The data clearly show that the chain axis (€)

4871

of PE is parallel to the normal () of the microphase-separated lamellar surfaces.

Introduction

The driving force for microphase separation in amor-
phous block copolymers is the incompatibility between
the blocks that are chemically linked.! The resulting
ordered microstructures have periods on the order of
the polymer chain dimensions; different microphase-
separated morphologies can form depending on the
inherent block incompatibility (characterized by y, the
Flory—Huggins segmental interaction parameter, which
is generally found to be inversely proportional to the
temperature), the total degree of polymerization (Ny),
and the volume fraction of the components.2 For high
values of the product yN¢Z* the block copolymer is
strongly segregated, and well-organized microdomain
structures result. For low values of the product yN¢ (low
block incompatibility and/or low molecular weight and/
or at high temperature) the block copolymer presents a
homogeneous disordered phase.

In block copolymers which contain one or more
crystallizable blocks, microphase separation can result
either from incompatibility of the blocks or by crystal-
lization of some block. The final morphology will be the
result of the interplay between microphase separation
of the component blocks and the crystallization of the
crystallizable blocks.

Early work by Skoulios et al.> and Lotz et al.57 on
semicrystalline block copolymers was concerned with
the influence of an attached amorphous block on the
nature of the chain folding of the crystalline block in
poly(styrene-b-ethylene oxide). More recently, various
groups®—33 have shown that the morphology of semi-
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crystalline block copolymers is path-dependent; different
microdomain structures are obtained if the crystalliza-
tion occurs from a homogeneous melt (in this case the
crystallization drives the microphase separation), or it
occurs from an already microphase-separated hetero-
geneous melt. (In this case microphase separation
precedes crystallization and provides a microstructure
within which crystallization takes place.)

When the block incompatibility is small, as for in-
stance for the block copolymers composed of crystalli-
zable polyethylene (PE) blocks and poly(ethylene-alt-
propylene) (PEP) or poly(ethylethylene) amorphous
blocks, such as those analyzed by Rangarajan et al., 316
crystallization occurs from a homogeneous melt result-
ing in the formation of alternating lamellar micro-
domains in a spherulitic superstructure regardless of
the copolymer composition,? as has been assumed in
theoretical treatments.34:35

When the segments are highly incompatible and also
have large molecular weights, microphase separation
in the melt occurs prior to crystallization. The presence
of microdomains in the ordered melt may affect the

crystallization process and the final morphol-
Ogy.8’9'12’20'26_28’32'33

The orientation of the chain axis (€) within crystalline
lamellae in the confined superstructure has also been
widely studied.11:13-16.21,26,28,29,32.33 The relationship be-
tween € and the normal direction () of microphase-
separated lamellar surfaces turned out to be very
complex, influenced by many factors such as molecular
weight of the block copolymer and crystallization tem-
perature of the crystalline block and so on. A model in
which € is oriented parallel to A of microphase-separated
lamellar surfaces has been proposed on the basis of
experimental observations on PE containing block co-
polymers,316 for which the polymer is crystallizing from
a homogeneous melt or within a weakly microphase-
segregated state. On the other hand, other experimental
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observations have indicated that crystallization from an
ordered microphase-separated melt results in ¢ aligned

perpendicular to f of the lamellar microdomain sur-
faces.ll’14’15’21’33

An important parameter that influences the orienta-
tion of the chains with respect to the domain interface
in lamellar systems seems to be the molecular weight.2-2°
Ryan et al.1®22 have shown that the number of folds in
the low molecular weight regime is coupled to the con-
formational state of the amorphous block. The meta-
stable structures developed during various heat treat-
ments show different folding behavior of the semicrys-
talline block. In addition, the equilibrium conformation
of the semicrystalline block depends on the molecular
weights of both the semicrystalline and amorphous
blocks.?* As the total molecular weight increases, the
interfacial area per junction is increased, and the
crystalline stems tilt and eventually become parallel to
the lamellar interface to match the preferred interfacial
area of the amorphous chain.?%2° Recently, Zhu et al.
showed that the variation of the crystallization temper-
ature of the crystalline block develops different orienta-
tions (€N at low T, inclined at intermediate T, and
¢||h at the highest T¢) of the crystals with respect to the
microphase-separated structure at fixed molecular
weight.33

It is worth noting that in many of the cited papers
the determination of the orientation of the chains in the
crystalline domains has been achieved by employing
methods that are normally used to induce alignment of
the microdomains, that is, by application of an external
bias field, such as thermomechanical plane strain
compression (channel die)4152628 or oscillatory shear.11:2!
These methods achieve good alignment of the micro-
domains; however, the resulting orientation of the
molecular chains in the crystalline phase, usually
detected by wide-angle X-ray diffraction, is often very
low, making detailed modeling of the crystalline struc-
ture and microdomain structure problematic and raising
the issue of the role of the applied field on the boundary
conditions so formed. In addition, these processing
methods are hardly applicable for patterning thin films.

The epitaxial crystallization of PE homopolymer on
various substrates has been extensively studied; inor-
ganic substrates (e.g., alkali halides),3® polymer sub-
strates (e.g., oriented films of poly(tetrafluoroethyl-
ene)),3” and organic substrates (e.g., benzoic acid, con-
densed aromatic hydrocarbons, and linear polyphen-
yls)3839 have been successfully used to grow well-
oriented crystals of PE. Although the versatility of these
substrates has been clearly shown, attempts of using
them to control the crystallization and its orientation
as well as to investigate the resulting morphology of the
thin film of semicrystalline block copolymers is new.

In this paper the PE blocks in a semicrystalline
triblock copolymer are epitaxially crystallized onto the
surface of crystals of benzoic acid (BA). Our goal is to
obtain a high orientation of the crystals in a semicrys-
talline triblock copolymer thin film. The triblock has PE
as crystallizable end blocks and a noncrystalline rubbery
midblock composed of alternating ethylene and propy-
lene units. The external field generated by the crystal-
lographic matching of PE crystal and BA crystal pro-
vides a way to control not only the molecular chain
orientation of PE block but also the resulting mi-
crophase-separated structure. In addition, the high
orientation of the suprastructure allows precise deter-
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mination of the angle between € and fi by employing
SAD, bright field (BF) TEM, and dark field (DF) TEM.

Experimental Procedures

The poly(ethylene-b-(ethylene-alt-propylene)-b-ethylene) tri-
block copolymer (PE/PEP/PE) was prepared by catalytic
hydrogenation of poly(1,4-butadiene-b-1,4-isoprene-b-1,4-buta-
diene) (PB/PI/PB). The latter was synthesized by anionic
polymerization in benzene at 20 °C with sec-butyllithium as
initiator according to the standard high-vacuum techniques.*°
The 1,4-additions of butadiene and isoprene units in the PB/
P1/PB block copolymer give rise, after hydrogenation, to the
PE end blocks and the alternating copolymer of ethylene and
propylene (PEP) in the PE/PEP/PE copolymer. The small
percentage of 3,4-additions of isoprene units produces, after
hydrogenation, isopropyl branches in the PEP block, while the
small percentage of 1,2-additions of butadiene units produces
ethyl branches in the PE blocks. The estimated number of
ethyl branches per 100 backbone carbon atoms in the PE block
is two.*! The hydrogenation reaction was carried out using the
standard procedure described elsewhere.*! The solvent was
heptane, and the catalyst was palladium on calcium carbonate.
IH NMR showed that no double bonds remained.

Molecular weight characterizations were done using a
combination of size exclusion chromatography (SEC) and low-
angle laser light scattering. Tetrahydrofuran was used as
solvent in both cases. For the PB/PI/PB sample the average
molecular weight via light scattering was M,, = 55 000 g/mol,
while SEC gave M,/M,, and M./M, ratios of 1.02 and 1.03,
respectively. The molecular weight of each poly(1,4-butadiene)
end block was approximately 10 000 g/mol, while that of the
polyisoprene midblock was approximately 35 000 g/mol. Es-
sentially the same molecular weights result for the corre-
sponding hydrogenated blocks in the PE/PEP/PE sample. From
the weight fractions of the blocks and assuming for the PE
and PEP blocks densities at 140 °C of 0.78 and 0.79 g/cm3,*?
respectively, a volume fraction of the PE blocks in the block
copolymer melt of 0.37 was estimated.

The melting temperature and the crystallinity index of the
bulk polymer were obtained with calorimetric measurements
using a Perkin-Elmer DSC-7, performing scans in a flowing
N, atmosphere at heating rate of 2 °C/min. The crystallinity
index was calculated from the values of the experimental
melting enthalpy and the value of the equilibrium melting
enthalpy of a perfect crystal of PE (289 J/g).*® The crystallinity
index of a sample crystallized from the melt by cooling to room
temperature at a cooling rate of 2 °C/min was nearly 30% with
respect to the crystallizable PE blocks, corresponding to only
about 10% with respect to the total weight of the block
copolymer sample. The melting temperature of the PE/PEP/
PE sample was 102 °C, significantly lower than that of a high-
density PE, indicative of the presence of the ethyl branches.

The bulk samples of the block copolymer used in the small-
angle (SAXS) and wide-angle (WAXS) X-ray diffraction experi-
ments were prepared by melting and recrystallization in order
to eliminate any previous thermal history.

In-situ SAXS and WAXS measurements were carried out
at the Advanced Polymer beamline, X27C, National Synchro-
tron Light Source (NSLS), Brookhaven National Laboratory
(BNL). The wavelength used was A = 0.1307 nm, and the beam
size at the sample position was about 0.4 mm in diameter. A
three 2° tapered tantalum pinhole collimation system was used
with sample-to-detector distances of 1560 and 108 mm for the
SAXS and WAXS patterns, respectively. Scattering angles 20
down to 1.5 mrad, corresponding to a spacing (d = 2x/q, where
q = 4z sin 6/1) of about 100 nm, were achieved in the SAXS
pattern. The SAXS and WAXS patterns were recorded at
various temperatures using a single-cell heating stage (maxi-
mum temperature: 350 °C). The sample was melted, and the
patterns were recorded at different temperatures starting from
the melt and cooling to room temperature at a cooling rate of
2 °C/min. Fuji imaging plates were used to collect the scat-
tering data with exposure times of 1 min per frame. The
isotropic diffraction data were circularly averaged over the
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azimuthal coordinate of the two-dimensional patterns and
plotted as a function of the scattering vector q and the Bragg
angle 20 for the SAXS and WAXS pattern, respectively.

Epitaxial crystallization of the block copolymer onto BA was
performed following the procedure developed for the PE
homopolymer.%8 Thin films of the block copolymer were first
formed on carbon-coated microscope glass slides by casting
from xylene solution (0.1—-0.3 wt %) at the room temperature.
The film was then heated to 150 °C in the presence of benzoic
acid, and a clear solution formed. The solution is then
supercooled by placing the glass slide on a hot bar at 110 °C
and contacting the edge of the coverslip with tweezers to
induce crystallization of the BA (T2* =~ 123 °C). Rapid
directional crystallization of the BA occurs, resulting in
platelike crystals, whose sizes are about 500 x 200 um,
elongated in the crystallographic b direction, with large top
and bottom (001) surfaces.® The slide is then moved to a
position on the hot bar with a temperature of 60 °C and held
for a minute to complete the crystallization of the BA and
induce the crystallization of the PE component in the direc-
tionally solidified structure of the mixture of BA and the block
copolymer and finally cooled to room temperature. The BA
crystals were then dissolved in ethyl alcohol at 50 °C. The
polymer film supported by the carbon film was floated off the
glass onto water and picked up with copper grids (200 mesh)
and analyzed in the transmission electron microscope in bright
field and dark field mode as well as in selected area diffraction.
Thin films of the copolymer crystallized by simple casting at
room temperature from a xylene solution (0.1—0.3 wt %) on
microscope glass slides were also analyzed for comparison. A
JEOL 200CX and Philips CM12 TEM, operating at 200 and
120 kV, were used.

Results and Discussion

Bulk samples of the PE/PEP/PE block copolymer were
analyzed by simultaneous WAXS and SAXS in order to
check whether the crystallization of the PE blocks occurs
from a homogeneous melt or from an already mi-
crophase-separated heterogeneous state. Thin films
were analyzed by electron diffraction and electron
microscopy under both bright and dark field mode in
order to observe the orientation of the PE crystals and
the microdomain morphology which develop in the
epitaxial crystallization process.

Bulk Samples. SAXS and WAXS patterns of the PE/
PEP/PE bulk sample, recorded simultaneously at a
series of temperatures, starting from the melt and
cooling to room temperature, are shown in Figure 1, a
and b, respectively. It is apparent that the SAXS pattern
at 120 °C is essentially featureless, indicating that no
microdomain structure is present in the melt. The
correlation hole peak normally found in the disordered
state of block copolymers is absent because of the very
low electron density contrast between the PE and PEP
blocks.® This is contrary to the higher molecular weight
sample analyzed by Seguela and Prud’homme,® which
yielded a microphase-separated melt. In our sample, the
PE and PEP blocks are miscible in the melt (120 °C),
which appears therefore as a homogeneous phase. The
WAXS pattern of the melt (Figure 1b) at 120 °C presents
a typical amorphous halo. The intensity of the amor-
phous halo decreases due to the crystallization of PE
block (at 70 and 50 °C). The two crystalline peaks
correspond to the {110} and {200} reflections of the
usual orthorhombic form of PE.** In good correspon-
dence to the temperature at which the crystalline peaks
develop in the WAXS pattern, a peak at g = 0.16 nm™1,
corresponding to a Bragg distance of 40 nm, develops
in the SAXS patterns, indicating the formation of a
microphase-separated microstructure. The weak broad
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Figure 1. (a) Small-angle X-ray diffraction patterns and (b)
wide-angle X-ray diffraction patterns of a bulk sample of the
PE/PEP/PE block copolymer recorded at the indicated tem-
peratures during cooling from a homogeneous melt.

reflection around 0.32 nm™1, indicated by arrows in
Figure 1a, gives a ratio g2/g; of about 2, characteristic
of a lamellar structure, as was previously found in the
weak segregated semicrystalline block copolymers.13.16
The parallel growth of the WAXS and SAXS peaks in
the cooling step indicates that, in this sample of PE/
PEP/PE block copolymer, the microphase separation is
driven by crystallization from a single phase melt.

Thin Films. A bright-field TEM image of a thin film
of the PE/PEP/PE sample, prepared by casting at room
temperature on a microscope glass slide from dilute
xylene solution, is shown in Figure 2. The PE blocks
crystallize by evaporation of the solvent, and in Figure
2 radially oriented lamellar PE microdomains comprise
volume-filling crystalline spherulites having an average
diameter of 5—10 um.

To avoid the typical spherulite structure and control
the morphology, thin films of the block copolymer were
epitaxially crystallized onto the (001) surface of crystals
of BA following the method outlined in the Experimental
Section. The selected area electron diffraction pattern
of the PE/PEP/PE block copolymer using a 6 um
diameter SAD aperture is shown in Figure 3. The
pattern essentially presents only the Okl reflections of
PE; therefore, it corresponds to the b*c* section of the
reciprocal lattice of PE. This indicates that a high
orientation (single-crystal-like) of the chain molecules
in the crystalline phase has been achieved. Since the
b*c* section of the reciprocal lattice is in the diffraction
condition, the chain axis of the crystalline PE lies flat
on the substrate surface and oriented parallel to the a
axis of BA crystals, as in the case of the PE homopoly-
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Figure 2. TEM bright-field image of a thin film of PE/PEP/
PE block copolymer obtained by casting from a xylene solution.
Radially oriented lamellar PE microdomains, characterized by
crystalline spherulites having size of 5-10 um, are imaged
through the diffraction contrast.

e
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Figure 3. Selected area electron diffraction pattern of a thin
film of PE/PEP/PE block copolymer epitaxially crystallized
onto BA. The pattern presents mainly the Okl reflections of
PE; hence, it indicates that the (100) plane of PE is normal to
the electron beam and parallel to the (001) exposed face of the
BA crystals. A small tilting of the lamellae around the b axis,
or progressive tilting of successive stacks of lamellae, accounts
for the presence of arced reflections as well as the 1kl and 2kl
type reflections (in particular, 121 and 112 reflections) and
the weak 110 and 200 reflections.

mer .38 The (100) plane of PE is in contact with the (001)
plane of BA;3® therefore, the crystalline PE lamellae
stand edge-on on the substrate surface, with PE b axis
oriented parallel to the b axis of BA.3® The relative
orientation of PE and substrate lattices is therefore
identical to that obtained for the polyethylene ho-
mopolymer.38 The b and c axes of PE are parallel to the
b and a axes of BA, respectively; this epitaxy is well
explained in terms of matching the PE interchain
distance of the b PE axis periodicity (4.95 A) with the b
periodicity of the BA unit cell (5.25 A).37
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Figure 4. (a) Under-focused TEM bright-field image of a thin
film of PE/PEP/PE block copolymer epitaxially crystallized
onto BA corresponding to an area similar to that of Figure 3.
The light noncrystalline regions appear bright due to phase
contrast.5! The dark regions correspond to the denser crystal-
line PE phase, which form long lamellae standing edge-on on
the substrate surface. The lamellae are preferentially oriented
with the b axis of PE parallel to the b axis of the BA. (b) TEM
(110) dark-field image of a thin film of PE/PEP/PE block
copolymer epitaxially crystallized onto BA corresponding to
an area similar to that of Figure 3. Long thin, highly parallel
alternating regions of bright/dark contrast are evident over
the field of view. The bright regions correspond to the crystal-
line PE lamellae in the Bragg condition. Dark regions crossing
the lamellar structure correspond to crystalline areas where
the crystals are tilted or twisted out of the Bragg condition.

A bright field TEM image of the film epitaxially
crystallized onto BA is shown in Figure 4a. Phase
contrast obtained by underfocus of the objective lens
makes the noncrystalline regions appear bright.5! In-
stead of a spherulitic structure, the epitaxy has pro-
duced a highly aligned lamellar structure with long, thin
crystalline PE lamellae, with a thickness of 10—15 nm,
oriented along the [010]pg||[010]ga direction. The aver-
age distance between the lamellae is 30—40 nm, in
agreement with the bulk SAXS data, and the order
extends over a larger than 100 um? region.

Further details of the structure and orientation of the
film can be made by dark field (DF) imaging of the PE
crystalline lamellae. Since the film has a single-crystal-
like orientation, dark field imaging using a single
diffraction spot should reveal the entire set of crystalline
regions. In view of the limited lifetime of PE crystals
under the electron beam, it is preferable to use the
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strongest 110 reflection to record DF images.*® For this
purpose, the epitaxially crystallized film was tilted by
34° about the c axis of PE in order to bring the 110
reflection in diffracting position. The corresponding DF
image shown in Figure 4b reveals the same parallel
array of crystalline PE lamellae, oriented along the b
axis of BA crystals, with 40—50 nm interlamella spac-
ing. The dark areas in the image correspond to regions
slightly out of the Bragg condition due to a small
amount of tilting.

The thickness of the crystalline PE domains is ap-
proximately 10—15 nm, almost comparable to that of
amorphous PE and PEP layer. On the basis of the PE
volume fraction, bulk crystallinity (30%), and micro-
domain lamellar repeat, a crystal thickness of around
4—5 nm would be expected for bulk crystallized mate-
rial. The larger crystal thickness observed may be due
to an enhancement of crystallinity by the substrate.*6

In a recent paper,*” we show that in strongly segre-
gated semicrystalline block copolymers, epitaxially crys-
tallized onto an organic substrate, the resulting struc-
ture can be understood in terms of a combination of
directional solidification of the eutectic solution of the
block copolymer in the crystallizable organic solvent and
the following epitaxial crystallization of the crystalline
block onto the organic crystalline substrate.*” The
eutectic behavior of binary solutions of a semicrystalline
homopolymer and a crystallizable organic solvent has
been described in the literature.*®=%0 In the present case,
where the two blocks are miscible above the crystal-
lization temperature of the PE block (melt compatible
semicrystalline block copolymer), the orientation of the
microdomains occurs only due to epitaxial relationship
of the PE block with the BA.

Conclusions

We show how to control the microstructure of a
semicrystalline block copolymer by a highly specific
molecular interaction with the substrate. High orienta-
tion of the crystals and microdomains of a PE/PEP/PE
triblock copolymer has been achieved through epitaxial
crystallization of the copolymer, from the homogeneous
melt, onto benzoic acid substrate crystals. The epitaxial
crystallization is used to control the crystallization and
the morphology of a thin film of block copolymer. Since
the microphase separation is driven by crystallization
from a homogeneous melt, the long-range orientation
of the crystalline unit cell induces excellent alignment
of the microdomains, as shown in the schematic model
of Figure 5. The PE microdomains consist of long
crystalline lamellae aligned parallel to a preferential
crystallographic direction of the substrate (the b axis
of the benzoic acid crystals, parallel to the b axis of PE).
The combination of electron diffraction and bright and
dark field images allows clear determination of the
molecular chain orientation of PE with respect to the
suprastructure of crystalline PE lamellae and PEP
layers. The orientation of the PE unit cell, induced by
the epitaxial relationship with the crystalline lattice of
the substrate, is such that the PE molecular chain axis
(©) is parallel to the normal direction (A) of lamellar
plane, as shown in Figure 5. This result is in agreement
with the model proposed by Rangarajan et al.'316 for
semicrystalline block copolymer crystallized from the
homogeneous melt. Our result is a consequence of the
interaction with the substrate surface in the thin film
and yields a globally oriented single-crystal-like texture
of vertically oriented PE/PEP lamellae.
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amorphous PEP and
non crystalline PE blocks

crystalline
PE lamelia

Figure 5. Schematic model showing the crystalline and
amorphous microdomains in the PE/PEP/PE block copolymer
epitaxially crystallized onto BA. Epitaxial relationship shows
the relative orientation of the polyethylene lamellae on the
benzoic acid. (100)pg||(001)ga, and ceg||aga, bpel|bsa. The ori-
entation of the PE molecular chains perpendicular to the
lamellar plane €||f is also shown.
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