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ABSTRACT: A study of the morphology of diblock copolymers
composed of two crystalline blocks of isotactic polypropylene
(iPP) and polyethylene (PE) is shown. The samples form phase-
separated structures in the melt because of the incompatibility

between iPP and PE blocks. Cylindrical PE microdomains

are

visible at room temperature in the sample with a PE volume
fraction of 26%, rapidly quenched from the melt in liquid nitrogen.
In the quenched sample, PE crystallizes inside the PE cylindrical
microdomains, whereas crystals of iPP are not visible in the iPP
domains because the quenching prevents crystallization of the lamellar @ form. Less rapid cooling of the melt produces, instead,
breakout crystallization, where the phase-separated structure of the melt is destroyed by the slow crystallization of the @ form of iPP
and of PE. The succession of crystallization of iPP and PE and the resulting final morphology have been analyzed by inducing
selective and different orientations of iPP and PE crystals through epitaxial crystallization onto the benzoic acid (BA) crystal
substrate. Epitaxy produces oriented crystallization of iPP and PE, with a unique alignment of PE lamellar crystals and a double
orientation of iPP crystals on to the (001) exposed face of BA. Epitaxy destroys the phase-separated structure of the melt and
induces the formation of ordered lamellar nanostructures with alternated layers of iPP and PE, whose orientation is defined by the
alignment of PE or iPP crystals, which, in turn, is determined by epitaxy. The results indicate that crystalline block copolymers offer
the opportunity to create nanoscale patterns on thin films and improve the possibility of controlling the microstructure of block
copolymers and the alignment of microdomains by controlling the crystallization process.

B INTRODUCTION

Semicrystalline block copolymers (BCPs) combining crystal-
lizable blocks of isotactic polypropylene (iPP) and poly-
ethylene (PE) have recently received considerable attention
thanks to the possibility to use them as compatibilizers in
poorly miscible iPP/PE blends, opening new opportunities for
recycling polyolefins into equal- or higher-value materials with
lower sorting costs.' > The preparation of iPP—PE BCPs with
precise control over block length and architecture offers the
possibility to tailor the final properties of the material, thus
further expanding the already enormous range of applications
of iPP and PE homopolymers in packaging, textile, and cutting
edge automotive and aircraft markets.”’ Despite the
tremendous applicative potential of these materials, the
synthesis of iPP—PE BCPs® has been very challenging because
of the difficulties concerning the evolution of living polymer-
ization methods”® that guarantee obtaining high-molecular
mass polymers with a high control of the stereochemistry and
high level of stereoregularity. Semicrystalline iPP—PE BCPs
with a high molecular mass and with precise control over block
length and architecture have been recently obtained by using a
pyridylamidohafnium precatalyst activated with B(CgF)3,">’
which follows the extensive effort in obtaining living iPP with
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this class of catalysts."’"'* The obtained materials, consisting

of semicrystalline stereoregular iPP and linear PE blocks,
display superior interfacial activity, effectively compatibilizing
PE/iPP blends and dramatically improving the tensile
properties of blends for certain combinations of block
molecular masses and molecular architectures."”” An in depth
study of the morphology and crystallization behavior of these
new double crystalline BCPs (CC-BCPs) is still lacking.
Crystallization in BCPs has attracted much attention, and
several reviews have been published on the topic.'*~'® The
ability of BCPs to self-assemble because of the relative
repulsion between its components is well known.'”'® The
resulting formation of nanostructures with periodicity in the
nanoscale has attracted increasing interest for many
applications, in particular as a mean for patterning solid
surfaces."”~*> However, controlling the self-assembly process
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Table 1. Number Average Molecular Mass (M,,), Polydispersity (P = M,,/M,), Weight (w;pp) and Volume (f;pp) Fraction of the
iPP Block, Number Average Molecular Mass of iPP (M, :pp)) and PE (M, pg)) Blocks, Melting Temperature (T,,) of the iPP
Homopolymer and iPP—PE BCPs, and Periodicities (L) of the Nanostructures Observed in the BCP Samples Epitaxially

Crystallized onto BA

sample M, (kDa) b wipp” (Wt %) fup® (v/v %)
iPP 139.8 1.29 100 100
iPP—PE-74 140.1 1.23 74 74
iPP—PE-52 180.6 1.26 64 52
iPP—PE-40 163.5 1.19 52 40

Mn(iPP)a (kDa) Mn(PE)d (kDa) Tp® (OC) Lipp® (nm) Lpg® (nm)
139.8 134 35+ 4
103.4 36.7 129 (135) 2042 33+4
94.6 86.0 130 (135) 14+ 1 23+2
64.6 98.9 132 16 +2 28 +2

“From GPC. "Evaluated from *C NMR spectra. “Determined from the molecular masses M, pp) and M, pg), by using the densities of amorphous
iPP (0.850 g/cm?) and PE (0.853 g/cm?), as fipp = (M, (ipp)/0.850) / (M, (ipp)/0.850 + M,(p)/0.853). “Determined from the total molecular mass
M, and the molecular mass of the iPP block as M, (pgy = M,, — M,(;pp). “Evaluated from DSC heating scan at 10 °C/min of the samples crystallized
by cooling the melt at 10 °C/min.”Shoulders of the main peak are indicated in brackets. $From the electron microscopy images of Figure 2 as the

separation between the parallel adjacent dark lines of gold particles.

and the alignment of the nanodomains to obtain ordered
patterns is still a challenge.”

When the BCP components can crystallize, the competition
between phase separation and crystallization can create many
different morphologies,"*~'® which are dependent on the
values of the phase separation transition temperature of the
BCP, the glass transition temperature of the amorphous block,
and the crystallization temperature of the crystallizable
blocks.>%?7 According to these parameters, different modes
of crystallization of BCP have been described,* resulting in a
crystallization confined within the microdomains preformed in
the melt, or breaking out of the microphase-separated
structure, or templated crystallization.*®

Moreover, semicrystalline BCPs have been shown to provide
new means to create nanoscale patterns on thin films.”®
Indeed, the possibility of controlling the crystallization by
driving polymorphism and inducing alignment of crystalline
chains within block domains is an opportunity to improve
controlling the final BCP structure and the alignment of
microdomains. Epitaxial crystallization of the crystallizable
blocks of BCPs on the surface of low molecular mass
crystalline substances has shown great potential for inducing
the orientation of crystalline domains and, as a consequence, of
the BCP nanodomains.**™°

In this paper, we report the characterization of the
microstructure of crystalline—crystalline diblock copolymers
(CC-BCP) constituted by blocks of iPP and PE (iPP—PE) of
different molecular masses. The succession of crystallization of
iPP and PE and the resulting final morphology have been
analyzed by inducing selective and different alignments of the
crystals of iPP and PE through epitaxial crystallization onto
crystals of benzoic acid (BA).

Epitaxial crystallization is a well-established method used for
semicrystalline homopolymers to induce preferred orientation
of crystals on a substrate and/or to drive crystallization of a
particular polymorph.’*™*" In particular, epitaxial crystalliza-
tion of PE and iPP homopolymers onto BA is well known and
has been well explained in terms of matching between
crystalline periodicities of polymers and substrates.””™*'
Moreover, the epitaxial crystallization of PE blocks of
crystalline—amorphous BCPs,”*™*** or of double crystalline
block copolymers with a PE block linked to a syndiotactic
polypropylene block, have also been reported.’”** In addition,
heteroepitaxy involving PE and iPP homopolymers has been
also investigated.”*~*

Here, we report a study of the epitaxial crystallization onto
BA of samples in which the iPP and PE polymers are

covalently linked together to form high molecular mass CC-
BCPs. The phase separation, crystallization, and morphology
relationships of the CC-BCPs have been investigated. This
study shows that crystallization in BCP offers the unique
opportunity to control the microstructure of the nanostructure
by choosing the appropriate crystallization conditions.

B EXPERIMENTAL SECTION

The iPP homopolymer and iPP—PE CC-BCPs were synthesized by
living and stereospecific polymerization, as described in ref 1, by using
an isoselective pyridylamidohafnium catalyst activated with B(C4F;)s.
Samples with different lengths of iPP and PE blocks were prepared,
with the volume fraction of the iPP block variable from 40 to 75%
(Table 1). The samples, as listed in Table 1, are identified with the
code iPP—PE-x, where x is the volume fraction of the iPP block.

Films with thickness lower than 40 nm of iPP and iPP—PE samples
were prepared by casting from p-xylene solutions (0.5 wt %) at a
temperature of ~40 °C.

Epitaxial crystallizations were performed using as substrate crystals
of BA (melting temperature equal to 123 °C), following procedures
described in the literature.’® In particular, the iPP and iPP—PE films,
prepared onto microscope glass slides, were melted along with BA at
temperatures above the melting temperatures of the BCP samples
(Table 1), and then the mixtures were crystallized by moving the glass
slide slowly down the temperature gradient of a hot bar (cooling rate
10—15 °C/min). On cooling, the BA substrate crystals grow first and
after the polymer crystallizes epitaxially on the BA crystals. The
substrate crystals were subsequently dissolved in hot ethyl alcohol,
and the polymer film left on the glass. The thus obtained thin films
crystallized onto BA were carbon coated under vacuum in an
EMITECH K950X evaporator, analyzed by transmission electron
microscopy (TEM) in bright field (BF) and dark field (DF) modes
and electron diffraction (ED).

BCP samples were also crystallized in the absence of BA by slow
cooling or fast quenching the melt into liquid nitrogen. The slowly
crystallized samples were obtained by melting the iPP—PE thin films,
prepared by casting onto microscope glass slides, at ~220 °C for §
min and then cooled by moving the slides slowly down the
temperature gradient of the hot bar (cooling rate 10—15 °C/min).
The films were then transferred onto TEM grids and analyzed by
TEM. Thin films for the quenched samples were, instead, prepared by
casting directly onto carbon-coated copper TEM grids. The films were
then melted at 2220 °C for S min and then quickly cooled by
quenching in liquid nitrogen.

Some specimens for TEM observation were exposed to RuO,
vapors at 25 °C for 2.5—35 h to stain the amorphous phases in PE and
iPP microdomains. To improve contrast, some films crystallized onto
BA were decorated with gold nanoparticles using the method of
vacuum evaporation and condensation.***” After evaporation, gold
condensates and deposits mainly at the amorphous—crystalline
interface of the semicrystalline lamellae, allowing better visualization
of crystalline phases.*”**

https://dx.doi.org/10.1021/acs.macromol.0c01316
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TEM images and selected-area ED patterns (EDPs) were acquired
by using a FEI TECNAI G? 200 kV S-TWIN microscope (electron
source with LaBg emitter). BF TEM images were acquired at 120 or
200 kV by using a spot size equal to 3, integration time 1 s, and
binning 1. The selected-area (aperture of diameter of SO ym) EDPs
were acquired at 120 or 200 kV by using spot size 5—6, integration
time 1—3 s, and binning 1—4. A camera length equal to 0.970 m was
used to acquire the EDPs of the iPP and iPP—PE-74 samples. A 0.680
m camera length was, instead, used for the sample iPP—PE-40. DF
images were obtained using a single diffraction spot of PE, the 020
reflection to image the PE crystalline lamellae.

The periodicities of the nanostructures (L) were determined by
measuring the separation between the parallel adjacent dark lines of
gold particles in the TEM images, using Image]J software (National
Institutes of Health, available free of charge at Web site https://
imagej.nih.gov/ij/). At least 100 independent measurements were
taken at different locations of the TEM images of the samples. The
measurements were also confirmed by repeating the analysis on
images of independent samples.

B RESULTS AND DISCUSSION

Samples of iPP homopolymer and iPP—PE BCPs having
different molecular masses of PE and iPP blocks and volume
fractions of the iPP block variable from 40 to 75% have been
prepared.’ The samples have a similar total molecular mass
with M, spreading in the range 140—181 kDa (Table 1) and
differ in the relative molecular weights of the two blocks. A
symmetric BCP with PE and iPP blocks of similar lengths
(sample iPP—PE-52, with M, (pporpp) & 90,000 Da) is
compared with asymmetric samples iPP—PE-74, characterized
by the iPP block longer than the PE block (M,ppy = 103,400
Da, M,y = 36,700 Da) and iPP—PE-40 with the block of PE
longer than iPP (Mn(ipp) = 64,600 Da, M, pg) = 98,900 Da).

The iPP homopolymer, prepared in the same polymerization
condition as the BCPs, crystallizes mainly in the a form of iPP
with melting temperature of 134 °C (Table 1). This rather low
melting temperature is related to a moderate level of
isotacticity produced by the pyridylamidohafnium catalyst,"”
and the inclusion of stereo- and regiodefects,1 with the amount
of the isotactic pentad mmmm of 91%, as evaluated by “C
NMR." Accordingly, the iPP sample crystallizes by cooling the
melt in a mixture of @ and ¥ forms. The blocks of iPP in the
iPP—PE samples show the same isotacticity and crystallize in
mixtures of @ and y forms with a similar melting temperature
(Table 1)."* The block of PE crystallizes in all iPP—PE
samples in the usual stable orthorhombic form of PE and show
a melting temperature of 134—135 °C (Table 1), close to that
of the iPP block."

Because PE and iPP components are incompatible and tend
to give phase separation,” it is expected that iPP—PE BCPs
form a phase-separated microstructure in the melt and in the
amorphous phase. The morphology that develops in these
iPP—PE samples at 25 °C upon crystallization from the
heterogeneous melt has been detected by TEM in BF mode of
iPP—PE samples crystallized at different cooling rates from the
melt. Films (40 nm thick) were obtained by casting from p-
xylene solutions on glass slides, melted at ~220 °C for 5 min
and then slowly crystallized by cooling to 25 °C or rapidly
crystallized by fast quenching in liquid nitrogen. The fast
quenching should freeze the structure formed in the melt and
allow imaging the phase-separated structure at 25 °C even after
crystallization.

The BF-TEM images of iPP—PE-74 with the volume
fraction of the iPP block of 74% melt-crystallized by slow
cooling (cooling rate 10—1S °C/min) and fast quenching and

stained with RuO, are shown in Figure 1A,B, respectively. In
both images, the dark regions are the stained amorphous
phase, whereas the light regions correspond to crystalline PE or
iPP undistinguishable lamellae.

Figure 1. BF-TEM images of the sample iPP—PE-74 with a 74%
volume fraction of iPP component melt-crystallized by slow cooling to
25 °C at 10—15 °C/min (A) and by fast quenching in liquid nitrogen
(B) and stained with RuO,.

Figure 1 clearly shows that the morphologies obtained in the
two different crystallization conditions are completely different.
For the slowly crystallized sample (Figure 1A), thin crystalline
lamellae randomly oriented and homogeneously distributed
over the whole sample are visible. Lamellae of iPP and PE are
clearly not distinguishable and the phase-separated structure
eventually existing in the melt is not visible, probably destroyed
by the successive slow crystallization. This is a classic example
of breakout crystallization,m’35 where the segregation and
crystallization strengths are such that the crystallization is not
confined within preformed microdomains but produces
randomly oriented lamellae that destroy the melt structure.

When the same sample is rapidly melt-crystallized by
quenching, the phase-separated structure probably existing in
the melt is visible at room temperature (Figure 1B). The
darker microdomains correspond to PE domains of width of
nearly 60 nm, probably cylinders as suggested by a PE volume
fraction of 26%, and the lighter domains are the iPP matrix
(Figure 1B). Inside the PE cylindrical domains, thin white
strips are visible that may correspond to PE lamellae
crystallized inside the preformed PE microdomains (Figure
1B). In the iPP domains crystals of iPP are instead not visible,
probably because the quenching prevents crystallization of the
lamellar @ form but produces the formation of very small
crystals of the mesomorphic form of iPP with a nonlamellar

https://dx.doi.org/10.1021/acs.macromol.0c01316
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A

Figure 2. BF-TEM images of gold-decorated films of iPP homopolymer (A) and of iPP—PE-74 (B), iPP—PE-52 (C) and iPP—PE-40 (D) BCPs
epitaxially crystallized onto BA crystals. White arrows in (A,B) show the two different directions of alignment of the two families of the iPP
lamellae, whereas the red arrows in (B,C) indicate the unique direction of the alignment of PE lamellae. The dashed lines delimit the regions with a

single lamellae (PE) orientation.

nodular morphology,”~>* difficult to image at the TEM.
Therefore, the cylindrical nanostructure formed in the melt is
frozen at room temperature by fast quenching probably
because iPP does not crystallize in the lamellar @ form but
crystallizes in the disordered mesomorphic form that does not
disturb the initial morphology.

The iPP homopolymer and iPP—PE BCPs (films of 30—50
nm thick) have been epitaxially crystallized onto the surface of
BA crystals. Some thin films were coated with gold
nanoparticles before TEM analysis. Coating with gold
improves contrast in the microscopy observation and allows
revealing detailed aspects of the morphology. The technique of
gold decoration is largely used to image lamellae of polymers in
BF-TEM and obtain a reliable value of the lamellar
periodicity.**™** The gold particles, in fact, after evaporation
and condensation under vacuum, deposit on the amorphous
regions at the boundary with the crystalline lamellae,
enh&niisng the visualization of brighter crystalline lamel-
lae.™™

BF-TEM images of the iPP homopolymer and of iPP—PE
BCPs epitaxially crystallized onto BA and coated with gold
nanoparticles are shown in Figure 2. In all images, the black
stains are the gold nanoparticles that are located into the
amorphous phase at the interfaces with crystalline lamellae and
the brighter regions correspond to iPP and/or PE crystalline

lamellae (Figure 2). The selected-area EDPs of the same films
of the iPP homopolymer and iPP—PE BCPs epitaxially
crystallized onto BA are shown in Figure 3. The images of
Figure 2 and the ED data of Figure 3 reveal the orientation of
iPP and PE crystals onto the BA surface and can be explained
on the basis of the epitaxy of iPP and PE onto BA crystals,
deeply described in the literature for both homopolymers.*~*!

Schemes of the relative orientations of iPP and PE crystals
onto the (001) face of BA crystals described for the two
homopolymers are shown in Figure 4A,B, respectively.””~*'
The crystal structure of BA is characterized by a monoclinic
unit cell with parameters a = 5.510 A, b = 5.157 A, ¢ = 21.973
A, B =97.41°, and space group P2,/c.> Epitaxy of PE onto BA
crystals is related to the crystallographic similarity between the
PE interchain distance (the b-axis of PE equal to 4.93 A)** and
the b-axis periodicity of the BA crystal (5.157 A),*” and
between the c-axis periodicity of PE (2.53 A)** and the a-axis
of BA (5.510 A).* This produces the crystallization of PE on
to the (001)g, exposed face of BA with PE lamellae standing
edge-on, that is, perpendicular to the (001)g, plane of the BA
crystal, and oriented as shown in the scheme of Figure 4B, with
the PE chain axis (cpp) aligned parallel to the a-axis of BA
(agy), and the b-axis of PE (byg) aligned parallel to the b-axis of
BA (bpy).” The (100), lattice plane of PE is in touch with
the (001)g, exposed face of BA. The epitaxial relationships

https://dx.doi.org/10.1021/acs.macromol.0c01316
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Figure 3. Selected-area EDP of films of the iPP homopolymer (A) and iPP—PE-74 (B) and iPP—PE-40 (C) BCPs epitaxially crystallized onto BA
and gold decorated. Corresponding sketches of the observed reflections are represented in parts A, B’, and C’, respectively. The hkl indices of the
more intense observed reflections of the @ form of iPP and of the orthorhombic form of PE are indicated. The orientations of the reciprocal axes
bz and ¢ of PE and of the two families of iPP lamellae (a,*);pp, (¢;*)ipp and (a,);pp, (c,™);pp are also indicated. In A’, the a*c* section of the

reciprocal lattice of iPP is also drawn. The EDPs A-C were acquired
respectively. In the sketch A’ of the EDP of the iPP homopolymer, the

in areas of the samples having morphologies represented in Figure 2A,B,D,
red and blue spots and corresponding hkl indices are the two different sets of

reflections (mainly 40! or h1! reflections) generated by the two different families of lamellae aligned as defined by the two reciprocal lattices (af);pp,
(c¥)ipp (in red) and (a§);pp, (¢F)ipp (in blue). In the schemes B’ and C’ of the EDPs of the BCP samples, the red and blue spots are the reflections
of the two families of iPP crystals, and the black spots correspond to the reflections generated by PE crystals oriented as defined by the reciprocal
lattice aff, bif;. The EDP of the sample iPP—PE-40 (C) was acquired by using a different camera length to detect additional PE and iPP reflections.
The ring reflection in patterns A and C corresponds to the 111 reflection of gold used in the decoration of the films.

between BA and PE are, therefore, (100)ps//(001)gs, bpg//
bgs, and cpg//ags.’

Epitaxy of iPP onto BA is more complex'”*" and is strictly
related to the periodicities arising in the (010);p crystallo-
graphic planes (the ac faces) of the monoclinic unit cell of the
a form of iPP,”>>*° as shown in the scheme of Figure 4A.* In
particular, epitaxy is due to the similarity of the iPP periodicity
of 5.07 A perpendicular to the short diagonal of the (010);p
faces, which corresponds to the spacing of the (101) planes in

the a form of iPP, and the b axis periodicity of 5.16 A of BA
(Figure 4A).* Correspondingly, iPP crystallizes onto BA in
such a way that the b axis of BA is perpendicular to the (101)
plane of the a form iPP directed along the spacing d(101) of
the (101) planes (Figure 4A), and the a axis of BA is aligned
along the short diagonal of the ac face (the (101) plane) of
iPP, that is, the [101] direction. The ¢ axis of iPP may be
aligned parallel to both the two edges of the ac face (cl(ipp) and
Gappy in Figure 4A).*" Therefore, epitaxy generates two

10238 https://dx.doi.org/10.1021/acs.macromol.0c01316
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Figure 4. Schematic diagrams showing how crystals of @ form of iPP (A) and PE (B) are oriented onto the (001)g, exposed face of BA crystals
after epitaxial crystallization. (C) Scheme of the relative orientation of iPP and PE resulting from the heteroepitaxial crystallization of PE onto iPP
and (D) scheme of the alignment of PE and iPP lamellae epitaxially crystallized onto BA crystals in iPP—PE BCPs. In D, PE lamellae (blue) are
aligned with the cpg, axis parallel to the ap, axis of BA and parallel to the [101];pp direction of iPP, and the two families of iPP lamellae (black and
red) are aligned with the two chain axes ¢, (;ppy and ¢;pp) directed parallel to two directions ~60—70° apart and inclined to about 50° to the cpy axis
of PE (and to the ag, axis of BA). The axes orientation of iPP, PE, and BA crystals are indicated. According to relative epitaxies the relationships
among crystallographic parameters are: (010);pp//(001)g,//(100)pg, cpp//aga//[101];pp, and bpg//bg,.

families of iPP lamellae aligned with their ¢ axes along the two
edges of the (010)pp plane, more precisely along two
directions tilted 50° away from the short diagonal of the ac
plane (the [101] direction) and from the a axis of BA. These
two families of iPP lamellae are consequently 80° apart (180° -
(2 X 50°)) and inclined by about +50° to the a axis of BA
(Figure 4A).***" The epitaxial relationships between BA and
iPP are, therefore, (010);pp//(001)g4, apa//[101];pp, and byy
~ d(101);pp.

It is to be noted that this orientation of two iPP lamellae
along the two possible directions tilted away from the [101]
direction is similar and corresponds to that involved in the
homoepitaxy of iPP lamellae that leads to lamellar branching
typical of the a form with the a and ¢ axes of the daughter
lamella aligned parallel to the ¢ and a axes, respectively, of the
mother lamella,*””® with the resulting formation of iPP
quadrites.”” This same orientation exists as a crystallographic
feature in the y form of iPP.%"~*

Finally, as mentioned in the introduction, heteroepitaxy of
PE and iPP crystals is also possible.*”~* Also in this case, the
(010)pp plane of iPP is involved in the epitaxy, the (100)pyg
plane of PE and the (010),,p plane of iPP being the contact
planes.*”~* The b axis of a form crystals of iPP (bypp) and the
a axis of PE (apg) are perpendicular to the touch plane, and the
chain axis of PE is aligned along the [101] direction of iPP in
the a form (the short diagonal of the ac face), as shown in the
scheme of Figure 4C."*™® Therefore, the chain axis of PE cpg
is tilted to about S0° to the chain axis of iPP c¢;pp (Figure 4C)."»

In the TEM image of Figure 2A, the iPP homopolymer
epitaxially crystallized onto BA, the dark gold is located in the
intralamellar amorphous phases, that is, in between the
crystalline lamellae of iPP that appear bright. The TEM
image of Figure 2A confirms the presence of two families of
edge-on iPP crystalline lamellae, generated by epitaxy, highly
aligned along two directions ~60—70° apart with their chain
axes ¢ (¢;(pp) and c(pp) in Figure 4A) inclined by about +50°
to the a axis of BA, which is parallel to the [101]

crystallographic direction of the a form of iPP (Figure
4A).**" The periodicity of the lamellar structure, that is, the
sum of the thicknesses of crystalline and amorphous layers, has
been easily evaluated by measuring the separation between the
parallel adjacent dark lines of gold particles. For both families
of iPP lamellae, a periodicity of ~#35 nm has been obtained
(Table 1).

In the cases of the iPP—PE BCPs, the BF-TEM images show
more complex morphologies (Figure 2B—D), compared to the
iPP homopolymer, resulting from the reciprocal influence of all
three involved components (iPP, PE, and BA). Straight and
parallel rows of dark spots, corresponding to gold are also
observed. Gold is included in the amorphous layers that
represent the amorphous phases in PE and iPP domains
(Figure 2B—D). Amorphous layers alternate with bright layers
that coincide with iPP or PE lamellae. The BF-TEM images of
the BCPs of Figure 2B—D show large regions where the bright
crystalline lamellae are aligned along two directions and
regions (delimited by the dashed lines) where the crystalline
lamellae are aligned along one direction. Lamellae with a single
orientation seem to be thicker than those with double
orientations.

Figure 2B clearly shows that in the regions with a double
orientation, the lamellae are aligned along two directions ~60°
apart, similar to the morphology seen in Figure 2A for the iPP
homopolymer. This suggests that the thinner crystalline
lamellae with a double orientation are the iPP lamellae.
Considering that the epitaxy of PE onto BA produces the
alignment of the PE lamellae along one direction, as shown in
Figure 4B, in the BE-TEM images of Figure 2B—D of the BCPs
the thicker crystalline lamellae aligned along one direction are
the PE lamellae. This is confirmed by the observation that the
regions containing lamellae with a unique orientation
(delimited by the dashed lines) become larger with increasing
the length and the volume fraction of the PE block. These
regions are, indeed, very small for iPP—PE-74 with 74 v/v % of
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iPP, as shown in Figure 2B, but are much larger for iPP—PE-40
with 40 v/v % of iPP, as shown in Figure 2D.

The periodicity of the lamellar nanostructures in the BCPs
has also been estimated as the separation of the parallel
adjacent dark lines of gold in the BF-TEM images of Figures
2B—D. For the iPP lamellae (in the regions with double
orientation), values of periodicity comprised between 14 and
20 nm were measured (Table 1), less than the value of 35 nm
obtained for the iPP homopolymer (Figure 2A). For the PE
lamellae (in the regions of Figure 2B—D with single
orientation), values of periodicity between 23 and 33 nm
were estimated (Table 1).

It is worth noting that the BF-TEM images of Figure 1A of
the sample iPP—PE-74 and of Figure S1 (see Supporting
Information) of the sample iPP—PE-40 crystallized without
BA, stained with RuO, or gold decorated, show a random
orientation of undistinguishable PE and iPP lamellae. There-
fore, the images of Figure 2 clearly demonstrate that the
epitaxial crystallization allows to distinguish the iPP and PE
crystalline lamellae on the basis of the different induced
orientations.

The alignment of iPP and PE crystalline lamellae has been
confirmed by ED. The selected-area EDPs of films of the iPP
homopolymer and iPP—PE-74 and iPP—PE-40 BCPs epitax-
ially crystallized onto BA are represented in Figure 3A,B,C,
respectively. The EDPs are acquired in regions of the samples
having morphologies similar to those represented in Figure
2A,B,D. In particular, for the iPP homopolymer (Figure 3A)
and iPP—PE-40 (Figure 3C) samples, the EDPs are acquired
from the gold-decorated specimens, as shown in Figure 2A,D,
respectively. For the sample iPP—PE-74, the EDP of Figure 3B
has been recorded from a thin film as that of Figure 2B but
stained with RuO,. The EDPs (Figure 3A—C) contain
reflections of iPP in its & form®>*>®® and PE in its stable
orthorhombic form.>* A sketch of the patterns showing the
indices hkl of the main observed reflections and corresponding
reciprocal lattices are represented in Figure 3A’—C’. The Bragg
distances of all observed hkl reflections (d,) are listed in Table
S1 of Supporting Information.

The sharp spots present in the EDPs indicates the
crystallization of PE and iPP with high orientation of crystals
(single-crystal like) defined by epitaxy onto BA. The EDP of
Figure 3A of the iPP homopolymer crystallized onto BA is
basically the same as that of the literature*” and is equal to
those of quadrites of iPP seen along the common b-axis.”’ The
pattern is composed of two diffraction patterns corresponding
to a*c* sections of two reciprocal lattices of the @ form of iPP,
rotated each other by an angle close to the § angle of the
monoclinic unit cell of the a form (Figure 3A).* If the a*c*
section is in diffraction, the EDP should represent the hOl
section of the reciprocal lattice. The six innermost reflections
having the highest intensity correspond, instead, to the 110
and 111 reflections (Figure 3A" and Table S1) that should not
be visible (hll type reflections). However, since these
reflections are very strong and located near the hOl plane,
they appear in the EDP of Figure 3A, as also seen in the
literature data,*” because of the possible tilting of the lamellae.
The EDP of Figure 3A confirms that iPP epitaxially crystallizes
onto BA generating two families of lamellae of the a form
oriented edge-on onto BA with the (010);pp plane of the «
form in touch with the (001)g, face of BA (Figure 4A),
according to epitaxial relationships between BA and iPP

(010);pp//(001)gy, apa//[101]ipp and by ~ d(T01)pp

The two families of iPP lamellae are aligned with the [101]
direction, the short diagonal of the ac face [the (010)pp
contact plane], parallel to the a axis of the BA crystal, and
with the chain axes ¢ of the two iPP lamellae aligned parallel to
the two edges of the (010);pp plane, in other words parallel to
two directions tilted S0° away from the a axis of BA (from the
[101] direction of @ form of iPP) (Figure 4A). The two
families of iPP lamellae result consequently being oriented 80°
apart (180° - (2 x 50°)).*"*

The EDPs of BCP samples iPP—PE-74 and iPP—PE-40
epitaxially crystallized on BA are shown in Figure 3B,C,
respectively. A similar pattern was obtained for the sample
iPP—PE-52. The EDPs of the BCPs feature two families of iPP
reflections (Figure 3B,B’ and C,C’), as for the iPP
homopolymer (Figure 3A,A’), indicating that the covalently
linked PE blocks do not influence the epitaxial crystallization of
the iPP blocks of the BCPs onto the BA substrate, whatever
the molecular masses of the iPP and PE blocks, and two
families of iPP lamellae oriented as in Figure 4A are generated
also for the BCPs. The 211 reflection seen in the EDP of the
iPP homopolymer (Figure 3A,A’), due to tilting of lamellae, is
not present in both EDPs of the BCP (Figure 3B,C) probably
because the iPP lamellae in the BCPs are less tilted.

Besides the iPP reflections, the EDPs of Figure 3B,C also
present PE reflections, in particular only reflections with Okl
indices, therefore, indicating that the patterns represent the
b*c* section of the reciprocal lattice of PE (Figure 3B’,C’).
The fact that the b*c* section is in diffraction indicates a single
high alignment of the PE lamellae, positioned edge-on on the
BA crystals and oriented with the chain axis ¢ of PE flat on the
BA surface and aligned parallel to the a axis of BA crystals and
the b axis of PE parallel to the b axis of BA, the (100); plane
of PE being in touch with the (001);, exposed face of BA, as in
the scheme of Figure 4B, according to the epitaxial
relationships between BA and PE*’

(100)pg//(001)g,, bpp//bys and cpp//ag

This orientation is equal to that reported for the PE
homogolymer39 and PE-based crystalline—amorphous
BCPs,”***! epitaxially crystallized onto BA.

Further complexity for the BCPs may arise from the fossible
reciprocal heteroepitaxy of PE and iPP crystals."””™* As
mentioned above, in binary blends of iPP and PE, epitaxial
crystallization of PE on the oriented iPP substrate has been
observed.*”~* In this case, the (100)p; plane of PE and the
(010);pp plane of iPP are the contact planes,”” * and chain
axis ¢ of PE is aligned parallel to the [101] direction of iPP in
the @ form (the short diagonal of the ac face),™* and,
therefore, it is tilted to about 50° to the chain axis of iPP," as
shown in Figure 4C.

For our BCPs, this complexity results, however, in a simple
final morphology. In fact, from the schemes of Figure 4A—C,
note that if PE and iPP crystallize onto BA independently, a
combination of the alignments of lamellae shown in Figure
4A,B will occur, with the cpg axis of PE aligned parallel to the
agy axis of BA (Figure 4B), which, in turn, is parallel to the
[101]pp direction of iPP (Figure 4A). This results at the end
with an alignment of the cpg axis of PE along the [101];pp
direction of iPP crystals and tilted to about 50° to the cppp axis
of iPP, exactly as for the epitaxy of PE onto iPP crystals (Figure
4C). Therefore, eventual heteroepitaxy of PE and iPP gives the
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same alignment of PE and iPP lamellae as in the independent
epitaxy of iPP and PE onto BA. This suggests that for iPP—PE/
BA crystallization, iPP and PE can crystallize separately onto
BA, and if upon cooling the melt iPP crystallizes first at higher
temperature, PE may crystallize epitaxially either onto BA or
iPP. The final alignment featured by a unique orientation of PE
and a double orientation of iPP lamellae is the same. A scheme
of the final orientations of iPP and PE lamellae onto BA is
represented in Figure 4D, and the correlations between lattice
parameters are

(010);pp//(001 )5, //(100)py
cpp//aga//[101]pp

bpg//bgs & d(101)pp

The EDPs of Figure 3 and the relative alignments of iPP and
PE lamellar crystals of Figure 4 confirm that in the
morphologies of BCPs, as shown in Figure 2B—D, the thick
lamellae highly oriented along one direction correspond to PE
aligned with the b axis along the b axis of BA, and the thinner
lamellae with a double orientation are the two families of iPP
lamellae aligned with the chain axes nearly 60—70° apart and
inclined to about +50° to the cpg axis of PE and to the ag, axis
of BA. In the regions of the BF-TEM images of Figure 2B—D
showing the single lamellae orientation (delimited by the
dashed lines), PE determines the morphology because it
probably crystallizes before iPP. Therefore, iPP crystallizes
after PE and its double alignment is not seen in these areas of
the BF-TEM images because it is trapped between the oriented
PE lamellae.”® The iPP-trapped lamellae are probably parallel
to the PE lamellae, but the chains of iPP in the trapped
lamellae are tilted to the basal fold surface of the lamellae
accounting for the EDPs and the double orientation.
Analogously, in the regions of the BF-TEM images showing
a double orientation of iPP lamellae, iPP crystallizes before PE
and imposes the morphology. PE crystallizes after iPP between
preformed iPP lamellae and it is probable that, in these regions,
iPP and PE lamellae are parallel and chains of confined PE
lamellae are inclined to the basal fold surface.”

It is worth mentioning that compared to the case of epitaxial
crystallization of the two homopolymers,”™*' the epitaxial
crystallization of BCPs generates two types of domains that
correspond to the crystallization of PE first or of iPP first with
the amorphous interlamellar material (iPP and PE, respec-
tively) crystallizing in the confined interlamellar space. This
confined crystallization should result in very different stabilities
of the crystals formed.

The alignment of the PE crystals in the BCPs crystallized
onto BA has been further confirmed by DF imaging of
crystalline lamellae using the strong (020)pg reflection of PE,
the most visible reflection in the EDPs of Figure 3B,C. DF
imaging using a single diffraction spot should reveal only the
PE crystals oriented in such a way to generate that reflection,
and considering the hypothesized high single-crystal-like
alignment of PE crystals, the entire set of PE lamellae should
be revealed.

The EDP and the corresponding DF image produced with
the (020)pg reflection of the sample iPP—PE-40 epitaxially
crystallized onto BA are represented in Figure SA,B,
respectively. The BF image of the same film stained with
RuO, in the same orientation as in the ED patter and dark-filed
image is shown in Figure SC. In the BF image, RuO, vapors

10241

Figure S. EDP (A), (020)pg DF (B), and BF-TEM (C) images of
iPP—PE-40 epitaxially crystallized onto BA, and scheme of the
revealed alignment of PE and iPP lamellae (D) defined by the EDP in
A and DF image in B. DF (B) and BF (C) images are taken in the
same area of the EDP in A. The alignment of bpg and cpg axes of PE is
drawn. In the DF image the white strips represent the PE crystals in
the diffraction condition that have generated the (020)py reflection in
the EDP. In the sketch D, the iPP lamellae are trapped between PE
lamellae and the ¢;pp axes of iPP are tilted to the basal fold surface and
tilted to about 50° to the cpg axis of PE, as pointed out by the EDP.

stain the amorphous phases of PE and iPP that appear dark,
whereas crystalline lamellae are the lighter strips aligned along
one direction, presumably corresponding to the lamellae of PE
(Figure SC). The DF image of Figure SB shows white
elongated strips that corresponds to the PE crystals that have
generated the (020)pg reflection, aligned along one direction.
As suggested by the alignment of the EDP of Figure 5A, the
revealed PE crystals are lamellae aligned along the bpg axis
direction of PE, that is, with the bpy axis parallel to the by, axis
of BA and the ¢pg axis of PE aligned perpendicular to the white
strips. The DF image, therefore, reveals the same parallel
orientation of PE lamellae visualized in the BF image (Figure
5C), confirming that PE lamellae are aligned edge-on on the
BA surface, with the bpy axis of PE parallel to the by, axis of BA
and the cpp axis of PE parallel to the ag, axis of BA, as
schematically shown in Figure 4D. The dark regions in the DF
image of Figure SB are the amorphous phase and lamellar
crystals of iPP trapped between PE lamellae, and also PE
crystals in different orientations and, therefore, out of the
diffraction conditions. A scheme of PE lamellae aligned as
dictated by the EDP of Figure SA and the DF image of Figure
5B, showing also the iPP lamellae, trapped between PE
lamellae is represented in Figure SD. Because the BF image of
Figure 5C shows a unique lamellae orientation and the EDP of
Figure SA shows a double alignment of iPP, the morphology is
defined by the unique alignment of PE lamellae, and the
trapped iPP lamellae, as shown in Figure SD, are parallel to PE
but the cppp axes of iPP are tilted to the basal fold surface and
tilted to about 50° to the cp axis of PE.
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B CONCLUSIONS

Crystalline—crystalline iPP—PE diblock copolymers composed
of crystallizable iPP and PE blocks were prepared with a
pyridylamidohafnium catalyst. Samples with different relative
molecular masses of the iPP and PE blocks have been
prepared. The microstructure of the iPP—PE BCPs has been
studied in melt-crystallized samples, and correlations among
phase separation, crystallization, and morphology have been
investigated.

Phase-separated structures form at high temperatures in the
melt because of the incompatibility between iPP and PE
blocks. The microdomain structure has been revealed in
samples rapidly crystallized by quenching the melt in liquid
nitrogen. Cylindrical PE microdomains were seen for the
copolymer iPP—PE-74 with a PE volume fraction of 26%.
Small PE crystals are confined inside the PE cylindrical
domains, while in the iPP matrix crystals of iPP are not visible
because the quenching prevents crystallization of the lamellar o
form and produces the formation of the mesomorphic form of
iPP. Slow crystallization produces, instead, breakout crystal-
lization, where the phase-separated structure produced in the
melt is destroyed by the slow crystallization of the a form of
iPP and of the orthorhombic for of PE.

BCP films have been epitaxially crystallized onto the surface
of BA crystals to induce selective and different alignments of
iPP and PE crystals. This allowed studying the succession of
crystallization of iPP and PE and the resulting final
morphology. The obtained morphology and the resulting
orientation of crystalline iPP and PE phases have been
analyzed by TEM in BF and DF modes and ED. Epitaxy
produces oriented crystallization of PE and iPP, with a unique
alignment of lamellae of PE and a double orientation of iPP
lamellae onto the (001) exposed face of the BA substrate. The
cpg and bpg axes of crystals of PE are aligned parallel to the ag,
and by, axes of the BA substrate, respectively. Two families of
iPP lamellae of a form aligned along two different directions
are also generated. The chain axes ¢pp of the two families of
iPP lamellae are aligned parallel to the two edges of the
(010),pp plane of @ form of iPP, precisely along two directions
tilted S0° away from the crystallographic [101] direction of
iPP, which is parallel to the ag, axis of BA and, hence, parallel
to the chain axis cpp of PE. The two families of iPP lamellae are
therefore nearly rotated 60—70° apart and inclined to about
50° to the cpg axis of PE. The different alignments of PE and
iPP lamellae allowed to recognize the PE and iPP crystalline
phases.

The epitaxial crystallization destroys the melt phase-
separated structure but induces the formation of ordered
lamellar nanostructures with alternated layers of iPP and PE
whose orientation is defined by the alignment of PE or iPP
crystalline phases, which in turn is determined by epitaxy. The
definitive microstructure is different depending on whether PE
crystallizes before iPP or vice versa. The epitaxial crystallization
generated two types of domains that correspond to the
crystallization of PE first or of iPP first with the amorphous
interlamellar material (iPP and PE, respectively) crystallizing in
the confined interlamellar space. The succession of crystal-
lization determines the overall microstructure with unique or
double orientation of nanodomains.

The results indicate that crystalline block copolymers offer
the opportunity to create nanoscale patters on thin films and to
improve the possibility of controlling the microstructure of

BCPs and the alignment of microdomains through controlling
the crystallization process.
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