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ABSTRACT: We study the morphology of a thin film made of a hybrid amorphous/side chain liquid
crystalline diblock copolymer, in which the amorphous polymer is similar to the backbone of the liquid
crystalline polymer. Microphase separation in the smectic A phase leads to a terraced film made of
alternating amorphous and smectic layers, both parallel to the substrate. This new lamellar morphology
differs from the bulk ordering where minimization of the block—block interfacial energy results in an
orthogonal arrangement. We discuss the stability of such a lamellar structure in the film by considering
the influence of the surface field on the internal diblock specific interactions.

Introduction

Block copolymers are an interesting and well-known
variety of polymers. They possess the peculiar property
of forming fairly well-defined mesoscopic structures,
which makes them scientifically interesting as well as
technologically attractive.?

The most simple case is a diblock copolymer, com-
posed of two polymers covalently bonded, of chemically
distinct repeat units A and B. If A and B are incompat-
ible, a microphase segregation can be obtained into, for
example, spherical, cylindrical, or lamellar phases. The
phase behavior depends on the relative volume fraction
of A and B and on the magnitude of the product yasN,
where yag 18 the Flory—Huggins interaction parameter
between the two polymers and N is the total degree of
polymerization.? In the case of blocks of about equiva-
lent size, the copolymer phase separates in a lamellar
phase, with the scaling of the lamellar period being
o<N?3, This result comes from the balance between the
enthalpic gain of unmixing A and B and the entropic
cost of chain confinement within the layers.? In thin
films made of diblock copolymers, the interactions
occurring at the air/film and film/substrate interfaces
influence the microphase-separation process and can be
used to control the orientation of the morphologies. For
example, a preferential interaction of one of the blocks
with the boundaries (“surfactant”-like behavior) will
favor the formation of the lamellar phase on a macro-
scopic scale, with the lamellae of periodicity, L, parallel
to the substrate.® The resulting film thickness will
belong to a discrete spectrum of allowed values d,,
where d, = (n + Y9)L, or d, = nL, depending on the
boundary conditions.4® Structural details of these mor-
phologies have been investigated.®” The surface dynam-
ics leading to the formation of such a quantized thick-
ness has been compared to a 2D spinodal decomposition
process.5?

The orentation of a macroscopic lamellar “stack” can
be controlled further by using heterogeneous substrates.
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Recently, lamellae orthogonal to laterally heterogeneous
substrates were obtained by either considering the
periodic variation of the preferential interactions of the
block!® or by using laterally corrugated substrates.!!
Hybrid amorphous/liquid crystalline (LC) diblock co-
polymers offer an alternative to the use of heterogeneous
substrates. If one of the polymers is a side chain LC
polymer, i.e., the mesogens are attached laterally to the
backbone, the phase structure will be driven both by
the block incompatibility and the LC ordering.!? An
amorphous/smectic diblock can be considered to be an
A(CB) triblock copolymer, where A denotes the amor-
phous polymer and C and B the backbone and mesogens
of the LC polymer, respectively. The smectic layering
can be considered to be a “nanophase” separation!?!4
and the smectic to nematic or i1sotropic transition as the
order—disorder transition. In general, one would expect
that at temperatures in the smectic range, ypc < yac
and ypc < yap, which means that the microphase
separation can be described effectively as a diblock
system. In the bulk, the smectic layers are usually
orthogonal to the lamellae and separate the microphase-
segregated blocks. Similar structures with two length
scales have recently been reached by using hydrogen-
bonded diblock-amphiphile complexes.!® The ability of
mesogenic units to homeotropically anchor onto a
homogeneous substrate provides a new handle to ma-
nipulate the structure in thin films. In this situation,
the diblock lamellae can be oriented perpendicular to
the substrate.®

In this paper, we report on a new morphology of a
thin hybrid amorphous/smectic block copolymer film for
which the “diblock approximation” does not hold. As the
backbone of the L.C polymer is similar to the amorphous
polymer, yac = 0, and ypc = yas = 0. After annealing
in the smectic A phase, we find an equilibrium structure
with both of the smectic and amorphous layers parallel
to the substrate. This situation differs from the bulk,
where the lamellae are found to be orthogonal to the
smectic layers.!” In the next section, we describe the
systems studied and the experimental techniques used
to collect complementary real and reciprocal space
information, i.e, atomic force microscopy (AFM) and
specular X-ray reflectivity (SXR), respectively. The
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Table 1. Bulk Characteristics of the Polymers!?

polymer M., polydispersity O RVE phase behavior (°C)
homopolymer 8700 1.40 g (9), SmC* (45), SmA (75), I
diblock 9600 1.26 0.33 g (—19), g(11), SmC* (44), SmA (67), 1
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Figure 1. Structure and molecular model of the liquid
cristalline diblock copolymer investigated.

results are presented and discussed in Results and
Discussion.

Experimental Section

The polymeric materials under consideration have been
synthesized by a cationic polymerization at Philips Research
Laboratories.!” The diblock copolymer consists of an amor-
phous polymer A which consists of a poly(isobutyl vinyl ether)
(pIBVE), chemically linked to a side chain LC block (A’B). The
LC polymer is composed of a poly(vinyl ether) backbone (A")
to which mesogenic units (B) are laterally attached via an alkyl
spacer (see Figure 1). The bulk characteristics of the polymers
as given in Omenat et al.!” are summarized in Table 1. For
the diblock, two glass transitions have been detected in DSC,
which is direct proof of the immiscibility of the blocks. The
backbones of the two different polymers consist of the same
vinyl ether monomer. Therefore, the system cannot be de-
scribed as a conventional diblock, because the amorphous block
is only incompatible with part of the L.C block. Hence, we can
expect the LC properties to be dominant. To describe the phase
separation of the present diblock system, we can separate the
interaction parameter into yaa, ¥as, and yas contributions with
yar = 0 and yag = yas = 0.

The length of the stretched mesogenic unit i1s ~30 A. In the
SmC* and SmA phases, the diffraction pattern of the bulk
diblock shows the existence of a smectic periodicity of ap-
proximately 31—33 A orthogonal to the lamellar diblock period
of 107 A.'7 In the bulk smectic phases, the mesogens form
interdigitated layers.

Thin films were obtained by spin-coating from a chloroben-
zene solution onto quartz substrates. The initial thickness of
the films depends on the polymer concentration and the
spinning velocity. The films were annealed in the smectic A
phase and then quenched to room temperature (20 + 1° C in
the SmC* phase) for further analysis. We studied a thin film
of a homopolymer solution at 7.3 mg/mlL, spin-coated at 2000
rpm, and annealed at T' = 70 °C during 60 h, as well as a thin
film of a diblock solution at 15.6 mg/mlL, spin-coated at 2000
rpm, and annealed at T = 63 °C during 60 h.

Direct images of the surface of the thin films were obtained
with an AFM apparatus (Solver SFM, NT-MDT, Zelenograd,
Moscow) in the semicontact mode. Standard probes, with ~10
nm radii type and a cantilever resonant frequency of ~300
khz, were used to scan the samples, which were kept in a dry
nitrogen atmosphere to limit water condensation. Because of
the very slow evolution dynamics at room temperature, the
AFM topographies show no change during successive scans.

SXR measurements were performed using the Cu Ka line
(wavelength 1 = 1.54 A) from a rotating anode generator and
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Figure 2. X-ray reflectivity curve of the liquid crystalline
homopolymer film (circles) with a fit using the density profile
depicted in the inset (solid line).

10

the triple-axis reflectometer described in Mol et al.'® The
incident beam was monochromatized and focused in the
direction perpendicular to the scattering plane with a bent
graphite (002) crystal. In reciprocal space, the specular scans
probe the scattered intensity along g., the z axis being in the
direction perpendicular to the film. The analysis of the specular
reflectivity profiles is performed rigorously through the use
of an optical formalism valid at all angles,'® convoluted with
the experimental resolution, and assumed to obey Gaussian
statistics. The film is described by a succession of homogeneous
slabs, each of them characterized by three parameters: thick-
ness, electron density, and interfacial roughness o. The
electron density is related to the refractive index via the
relation p = 276/(A? r,), where r, is the classic radius of electron
and o is the so-called reduced density. The incoming diver-
gence, as defined by the presample slit widths was set to
D.DM;: corresponding to an in-plane resolution Ag. = 7.4 x
1073 A3

Results and Discussion

Liquid Crystalline Homopolymer. To get prelimi-
nary information about the LC behavior of the diblock,
it is important to study first the ordering in homopoly-
mer films. Figure 2 shows the X-ray reflectivity curve
of such a film with a thickness of about 150 A. The
reflectivity exhibits a clear Bragg peak at g, = 0.2 A7},
corresponding to smectic ordering with a period of 31
A. Hence, the mesogenic units are organized in smectic
layers parallel to the substrate. The best fit of the
reflectivity can be achieved by using a unit cell of size
31 A, smeared by interfacial roughnesses varying from
3 to 5.5 A. The smectic period is equal to the stretched
size of the side groups, indicating that these are ho-
meotropically oriented. The electron density profile
through the film is shown in the inset of Figure 2. As
can be seen there, the density profile contains five layers
of unequal densities, which suggests that the mesogenic
units are nonuniformly distributed inside the film.
Assuming a structure of interdigitated side groups, the
irregular density profile can be partly explained by
assuming relatively strong anchoring of the mesogenic
units onto the substrate. This would induce a preferred
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Figure 3. AFM image of the liquid crystalline homopolymer
film. The height difference between the terraces is ~30 A,
corresponding to the smectic spacing. The last two smectic
layers are incomplete.

substrate

Figure 4. Microscopic model proposed for the liquid crystal-
line homopolymer film. The last two layers are incomplete
because of the lack of material left to cover the film surface
(see AFM image in Figure 3). The density difference detected
between the first two layers close to the substrate may be due
to the preferential mesogens/substrate interaction.

orientation of the mesogenic units connected to the
backbone closest to the surface toward the surface
(“down”). This, in turn, will give a relative shortage of
the mesogenic units oriented “up” in the second layer,
necessarily followed by a subsequent increase in the
next one. Furthermore, the last two layers are not filled
because of a lack of material, as demonstrated by AFM
imaging (see Figure 3). This qualitatively explains the
decreasing density of the last two layers close to the air/
film interface. A comprehensive microscopic scheme of
the morphology is depicted in Figure 4. Note that this
model assumes that two neighboring mesogenic groups
point in the same direction. In fact, the space available
for such a situation is severely restricted by a single
methyl group in the backbone that separates them.
However, the relatively long size of the spacers con-
necting the mesogens with the main chain can still
provide the necessary flexibility to obtain a variety of
packing configurations in 3D.

A preferential interaction between the boundary layer
and the substrate has been evidenced from a sample

annealed in the isotropic phase (T' = 80 °C) during 50

Morphology of a Copolymer Film 3237

=10

10

0.0 0.1 0.2 0.3
Qz (A

Figure 5. X-ray reflectivity curve of the liquid crystalline
homopolymer film after annealing in the isotropic phase at T
= 80 °C (circles). A 62 A thick bilayer remains strongly
anchored to the glass substrate (fit represented by the solid
line). A small bump at g. = 0.2 A~! denotes a smectic layering
inside the dewetted droplets.
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Figure 6. X-ray reflectivity of the diblock film after annealing
in the SmA phase at 7' = 63 °C (circles) and the possible fitting
curve (solid line) discussed in the text. The Bragg positions
(001) of the diblock periodicity (above the curve) and of the
smectic spacing (below the curve) are indicated.

h, The resulting SXR curve is shown in Figure 5. It
appears that the film has dewetted the substrate, except
from a homogeneous 62 A thick layer, corresponding to
exactly two smectic layers. Only the anchored molecules
remain on the substrate in the isotropic phase, which
shows qualitatively the relative importance of this
interaction. In addition, one can notice a small bump
on top of the Kiessig fringes at ¢. = 0.2 A~1, which
indicates a persistent smectic ordering within droplets
on top of the surface layer. The existence of such smectic
boundary layers in the isotropic phase has been reported
for several LC systems and is understood as a pretran-
sitional surface ordering phenomenon.?’

Diblock Copolymer. The SXR curve corresponding
to a diblock film with a thickness of about 360 A is
shown in Figure 6. In addition to the Kiessig fringes
leading to this thickness, one can observe additional
periodicities. Bragg-like features at ¢, = 0.07 A~1, with
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Figure 7. AFM image of the diblock film. The height
difference between the terraces is ~90 A. Adjacent to the
terraces are dewetting layers ~30 A thick.

five higher orders indicates the presence of a lamellar
period of thickness of ~90 A., with a long-range spatial
order. This lamellar period is smaller than the bulk
lamellar period (107 A7), Moreover, one can see that
the height of the third order, at ¢, = 0.2 A~ is much
higher than the other Bragg features. In fact, it is
located at the same position as the first-order Bragg
peak related to the smectic layering (thickness = 30 A)
parallel to the substrate, as already observed for the
homopolymer film. Evidently, this is the natural way
to explain the difference in height between the Bragg
position at g, = 0.2 A~! and the other ones. It leads to
a new lamellar morphology in the diblock film, with both
smectic and amorphous layers parallel to the substrate.

Fits to the reflectivity data indicate that the density
profile through the film is composed of 12 layers of
thickness of about 30 A +15%, and that interfacial
roughnesses vary between 5 and 10 A. Moreover, the
density profile decreases monotically from the substrate
to the air/film interface and is unrealistically low for
most of the layers.

More insight about the diblock film structure is
provided by the AFM data. Figure 7 shows an AFM
image of a diblock film, prepared under identical condi-
tions. One can see terraces, the area of which decreases
monotonically from the substrate to the air. The terraces
are all ~90 A thick and have a roughness of ~10 A.
Hence, the AFM image confirms the presence of lamel-
lae parallel to the substrate.

The decrease in area of the terraces on top of each
other, as clearly visible on a local scale in Figure 7, 1s
consistent with the monotonically decreasing density of
the slabs in the SXR model. Reasonable fits of the SXR
data can be obtained by averaging individually the
reflectivity of four different films of thicknesses of 1 to
4 lamellae and realistic densities in the range 3 < d x
10% < 4, Thus, the unrealistically low densities described
above can be attributed to an averaging over the various
terraces within the illuminated area.

We further notice in Figure 7 the presence of insta-
bilities during the microphase separation, which hinder
the formation of the lamellae on a large in-plane scale.
The AFM picture shows intermediate layers of ~30 A

Macromolecules, Vol. 32, No. 10, 1999

thickness between adjacent terraces. These layers are
dewetting the underneath terrace, as indicated by their
irregular contours. In fact, during the phase segregation
process, islands and depressions of ~30 A thickness are
successively formed. As a result, most of the 30 A thick
layers at the air/film interface are unstable, leaving a
few stable terraces of ~90 A thickness. The fact that
the areas of the terraces decrease from bottom to top
suggests that the organization of the lamellar structure
starts from the substrate level and that interactions at
the substrate level are the starting point for the
development of the parallel smectic/lamellar block
morphology.

The lamellar period of ~90 A must be composed of a
smectic block of ~60 A, and an amorphous block of ~30
A, to be consistent with the bulk volume fraction of the
blocks (®pgyve = 0.33). Generally, such a parallel
lamellar structure will be configurationally frustrated,
because the smectic block size, as obtained by scaling
the lamellar diblock period, may be incommensurate
with the smectic periodicity.'® However, for the present
volume fractions, the smectic block size corresponds to
twice the smectic periodicity.

Several lamellar morphologies are possible with par-
allel lamellae and smectic layers. Various combinations
of alternating amorphous blocks and an integral number
of smectic layers can be obtained, with the mesogens
oriented up and down with respect to the backbone.
However, for neither of these cases, a lamellar period
of ~90 A can be constructed. Moreover, this situation
leads to an unfavorable contact area between A and B
components. We recall that the main segregation is due
to the unfavorable yspg and yas, between the amorphous
polymer A and the mesogenic units B and between the
backbone A’ and its side groups B, respectively. The
above considerations bring us to another possibility of
a radically different mesogens packing within the smec-
tic layers. Contrary to the homopolymer film, the
mesogenic units are assumed to be densely packed and
all pointing in the same direction (Figure 8b). By
alternating with the smectic layers, the pIBVE block
will form the second sublayer. As the side groups point
in the same direction, the polymer A and backbone A’
face each other in a favorable way, because they are
practically of the same chemical composition (yaa = 0).
In addition, phase segregation between the A and A’
components and the B component is ensured. In this
situation, the smectic and amorphous blocks sizes
correspond to ~60 and ~30 A, respectively, in agree-
ment with the lamellar period. Unfortunately, the SXR
reflectivity of the diblock does not confirm the uni-
directional mesogens conformation, as the film inhomo-
geneities (terraced structure) prevent us from making
a more quantitative analysis of the densities.

Nevertheless, in contrast to the bulk and homopoly-
mer situations, a unidirectional conformation of the
mesogens seems the only way that allows a combination
of the phase-separated structure and the smectic LC/
substrate preferential interactions. The difference in
stability between the bulk structure of Figure 5a and
the film structure of Figure 8b can be interpreted as
follows. The free energetic contributions of the smectic
ordering in the bulk and in the film are different
because of dissimilar mesogens packing configurations.
The interdigitated smectic ordering of Figure 8a is the
natural morphology, as shown by the homopolymer film
analysis, and could be more favorable than that of
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~35 A

a) Bulk morphology

Figure 8. Microscopic models of the bulk orthogonal lamellar morphology
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~ 60 A

~30A

b} Film morphology

and the film parallel lamellar morphology. (a) The

bulk perpendicular morphology presents an excess interfacial free energy due to the mixing and confinement of incompatible
components in the transition layer (dashed lines). (b) The film parallel lamellar morphology here combines segregated incompatibles
parts and strong mesogens/substrate interactions. This model leads to an excess chain stretching of the amorphous polymer
along the block interface and an excess entropic cost due to the confinements mesogens within the smectic layers.

Figure 8b, which supposes a relatively strong confine-
ment of the mesogens. However, two other contributions
to the free energy have to be considered. In the bulk
(see Figure 8a), the block—block transition layer con-
tributes to an unfavorable free energy of mixing of the
A and B components. The interfacial area per polymer
scales approximately with the smectic period. Therefore,
the excess enthalpy of mixing can be approximated by
kTyapN™*, where N®ix, represents the number of A
monomers in the transition layer. The amorphous
polymer possesses Ny =30 units of size a = 3 A, and
the LC polymer has ~15 mesogens of size 30 A. The
smectic period being ~30 A, we roughly estimate as an
average value N™x, =~ 10 units in contact with one
mesogen. The minimal value for yasp to obtain the
segregation regime is given by yagplN = 10,”> where N is
the total degree of polymerization assuming that units
of both polymers are of equal size. Taking the size of
both polymer units into account, we estimate yap = 0.1
as a minimum value. We find an excess interfacial
enthalpic cost of about T per copolymer. The free
energy of mixing of the transition layer may be further
increased by the loss of entropy connected with the
confinement of the junction points. This entropic con-
tribution can be written as ~&T In(l/L), where [; is the
transition layer thickness, and L = 90 A is the lamellar
period. We estimate [y = 10 A from the X-ray reflectivity
interfacial roughness data, which leads to an entropic
loss per copolymer of about 2&7T. In the film morphology
(see Figure 8b), these contributions vanish, because the
amorphous polymer avoids all contacts with the me-
sogens of the smectic block (yas- = 0). We conclude that
the excess interfacial free energetic change from the
bulk to the film configuration is about —3kT per
copolymer.

A second aspect to analyze for both cases is the
packing configuration of the amorphous block. The
elastic entropy change of the amorphous chain between
the bulk and film morphologies can be expressed

qualitatively as ~kT(Rf — Rp)/(a®Na) where R? = R +
Rj + Rf denotes the squared end-to-end distance of a

single chain in the bulk (b) and in the film (f), respec-
tively. Assuming that the chain sizes and the layers

spacings are linearly related, we can estimate numerical
values for R, and Ry In the bulk, let us choose the
x-direction normal to the smectic layers and the z-
direction normal to the block interface (see Figure 8a).
In the direction normal to the interface, Ry, = 35 A
scales with the amorphous block period.!” Normal to the
smectic layers, Ry, = 30 A scales with the smectic
period. From the bulk diffraction pattern,'’” the me-
sogen—mesogen distance is found to be ~5 A, which we
take as Ryy. In the film, Ry = 30 A, scales with the
amorphous period. Contrary to the bulk, the (Ox)
direction can no longer be distinguished from the (Oy)
one (the smectic and lamellar directors are parallel).
However, the LC polymer’s backbone is expected to be
stretched because of the packing restrictions due to the
unidirectional mesogens orientation. Let us choose (Ox)
in the direction along the backbone (see Figure 8a). R
may be slightly larger than in the bulk, as it scales with
the length of the stretched backbone: Ry = 38 A We
may expect that Ry, is smaller than in the bulk, because
of the strong confinement of the mesogens, say, Ry =
4-5 A. We find an elastic entropy change from the bulk
to the film morphology smaller than T per copolymer.

Without considering the LC phase free energetic
change, from the above calculations, the morphology of
Figure 8b appears slightly more stable than that of
Figure 8a. However, from the AFM data, the film
lamellar morphology appears unstable (dewetting layers
and terraced film). Hence, it may be due to the ad-
ditional entropic penalty coming from the packing
restrictions of the mesogens within the smectic layers.
As mentioned above, the area of the terraces decreases
from the substrate to the air as direct evidence of the
strong surface-induced nature of the parallel lamellar
morphology in the film. We believe that the parallel
lamellar structure of Figure 8b originates from the
strong interaction between the mesogenic units and the
substrate. The favorable internal diblock interactions
will maintain the parallel lamellar structure, as long
as the entropic cost due to the confinement of mesogens
within the smectic layers is compensated for by the
mesogens/substrate enthalpic bonus.
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Conclusion

We have evidenced a new lamellar morphology in a
hybrid amorphous/smectic LC diblock copolymer film
where both smectic layers and lamellae are parallel to
the substrate. This morphology differs from the bulk
situation where smectic layers and lamellae are or-
thogonal. The lamellar morphology in the film has a
period of ~90 A. To accommodate this period, a confined
packing of the mesogens, pointing into the same direc-
tion, must be assumed, contrary to the bulklike inter-
digitated packing observed in the LC homopolymer film.
The occurrence of this particular diblock lamellar
morphology is attributed to the similarity between the
amorphous polymer A and the LC polymer’s backbone
A’, combined with the strong mesogens/substrate inter-
actions. The surface-induced orientation of mesogens
favors A and A’ component interactions through the
film, leading to the phase-segregated lamellar morphol-
ogy with parallel lamellae and smectic layers. We
interpret the stability behavior of the film lamellar
morphology away from the substrate surface as result-
ing from the subtle balance between the mesogens/
substrate enthalpic bonus and the entropic penalty due
to the mesogens confinement within the smectic layers.
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