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Abstract

A two-gradient self-consistent-field theory using the discretisation scheme of Scheutjens and Fleer is applied to predict the structure in the
lateral direction of the free surface of a microphase-separated compressible polymeric melt. A fluorinated block copolymer system is described
in which parameters are chosen such that the fluorinated units preferentially segregate at the free surface. As soon as the copolymer architecture
and interactions are such that the melt develops inhomogeneous structures (microphase separation), the surface also shows lateral inhomogene-
ities. Not only lateral changes in surface composition exist, but also indentations of the free interface are generated with a depth comparable to or
smaller than the size of the segments that are enriched in the surface active component (fluorinated segments). These predictions are consistent
with some earlier AFM investigations on fluorinated films. The system of choice presented in this paper is motivated by our experimental system

but is not limited to this.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Fluorinated polymers are an interesting class of materials
with exceptional properties like low surface energy, low fric-
tion coefficient, and hydrophobicity. These properties make
this class of polymers interesting for coating applications.
The surface energy of fluorinated polymers is associated
with both the chemical composition (e.g. perfluoroalkyl chain)
and the chain orientation at the surface. The pioneering
studies of perfluorinated surfactants by Zisman [1] showed,
for example, that a uniformly organized array of CF; groups
creates a surface with a critical surface tension as low as
6 mN/m. Low surface tensions have been reported also for
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macromolecules with pendant perfluoroalkyl groups. Exam-
ples of such polymers are partly fluorinated polysiloxanes [2],
polyacrylates [3], polymethacrylates [4], and polystyrene [5].
The pendant perfluoroalkyl chain introduced by the fluorinated
monomer orients in the surface tilted with an angle to the
substrate thus leading to low surface tension. Other polymer
architectures like end-functionalized polymers [6] and block
copolymers [7] were also employed to obtain fluorinated poly-
mers with low surface tension.

Previously we analyzed the physical and thermodynamic
properties of partially fluorinated polymethacrylate chains
in the vicinity of the polymer melt—vapor interface [8]. Self-
consistent-field (SCF) calculations showed a significant
change in physical behavior when fluorinated units in the
chains were grouped together forming a block structure.
Even small blocks reduce the surface tension significantly. Be-
sides, it was found that the polymer melt does not necessarily
remain homogeneous. The results show that the stability of the
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polymer melt with respect to microphase segregation depends
non-monotonically on the length of the fluorinated block. For
both very small and very long blocks the bulk will remain
homogeneous, whereas for the blocks of intermediate length
an inhomogeneous bulk may be formed. In these SCF analyses
it was assumed that the system was homogeneous in the direc-
tions along the free surface.

The free surface of a copolymer melt is not necessarily
chemically homogeneous. When spatial composition varia-
tions present themselves in the surface of a system, one may
wonder whether this is an off-equilibrium effect, or a phenom-
enon that can be rationalized from equilibrium considerations.
Unless there is a first-order surface phase transition, where
exactly at the coexistence condition two phases with equal
surface pressure exist side by side, a flat interface between
polymer melt and air cannot tolerate lateral density gradients
or surface composition variations that are larger than the equi-
librium composition fluctuations. Typically, when the system
is off-equilibrium there will be thermodynamic driving forces
in the system that direct the system towards a stable equilib-
rium. In particular, density gradients in the lateral direction
give rise to concomitant surface tension gradients. These sur-
face tension gradients will push the system towards a laterally
homogeneous surface.

The free surface has a unique alternative to deal with later-
ally inhomogeneous compositions, and thus laterally inhomo-
geneous interfacial tensions. It is not necessary that the free
surface remains flat; it can develop ‘hills’ and ‘valleys’.
Such topological effects can subsequently be stable, i.e., in
equilibrium, while the surface tension is still not homogeneous.
Such surface topologies indeed can be found by tapping mode
AFM analysis of fluorinated polymer [4a,9]. Nano-structured
chemical heterogeneity in the surface was also observed using
a light tapping force [10]. It is interesting to note that the
‘low spots’ in the topographic images were suggested to be
the domains that are fluorine-rich. Again, the question arises
whether these topologies were transient structures or repre-
sented true equilibrium ones. Many more detailed questions
may follow from this. For example, how can one envision
that such interfaces can exist at a constant chemical potential
for the polymer chains? Such questions can only be answered
convincingly in a thermodynamically consistent, statistical me-
chanical analysis. Recently a dynamic SCF theory has been
used to study the terrace formation in a nano-structured thin
block copolymer films [11]. The strong point of this method
is that transient structural information is available. However,
there is no insight into the long time effects because the authors
stopped the simulations before the full relaxation took place. It
might therefore have been the case that the terrace formation
found is the result of a dewetting effect in progress. Again a
thermodynamic study as presented below is necessary to be
conclusive about the thermodynamic status of a system. A
similar dynamic SCF approach has been used by Doi and
coworkers [12]. These authors discuss how a mixture of two
homopolymers phase separate bringing one of the components
to the surface (heteronucleation). This leads also to lateral
inhomogeneous surface structures.

In this paper we will focus on copolymer melts with a
non-trivial interfacial behavior. In particular we will use the
mean-field description of inhomogeneous polymer systems
with the Edwards’ diffusion equation as the fundamental
starting point [13]:

dG(r,N) 1_, N
— v =g VG(N) —u(r)G(r.N) (1)

where G(r,N) denotes the probability distribution of finding
the end segment N of a polymer chain at coordinate r. This
equation must be complemented with boundary conditions
and a compressibility relation. Solutions of Eq. (1) can only
be generated numerically and in such a procedure one typi-
cally makes use of lattice approximations. Here the method
of Scheutjens and Fleer [14] is applied to solve Eq. (1) accu-
rately. These authors used just one fundamental length, i.e., the
size of a lattice site. The polymer chain is modeled as a string
of flexible segments each with the same characteristic size, so
that they fit on the lattice (one lattice site thus corresponds to
about 0.5 nm in real space). The use of Eq. (1) implies that the
chain Hamiltonian is that of a freely jointed chain (i.e., back
folding is allowed). In fact two neighboring segments along
the chain must occupy neighboring sites on the lattice, but lon-
ger-ranged positional correlations along the chain are ignored.
The statistical weight of each conformation is found as the
Boltzmann weight featuring the total potential felt by such
conformation. The total potential is just the sum of potentials
felt by each of its segments. The potentials are a function of
the distribution of the molecules and for this reason they are
often referred to as the self-consistent potentials. They are
a functional of the volume fractions and parameterized by
the short-range nearest-neighbor exchange energy parameters
of the Flory—Huggins type. The Green’s function G(r,N)
that obeys Eq. (1) is just the sum of these statistical weights
over all possible and allowed conformations. Combination of
complementary Green’s functions, starting from opposite
chain ends, gives access to the measurable volume fraction
distributions ¢(r) of all segments. To put it differently, the nor-
malization of the full set of statistical weights of all conforma-
tions gives access to the volume fraction distributions.

Here we will supplement the Edwards’ equation with a com-
pressibility condition that the total volume fraction of the
polymeric component plus that of so-called vacancies add
up to unity: @p(r) + @v(r) = 1. The phase rich in vacancies
will be called the vapor. In the vapor phase, sufficiently far
from the polymer phase, we position the system boundaries.
At these boundaries we implement reflecting (mirror-like)
boundary conditions (see Fig. 1). The melt—vapor interface
is not affected by this boundary condition. As a result the
interface is completely free, i.e., we do not impose any con-
straint on its topology or composition.

In order to study inhomogeneous interfaces, it is necessary
to allow for at least two spatial coordinates. The Green’s func-
tion must now depend on two coordinates: in this case x and z,
G(r,N) = G(x,z,N) (see Fig. 1). The mean-field approxi-
mation is then applied in the y-direction. This means that in
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Fig. 1. Schematic representation of a thin film of a block copolymer melt that
is microphase segregated in a hexagonal phase. The melt surface is along the
x—y plane. The x—z plane is a perpendicular cut through the thin film. The
cylinders are F-rich domains whereas the gray body is hydrocarbon-rich
(F-poor) medium. On both the left and the right side the melt—vapor surface
is present. The shading at the surface represents the expected surface density
inhomogeneities.

the y-direction the density variations are ignored and, related
to that, the self-consistent potential u(r,N) — u(x,z,N) will
be homogeneous in the y-direction. Solutions of this differen-
tial equation are generated numerically by the Scheutjens—
Fleer formalism. Details of the numerical scheme may be
found elsewhere [14]. The results of this theory are equilib-
rium density profiles ¢(x,y) (without random thermal fluctua-
tions) as well as accurate data for thermodynamic variables.

Leibler [15] already showed that, for a block copolymer,
the chain composition and the product of the chain length
and the Flory—Huggins parameter x determine whether the
melt remains isotropic or microphase segregated. For the sym-
metrical diblock copolymer, the critical condition is x“'N =
10.5. For asymmetric block copolymers the critical condition
moves to higher values and the microphase topology becomes
non-lamellar. In this paper, we will concentrate on an ABA
block copolymer system with A being a methyl methacrylate
unit (M) and B composed of one M unit and six fluorocarbon
units (Fg, —(CF,)¢F; see Fig. 2). We assume that a hexagonal
phase will form for large values of xgy. Such hexagonal phase
can be captured in the coordinate system mentioned above.
While the interest will be in the structural properties of the
free surface, it is necessary to take into account the free
volume in the system. As before, the polymer melt—vapor
(V) interface will spontaneously form when both xpy > 0.5
and xgvy > 0.5. The surface affinity of fluorinated groups is
higher than that of the methacrylate units. Accordingly it is
taken that vy — xry > 0. At fixed surface affinities, only
the xgv parameter can be used to generate fundamentally
different conditions. For large value of xgy the bulk becomes
inhomogeneous, whereas for small values the bulk remains
homogeneous. The idea of this work is to discuss the proper-
ties of the interface of the copolymer melt in these two
regimes.

Fig. 2. A representation of the polymer used in this study. The circles represent
the methyl methacrylate (M) units, the open squares are the CF, groups and
the gray square is the CF; where Xcp, v = Xcr, v (ZEX8v)-

2. Results and discussion

In previous studies [16] it has been shown that the presence
of perfluoroalkyl side chains in a polymethacrylate polymer
lowers the surface tension of the polymer melt. Small amounts
of these fluorinated side chains were found to cause a signifi-
cant reduction of the surface tension. A detailed SCF analysis
revealed that at a fixed composition (i.e., fixed number of
perfluoroalkyl side chains), the surface tension reduction is
maximized when the side chains are organized in a single
block [8]. In that SCF analysis it was assumed that the system
was homogeneous parallel to the free surface. In such an
approach it is possible to reduce Eq. (1) to a one-dimensional
differential equation. The advantage of the computer time
reduction involved is that many molecular details can be in-
cluded in the modeling. The present problem, as formulated
in the previous section, calls for a two-dimensional gradient
analysis. This has serious consequences with respect to the
numerical analysis. In particular, due to both CPU limitations
and increased memory requirements, it is not possible to
describe the system in all molecular details. The simplification
of the system must be such that the main characteristics are
kept. We have chosen the following molecular structure:
(M)50—(M[F¢l);—(M)5o, where the units M and F have
been specified above and the square brackets indicate that
the F¢ segment is a side chain of the M-homopolymer. The
main chain thus is Ny; = 103 segments long (Fig. 2).

The free volume was modeled as vacancies that are denoted
as V. Therefore there are three relevant Flory—Huggins inter-
action parameters. The interactions of M and F with V were
fixed throughout this work: xyy =2 and xgy = 1.2. The dif-
ference between these two x values reflects that the F group
is more surface active than the M group. The parameter y v
controls the microphase segregation of the melt. It was found
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that the critical value of yjs is about 0.53, below which the
melt is homogeneous and above which it is in a hexagonal
phase. We will present and discuss two typical results, one
with a homogeneous bulk and the other with a structured bulk.

Calculations were performed in a ‘box’ with fixed dimen-
sions. Both in the x- and the z-direction mirror-like, reflecting
boundary conditions were implemented. The dimension of this
‘box’ was not chosen arbitrarily, but such that the film thick-
ness is commensurate with the unit cell dimension found
in a separate bulk calculation (not shown). The dimension of
the box in the z-direction was chosen to be 70 lattice units.
The amount of polymer (6, in number of segments per unit
length in the y-direction) in the system was fixed at § = 655.
This resulted in a polymer film with a thickness of about 60
(lattice) sites and a size of the V-phase of 10 sites. Taking
into account that there are reflecting boundary conditions in
the y-direction, the total film thickness is 120 lattice units.
The total film thickness was large enough so that the surface
effects have just faded away in the center of the film. One
would be inclined to increase the film thickness to be sure
that there are no adverse effects of the finite size of the system,
but this would lead to larger computation times and more
importantly this would exceed the memory capabilities of
our computer.

Intuitively one would expect that the numerical solution of
the problem is easiest when the bulk is homogeneous. There-
fore, this case is discussed first. In Fig. 3 the density distribu-
tion of the fluorine segments across the polymer film is plotted
for xpmr = 0.5, a condition that is very close to the critical x as
mentioned above. As expected the density profile peaks
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Fig. 3. Top: the two-dimensional density profile for a grid of 48 x 140 sites in
the x—z plane of the F segments obtained from a calculation in a 12 x 70 box.
The higher the concentration in F segments, the darker the gray scaling.
Bottom: the corresponding volume fraction profile of the F segments across
the film (in the z-direction). The two melt—vapor interfaces are found near
z=+£60. The Flory—Huggins parameter for the MF interaction is xyg = 0.5.

sharply at the polymer—vapor interfaces, i.e., near |z| = 60. In
the center of the melt, the density is independent of z, indicating
that the melt is in the homogeneous, isotropic state. However,
there are a number of oscillations visible in the F density. These
effects have been discussed in detail previously. In first-order ap-
proximation, the variation in the distribution of the M units is the
inverse of that of the F segments. In the top view graph of Fig. 3
the density profiles are presented in the x—z plane. The gray-
scale is indicative of the fluorine density. As can be seen, the
melt—vapor interface is exactly homogeneous and flat. This
means that there is no surface tension gradient in this case.

In Fig. 4 the distribution of the fluorine groups is given for
the case that the bulk is no longer homogeneous, i.e.,
xmE = 0.7. From the top view graph, where the density profiles
in the x—z plane are presented, one can clearly observe that
a hexagonal phase is present in the bulk (for clarity a slab of
48 x 140 sites is shown instead of the 12 x 70 box used in
the calculations). More interestingly, the interface is not ho-
mogeneous. There are local density variations laterally along
the interface, as well as corresponding height variations.
Two fluorine-density profiles in the z-direction are plotted in
the bottom part of Fig. 4. The cross-sections are chosen
through the centers of the F-rich domains. In the core of the
film the fluorine-rich domains are evenly spaced. However,
near the interfaces a fascinating effect occurs associated
with the shape of the interface. This can be better seen in
Fig. 5 where the interfacial region is enlarged. From this it
is seen that the fluorine-density profile across the interface
along line 2 (see Fig. 4, top) has a slightly higher maximum
than the one along line 1. The average position of the F groups
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Fig. 4. Top: the two-dimensional density profile for a grid of 48 x 140 sites in
the x—z plane of the F segments. The higher the fluorine concentration, the
darker the gray scaling. Bottom: the corresponding volume fraction profiles
of the F segments across the film (in the z-direction) along the path numbers
1 and 2, as indicated in the top view graph. The Flory—Huggins parameter for
the MF contact is xyr = 0.7. Other parameters are given in the text.
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Fig. 5. Enlargement of the volume fraction profiles of the fluorine segments
across the film (in the z-direction) near the melt—vapor interface. The vertical
lines indicate the average positions of the fluorine groups (at the surface) along
the lines 1 and 2.

near the interface, defined by the first moment, (z) =
>, z0(2)/> ., ¢(z), is also significantly displaced to smaller
z values along line 2.

We conclude that it is possible to have a thermodynamically
stable interface which is both non-flat and laterally inhomo-
geneous. The interfacial undulations are stabilized by the cou-
pling of the interface to the bulk. This can clearly be seen from
Fig. 4. Those F-rich domains that are near the surface are not
all positioned at the same distance to the surface, i.e., along
path number 2 the first F-rich domain is by ~50% further
away from the surface than along path number 1. As the
system tends to localize the fluorine-rich side chains in micro-
phase segregated domains, the molecules near the surface
where line 2 crosses (short: surface-2) are faced with the
problem that no nearby fluorine-rich domains are available
for the side chains to accommodate. Thus, without any
adjustment within the system, the thermodynamic potential
of these molecules would be raised along line 2 between the
surface and the first fluorine-rich domain as counted from
the surface. The system corrects for this mainly in two ways.

The first mechanism is that some molecules move away
from this location at line 2, inducing a local indentation of
the surface. This indentation at surface-2 decreases the local
pressure P, in the polymer melt with respect to the gas phase
from zero to a negative value P, = vy,/R, where the surface
tension vy and negative curvature 1/R, are taken at surface-2.
In turn, this induces a decrease in the local potential
o = u(p) —|—N13P2 where [ is the segment length and u(¢) is
the chemical potential found from local densities, e.g. by
a Flory—Huggins type equation. An indentation at surface-2
must be matched by a bulge elsewhere, thus by a positive cur-
vature 1/R; at surface-1. This implies that the local thermody-
namic potential just below surface-1 is raised. Both curvatures
lead to a pressure difference in the melt of AP = vy{/Ry — v2/R;
when comparing the locations just below surface-1 and
surface-2.

The second mechanism is that, after the action of only the
first mechanism, the remaining molecules below surface-2
would still be left with part of the accommodation problem

mentioned before, i.e., they are still faced with some ‘““over-
dose” of fluorine-rich side chains. This is, at least partly,
remedied by making the fluorine enrichment in surface-2
larger than in surface-1. This may lead to a lateral variation
in the surface tension, with the lowest values probably located
at surface-2. In passing we note that the fluorine-rich domains
just beneath the interface do not have a perfect spherical shape
but are somewhat elliptical. This is another manifestation of
adaptation of the system to cope with the hexagonal packing
of chains in the bulk and the macroscopic melt—vapor
interface.

The differences in film thickness shown above are very
small. From our results it is clear that the film thickness
variations are triggered by an inhomogeneous bulk, i.e., it is
a function of the value of xr. We note, however, that the ex-
act differences in film thickness that can be observed may also
depend on the molecular structure of the polymers used, i.e.,
the availability of the phase segregated units to form domains.
The small differences in film thickness indicate that the effect
is not adversely affected by the underlying lattice. Indeed the
interface shifts smoothly along the z-coordinate. We should re-
alize that the case presented in Figs. 3 and 4 is still very close
to the critical conditions. In most practical cases the copoly-
mer systems can be much further away from these conditions
and thus it is anticipated that this phenomenon can be experi-
mentally observed. Indeed, we recently found that in partially
fluorinated cross-linked polyurethane systems small patches of
fluorine-rich domains are detectable by tapping mode AFM
[10c]. The contrast in the phase image comes from different
local stiffness of the F-rich domains. These domains are typi-
cally 2—3 nm ‘below’ the surface and with a lateral diameter
of 15—20 nm. This phenomenon is consistent with some
earlier findings on a fluorinated alkyd resin studied by Sauer
and coworkers [10b]. More recently, Park et al. reported a
hexagonally perforated surface layer for a PS-b-PMMA block
copolymer melt [17]. These authors show that the structure
inside the thin film has corresponding features as the surface
layer, which is in good agreement with the current modeling
study.

We would like to mention that our SCF method is not lim-
ited to the case of a fluorinated block copolymer system for
which the fluorinated groups are side groups of an unfluori-
nated backbone. The self-consistent field method has been
used extensively to microphase segregation in block copoly-
mer melts and in principle for all such cases one can envision
that a microscopically inhomogeneous bulk can couple to
lateral inhomogeneous interfacial properties, where the free
interface is both chemically inhomogeneous and has concom-
itant height variations.

3. Conclusions

Fluorine containing molecules typically accumulate at
a polymer melt—vapor interface. Such low energy surfaces
prevent subsequent adhesion of most, if not all, materials. A
strategic approach to administer such fluorinated groups at
the interface is to chemically link sufficient fluorinated units
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to the polymer that forms the melt. However, in this case the
macroscopically homogeneous polymer melt may develop
some microphase-separated structure. In this paper it has
been shown that when this happens, the free surface does
not remain featureless. Lateral gradients in fluorine density
are accompanied by height undulations of the free surface.
In the F-rich regions the interface is indented and in the
F-poor regions the interface has a ‘small bump’. Such
phenomena have been observed by AFM measurements and
are now corroborated by a molecularly realistic self-consistent
field theory.
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