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ABSTRACT: A molecular-level self-consistent-field theory is used to analyze physical and thermodynamic
properties of partially fluorinated poly(methyl methacrylate) chains in the vicinity of the polymer—vapor
interface. The molecules are described on a united atom level in which the methyl ester and perfluoroalky!l
esters are linked onto a C—C backbone, whereas the vapor is modeled as free volume. Replacing —OCH3;
groups by —OCH,CgF13 groups was used to vary the chain composition/architecture. In agreement with
experimental data, the degree of fluorination influences the surface tension in a nonlinear way; a small
fraction of fluorinated groups leads to a relatively large drop of the surface tension. The surface
characteristics also depend on various polydispersity effects. The effects of chain length, blockiness, and
degree of incorporation of the fluorinated monomer were systematically analyzed. It is found that both
the surface tension and surface structure are very sensitive to the degree of blockiness, leading in special
cases to microphase separation of the bulk. For these microphase-separated systems a completely ordered

bulk with lamellae parallel to the surface was observed.

1. Introduction

Wettability, low adhesion to the surface, and friction
resistance of polymeric coatings are material properties
that are controlled by the composition of the outermost
surface layer. Such coatings may contain several con-
stituents, one or a few of which may adsorb preferen-
tially at the surface. It follows from the classical Gibbs
adsorption law that in these multicomponent systems
the surface concentration differs from that in the bulk.
Typically, the surface is enriched with the component
with the lowest surface tension. Surface segregation
phenomena have, for example, been observed in polymer
blends,! solutions,? and block copolymers.2 This surface
enrichment can be useful to design an “ideal” coating
system that combines the best bulk properties with the
optimized surface properties.

The driving force for surface segregation in these
systems is related to the lowering of the free energy.
When the surface area is fixed, e.g., by the macroscopic
dimensions of the system, the excess free energy of the
surface per unit area (the surface tension y) is the only
parameter that is left to minimize the free energy of
the system.

It is known that the surface tension of a random
copolymer melt is, in many cases, almost linearly related
to the molar fraction of its monomer units.* Recently,
surface segregation phenomena have been observed in
monocomponent polymer systems containing pendent
perfluoroalkyl side groups, comparable to what was
found with polymer blends. In such cases only part of
the polymers, viz. the fluorinated side groups, are
preferentially adsorbed in the coating—air interface.5~10
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These surface anisotropic conformations lead to a
relatively low free energy density at the surface when
incorporating only small amounts of fluorinated moi-
eties. This has been confirmed by X-ray photoelectron
spectroscopy (XPS),! secondary ion mass spectroscopy
(SIMS),*2 forward recoil spectroscopy (FRES),13 near-
edge X-ray absorption fine structure (NEXAFS),4 and
the highly surface sensitive low-energy ion scattering
(LEIS).1> The quantitative analysis of the surface
structure, however, is still a matter of extensive re-
search.16

Considering the technical difficulties associated with
surface analysis (such as high vacuum, possible surface
damage during measurement, and unambiguous cali-
bration of the signal), it is of interest to complement
chemical—physical measurements by appropriate theo-
retical modeling. In this paper a detailed self-consistent-
field (SCF) theory will be used for this purpose. Self-
consistent-field (SCF) theories are known to be applicable
to dense polymeric systems because the excluded-
volume correlations are screened to a large extent.

Although polymer blend systems are studied exten-
sively, relatively little work on “neat” copolymer systems
has been published. In this paper a detailed study of
surface segregation effects in a well-defined system of
copolymers is presented. The SCF method enables
surface composition and surface tension to be deter-
mined. Additionally, the effects of chain length, chemical
variations, and molecular architecture on surface com-
position and surface tension are considered. All these
aspects can be included in a detailed molecular model
in which the size and the shape of the molecule up to
the level of monomer units are accurately accounted for.

The remainder of this paper is organized as follows.
First, a short introduction to molecular modeling of
polymer systems will be given, followed by a review of
the basic concepts of the SCF technique. In this review
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a more compact formalism is given for branched poly-
mers!” within the SCF method of Scheutjens and
Fleer.1819 Additionally, the molecules and the param-
eters used in the model are described. Subsequently, the
results of the SCF analyses will be presented and
compared to available experimental data. Conclusions
are summarized in the last section.

2. Molecular Modeling

Molecular modeling of the surface properties of poly-
mer materials may be used to help to understand the
regularities found in these systems, viz. to obtain
detailed conformational results on an atomic level. In
molecular dynamics simulations one uses essentially
Newton’s law, F = ma, to trace the molecules and atoms
in space and time. There are commercially available
software packages in which molecules can be defined
in full molecular detail, including the hydrogen atoms.
Typically this approach can be used to answer questions
about materials, related to the nanometer length scale
and nanosecond time scale domains. Changes in chain
conformations, surface reorganizations, and the ex-
change of surface active molecules with less surface
active molecules take place on much larger time scale,
thus for such purpose an all-atom MD technique cannot
be used due to computational limitations. One option
is to coarse grain the simulations and probe on a larger
length and time scale. One of the problems is to find
appropriate interaction parameters and the correspond-
ing time scales in these reduced approaches. If dynami-
cal information is only used to investigate the degree
of equilibration, one can also use the Monte Carlo (MC)
technique to sample the conformational properties in
the system. This technique becomes very efficient if
molecules are placed on a lattice, such as in the bond
fluctuation model (BFM). The BFM technique has been
used frequently to study polymer blends and polymer
surfaces.20

In simulations one can, in principle, account for all
possible excluded-volume correlations. The positions of
all segments in the system are known at any moment.
However, the struggle with the statistical accuracy is
always there, and especially for large systems wherein
the polymer chains are densely packed, the equilibration
is very time demanding. Moreover, it is very difficult to
“measure” the appropriate thermodynamic parameters,
such as the surface tension, in a simulation.

Thermodynamic properties are readily available if the
partition function of the system is known. The only
types of partition functions that can be solved are those
in which mean-field approximations are used. In poly-
mer physics the mean-field approach is based upon the
Edwards diffusion equation:?!

aG(r,N) 1_,

5N 6V G(r,N) — u(r) G(r,N) Q)
where G(r,N) denotes the probability distribution of
finding the end segment N of a polymer chain at
coordinate r.

This equation features the behavior of a test chain in
an average self-consistent potential field u(r). This
potential field is a function of the local density of the
various segments. The exact analytical solution of the
Edwards equation is known only for very few systems.
Typically these equations have to be solved numerically.
A discretization scheme, as first suggested by Scheutjens
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and Fleer!®19 in the context of polymer adsorption, is
utilized in this paper. This approach has successfully
been used in a wide range of interfacial systems, e.qg.
polymer surfactant adsorption, solid/liquid interfaces,
polymeric melts, polymeric solutions, self-assembly of
copolymers and surfactants, and polymeric brushes.??
Recently, also transitions between adsorbed chains and
so-called flowers have been analyzed.?® Leermakers?*
used the approach to model the self-assembly of lipid
molecules in bilayer membranes. The lipid molecules
consist of branched chains in which the united atoms
concept, i.e. segments such as CH, and CHg, is used.
Polar, apolar, and even charged entities can be descibed.
This model will be applied in this paper to deal with
the partially fluorinated copolymer systems.

In a SCF, the calculations are coarse-grained such
that the degree of freedom on the monomer length scale
are ignored. Indeed, the classical approach is to replace
one or more monomeric building blocks by one statistical
segment.2> Such an approach is of interest to investigate
universal effects in these systems and will be used below
when the dependence of the interfacial free energy on
the degree of polymerization of the polymer chains will
be discussed. However, when the main interest is in the
structure of the interfacial layer on the (sub)monomeric
length scale, it is important to include the structural
characteristics on the segment scale. In this paper the
detailed structure of the polymer chains will be in-
cluded. The conformational characteristics of interfacial
molecules on the subsegment level will be predicted.

3. Theory

A. Discretization Scheme for Branched Systems
within the Scheutjens—Fleer Theory. The Edwards
equation (1) needs to be generalized to account for (i)
the presence of more than one segment type along the
chain, i.e., not all segments feel the same self-consistent
potential, and (ii) the nontrivial chain connectivity
(branched chain architecture). Both generalizations are
possible and documented in the literature.'”.26 However,
a short review of these extensions is of use. We will
introduce a compact formalism which is suitable both
for linear and for branched chains.

Within the framework of the Scheutjens—Fleer model,
the continuous differential equation (1) transforms into
a discrete propagator formalism. Within this formalism,
it is important that the segments of molecule i have
fixed segment ranking number, s = 1, 2, ..., N. Subse-
quently, it is necessary to know the segment type of each
segment. A composition operator éﬁs is introduced,
which assumes the value unity when segment s of
molecule i is of type x and zero otherwise. This operator
will be used to select the appropriate weighting factor
in the propagators defined below.

The start is to define the Boltzmann weight that
accounts for the self-consistent field felt by segment s
of molecule i; we write

G(z8) = ¥ G,@)5, 2)

where the segment type dependent Boltzmann weights
are given by

G,(2) = exp[—u,(2)] = exp{—[u'(2) +
> (@, ()0~ Ol (3)
y
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This equation defines the dimensionless (scaled by kT)
self-consistent segment potential uy(z) felt by a segment
of type x at coordinate z along the z-axis. This potential
is normalized with respect to a reference phase indicated
by the superindex 3. By way of normalization, the
weighting factors Gy(z) are defined to be unity in this
reference phase. Here the vapor phase will be used,
which is (extremely) dilute in polymer, as the reference.
Alternatively, it would be possible to choose a homoge-
neous polymer-rich phase as the reference phase. This
choice is problematic as soon as the polymer system
becomes structured on the microscopic length scales.
Apart from these obvious problems, there is no impor-
tant consequence for the choice of the reference system.

As can be seen in the square brackets of eq 3, the
segment potential contains two terms. The first quantity
on the right-hand side of eq 3, u'(z), is a Lagrange field
(a hard core potential) coupled to the constraint  x¢«(z)
= 1 in each layer. Here the volume fractions that refer
to a particular segment type are computed from corre-
sponding molecule type and ranking number dependent
gquantities:

Ni
7= Y 3 7ie @

These ranking number dependent volume fractions are
calculated with the propagator formalism.

The second term in the segment potential eq 3, Y yxxy
(Lpy(z)O— go{f), accounts for the nearest-neighbor con-
tact interactions felt by segment of type x in layer z. It
is a summation over all segment types y, including the
free volume component, i.e., with y = V (vacuum). In
this contribution the Flory—Huggins interaction pa-
rameters, yxy, occur. Below these parameters will be
discussed in more detail. The angular brackets in eq 3
denote a three-layer average of the segment density:

z—1+ (péz) + oz +1) 5)

P L

The composition of the reference phase is fully specified
by the volume fractions of all the components qof =
ZiZs(qolei)éifs. In principle, it is thus possible to com-
pute the segment potentials from the segment volume
fraction profiles. In the SCF approach the reversed
action (calculating the volume fractions from the po-
tentials) is also defined.

To compute the segment density profiles from the
potentials, it is necessary to first specify uniquely how
the segments in the chain are connected to each other.
The number of segment—segment bonds is always one
less than the number of segments. Let us denote them
with bond ranking numbers t = 1, ..., N — 1. It is
necessary to know the segment ranking numbers that
are on both sides of a given bond. These two segments
can be specified by sub- and superindices: ts,% = ts,%1. A
segment can be involved in one (chain end), two (middle
segment), three, or four (branched segment) bonds. Let
ts be the set of bonds connected to segment s.

In the following we will first introduce the appropriate
Greens function G, which is the quantity that collects
the overall statistical weight of all possible and allowed
conformations of particular chain fragments. This quan-
tity is rather complicated in this case because the chains
are branched. Then, a discussion will be given how one
can compute these functions starting from the chain
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ends and propagating along the chain. Finally, it is
shown how these functions can be used to obtain the
observable segment density profiles.

The Greens function, which may be referred to as the
end-point distribution function, is defined as Gi(z,s,ts°).
It reflects the statistical weight of that part of the
polymer molecule in which s is the “end-point” segment;
the bond s—s' is not yet connected. In other words, this
guantity contains the combined statistical weights of
(complete, i.e., propagated from chain ends) chain
fragments that contain segment s at coordinate z with
the extra requirement that fragments are not connected
to segment s from the side of bond ts*. This means that
this bond ts* is available for the next propagator step.
A branched polymer has more than two chain ends.
Each chain end has only one bond. Such a chain end
can also operate as an “end point”. If the walk is started
at such an end point, the starting condition is

G(zst%) = Gi(z9) (6)

where s' is again the segment following to the end
segment s, where the walk is started.

Having defined the end-point distribution on a chain
end, the segment adjacent to the chain end will be
considered as the end point s. The corresponding end-
point distribution function will be defined. In this case
the propagator step in the direction of the free bond can
now be expressed by

Gizst’) = Giz9) [|Gizs"t.0 (1)

=t

Here the angular brackets indicate a three-layer aver-
age as before. The multiple product goes over all bonds
in which segment s is involved except the one between
s’ and s. Actually, eq 7 is a general expression that is
applicable to all segments for propagating along a linear
chain but also for propagating along a chain with branch
points. Note that eq 7 reduces to eq 6 when it is applied
to propagate, starting from the end point s. In this case
the set of bonds ts = t¥ is empty.

The segment densities of a particular segment along
the chain is found by a generalized composition law:

¢i(2.8) = CiGi(28)[|Bi(z8't,")0 ®)

This equation computes the segment densities for all
segments in the chain, i.e., for chain ends (which have
only one bond), middle segments (which have two
bonds), and branches.

The normalization constant C; is chosen such that the
integral over the density profile is equal to the known
number of molecules in the system. Once this constant
is known, it is possible to compute the volume fraction
of the polymer in the reference system, C; = qaé’/Ni. The
distribution of free volume is found by

(@) =1 - gcp?)GV(z) (9)

The above set of equations is closed and is routinely
solved by a computer. In the solution, the segment
densities both determine the segment potentials and
follow from the segment potentials. In addition, the
space-filling constraint (volume fractions including the
free volume add up to unity) is obeyed in each coordi-
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nate. Typically, the density profiles are obtained with
seven or more significant digits. From the self-consistent
solution, it is possible to compute all thermodynamic
properties, including for example the interfacial tension.

B. Evaluation of the Surface Tension. The evalu-
ation of the surface tension is intrinsically difficult,
because it involves the difference between two large
contributions, i.e., the difference between the overall
free energy and that of the bulk. Only those contribu-
tions that are in excess of the bulk have to be accounted
for. However, in the SCF theory the evaluation of the
grand potential per unit area, i.e., the dimensionless
surface tension ¥, is evaluated straightforwardly from
the segment density and the potential profile:

Ml _gi@ - ¢!
(" ZuAm Pa2) —

=22
1
E;XAB[coA(z)moBm — 0= A(@s(@) — ¢B)]| (10)

1. Surface Tension of a Molecularly Homoge-
neous Bulk in Equilibrium with a Vapor. It should
be clear from the above that the SCF calculations are
done on closed systems, in systems wherein the tem-
perature T, the volume V, and the number of molecules
n are fixed. In this system the conformations and
density profiles are adjusted such that the Helmholtz
energy is minimal.

Calculations are typically done on a discrete set of
coordinates (a lattice). It is common that gradients in
densities develop that are not negligible on the discreti-
zation length scale (strong segregation limit). Then so-
called lattice artifacts may occur. These problems are
best shown when the interface is shifted with respect
to the discretization points (lattice). Typically we will
observe that the chemical potentials as well as the
surface tension become functions of the position of the
interface. One way to view these artifacts is that there
exists some stress in the system as long as the interface
is not placed optimally with respect to the grid. This
stress can be viewed upon as a type of lattice pressure
Ap. Then the chemical potentials of the molecules are
given by

Ui = P‘iFH + N;Ap (11)

where ™ is the chemical potential as given by the
Flory—Huggins theory, corresponding to the binodal
value. The Gibbs—Duhem relation for interfacial sys-
tems reads

dy = _zniaui (12)

from which it is seen that the surface tension in the
system is a function of the position of the interface as
well. Only when the lattice pressure vanishes, i.e., when
w = w7 (binodal), is the Helmholtz energy minimal.
This provides a straightforward way to compute the
optimal position of the interface and therefore the
unperturbed surface tension.

There exists an alternative method to find a good
estimate of the artifact-free surface tension. In this
method the interface is shifted in small steps over a
distance of one lattice site. As a result, a quasi-
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sinusoidal variation of the interfacial tension is ob-
tained. The artifact-free point is found when the average
of these interfacial tensions is computed, i.e., halfway
the period of the oscillation. This method is used in this
paper.

2. Surface Tension for a System Wherein the
Bulk Is Microphase Segregated. Next the case will
be considered that the bulk is no longer completely
homogeneous in density. Indeed, it is possible that the
bulk has some structure on the molecular scale. This is
called microphase separation. The calculation of the
interfacial tension of the system in which the polymer
phase is microphase separated cannot proceed along the
same lines as specified in case (1). The reason for this
is that the Flory—Huggins theory does not give direct
access to the chemical potentials that should be used
to find the point with a vanishing lattice pressure. For
this reason it proves necessary to perform separate
calculations to investigate the equilibrium properties of
the microphase-separated bulk phase.

It must be true that a macroscopic amount of the
microphase segregated system has no interfacial tension
associated with the presence of the local density varia-
tions. In the calculations, it is not possible to impose
this constraint directly onto the calculations. However,
it is possible to investigate the “unit cell” properties of
the system in the SCF approach systematically. In such
a particular calculation it is necessary to preassume the
volume of the small system under investigation; i.e., it
is necessary to fix the length of the unit cell. Let us refer
to this length by the variable M. Reflecting boundary
conditions on both sides of the small system implies that
the unit cell is copied on either side of the system
boundaries. The amount of polymer, and thus the
amount of free volume, is varied until the grand
potential of the system vanishes. (Again, eq 10 may be
used to find the interfacial tension in the small system.)
Of course, it is necessary to vary the system size M and
repeat the calculations. Of interest is the Helmholtz
energy density, i.e., f(M) = F(M)/(M). The optimal unit
cell length M* corresponds to the minimum of f(M). The
chemical potential of the polymers that occurs at the
optimal unit cell size, u*, is of course available from such
analysis.

From this point on, it is possible to follow the
procedure discussed above to obtain the surface tension
of the polymer—vapor interface. Now the chemical
potential of the optimized bulk u* takes the role of the
uFH (binodal). The optimal position of the interface, i.e.,
for which the polymer bulk is fully relaxed (where there
is no lattice pressure), occurs when the chemical poten-
tial of the polymers equals u*. The grand potential per
unit area of this system corresponds to the requested
artifact-free surface tension.

C. The Molecules. The structure of a particular
polymer chain is defined by the sequence of MMA and
F6MA units. The following notation will be used. A
regular or block copolymer will be represented by r or
b, respectively. Thus, r-(MMA)ss(F6MA)s is a regular
copolymer of 55 units of MMA and 5 units of F6MA,
whereas b-(F6MA)s(MMA)ss is a block structure. Typi-
cally, the sequence of monomer units in the regular
copolymer r-(MMA)ss(F6MA)s is that each unit of FEMA
is followed by 11 MMA units. In another example,
r-(MMA)so(F6MA)10, every unit of FEMA is followed by
5 units of MMA. Furthermore, r-(MMA)3o(F6MA)zg is
an alternating copolymer of units of MMA and F6MA.
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MMA

F6MA

Figure 1. A representation of the building blocks of the
molecules used in this study. On the left the methyl meth-
acrylate monomer unit (MMA) and on the right 1,1-dihydro-
perfluoroheptyl methacrylate (F6MA) are depicted. The open
circles represent the CHy groups (x = 0, 1, or 2), the black
circles are oxygens, the striped circle is the CHs group, the
open squares is a CF,, and the striped square is the CF; group.

The number of units of MMA between two units of
FEMA is represented by m.

Note the difference between b-(MMA)y7(FEMA)s-
(MMA),s and b-(MMA)s5(F6MA)s. They have the same
overall composition, but the sequence of five F6MA units
is in the first case positioned in the center of the
molecule, whereas in the latter the F6MA units are at
one of the chain ends.

To get a realistic description of the system, it is
important to accurately account for the size and shape
of molecules, i.e., for the chain architecture. Moreover,
information is required about parameters that specify
how the various parts of the molecule interact. Here it
is important to mention that a lattice gas model is
applied in which the system with volume M*L is
incompletely filled with polymer units. The unoccupied
lattice sites are denoted by the letter V (vacancies/free
volume). These two aspects will be discussed in some-
what more detail because of their importance later on.

The molecules are considered to be fully flexible and
are allowed to return to previously occupied sites
according to the discretized Edward’s equation using a
first-order Markov approximation. A united atom de-
scription is used to represent the molecules (Figure 1).
As mentioned previously, the lattice sites can be filled
by either x =V, CH>, CHgs, O, CF,, CF3. For all solutions
of the SCF equations the volume fractions obey the
constraint Y ypx(z) = 1 for each layer z. This means that
the polymers cannot visit the same sites too often,
because otherwise the density of the polymers will
exceed unity.

D. The Parameters. The interactions in the system
are parametrized by the well-known Flory—Huggins
(FH) parameters yy,. Here we face the same problem
as in coarse-grained MD simulations: there is no readily
set available. As the CPU time needed for SCF calcula-
tions is orders of magnitude less than MD simulations,
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Table 1. Short-Range Interaction Parameters

x \ CHy 0 CF,/CF3
\Y; 0 1.6 2 1.2
CHy 1.6 0 1 0.5
o) 2 1 0 2
CF,/CF3 1.2 0.5 2 0

one can effort test calculations to find an appropriate
set. The values of the parameters must be chosen in
such a way that they represent the system as accurately
as possible. Because there are 6 different “units”, there
are 6*5/2 = 15 different segment pairs, the y’'s should
be found from comparison with experiments. However,
the ideal situation that all parameters are known
accurately is not yet reached, and “educated guesses”
for the Flory—Huggins interaction parameters have to
be made. In this respect it is important to realize that
the parameters should be consistent with the level of
detail that is chosen for the description of the structure
of the monomeric building blocks. From the fitting of
the phase behavior of the alkane—vapor system, Schlan-
gen?” recommends yv.cu, = 1.6. Unless otherwise speci-
fied, the same value has been taken for yv ch,. This point
is used as a reference for the other FH values for
interaction with unoccupied sites. For example, because
the oxygen is more polarizable, it will have a higher FH
value and therefore a value of yv o = 2 was taken. The
effect will be that the hydrocarbon units prefer the
polymer—vapor interface to the oxygen atoms. The
fluorinated groups on the other hand are poorly polariz-
able and therefore have a relatively low y value. Again,
fitting appropriate phase diagrams will result in better
guesses for these units. Here a value of yv.ce, = xv.cr,
= 1.2 was taken. Although not optimal, this choice
seems reasonable and will reflect the trends of the
system qualitatively correct. Fine-tuning the parameter
set is possible, but this is not attempted in this work.28

All SCF calculations were performed, if not otherwise
mentioned, for polymer chains consisting of sixty “mono-
mer” units (remember that each monomer is composed
out of several united atoms). The short-range interac-
tions, expressed by the Flory—Huggins interaction
parameters, are listed in Table 1.

4. Results

As outlined in the Introduction, the macroscopic
relationship between the surface tension and properties
such as wetting and adhesion is well established.
However, the correlation with the microscopic molecular
structure of the surface is less well documented. Nev-
ertheless, it is generally accepted that the surface
tension is predominantly determined by the composi-
tions in the first atomic layer of the film.2® Our SCF
analyses involve no a priori assumptions about the
molecular properties of the surface and near surface
layers. Therefore, it is very interesting to compare the
outcome of the theoretical analysis with experimental
surface data, like contact angle data and angle depend-
ent XPS, conducted on these systems. These and related
aspects will be considered in the following sections.

First the surface tensions of regular copolymers of
MMA and F6MA, as obtained by our SCF model, will
be considered.

A. Surface Tensions. In this section the polymer—
vapor interface for regular copolymers of MMA and
F6MA is discussed. The interfacial tension (y) of a
polymer—vapor interface is one of the key properties and
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molar fraction of F6BMA
Figure 2. Surface tensions for regular MMA/F6MA copoly-
mers for different molar fractions of F6MA. Calculated SCF
results (open points) are compared to experimental data for
random copolymers?®® (solid points). The lines are a guide for
the eyes.

results from the density and potential profiles of the
segments according to eq 10. To investigate the liquid—
vapor interface within the SCF theory, the amount of
molecules in the system is chosen such that the two
phases coexist. The densities of these coexisting phases
follow directly the Flory—Huggins theory. As explained
above in the SCF calculations of the surface tension,
lattice artifacts are eliminated by adjusting the number
of molecules (for shifting the position of the interface)
until the volume fractions of the coexisting bulk phases
equals those calculated with the Flory—Huggins theory.
Within this theory the surface tension of the lattice fluid
is dimensionless. To convert this value to units of N/m,
it has to be divided by the area of a lattice site and
multiplied by kgT:

&

7= (13)

—

B

where 7 is the dimensionless surface tension, T the
absolute temperature, kg Boltzmann’s constant, and b
the lattice parameter of the cubic lattice.

In Figure 2 the calculated surface tension is given as
a function of the molar fraction of FEMA. It can be seen
that a small increase of the F6MA content in the
copolymer results in a significant reduction of the
surface tension of the random copolymer. This is con-
sistent with the results obtained experimentally for
these systems using contact angle data®® (also shown
in Figure 2).

However, the surface tension as a function of molar
fraction of F6MA for the experimental data on random
copolymers shows more curvature than for the SCF
analyses of regular copolymers, in particular for regions
with low content of FEMA. This cannot be explained by
the short-range FH interactions between the different
segments in the molecules; e.g., changing the yv.ce,
value from 1.2 to 1 did not affect this difference. From
polymer blend studies it is well-known that several
other factors influence the polymer—polymer phase and
interface behavior as well. Examples are the nature of
the monomers, the molecular architecture, composition,
and the molecular size of the polymers.3° The influence
of all these factors on the SCF results will be studied
systematically, and the results will be discussed in more
detail later on in this paper. The next section we will
deal first with the general features of the surface
structures of these regular copolymers before discussing
these points.
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Figure 3. Scaled segment density profiles of (a) CF, + CF3
(@F), (b) CH, + CH3 (¢c), and (c) O segments (¢o) in the liquid—
vapor interface film of polymer r-(MMA)s7(FEMA)s3.

B. The Structure of the Surface. One of the main
interests of surfaces is the microscopic molecular struc-
ture of regular polymers in the polymer—air interface.
From a given SCF solution, not only thermodynamic
information (surface free energy) is readily obtained, it
is also possible to evaluate structural information, i.e.,
density profiles of the different segments. Generally, the
surface tensions of polymer melts are largely deter-
mined by the bulk behavior of the fluid. However,
surface conformations of functional groups (such as
fluorinated tails orient themselves in arrays) maybe
pivotal to the minimization of the surface tension.
Therefore, the conformation of the polymer chain near
the interface was studied in detail. Some typical density
profiles for r-(MMA)s7(F6MA); are given in Figure 3.
Figure 3a shows the segmental density of CF, + CF3
(@F) as scaled with @f in the bulk of the polymer phase.
In the liquid—vapor interface enrichment in the density
of fluorine is observed, pointing to a preferential pres-
ence of the perfluorinated alkyl side chains at the
boundary of the interface. A depletion zone, as a natural
consequence, follows this fluorine-enriched layer. Angle-
dependent XPS measurements on these systems did not
reveal this depletion layer (see ref 15), probably because
of the limited depth sensitivity in these measurements.
The minimum of depth resolution is 5 nm for by angle-
dependent XPS measurements. Moreover, the intensity
of an XPS signal falls off exponentially with the depth.1®
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Figure 4. Scaled volume fraction of the CF; (@cg,) and the
CF3 (@cr;) segments at the liquid—vapor interface for polymer
r-(MMA)57(F6MA)3.

From the density profiles of fluorine it is clear that
the enriched top layer is very thin, typically 1—-2 nm.
This thin layer is an adsorption layer rather than a
stratified layer of phase separated bulk material. Such
thin layers have been observed for systems by others
using neutron reflection experiments.10

The scaled segmental density profiles for carbon (¢c)
and oxygen (po) at the boundary of the coexisting phases
(Figure 3, b and c, respectively) show features that differ
from that of @r. Both atoms are repelled from the
surface, and a relatively small maximum is found at the
location where @ shows a depletion zone.

Finally, the location of the scaled segmental density
of the CF, and CF3 at the boundary of the coexisting
liquid—vapor phases was considered. Figure 4 reveals
that the chain ends of the fluorinated side chains have
the highest preference for the “contact zone” with the
vapor; i.e., in the vicinity of the surface the CF3; moieties
are preferred over the CF, segments. This is in agree-
ment with melt surface tension studies of poly(hexafluo-
ropropene oxide) and Cahn—Hilliard density gradient
studies, suggesting that the CF3 side groups are ori-
ented to the surface.3! In SCF calculations for the
liquid—vapor boundaries of n-alkanes this chain end
effect has also been observed and can be explained as
follows. First, when chain ends are exposed to the vapor
boundary side of the interface, the number of unfavor-
able segment-vacancy contacts is smaller. Second, the
conformation entropy of a chain molecule in the inter-
facial region is larger when a chain end is pushed out
of the interface instead of a string of segments. For our
system the origin of the difference is only due to
conformation entropy, because both the CF, and CF3
segments were given the same FH interaction param-
eter.

From Figure 3a it can be seen that there is enrich-
ment in fluorine at the boundary of the coexisting
liquid—vapor phases. Depending on the molar concen-
tration of F6MA in the regular copolymer, a secondary
and sometimes also a third maximum or higher order
maximum is observed. The distance between the first
and the second maximum is defined as the depletion
thickness:

d:Z]._ZZ (14)

where z; and z, refer to the position of the primary and
secondary maximum, respectively. This depletion thick-
ness is decreasing with increasing number of units of
F6MA in the copolymer. This effect can be seen in
Figure 5 where the scaled segment density of CF3 plus
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Figure 6. Depletion layer thickness as a function of the
square root of the length of the MMA block between two FEMA
units in the r-(MMA)go—x(FEMA)x molecules.

CF, moieties near the surface are plotted as a function
of z — z.

Within a chain of r-(MMA)so—x(F6MA) the ratio of the
number of units of MMA over FEMA (m) is a function
of x according to m + 1 = 60/x. When m is larger than
unity, the physical interpretation of m is the number
of MMA units between two F6MA units along the chain.
It is interesting that the depletion layer thickness
appears to be proportionally to the square root of m in
the case of r-(MMA)go-x(F6MA)x molecules (Figure 6).
The depletion zone will be enriched with the MMA units
particularly for values of m > 1. Gaussian statistics
implies that the length scale associated with MMA
fragment of length m is given by the square root of m.
This length scale dictates the depletion layer thickness.
Structurally, this region is expected to be composed of
loops and bridges of length m. The loops are chain
fragments that return to the same fluorine region from
which they depart, and bridges are chain fragment that
cross over from one fluorine-rich region to the other. The
relative importance of loops vs bridges is presently not
clear. Further inspection of Figure 6 reveals that the
depletion layer thickness is proportionally to the square
root of m even in the region where m is smaller than
unity. The loops and bridges picture cannot explain this.
In this regime, the surface enrichment indicates that
the backbone of the molecules at the surface is predomi-
nantly laying parallel to the surface. This alignment is
expected to improve for smaller values of m. Fluctua-
tions in the backbone positions increase the depletion
layer thickness. Hence, it is not unreasonable to have
a square root dependence in the range of m =< 1.
Extrapolation to m = 0 gives a depletion layer thickness
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of approximately 6 lattice units. The dimensions of the
perfluoroalkyl side chains must determine this separa-
tion. As the length of the side chains is comparable to
this limiting depletion layer thickness, it is concluded
that the fluorinated side chains are strongly stretched
(brush).

C. Chain Length Dependence. As shown in Figure
2, the experimental surface tension decreases much
steeper with the addition of small amounts of FEMA
than that predicted by the SCF simulations. Therefore,
it is interesting to analyze the effect of molar mass on
the surface tension and to compare these results with
experimental data.

The LeGrand—Gaines relation describes the molecu-
lar weight dependency of a homologous series of poly-
mers on the surface tension:32

Y =7%e— CM, * (15)
where M,, denotes the number-average molecular mass,
Y IS the surface tension at infinitive molar mass, and
C; is a semiempirical parameter. The exponent x varies
from 2/3 for low molecular weight species to 1 for high
molecular weight polymers.

Experimentally, this empirical relation has been
found to be valid for n-alkanes, perfluoroalkanes, pol-
ysiloxanes, and polystyrenes. However, the theoretical
interpretation of these results is still a matter of
considerable discussion. Poser and Sanches,33 who fol-
low the Cahn—Hilliard theory,®* have suggested that
the primary contribution arises from the variation of
the density of a polymer system with molecular weight.
De Gennes®® and Theodorou®® suggested that chain
conformation entropy causes lower molecular weight
components to be preferentially at the surface. Recently,
Kumar and Jones®’ found, using mean-field treatments,
that density effects are dominating, except in special
cases where chain ends are strongly attracted or re-
pelled from the surface. This is in line with the results
of Koberstein and co-workers for end-functionalized
poly(dimethylsiloxane)s.38

To show that the SCF theory applied in this study
can be used to evaluate the surface tension of the melt
as a function of the molecular weight, first a simplified
system was considered. This system is defined as a
homopolymer composed of spherical segments of A in a
monomeric solvent S with only one FH parameter, viz.
xas = 1. This approach enables us to deal with large
values of the molecular weights in a straightforward
way. Extrapolation to infinite molar mass leads to a
value of ., = 0.01375. In Figure 7a log(y. — 9) is plotted
as a function of log(M). In accordance with the LeG-
rand—Gaines relation, we find a slope of —1 for high
molar mass. Going to lower molecular weight, a gradual
deviation of this slope to a lower value is observed,
reaching finally a value in the order of —2/3. It should
be mentioned that this value is not found over a
sufficiently large range of molecular mass and therefore
cannot be considered as a scaling law result, especially
because 7 at these low molar masses vanishes due to
the appearance of a critical point.

A similar analysis has been carried out for the MMA—
F6MA copolymer system. In this case it is necessary to
increase the molecular weight at a fixed overall MMA—
F6MA composition to exclude composition fluctuation
effects. As repeating unit, (MMA),(FEMA);(MMA), block
was chosen. Because of the molecular details in this
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Figure 7. Surface tension dependency on the chain length.
Plotted is log(Ay) = log(¥~ — 7). At high M a slope of x = —1
and at low M a slope of x = —2/3 was calculated: (a) for an
A—S system and (b) for the detailed MMA—F6MA system.

system, calculations were restricted to a limited number
of monomeric units. Nevertheless, an estimation of ¥
could be made, and the corresponding results are given
in Figure 7b. It can be seen that the results in Figure
7b show a similar behavior as the simplified homopoly-
mer system. The slope at high molecular weight tends
to be slightly smaller than —1. This is most likely due
to the inaccuracy in the determination of y..

In summary, we observe that the maximum reduction
of surface tension that can be reached with chain length
variation (at constant composition) is only of order 103
in ¥, corresponding to 10~* N/m in y. This effect is too
small to explain the much larger deviations between the
experiments and theoretical predictions (Figure 2). We
therefore conclude that the polydispersity in chain
length is not responsible for the deviation.

D. Chemical Composition Variation. As men-
tioned before, not only polydispersity in chain length
but also polydispersity in chain composition can influ-
ence the surface tension. Polydispersity in chain com-
position implies that some chains contain more fluori-
nated moieties then others. Consequently, in such a case
we are dealing with a polymer blend system, for which
can be expected that the surface will be enriched with
the component with lower surface tension, i.e., the one
with the higher fraction of FEMA.

Surface segregation phenomena have been studied
extensively in the past for both miscible and immiscible
blends. In these calculations the interest was focused
on the determination of the surface excess of one
component without considering the change in surface
tension of the system. Therefore, we explored the effect
of polydispersity in composition on the surface free
energy for a blend system of r-(MMA)sg(FEMA); and
r-(MMA)sg(F6MA), with molar fractions of ¢1 and ¢,
respectively.
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Figure 8. Influence of blend composition on the surface
energy as analyzed by the SCF model.

From Figure 8 it can be seen that the surface tension
¥ gradually decreases with increasing amount of MMA,-
F6MA, in the blend (open circles). The points at ¢ =0
and ¢, = 1 represent monodisperse systems, but all
points at intermediate values of ¢, represent polymers
that are polydisperse in composition. In Figure 2 the
dotted line through the SCF results represents the
dependence of ¥ for regular polymers, monodisperse in
composition. It appears that the dotted line from Figure
8 perfectly overlaps with the dotted line through the
monodisperse polymers in Figure 2. This suggests that
slight polydispersity in composition for regular copoly-
mers do not lead to drastic reduction in surface tension.

E. Chain Architecture Dependency. As seen in
the previous sections, the influence of both polydisper-
sity of molecular weight and chemical composition is not
large enough to account for the differences between the
SCF analyses and the experimental data in the surface
tension at low F6MA content in the polymer. Generally
random copolymers are disperse in composition. More-
over, the sequence of monomer units along the chain
may not be ideally random; any composition drift along
the chain will give the copolymer, to some extent, the
character of a block copolymer.

In our SCF analysis so far we only considered regular
copolymers. In this section the influence of nonregular-
ity of the distribution of the F6MA monomers along the
chain will be investigated, viz. the influence of blocki-
ness. Two parameters of blockiness will be studied: (i)
the size of the block and (ii) the position of the block in
the polymer chain. The first F6EMA unit in the block
defines the position in the chain. Thus, in the polymer
b-(MMA)g(FEMA)s(MMA)47 the block of 5 FEMA units
starts at position 9 of the polymer chain.

A dramatic effect on the surface tension is observed
when blockiness is introduced into to polymer chain
(Figure 9). Upon changing the chain architecture from
r-(MMA)ss(F6MA)s to b-(MMA)s5(FEMA)s a reduction in
y was observed from 0.264 (Figure 2) to 0.151.

When analyzing the effect of blockiness in more detail
(Figure 9), we observe that upon changing the block
position for each block length, from the end to the
middle, a gradual increase in y occurs. Furthermore, it
can be seen that increasing the block length will lead
to a decrease of the surface tension. The effects of
polydispersity in architecture on the surface tension of
the polymer melt can therefore well explain the differ-
ence between our SCF and experimental data as shown
in Figure 2.

We have seen that the surface conformation of the
partially fluorinated polymethacrylates is dominated by
the large affinity of fluorine toward the liquid—vapor

Macromolecules, Vol. 35, No. 14, 2002

block length
0.327O R o1
7 028f o ° °2

024f P

0.204 / o5
O/O’
o

0.16-2/

0.12- T T T

block position in the chain

Figure 9. Influence of the size and chain position of blockiness
on the surface tension of the polymer melt.

r-(MMA),_ (F6MA), '

0.104 interface

?,
F 0.084

0.06 1 (a)
0.04
0.024

0.00-
0 20 40 60 80 100 120

b-(MMA), (FBMA) (MMA)__
0.254 ( Jer )« % | interface

0.20

0 20 40 60 80 100 120

0.

W

16-(MMA), (FEMA), ‘interface
0. 0.4

0.3

©

0.24

0.1

0.0 . . - :
0 20 40 60 80 100 120

z
Figure 10. Density profiles of ¢r for the polymers: (a)
r-(MMA)55(F6MA)5, (b) b-(MMA)27(F6MA)5(MMA)23, and (C)
b-(MMA)ss5(FEMA)s.

interface. In Figure 10 the density profiles are shown
for three different polymer architectures with the same
overall composition. It can be seen that three morphol-
ogy transitions can be observed. A single fluorine
enriched layer in the liquid—vapor interface is found for
the polymer r-(MMA)ss5(F6MA)s. The enrichment is
followed by a depletion zone similar as was observed
for r-(MMA)s7(F6MA)3 in Figure 3. When the five F6MA
segments are grouped together in the middle of the
polymer chain, an interesting oscillatory density profile
is found. These oscillations arise from the preference of
the fluorinated moieties for the surface. In this density



Macromolecules, Vol. 35, No. 14, 2002

profile the tendency toward surface-induced ordering of
a lamellar phase is already very strong. Moreover, the
surface ordering suggests that the system is close to a
microphase separation transition (MST). This type of
density profiles typically occur also in sophisticated
(liquid-state) PRISM theories of polymers near a solid
wall.?® In such PRISM analysis, the oscillatory struc-
tures are on a smaller length scale than in our case and
originate from packing effects.

Microphase separation in the bulk can be observed
when the fluorinated block is placed at the end of the
polymer chain (Figure 10c). Here a completely ordered
bulk with lamellae parallel to the surface is visible.

5. Discussion

The SCF theory predicts a nonlinear dependence of
the surface tension of a polymer melt as a function of
the degree of fluorination of the chains. When the
perfluoroalkyl side chains are regular distributed along
the chain, it was found that the theory strongly under-
estimated this nonlinearity as compared to experimental
data. It is noteworthy that for all regular distributed
compositions the polymer melt remain homogeneous. A
significant change in physical behavior is observed when
the fluorinated units were grouped together forming a
blocked molecule. This change is seen both in the
surface tension as well as in the (surface) structure.
Already at a low degree of fluorination (small blocks),
the surface tension is significantly reduced as compared
to the regular case. On top of this, it was found that
the polymer melt does not necessarily remain homoge-
neous. These two aspects are of interest from both a
theoretical and a practical point of view. The effect of
blockiness may be used to explain the disparity between
the theoretical and experimental data for the surface
tension as a function of the amount of perfluoroalkyl
side chains in the molecule. In random copolymers it
should be expected that some type of blockiness exists,
and therefore the surface tension in the experimental
systems is possibly strongly affected by the preferential
adsorption of chain with a blocky nature. The results
also show that there is a nonmonotonic effect on the
stability of the melt with respect to microphase segrega-
tion on the length of the fluorine block. Both for very
small blocks as well as for very long blocks the bulk will
remain homogeneous, whereas for intermediate cases
an inhomogeneous bulk may be found.

The relative low surface tension found experimentally
at relatively low F6EMA content could only be recovered
in the theoretical analysis for blocky chains. We haste
to mention that this does not mean that the theoretical
calculations proof that our polymer melt in the experi-
mental system is microphase separated. Again, in the
experimental system one should expect various types
of polydispersities. Some of the molecules may therefore
be very surface active. Above we analyzed chains with
a single F6MA block. However, it may well be that other
types of polydispersity, such as the occurrence of several
small groups of F6MA groups at close proximity along
the chain may be present. These chains preferentially
accumulate at the melt air interface and reduce the
surface tension significantly. At the same time the bulk
may remain homogeneous in composition because the
remaining chains may have their fluor groups distrib-
uted more randomly.

From a practical point of view the results are of
interest to translate the phenomena described above
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into ways of making useful structures in polymer thin
films. In this respect the use of surface-driven phase
separation seems to be an attractive strategy to make
coatings, whose surface properties are different from
those of the bulk. The final result will then be a
stratified film where the fluorinated species have formed
a layer facing the coating—air interface. The design of
such self-stratifying coatings offers some principal
advantages. The first is the economic advantage of
effectively applying two coatings in one operation and
minimize the necessary amount of expensive perfluori-
nated materials to create a fluorinated surface. Second,
the intercoat adhesion is supposed to be improved. The
ultimate goal is to make an ideal coating that combines
the best bulk properties with the optimized surface
properties.

6. Conclusions

In this paper a molecular-level self-consistent-field
theory was used to analyze physical and thermodynamic
properties of partially fluorinated methacrylate chains
in the vicinity of the polymer—vapor interface. A general
formalism was developed for branched polymer systems
within the SCF model of Scheutjens—Fleer and was
applied to polymer melt—vapor interfaces. Calculations
showed that introduction of the perfluorinated side
chain leads to a significant reduction of the surface
tension. However, the calculated reduction in the sur-
face tension is less pronounced than that observed
experimentally.

A number of polymer parameters were investigated
to study their influence on the surface tension. Chain
length variations, obeying the empirical LeGrand—
Gaines relationship, as well as polydispersity in chemi-
cal composition were found to have a small influence
on the SCF analyses. However, the influence of chain
architecture on surface properties appeared to be sub-
stantial. Blocked arrays of F6MA units reduce the
surface tension to a large extent. Strong effects of the
position of the block (end or middle) and the size of the
block could be observed. Introduction of blockiness also
plays a significant role in the surface composition of
these polymers, leading in extreme cases to microphase
separation of the bulk with lamellae parallel to the
surface.

From the scaled density profiles of the regular co-
polymers it was observed that the fluorinated tail was
located predominately at the boundary of the interface.
For reasons of conformational entropy, the CF; seg-
ments are preferably present in the interface compared
to the CF, segments. Furthermore, it was found that
the depletion layer thickness was linearly related to the
square root of m, showing the Gaussian characteristics
of the MMA fragment between two FEMA units.

The SCF analyses for partially fluorinated poly-
methacrylates can be improved by considering flexibility
constraints as a function of the grafting density for
comblike polymer chains. Some of these aspects have
been described previously showing a preferred enrich-
ment of the “stiffer” chains in blends of polymer melts,
which has been explained by entropic effects: the stiffer
polymers lose less entropy when adsorbing at the
interface than the flexible ones.*°
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