Phase Separation in Thin Films of Polymer Blends: The
Influence of Symmetric Boundary Conditions
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ABSTRACT: Using nuclear reaction analysis composition-depth profiling, we investigate
the influence of symmetric/asymmetric confining walls on the equilibrium configuration
of thin films of phase-separated polymer blends. Depth profiles of samples annealed
under symmetric boundary conditions show a laterally averaged concentration, while
samples confined by nonsymmetric walls show (as in earlier studies) clear separation
into two thin layers of coexisting phases. This suggests that for phase separation under
symmetric boundary conditions the interface between the two phases is orthogonal to
the sample plane, in line with recent theoretical discussion. © 2000 John Wiley & Sons, Inc.
J Polym Sci B: Polym Phys 38: 831-837, 2000
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INTRODUCTION

Interfacial properties of thin polymeric films have
technological importance for various applications
in material science, for example, adhesive prop-
erties, lubrication, or coatings; at the same time,
understanding the interplay between bulk and
surface properties found in films of polymer mix-
tures poses an interesting scientific challenge.
There is an extensive literature on surface enrich-
ment and phase separation in thin films of binary
polymer mixtures, which has been recently re-
viewed.! Experimental studies®® of the equilib-
rium configuration in thin films of partially mis-
cible polymer mixtures, especially model polyole-
fin blends cast onto solid substrates, revealed the

Correspondence to: J. Klein (E-mail: jacob.klein@weizmann.
ac.il)

* Present address: Institute of Polymers, Department of
Materials, ETH Ziirich, CNB E 97, Universitétsstralle 6, 8092
Zirich, Switzerland

** Present address: Materials Research Science and Engi-
neering Center on Polymers, University of Massachusetts,
Ambherst, Massachusetts 01003
Journal of Polymer Science: Part B: Polymer Physics, Vol. 38, 831-837 (2000)
© 2000 John Wiley & Sons, Inc.

following picture: Starting from a homogeneous
A/B mixture, annealing the sample into the two
phase region leads to amplification of concentra-
tion fluctuations. The two newly formed coexist-
ing phases of compositions ¢, ¢, separate into
two coexisting layers, with the interface between
them parallel to the confining walls, that is, the
polymer/air and polymer/substrate interfaces (the
case of asymmetric confining surfaces, which is
the usual case studied to date, generally results
in the foregoing picture. However, even asymmet-
ric confinement can sometimes result in a sym-
metric phase segregation see, e.g., ref.® and pa-
pers cited therein). This structure was observed
to be thermodynamically stable,>*"® despite the
fact that the interfacial area between the two
phases could be reduced if the interface would be
orthogonal to the confining walls, and so should
be favored as it would result in a lower interfacial
free energy. Theoretical models® ! suggest that
the origin of the observed layering is the nonsym-
metric interaction between the mixture compo-
nents and the interface: the air interface favors
one of the blend components while the substrate
attracts the other. The overall free energy then
includes the additional interfacial energy terms
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relating to the polymer/air and polymer/substrate
interfaces. The predicted equilibrium struc-
ture®1%12is that of two coexisting phases layering
parallel to the confining walls as indeed observed.
This argument, on the other hand, does not hold
for symmetric boundary conditions where a film is
confined between two identical walls. There have,
so far, been few experimental studies on the in-
fluence of symmetric boundary conditions (b.c.) on
the equilibrium configuration of two coexisting
phases,'®!* and none where the composition pro-
files with respect to the b.c. have been directly
measured, mainly because it is not straightfor-
ward to arrange such a configuration experimen-
tally. For the case of simple liquids the structure
of spinodally decomposed thin films has also been
studied by computer simulation methods.!>16
Here we focus on the experimental investigation
of the equilibrium structure and geometry of thin
films of binary polymer mixtures confined be-
tween identical boundaries. In particular, we in-
vestigate the effect of the boundary conditions on
the orientation of the interface between the two
coexisting phases within the films.

EXPERIMENTAL

Materials

The materials used for the study presented
here were random copolymers (polyolefins) of
(—C,Hg—) and [—C,H4(CyH;)—] monomers, as
described in detail earlier.*'” They were kindly
donated by Dr. L. J. Fetters (Exxon). The mean
microstructure was {(C,Hg); ., — [CoH3(CoHy)l M n
(henceforth designated hx when protonated and
dx when deuterated, where x is in %). We used a
mixture of d75 and h86 with degrees of polymer-
ization of Ngg = 1520 and N5 = 1625. The bulk
behavior of this couple under nonsymmetric
boundary conditions has been well characterized
in earlier studies.* The critical temperature, the
critical volume fraction (of the deuterated compo-
nent) and the interaction parameter (as deduced
from fits to the binodal) are, respectively, T, = 97
°C, ¢, = 0.58, and (T, ¢) = (0.428/T — 4.9
X 107°) (1 + 0.277 ¢).'® The phase coexistence
curve for this mixture and the coordinates of our
experiment are shown in Figure 1. Polished sili-
con wafers (P-type, (100) oriented, 6-13 (Q/cm
obtained from the Institute of Electronic Materi-
als Technology, Warsaw) were used as supporting
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Figure 1. Experimentally determined phase coexist-
ence diagram (binodal) of the blend d75/h86, as deter-
mined by NRA.* From the binodal, the bulk critical
temperature is T = 97 = 4 °C. The solid line repre-
sents the best fits to the experimental data, calculated
from the Flory—Huggins model with a ¢ dependent
interaction parameter y (T, ¢) = (0.428/T — 4.9 X 10~?)
(1 + 0.277 ¢). The cross indicates the volume fraction
and temperature of our experiments. The open circles
are the values of ¢, and ¢, from the profiles of Figure 3.

substrate for the polymer films. The toluene used
was either Frutarum or Merck, analytical grade.

Sample Preparation
Nonsymmetric Boundary Conditions

A mixture of d75 and h86 was prepared in toluene
and spin-cast from solution onto gold-covered sil-
icon wafers to create films of a uniform thickness
in the range 300 —400 nm with a volume fraction
of ¢pgq75 = 0.55 £ 0.01.

Symmetric Boundary Conditions

In Figure 2 we present schematically the sample
configuration used in this part of the study. Thin
layers of h86 of a thickness of 100—-200 nm were
spin-cast from a toluene solution onto gold-cov-
ered silicon wafers. Subsequently, the samples
were irradiated with a 1.2 MeV ®He beam under an
incident angle of 14°. As was shown previously,!%2°
ion fluences of about 10'* ions/cm? lead to
crosslinking of the polymer sufficient to inhibit
any detectable in- or out-diffusion of polymer
chains.?! The ion doses we aimed for in our ex-
periments were the minimal that would lead to
such inhibition, so as to minimize the extent of
chemical changes taking place on irradiation
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Figure 2. Schematic drawing of the sample configu-
ration used to study the influence of symmetric bound-
ary conditions on the equilibrium structure of thin
phase-separated films. On top of a supporting silicon
wafer a triple-layer structure was mounted, where the
d75/h86 blend is confined between two layers of
crosslinked h86 (xh86).

[though occasionally the dose was slightly lower
and some slight interdiffusion between wall and
free melt took place, see Fig. 4(a) later]. The
crosslinked films can thus be regarded as confin-
ing walls composed of a material identical to one
of the mixture components (h86). The surface of
these crosslinked h86 films, henceforth termed
xh86, is slightly rougher than as-cast polymer
films?? while JKR-type contact mechanics mea-
surements revealed that the surface energy of the
crosslinked layer was unperturbed, indicating
that the surface chemistry was essentially un-
changed by the irradiation.?° Films of 300-—
400-nm thickness of the d75/h86 mixture were
spin-cast on freshly cleaved mica and floated di-
rectly onto the crosslinked xh86 substrates, as
described in detail elsewhere.*?* A second 100—
200-nm thick layer of xh86, prepared by spin cast-
ing and irradiating on freshly cleaved mica was
floated off and transferred on top of the xh86-
(d'75/h86) bilayer, resulting in the final sandwich
structure as shown in Figure 2. Such a film thick-
ness of the confining crosslinked layers largely
suppresses the long-range interactions due to the
silicon substrate.?*25

Annealing

After allowing the residual toluene to evaporate,
the samples were sealed in ampoules under vac-
uum (p < 5 X 102 Pa) and annealed at 75 °C for
up to 27 days. Subsequently, the samples were
quenched rapidly to a temperature (< —80 °C)
below their glass-transition temperature until
measured.

Experimental Technique

Nuclear Reaction Analysis (NRA)?*%27 was used to
probe the depth-distribution profiles of the deu-
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terated polymer chains. In this method a monoen-
ergetic >He beam is incident at a low angle « on
the polymer sample, and undergoes the following
reaction:

SHe+ *H—*He+ 'H+ Q, Q=18.35 MeV
(D)

The energy spectrum of the emitted particles, to-
gether with the known energy losses, and reac-
tion cross section readily provide the concentra-
tion profile ¢(z) of the deuterated chains as func-
tion of depth. The spatial resolution of the method
depends on the incident energy of the *He beam,
the angle between beam and sample, on the depth
within the sample, and on the particles being
detected. The best resolution is obtained at the
sample surface. In the conditions and configura-
tion used in this study the resolution is typically
14 nm at the sample surface and 80 nm at a depth
of 400 nm. We note that the deuterium depth
distribution revealed by the NRA technique is
laterally averaged over the beam footprint on the
sample, which is typically 1 mm by 10 mm in
these experiments.

RESULTS AND DISCUSSION

Figure 3(a,b) shows the composition depth pro-
files of d75/h86 samples after annealing at a tem-
perature of T = 75 °C under nonsymmetric
boundary conditions for 20 and 27 days, respec-
tively. In both samples it can be seen that the two
coexisting phases with ¢; = 0.38, ¢, = 0.70, are
aligned parallel to the substrate, with the h86
rich layer adjacent to the air surface and the d75
rich phase along the solid substrate. Within the
scatter these observations are in agreement with
the earlier experiments of Scheffold et al.,* as
seen also in Figure 1. Scheffold and coworkers®®
explained the attraction of the h86-rich phase to
the air surface by the lower surface tension of the
h86 component, resulting from the lower cohesive
energies of the pure higher-branched polyolefin.?®
A comparison of the two profiles indicates that
annealing times of 20 days or less are sufficient to
achieve steady state within the sample thickness
range studied here.

The corresponding measurements under sym-
metric boundary conditions are shown in Figure
4. The composition depth profiles of the d75/h86
samples after annealing at a temperature of T



834 WENDLANDT ET AL.

= 75 °C under symmetric boundary conditions for
20 and 27 days, respectively, differ clearly from
those shown in Figure 3. In particular there is no
indication of a layered two-phase profile. We find
that a distribution uniform within the bulk of the
film (dotted line), convoluted with the experimen-
tal resolution to yield the solid lines shown, de-
scribes the experimental data reasonably well.*°
This fit suggests that, when laterally averaged
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Figure 3. Typical concentration-depth profiles of the
d75/h86 blend (55% volume fraction d75) spin cast on
gold-covered silicon wafers and exposing its outer sur-
face to vacuum during annealing (nonsymmetric
boundary conditions), as measured by NRA. The sam-
ples were annealed for 20 and 27 days, respectively, at
T = 75 °C. In both samples the two coexisting phases
with ¢; = 0.38, ¢, = 0.70 are aligned parallel to the
substrate, with the h86-rich layer adjacent to the sur-
face and the d75-rich phase along the substrate. The
dotted curves are the theoretical profiles ¢(z) = [P,
+ ¢y + (Ppy — ¢7) tanh(z — zo)/w], where ¢, and ¢, are
the concentrations of the two coexisting phases, z, is
the midpoint of the interfaces, and w the width of the
interface. The solid lines are the best fit to the data
obtained by convoluting the theoretical profiles with
the independently determined depth dependent resolu-
tion.?”
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Figure 4. Concentration-depth profiles of the d75/
h86 blend (55% volume fraction d75) confined between
two xh86 films (symmetric boundary conditions), as
measured by nuclear reaction analysis. The samples
were annealed for (a) 20 and (b) 27 days, respectively,
at T' = 75 °C. The solid lines are the best fit to the data
obtained by convoluting model profiles (the functions
indicated by the dotted lines) with the independently
determined depth-dependent resolution.?” In Figure 4.
(a) (top), the broadened edges are due to some interdif-
fusion with the xh86 walls resulting from slightly in-
sufficient crosslinking®® in this sample.

over the projected cross-sectional area of the ion
beam, the concentration of d75 is constant, in
marked contrast to the case of asymmetric walls
in Figure 3. In the following, we will discuss the
possible origin of this observation.

As the annealing conditions are well within the
two-phase regime (X in Fig. 1), we expect demix-
ing into two coexisting phases within the films. A
comparison with identical samples annealed un-
der nonsymmetric boundary conditions (Fig. 3)
shows that the thermal equilibrium in the normal
direction should have been reached by all samples
(as also expected from earlier work on diffusion
coefficients in these mixtures®!). A discussion of
the possible equilibrium patterns within thin



films of confined polymer mixtures, similar to our
configuration, was recently developed by Binder
and coworkers.'%1132 By applying mean-field cal-
culations®? and Monte Carlo simulation tech-
niques,! Binder et al. investigated the theoreti-
cal equilibrium configurations of A/B polymer
blends as a function of the boundary conditions
and of the location of the blend temperature in
relation to the bulk critical temperature T, and
the wetting transition temperature T,,. Flebbe,
Diinweg and Binder®? extended the earlier mean-
field calculations of Schmidt and Binder,?® which
treated only the extended (semi-infinite) case, to
the geometry of a thin film of thickness D. They
assumed that the free energy of an incompress-
ible polymer mixture in the case of symmetric
boundary conditions in the long wavelength ap-
proximation can be written as:

2

d¢(z)]2]

AF 3 D a
fsT dz[f [¢(z)]+36¢(Z)[1—¢(2)][ dz

0

+ £ (o) + £ dp) (2)

where a is the statistical segment length, fis the
free-energy density in the bulk, £ **"® are the bare
surface contributions to the surface excess free
energy, and ¢, and ¢, are the concentrations at
the two polymer/wall interfaces. The free energy
density f was assumed to be the standard Flory—
Huggins expression, where

fld) = (¢/NyIn ¢ + (1 = ¢)/Np)ln ¢ + xd(1 — ¢)
(3)

We consider qualitatively the predictions of this
model relevant to our configuration. Figure 5(a)
shows the equilibrium configuration expected in a
phase-separated blend below T'. confined between
nonsymmetric walls, where one of the phases is
preferred at one of the walls. The predicted com-
position depth profile from this layered configu-
ration is similar to the experimental ones shown
in Figure 3 (and observed in many earlier stud-
ies®®) for nonsymmetric confinement of similar
polyolefin mixtures. In the case of symmetric
boundary conditions and 7' < T, two possible con-
figurations are predicted, depending on the coor-
dinates of the system in the phase coexistence
curve in relation to T,,. At temperatures below T,
the interface between the two phases is perpen-
dicular to the walls and—if the walls have a pref-
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Figure 5. (Left side) Schematic drawings of the equi-
librium configurations of thin phase-separated films, as
predicted by the model of Binder et al.'®''-32 Figures
(a-c) show the predicted configurations and concentra-
tion depth profiles in the case of (a) nonsymmetric
boundary conditions, equilibrium situation; (b) sym-
metric boundary conditions and 7' < T, (i) equilibrium
situation, (i1) nonequilibrium configuration; (¢) sym-
metric boundary conditions and 7' > T, (i) equilibrium
situation, (ii) nonequilibrium configuration. The RHS
shows schematically the composition-depth profiles ex-
pected if the configurations shown on the LHS are
averaged over the entire film.

erence for one of the phases—meets the walls at a
nonzero contact angle [Fig. 5(b)(i)], reflecting par-
tial wetting. One also expects at each wall a thin
enrichment layer of the surface preferred phase.
Above T, the contact angle is zero (complete wet-
ting), which leads to a wetting layer of the phase
favored by the wall [Fig. 5(c)(i)]. These predicted
equilibrium structures can be understood quali-
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tatively as follows: The cost of interfacial free
energy between the coexisting phases is propor-
tional to the interfacial tension y multiplied by
the total area of the interface. Because the lateral
dimensions of thin films are much larger than the
dimensions perpendicular to the confining walls,
the area of the interface between the coexisting
phases is smaller when the interface is vertical, so
that the interfacial energy will be minimized by
an interface as sketched in Figure 5(b)(i).

Earlier studies of similar polyolefin blends®® in-
dicated that the wetting temperature T,, in such
systems at the polymer/air interface could be far
(100 °C or more) below the critical temperature T..
In our system, however, contact is with the xh86
surface. Recent experiments®? for comparable poly-
olefin blends (in the miscible regime of the phase
diagram), in contact with a wall composed of a
crosslinked layer of one of the mixture components,
suggest that there is only a weak preference, if any,
of this wall to either pure component. Therefore, we
might expect only partial wetting of the xh86 sur-
face by one of the phases, and equilibrium compo-
sition depth profiles similar to the one shown in
Figure 5(b)(i), rather than that of Figure 5(c)(i). If
complete wetting by the h86-rich phase was to take
place at the xh86 surface, however, so that the pic-
ture of Fig. 5(c)(i) [or Fig. 5(c)(ii), see later] was to
apply, it is possible that this would be revealed by
our profiles. In a finite film where the amount of
material of each phase is conserved, and where the
lateral dimensions of the phase-separated regions
are much larger than the film thickness, it is easy to
show!® that the wetting layers near the confining
walls would tend to thin in order to minimize the
interfacial contact between the coexisting phases.
The limiting thickness of these layers would be of
order of the correlation length or intrinsic interfa-
cial width between coexisting phases. It is possible
that we would be able to resolve such a layer by
NRA, even through the crosslinked wall cover, at
least for the case of the outer wall/mixture interface.
The absence of such an observed (thin) wetting
layer speaks in favor of the structure shown in
Figure 5(b).

A point open for discussion is whether the
equilibrium picture of Binder et al., where the
film is divided into two lateral regions, provides
a correct description of our observation. It is
very likely that, as in dewetting processes,
which lead to an array of small droplets on a
substrate even when one big droplet might be
energetically favorable, phase separation under
symmetric boundary conditions might lead to

an array of inclusions, or patches of one phase
within the other.'®15:3* The corresponding con-
figurations are those shown schematically in
Figure 5(b)(ii) and 5(c)(ii) for the nonwetting
and wetting case, respectively. The relaxation
to the thermal equilibrium configuration, which
consists of only two large domains (the limit
considered in the model), driven by the need to
minimize the surface tension in an Ostwald-
ripening fashion, would then require chain dif-
fusion over distances comparable with the lat-
eral dimensions of the film. As such, it would be
too slow a process to be observed in our exper-
iments. For a distribution of droplets sampled
and averaged across the NRA beam cross sec-
tion, the profiles corresponding to Figure
5(b)(i1) or 5(c)(ii) would indeed resemble the
measured profiles shown in Figure 4 (though a
more direct measure of lateral structure, to be
carried out in future studies, would clearly pro-
vide important complementary information).
We note that other theories®*¢ propose non-
symmetric composition depth profiles even for
symmetric boundary conditions and so do not
appear to explain our results.

CONCLUSIONS

We investigated the role of symmetric confining
walls on the phase separation process of thin
films of polymer blends. We observed that even
after annealing times, which were sufficient to
bring comparable samples into thermal equilib-
rium and a layered configuration under nonsym-
metric boundary conditions, the laterally aver-
aged concentration in the symmetric case is still
constant. Our results indicating a uniform com-
position in the film are probably due to averaging
over an area with many droplets of one phase in
the other, and suggest that the equilibrium struc-
ture of phase-separated thin films confined be-
tween identical walls is characterized by an inter-
face between the two phases running perpendic-
ular to the two walls.
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