
Equilibrium Phase Behavior of Polybutadiene/Polyisoprene Films:
Binodals and Spinodals

Ellen Reister†

II. Institut für Theoretische Physik, Universität Stuttgart, 70550 Stuttgart, Germany

Marcus Mu1 ller*

Department of Physics, University of Wisconsin-Madison, 1150 University Avenue,
Madison, Wisconsin 53706-1390

Sanat K. Kumar‡

Department of Chemical Engineering, Rensselaer Polytechnic Institute, Troy, New York 12180

Received December 22, 2004; Revised Manuscript Received April 7, 2005

ABSTRACT: We employ self-consistent field theory to calculate binodals and spinodals of an asymmetric
binary polymer blend in a thin film. The film surface and substrate of the film attract both the same
component via short-range interactions. The ratios of chain lengths, segment lengths, and segment volumes
are chosen to match with experimental parameters for a mixture of deuterated polybutadiene (dPB) and
polyisoprene (PI). The form and strength of the surface potentials cannot be determined directly from
the experiments. Therefore, we study the phase behavior as a function of surface interaction strength
and film width. We find an interesting interplay between spinodal instability and prewetting behavior
that leads to four possible spinodals: The two spinodals on the dPB-rich side mark the stability of thin
and thick PI enrichment layers near the surfaces, the two on the PI-rich side are associated with the
attraction of the two formed dPB/PI interfaces and bulk-like composition fluctuations in the PI-rich phase.
The prewetting behavior also influences the binodals on the dPB-rich side. Upon increasing the film
thickness, we observe that the binodals approach their bulk location while the spinodals remain different
from the spinodals in the bulk because, even in very thick films, the unstable modes are associated with
interface fluctuations rather than bulk composition fluctuations. We further study scattering qualitatively
by analyzing the free energy required to excite certain density modes and discuss consequences for the
interpretation of scattering experiments.

I. Introduction

Thin polymer films have been the subject of many
studies not only because of their technological signifi-
cance as protective or dielectric coatings but also
because the influence of confinement on the phase
behavior of polymer mixtures still poses a challenging
question that is far from being fully understood.1-5

While polymers share the general features of phase and
wetting behavior with mixtures of small molecules,
these spatially extended molecules offer some distinct
advantages: (i) The strength of fluctuation effects can
be reduced by increasing the chain length. This remains
true both for bulk composition fluctuations as well as
for interface fluctuations (capillary waves). (ii) The
wetting transition3,4 in polymer blends typically occurs
at a much larger incompatibility than the phase separa-
tion in the bulk, hence, bulklike composition fluctua-
tions and interface fluctuations pertinent to wetting
phenomena are well separated.6 (iii) Effects of evapora-
tion are negligible because of the vanishingly low vapor
pressure, and the thickness of enrichment layers at
surfaces is set by the molecules’ extension, which is
large enough to facilitate experimental observation.

In this study, we perform self-consistent field (SCF)7-11

calculations of an asymmetric polymer mixture confined

between two symmetric hard walls. Because of the
suppression of fluctuations in the mixture caused by the
length of the polymer chains, SCF theory is very
successful in describing polymer systems quantitatively
well, and the binodals and spinodals of a system can be
determined rather accurately. The binodals are the
coexistence lines that express the values of the composi-
tion, the order parameter of the transition, in the two
phase-separated, coexistent phases.

Spinodals can only be defined in a mean field theory.
In the vicinity of the binodal, the homogeneous state is
metastable, and phase separation is a thermally acti-
vated process that evolves through the formation of a
nucleus of the thermodynamically stable phase. Further,
inside the miscibility gap, the homogeneous state be-
comes absolutely unstable, and phase separation occurs
spontaneously. The spinodal marks the border between
thermally activated phase separation (nucleation) and
spontaneous phase separation (spinodal decomposition).
It is important to remark that the spinodal is a mean
field concept. When one includes fluctuations into the
considerations, there is no sharp distinction between the
two modes of phase separation. If the thermal activation
barrier of nucleation becomes comparable to the strength
of thermal fluctuations, kBT, a single nucleus can no
longer be conceived as the well-defined transition state,
and a gradual and broad crossover (spinodal nucleation)
between the two modes of phase transition occurs.12

Polymer blends are the ideal experimental system to
test these concepts because fluctuations are strongly
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suppressed for long chains. Similar to the Ginzburg
criterion that estimates the relevance of composition
fluctuations in the vicinity of the critical point, there
also exists a Ginzburg criterion for the relevance of
fluctuations in the vicinity of the spinodal, ensuring that
the region of spinodal nucleation decreases with in-
creasing chain length.12,13

Recent experiments have raised open questions about
the location of the spinodals in the bulk,14 and there is
even less known about the effect of confinement on the
location of the spinodals. In the bulk, binodals and
spinodals show a similar behavior, therefore, experi-
mental analysis and certain theoretical methods often
do not clearly distinguish between binodals and spin-
odals and neglect that they describe qualitatively dif-
ferent aspects of the phase behavior. Although this
might lead to reasonable results in the bulk, the
distinction between the two becomes essential for
confined geometries. In the bulk, density fluctuations
cause phase separation, in the thin film geometry
interfacial fluctuations, that become unstable, are mainly
responsible for phase separation. In thin polymer films
it is, therefore, possible that the behavior of the bi-
nodal is similar to that of the bulk, but that the spi-
nodal is significantly changed as will be shown in this
paper.

Our analysis was motivated by experimental work15

in which small-angle neutron scattering (SANS) mea-
surements of two model polymer blends, deuterated
polybutadiene/polyisoprene [dPB/PI] and deuterated
polymethylbutylene/polyethylbutylene [dPMB/PEB], were
performed to give insight into the change of phase
behavior upon confinement. Both blends were regarded
at bulk critical concentrations. In the bulk, the dPB/PI
mixture phase separated upon increasing the temper-
ature, while the dPMB/PEB blend showed the more
common behavior of phase segregating upon reduction
of temperature. Neutron reflectivity (NR) measurements
that are sensitive to density profiles perpendicular to
the film revealed that, in the thin film geometry, PI from
the dPB/PI blend and dPMB from the dPMB/PEB blend
were enriched close to both surfaces (“symmetric seg-
regation”), i.e., the substrate and the air.16-18 The
inverse magnitude of concentration fluctuations, 1/I(q
) 0), was studied as a function of inverse temperature,
1/T. For the regarded thin films, the curves showed a
minimum, which is an indication for the blends being
off-critical in the thin film geometry. The measured
inverse structure factor, 1/I(q ) 0), was extrapolated to
1/I(q ) 0) ) 0 to estimate the spinodal temperature, Ts,
while the minimum was correlated with the location of
the binodal. These estimates revealed for the dPD/PI
films with widths smaller than 250 nm that the spinodal
temperature, Ts, is shifted toward higher temperatures
the thinner the film. The strong shift in the spinodal
temperature in the experiments was one of the main
motivations for studying the phase behavior of the
system regarded in this work.

The interpretation of the experiments invoked strongly
(irreversibly) adsorbed surface layers that give rise to
nonequilibrium effects. Using SCF calculations, we
cannot comment on these nonequilibrium effects but
only consider full thermodynamic equilibrium. We
calculate the location of the binodals and spinodals in
the thin film geometry and compare our results with
experiments. We can also investigate the ability of the
experimentally performed extrapolation of the inverse

structure factor in the one phase region to locate the
spinodal.

To be able to compare experimental results of the
dPB/PI mixture with our calculations, the parameters
(chain length, segment length, segment volume, and
Flory-Huggins parameter) are chosen to match with
experimental findings. However, one of the problems in
comparing experimental and theoretical results lies in
identifying how the confining surfaces interact with the
polymer film. Only general assumptions about the shape
and strength of the surface fields can be made. To
compare experimental results with theoretical calcula-
tions, it is, therefore, useful to analyze the phase
behavior of a thin polymer blend as a function of the
surface interaction, which is one of the main topics of
this paper. The other question we address is scattering.
Instead of calculating the exact scattering factor, we
“simulate” scattering by exciting various density modes.

Our paper is organized in the following way. In the
next section, we introduce the model underlying our
SCF calculation and briefly introduce the numerical
procedure. In Section 3, we explain how we map
experimental parameters with those used in our calcu-
lations. In Section 4, we present binodals and spinodals
for thin films of different widths and surface interaction
strengths and explain how the observed different be-
havior of binodals and spinodals comes about. In the
next section, we analyze the effects of scattering in a
thin film. The paper finally closes with some conclu-
sions.

II. Model

To get an understanding of experimental findings of
the phase behavior in thin films of dPB/PI mixtures,
we employ SCF calculations for binary polymer blends
between two hard walls that equally attract one kind
of monomer. Previous calculations of confined polymer
mixtures19-22 usually neglected the influence of the two
polymer species not being symmetric. Experimental
studies, however, reveal that the differences in segment
size, chain length, etc., can be considerable. We, there-
fore, perform SCF calculations for polymer mixtures
confined between two walls that take the asymmetry
of the two species A and B into account explicitly.23 The
differences are expressed through the ratio of the chain
lengths R ) NB/NA, of the statistical segment lengths â
) bB/bA, and of the segmental volumes γ ) vB/vA. FA and
FB denote the volume fractions of the A and B segments,
respectively, with the incompressibility constraint FA +
FB ) 1. All variables that are not explicitly noted by a
subscript refer to the A component. We further define
number fractions, φA ) FA/(FvA) ≡ FA and φB ) FB/(FvB)
) FB/γ. This leads to the incompressibility constraint
φA + γφB ) 1. The interaction between A and B species
may be expressed through the Flory-Huggins param-
eter, ø.

The walls confining the film are modeled as hard and
impenetrable. In the boundary region, the total density
drops from unity to zero. To capture this, the total
density profile across the film is imposed and the
incompressibility constraint takes the form, φA + γφB

) Φ0, with6,24,25
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D0 denotes the film thickness and εw is the width of the
boundary region. The x-axis defines the axis perpen-
dicular to the film throughout the whole paper. All
length scales are measured in units of the end-to-end
distance, Re ) bAxNA, of an A polymer. For all the
results shown in this paper, we use εW ) 0.15Re. This
is rather large compared to the width of a liquid-vapor
interface, but smaller values, εw, give rise to larger
computational effort in the SCF calculations. Monomers
interact via a short-range potential with the surfaces.
Specifically, the surface interactions extend over the
boundary region and are expressed through the field

Positive values of Λ correspond to surfaces attracting
the A component. The canonical partition function of
our model takes the form

where nA and nB denote the number of A and B
polymers, respectively. The microscopic monomer densi-
ties φ̂A(r) and φ̂B(r) are given by

PA[r] and PB[r] denote the Gaussian distribution of the
polymer chains, often referred to as the Wiener mea-
sure.26 Performing a Hubbard-Stratonovich transfor-
mation that makes use of the relation

the transformed partition function takes the form

with the new effective energy functional F

QA and QB are the partition functions of a single
polymer chain in an external field WA and WB, respec-
tively. They are given by

SCF theory employs the mean field solution of this field
theory by using the saddle point approximation for the
integral in the partition function. This is equivalent to
minimizing the effective energy functional, F, leading
to the following set of equations that need to be solved
self-consistently:

φA
/ and φB

/ , that express the density of a single polymer
chain in the external field iWA and iWB, respectively,
may be calculated by introducing the propagators
qA(r, t) and qB(r, t) that describe the probability to find
the end of a chain of length t, with 0 e t e 1, at position
r. For these propagators, the following diffusion-like
equations hold:8

with the initial condition qA(r, t ) 0) ) qB(r, t ) 0) ) 1.
Using the propagators that fulfill these equations, the
single chain partition function is given by QA ) ∫ d3r
qA(r, t ) 1), and the densities are calculated by φA

/ )
(φhA/QA) ∫0

1 dt qA(r, t)qA(r, 1 - t); for B, the equivalent
relations apply.

In our SCF calculations that are performed only in
one dimension, namely, perpendicular to the walls, all
spatially varying variables are expressed as a Fourier
expansion. The used basis functions are:

With the confining walls being symmetric, equilibrium
density profiles have to be symmetric, i.e., only basis
functions with odd indices are utilized. This expansion
allows exact calculation of φA

/ and φB
/ for given fields

Φ0(x) )
1
2{1 - cos(πx

εw
)} for 0 e x e εw

1 for εw e x e D0 - εw

1
2{1 - cos(π(D0 - x)

εw
)} for D0 - εw e x e D0

(1)

h(x) )
4ΛRe

εw
{1 + cos(πx

εw
)} for 0 e x e εw

0 for εw e x e D0 - εw

4ΛRe

εw
{1 + cos(π(D0 - x)

εw
)} for D0 - εw e x e D0

(2)

Z ∼ 1
nA!nB! ∫ DA[r]PA[r] ∫ DB[r]PB[r] ×

exp(-F ∫ d3r{øφ̂Aφ̂B - h(r)(φ̂A(r) - γφ̂B(r))}) ×
δ(Φ0(r) - φ̂A(r) - γφ̂B(r)) (3)

φ̂A(r) ) NAvA ∑
i)1

nA ∫0

1
dτ δ(r - ri(τ)) (4)

φ̂B(r) ) NARvA ∑
i)1

nB ∫0

1
dτ δ(r - ri(τ)) (5)

1 )∫ Dφδ(φ - φ̂) ∝∫DφDW exp[ F
N∫V

d3riW(φ - φ̂)]
(6)

Z ∼ ∫ DφADφBDWADWBD¥ ×
exp{-F[φA,φB,WA,WB,¥]} (7)

N
FV

F[φA,φB,WA,WB,¥] ) 1
V∫V

d3r{øNφA(r)φB(r) -

h(r)(φA - γφB) - iWAφA - iWBφB

+ i¥(φA + γφB - 1)} - φhA ln QA[WA] -
φhB

R
ln QB[WB]

(8)

QA )∫ DA[r]PA[r] exp[-∫0

1
dτiWA(r(τ))] (9)

QB)∫DB[r]PB[r] exp[-R∫0

1
dτiWB(r(τ))] (10)

δF
δiWA

) 0: φA ) - φhA

δQA

δiWA
≡ φA

/ (11)

δF
δiWB

) 0: φB ) -
φhB

R
δQB

δiWB
≡ φB

/ (12)

δF
δφA

) 0: -iWA ) øNφB - H + i¥ (13)

δF
δφB

) 0: -iWB ) øNφA + γH + γi¥ (14)

∂qA(r, t)
∂t

)
Re

2

6
∇2qA(r, t) - iWAqA(r, t) (15)

∂qB(r, t)
∂t

)
Râ2Re

2

6
∇2qB(r, t) - RiWBqB(r, t) (16)

fn(x) ) x2 sin(nπx
D0

) n ) 1, 3, 5,... (17)
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WA and WB. Equations 11-14 are numerically solved
using the Newton-Broyden method.27

III. Choice of Parameters
As mentioned in the Introduction, this study is

motivated by neutron reflectivity experiments of poly-
mer blend films with one component (PI) strongly
preferred at both the silicon substrate surface and the
air surface.17,18,15 At the critical composition, there are
pronounced enrichment layers at the film surfaces
separated by the dPB/PI interface from the dPB-rich
center of the film. We choose our parameters to match
those of the dPB/PI blend investigated in this study. The
A species in our theory corresponds to dPB, and the B
species to PI. The asymmetry of this blend is captured
through the following ratios of the chain lengths and
the statistical segment lengths:

The ratio of the segment volumes, γ, and the relation
between the Flory-Huggins parameter, ø, and temper-
ature, T, are found by comparing the bulk behavior of
the experiments with our model. The bulk Flory-
Huggins free-energy density of the homogeneous system
in our model is given by

This then yields the (exchange) chemical potential µ:

The binodals and the coexistence value of the exchange
chemical potential, µcoex, are found through a double-
tangent construction for the bulk free energy. The
condition for the spinodal can be written in the form:

and with this, the critical point is located at:

Experimentally, the critical density of dPB in the
regarded blend is φc ) Fc(dPB) ) 0.65. Using R ) 1.222
leads to a ratio between the segment volumes of γ )
2.82. To convert the value of øN into a temperature, we
use the formula

with N ) 1733. This relation resembles the experimen-
tally determined ø parameter, ø ) 0.00541-1.4234K/T
for a dPB/PI mixture.17 The specific form is chosen to
yield a critical temperature Tc ) 50 °C. A possible
composition dependence of the Flory-Huggins param-

eter is neglected. In any case, our qualitative findings
do not depend on the precise relation between temper-
ature (or composition) and the Flory-Huggins param-
eter.

To compare our results with experimental data, we
finally need to find a mapping between the effective
surface potential, that we introduce into our model, and
the actual effect of the boundaries on the polymer
mixture. This proves to be difficult because this infor-
mation is not directly accessible from experimental
results, so only estimated potentials can be used.

Before showing the influence of the surface potential
strength and the film width on the phase diagrams, a
few points regarding our modeling of the surfaces need
to be elucidated: (i) Our model includes only short-range
monomer-surface interactions; long-range, van der
Waals interactions, which are present in experiments,
are ignored. (ii) Because the density is reduced in the
boundary zone, monomers in the vicinity of the surface
suffer the “missing neighbor effect”. Note that it is the
width, εw, of the boundary region rather than the range
of the monomer-monomer interactions (which van-
ishes) that determines the strength of the missing
neighbor effect. Its strength might influence the order
of the wetting transition. (iii) The form of the surface
field is chosen such that its integrated strength is
independent of the width, εw, of the boundary zone. In
addition to this “enthalpic” surface field, there is a large
entropic contribution to the surface free energy. The
latter stems from packing of chains at the wall and
(strongly) depends on the width, εw, of the boundary
region. To a first approximation, the packing entropy
is given by the Lifshitz formula:28

As the B component has a lower number density, γ >
1, it is enriched at the surface even for Λ ) 0, and it
takes a large positive “enthalpic” surface field ΛN ∼ Re/
εw to compensate this entropic preference.

We emphasize that we do not expect our qualitative
conclusions to be affected by the specific modeling of the
surface properties because much of the following de-
pends only on the shape of the effective interface
potential that describes the interaction of the AB
interface with the wall.29 These qualitative features of
the effective interface potential are determined by the
location of the wetting transition and its order. For our
model, the wetting transition is of first order in agree-
ment with all experimentally observed wetting transi-
tions on solid substrates (see ref 3,4 for polymeric
systems). We do not attempt to provide a detailed,
realistic modeling of the surface interactions in the
experimental system, but rather utilize a physically
reasonable form of these interactions that is able to
describe the qualitative features (i.e., first-order wetting
of the preferred component) and adjust the strength of
the interaction to match the experimental observations.

IV. Binodals and Spinodals in Thin Films
In this section, we analyze the influence of the surface

field strength and the film width on the phase behavior.
Figure 1 shows typical A and B density profiles for the
volume fractions of coexisting phases at 4ΛN ) 1.4.

The width of the film is D0 ) 4.0Re ≈ 133.3 nm, the
regarded Flory-Huggins parameter is øN ) 3.7, which

R ≡ NB

NA
) 1.222, â ≡ bB

bA
) 1 (18)

fbulk ≡ NFbulk

FVkBT
)φ ln φ

e
+ 1 - φ

Rγ
ln 1 - φ

Rγe
+ øN

γ
φ(1 - φ)

(19)

µbulk ≡ dfbulk

dφ
) ln φ - 1

Rγ
ln 1 - φ

Rγ
+ øN

γ
(1 - 2φ)

(20)

dµbulk

dφ
|spinodal ) 1

φ
+ 1

Rγ(1 - φ)
- 2øN

γ
!
) 0 (21)

øcN )
(1 + xRγ)2

2R
and φc ) 1

1 + 1/xRγ
(22)

ø ) 7.526 ‚ 10-3 - 1.809K
T

or

T[K] ) 3135
13.043 - øN

(23)

∆F ≈ Fb2

24 ∫ d3r
|∇φ(r)|2

φ(r)
∼ â2

γ
Re

εw

FRe
3

N
area
Re

2
(24)
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corresponds to a temperature of T ) 62.41 °C. ΛN is
positive, and therefore, the A component (dPB) is
enthalpically attracted to the surfaces. However, the
profiles show that the B component (PI) is actually
enriched at the surfaces for both volume fractions. This
shows that the chosen surface interaction strength does
not compensate the entropic preference of the B species
to the surface. The profiles of the B-rich phase (closed
symbols) show much less spatial variation than the
profiles of the A-rich phase (open symbols). In the latter,
the B-component is enriched at the surfaces, while A
prevails in the center of the film. The two regions are
separated by AB interfaces. These internal AB inter-
faces are not interfaces between thermodynamically
coexisting phases (which run perpendicular to the film
surfaces), but they resemble the interface between
A-rich and B-rich phases in the bulk for large øN or
large film thickness.

In Figure 2, we present the composition profile across
the film for laterally homogeneous state inside the
miscibility gap, φ ) φc ) 0.65, for various film thick-
nesses, D0. Under these conditions, the film will later-
ally phase separate in equilibrium. The profiles shown
in the figure do not correspond to the laterally phase
separated, thermodynamic equilibrium but to the later-
ally homogeneous, metastable state. At a fixed averaged

composition φ, there are enrichment layers of thickness
l ∼ D0, the composition in the enrichment layers is close
to the composition of the B-rich phase in the bulk, and
the composition in the center of the film is close to the
composition of the A-rich phase in the bulk. The internal
AB interfaces, which separate the enrichment layers
from the center, are weakly bound. The surfaces repel
the AB interface as B wets the surface in the semi-
infinite system, but the shift of the chemical potential
to supersaturation of A limits the growth of the enrich-
ment layers.30 Upon increasing the film thickness, the
interaction between the internal interfaces and the film
surfaces becomes weaker, the shift of the chemical
potential decreases, such as ∆µ ≡ µ - µcoex ∼ 1/D0
(Kelvin equation), and the internal interfaces resemble
the interfaces between A-rich and B-rich phases coexist-
ing in the bulk. It is important to realize that, even for
the laterally homogeneous, not phase-separated state,
there is no extended region where the composition is
close to the average composition. Thus, non bulk-like
composition fluctuations around the average composi-
tion of the film (i.e., related to the bulk spinodal), but
the properties of the internal interfaces (i.e. related to
the wetting properties) determine the mode of phase
separation.

Within the SCF calculations, one obtains not only the
details of the composition profile across the film (as
discussed in Figures 1 and 2) but also the free energy
associated with such a composition profile. The free
energy as a function of the average A composition for
the bulk, and for films of width D0 ) 133.3 and 266.6
nm, is presented in Figure 3. The regarded temperature
is T ) 142.5 °C or øN ) 5.5. The composition range can
be divided into several regions, which we discuss in
turn.

(a) Let us start from φA f 1, i.e., a system that is rich
in the component dPB that is not preferred by the
surfaces. An enlarged view of the composition depen-
dence of the free-energy density, f (see eq 8), is presented
in the inset. Starting from an initially pure A-polymer
melt, we see that an increase in B reduces the energy
of the system. It is favorable for the system to form B
enrichment layers near the surfaces. These enrichment
layers substitute A at the surface by the preferred

Figure 1. dPB (A) and PI (B) density profiles for the volume
fractions at coexistence for 4ΛN ) 1.4, film thickness D0 )
4Re ≈ 133.3 nm, and øN ) 3.7 or T ) 62.41 °C. The surface
enrichment of PI at the wall is slightly smaller than in the
experiment.17,18 The A-rich and B-rich phases are sketched on
the left- and right-hand side, respectively.

Figure 2. Profiles of the volume fraction of the B-component
(PI) for 4ΛN ) 1.4, T ) 142.5 °C (øN ) 5.5), and φ ) φc )
0.65. Film thicknesses D0 are indicated in the key. Arrows on
the right mark the volume fractions of the coexisting phases
in the bulk.

Figure 3. Comparison of the free-energy density of the bulk
(cf. eq 19), a thin film (4ΛN ) 1.4 and D0/Re ) 4), and a thicker
film (4ΛN ) 1.4 and D0/Re ) 8). Note the extra features on
the A-rich side, which mirror the wetting behavior of PI at
both surfaces (for an enlarged view see inset). Circles mark
the dPB volume fraction at coexistence. Diamonds represent
spinodals for D0 ) 4Re. (Meta)stable (a, c, and e) and unstable
(b and d) composition regions are indicated.
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component B and lead to the formation of an internal
AB interface at each surface.

(b) After the enrichment layers have been formed, a
further increase in B neither changes the composition
at the surface nor the densities in the middle of the film.
The internal interfaces between A and B are merely
shifted toward the middle of the film. The free energy
is, hence, dominated by the effective interface potential
between the AB interfaces and the confining walls and
the interactions between the two interfaces themselves
across the film. Regarding the free energy in Figure 3,
we observe a shallow barrier between thin (φ ∼ 0.95)
and thicker (φ ∼ 0.7) B enrichment layers. This is the
signature of a first-order wetting transition. In our
model, we find a first-order wetting transition at around
T ≈ 171 °C for 4ΛN ) 1.4. The two inflection points
(symbolized by diamonds) between these two regions
correspond to the spinodals of a prewetting two-phase
region where thin and thick enrichment layers of the
B-component coexist. Between the two inflection points,
the system is unstable with respect to spinodal dewet-
ting of the enrichment layers. While the prewetting
coexistence for this film thickness (see the phase
diagram shown in Figure 4) is pre-emptied by lateral
phase separation and, thus, does not lead to a two-phase
coexistence in a thin film, the prewetting spinodals are
still of relevance for the mode of phase separation.35

(c) After the thicker enrichment layers have been
formed and the enrichment layer is further increased,
the two AB interfaces get pushed toward the center of
the film, and the free energy becomes rather flat for
thick films. The interfaces interact only weakly with the
surfaces and only weakly with themselves across the
film. For short-range surface fields, the effective inter-
face potential decays exponentially fast with the dis-
tance l between the interface and the surface, the length
scale is set by the bulk correlation length, êbulk. At a
fixed composition, the distance l is proportional to the
film thickness D0, and hence, ln(df/dφ) ∼ -D0/êbulk. If
the B-component wets the surface, the curvature is
positive, i.e., there are very large fluctuations, but the
system remains (meta)stable.

(d) As the composition of A decreases further, the
interfaces begin to attract each other across the film.
This strongly reduces the free energy and eventually
leads to the annihilation of the two internal interfaces.
Thus, the third spinodal is associated with the instabil-
ity of the two interfaces against annihilation.

(e) After the annihilation of the two internal inter-
faces, the composition across the film is fairly uniform,
and the behavior on the B-rich side of the phase diagram
is similar to the bulk free energy that is given by the
Flory-Huggins expression. The spinodal on the B-rich
side of the phase diagram is related to the spontaneous
growth of bulk-like composition fluctuations analogous
to the bulk mixture.

After explaining the general behavior of the free
energy as a function of composition, we show the
resulting spinodals and binodals of the bulk, and for a
film of width D0 ) 133.33 nm ) 4Re and 4ΛN ) 1.4 in
Figure 4a as a function of composition and temperature.
The merging of the two spinodals far above the wetting
transition temperature in the nonwet state occurs at a
high temperature, T > 250 °C, and is not shown. The
two spinodals on the A-rich side of the phase diagram
are associated with prewetting behavior. They mark the
stability of a thin and a thick enrichment layer of the
B-component. Upon decreasing the incompatibility or
temperature, the difference between the thin and the
thick enrichment layer decreases, and the two spinodals
join at the hidden, prewetting critical point (pwc).
Another indication that the spinodals on the A-rich side
are due to prewetting comes from the corresponding
phase diagram in the T-µ plane. In Figure 4b, we have
drawn the coexistence curves and spinodals in the bulk,
and the prewetting line (as extracted from a film of
width D0 ) 10Re). The latter emerges from the bulk
coexistence curve at the wetting transition temperature
(marked by an empty diamond) and continues into the
supersaturated region of A. It ends at the prewetting
critical point. The coexistence curve of a film is shifted
away from the bulk coexistence curve into the super-
saturated region of A. The shift in chemical potential
is inversely proportional to the film thickness (Kelvin
equation). For the rather thin film considered, the shift
is large and the prewetting line does not cross the
coexistence curve of the film. Therefore, the prewetting
behavior does not influence the binodals much. The two
spinodals that are located on the A-rich side of the phase
diagram are just slightly shifted away from the prewet-
ting spinodals of the semi-infinite system (not shown)
in the T-µ plane. The two spinodals that are located
on the B-rich side of the phase diagram join at the
critical point of the thin film. They resemble the
spinodals in the bulk in the temperature-chemical

Figure 4. Interplay between spinodal instability and prewetting behavior: Phase diagram in the (a) temperature-composition
and (b) temperature-chemical potential plane for the bulk and a thin film (4ΛN ) 1.4 and D0/Re ) 4). The legend of panel (b) also
applies for (a).

Macromolecules, Vol. 38, No. 12, 2005 Polybutadiene/Polyisoprene Films: Binodals and Spinodals 5163



potential plane, but are slightly shifted to larger µ
(Kelvin equation).

The dependence of binodals and spinodals on the
strength of the surface fields is illustrated in Figure 5.
The surfaces are symmetrical, and from the top left to
the bottom right panel, we successively increase 4ΛN
from -2.5, when the walls strongly attract PI, to +1.8,
when the walls are almost neutral.

For the strongest surface field, there is a large shift
in the critical point both to smaller volume fraction of
A and higher temperature. As the surface interactions
are strong, PI wets the surface at all temperatures
considered, and even the prewetting critical point is at
high temperature T > 250 °C. Therefore, only the two
spinodals associated with the attraction of the two AB
interfaces and the B-rich bulk are visible.

As we decrease the surface attraction, the wetting
transition shifts to lower incompatibility, and for 4ΛN
) 1.25, the hidden prewetting critical point shifts into
the temperature range considered. The prewetting
behavior gives rise to a “bulge” in the A-rich binodals.20

As we make the surfaces less attractive for B, the
merging of the two spinodals (instability against attrac-
tion of the two interfaces and instability of thick
B-enrichment layers at surfaces) also becomes observ-
able at around T ≈ 232 °C for 4ΛN ) 1.45. Approaching
neutral surface fields, we observe that the wetting
transition approaches the critical point, the prewetting
line becomes shorter (i.e., the wetting transition be-

comes weaker), and its influence on the binodals, the
“bulge”, and spinodals, the merging temperature of the
two spinodals, gradually vanishes. For neutral surfaces,
there is no wetting transition, the critical point is shifted
to slightly higher incompatibility than in the bulk, and
the spinodals in a film resemble the bulk spinodals. Note
that there is a gradual change from the behavior of
neutral surfaces to the behavior of surfaces which
strongly prefer the B-component. The behavior of the
spinodals for strong and moderate surface fields, how-
ever, differs qualitatively from the behavior of the
binodals for neutral surfaces and in the bulk. Specifi-
cally, there is a “channel of metastability” around φ )
φc ) 0.65, which extends to rather high temperatures.

So far, we have only regarded one film width and
studied the change in surface interaction strength. We
now study the influence of varying film thicknesses at
the fixed surface field strength 4ΛN ) 1.4. The binodals
and spinodals for film thicknesses D0 ) 3, 4, 8, and 10Re
are presented in Figure 6.

For very small film widths (D0 ) 3Re ≈ 100 nm), D0
is not much larger than the width of the AB interface
at the prewetting critical temperature. As a conse-
quence, there is no temperature at which the interaction
(attraction) between the two interfaces can be neglected,
and the prewetting behavior that is associated with a
single surface is strongly distorted. Hence, the two
spinodals associated with the attraction of the two

Figure 5. Dependence of binodals and spinodals on the strength of the surface fields ΛN at film thickness D0/Re ) 4. Solid lines
represent the binodals in the bulk and the thin film, while dashed lines present spinodals.
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interfaces and the instability of thick B-layers at the
surfaces merge already at rather low incompatibility.
Upon increasing the film thickness, the enrichment
layers at the two surfaces are further apart, or in other
words, the interfaces interact less, and the prewetting
behavior of the spinodals is observed much more clearly.
Because the prewetting-like spinodals are associated
with enrichment layers of finite thickness, both the
distance between the two branches of the spinodal and
the distance from φ ) φAcoex

bulk scales, such as 1/D0 in the
composition, i.e., the prewetting spinodal region be-
comes narrower and gets squeezed to the right side of
the phase diagram with increasing film width. For large
film thickness D0 > 8Re, the prewetting line crosses the
coexistence curve in a film, and a triple point between
a B-rich phase and A-rich phases with thin and thick
enrichment layers of B at the surfaces, forms.20,31,32

Below the triple point, the prewetting coexistence gives
rise to a two-phase region, which ends in the prewetting
critical point. This is illustrated in the bottom right
panel. Only part of the spinodal associated with the
interaction between the two formed AB interfaces is
shown because the flatness of the free-energy density,
cf. Figure 3, makes the determination of its location
numerically difficult. The study of the film thickness
dependence shows that, even in the limit of large film
widths, the spinodals of a thin film do not gradually
approach the spinodals of the bulk. The binodals of a
film with symmetric surface interactions do approach
the bulk behavior; the second two-phase region attribut-
able to prewetting becomes a thin line in the limit D0
f ∞.

V. Scattering in Thin Films

In this section, we study scattering by analyzing the
energy cost of exciting different composition modes
instead of performing the tedious calculation of the
scattering factor. Although this will not give quantita-
tive results, the comparison with the experiments
should give a qualitative estimate.

Figure 7 shows the derivative (d2f/dφ2) ) (dµ/dφ) at
the bulk critical composition φc ) 0.65 as a function of

Figure 6. Dependence of binodals and spinodals on the film thickness D0/Re ) 3, 4, 8, and 10Re at 4ΛN ) 1.4. Solid lines represent
the binodal in the bulk and the thin film, while dashed lines present spinodals. Only part of the spinodal attributable to the
attraction of the two internal interfaces is shown in the bottom right panel (D0 ) 10Re) because the free energy in this region
hardly varies with composition, and it becomes numerically difficult to locate the spinodal.

Figure 7. Inverse scattering function as a function of inverse
temperature at the bulk critical composition φA,c

bulk ) 0.65 and
4ΛN ) 1.4 for film thicknesses D0/Re ) 3, 4, 6. Thin lines
describe the actual susceptibility, (dµ/dφ)|film, obtained from
one-dimensional SCF calculations. Thick lines are the results
from the “simulated” perpendicular scattering. The arrow
marks the inverse bulk critical temperature.
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inverse temperature. The results denoted by thin lines
were obtained by taking the second derivative of f (φ)
obtained from the SCF calculations with respect to the
change in average composition of the system. This
change of the average composition across the film
corresponds to a composition wave with a vanishing
component of the wave vector parallel to the film q|| f
0 (cf. also below).

An illustration of the inverse susceptibility (dµ/dφ) as
a function of both temperature and composition is
presented in Figure 8 for a film of width D0 ) 4Re ≈
133.3 nm, and the surface interaction strength 4ΛN )
1.4. For these parameters, there is a narrow “channel
of metastability” around the critical composition, where
the susceptibility is very large but finite.

In the one-phase region, ø < øc or 1/T > 1/Tc, we find
a linear dependence of the inverse susceptibility on the
inverse temperature or Flory-Huggins parameter. The
slope of the linear behavior is comparable with the slope
in the bulk, indicating that fluctuations chiefly stem
from bulk-like composition fluctuations. In agreement
with the common procedure of analyzing scattering data
in the bulk, one can extrapolate this linear behavior of
the inverse scattering intensity in the one-phase region
to estimate the location of the spinodal according to

the result of the random-phase approximation for the
bulk. Scoll denotes the structure factor of composition
fluctuations and øs(φ) the value of the Flory-Huggins
parameter at the (mean field) spinodal (“extrapolated
spinodal”).

At larger incompatibility, ø > øc, enrichment layers
form, and the susceptibility is determined by fluctua-
tions of the internal interfaces rather than by bulk
composition fluctuations. In marked contrast to the
bulk, the susceptibility arises from qualitatively differ-
ent effects in the one- and two-phase region. This is
clearly visible in the change in slope of the inverse
scattering intensity. This change in the slope in our
calculations thus indicates the formation of enrichment
layers at the surfaces and the change of the character
of fluctuations from homogeneous, bulk-like to capillary
wave-like fluctuations in the local position of the
internal dPB/PI interfaces that separate the PI enrich-
ment layers from the dPB-rich center of the film.36

Extrapolating experimental results from the one-phase
region into the miscibility gap yields at best qualitative
estimates. This holds particularly true in the “channel
of metastability”, where the spinodal is deeply buried
in the miscibility gap and one has to extrapolate a long
way. From the behavior in the vicinity of the bulk
critical temperature, the location of the spinodal in the
film can only be estimated qualitatively.

If we were to extrapolate the linear regime of (dµ/dφ)
(or our estimate for the inverse perpendicular scattering
intensity, cf. below) at large values of 1/T to (dµ/dφ) )
0, we observe that the resulting “extrapolated spinodal”
temperatures are somewhat larger than the bulk spin-
odal/critical temperature. In agreement with the experi-
ment,15 such an extrapolation from the one-phase region
suggests that the spinodal temperature Ts, and thus,
the shift from the bulk spinodal would decrease as one
increased the film thickness, D0. This result of the
extrapolation (obtained from both, experiments and SCF
calculations) is in contrast to the behavior of the true
thermodynamical spinodal. The latter shifts to higher
temperatures, i.e., further away from the bulk spinodal,
as we increase the film thickness.

To “simulate” scattering perpendicular to the film, we
excite the equilibrium profile perpendicular to the film
with the antisymmetric composition mode with the
smallest wave vector q⊥,min ) 2π/D0 allowed by the finite
film thickness. To this end, we fix the amplitude of the
composition mode with q⊥,min and minimize the free
energy of the constrained system within SCF theory.
Because the profile is no longer symmetrical across the
midplane of the film, composition modes with even
indices, i ) 4, 6,... in eq 17, also need to be taken into
account. The difference in free energy between the
constrained system and the system with symmetric
equilibrium profiles depends quadratically on the am-
plitude, æq⊥,min, of the excitation, and ∂2f/∂æq⊥,min

2 pro-
vides us with a qualitative estimate for the inverse
structure factor, S-1(q⊥,min), perpendicular to the wall.

The so-determined estimate, S-1(q⊥,min), as a function
of inverse temperature for different film thicknesses, is
displayed in Figure 7 through the thick lines. For larger
values of 1/T (one-phase region), the behavior is quali-
tatively similar to the inverse susceptibility (dµ/dφ). A
linear behavior of the inverse structure factor is ob-
served with a slope that is comparable to the bulk. In
this region, we find that the smaller the film width the
more pronounced the shift away from the bulk values.
The performed excitation leads to an additional density
gradient perpendicular to the film. Using the squared
gradient expansion, the first approximation of the
energy shift through the excitation δφ(x) can be seen
as

with a being almost constant. Hence, the shift away
from the inverse bulk susceptibility should be propor-
tional to ∆⊥ ∼ q⊥,min

2 ∼ 1/D0
2. This expected behavior is

clearly shown through the line in Figure 9, where we
have plotted the shift away from the bulk as a function
of 1/D0

2 both for the actual susceptibility, (dµ/dφ)|film
obtained from SCF calculations (circles) and for the
antisymmetric excitation (squares).

Figure 8. Contour plot of (dµ/dφ)|film for film thickness D0 )
4Re ≈ 133.3 nm and 4ΛN ) 1.4. Solid lines mark binodals and
spinodals.

dµ
dφ

∼ 1
Scoll(qf0)

∼ ø - øs(φ) (25)

∆F ≈ 1
2 ∫ dx (d2fbulk

dφ
2

+ a∆⊥)(δφ(x))2 (26)
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If we go to higher temperatures, in Figure 7, we find
that the inverse scattering function strongly increases.
Why this occurs can be explained through Figure 10,
which shows the second derivative of the bulk free
energy with respect to the composition for different
temperatures as a function of the composition γφB in
the top left panel (a) and the equilibrium profiles γφB(x)
of a film of width D0 ) 3Re for the respective temper-
atures in panel (b). The top right panel (c) shows (dµ/
dφ) as a function of the distance from the walls, which
is obtained by inserting the density profiles φ(x) for
different temperatures in eq 21 for the inverse bulk
susceptibility. The squared sine function (δφ(x))2 in (b)
and (c), of which the amplitude in the graph has been
strongly exaggerated compared to the largest used for
the calculations, makes clear where in the film the
density is influenced by exciting the lowest antisym-
metric density mode. The density is not changed at the
walls and in the middle of the film. The main change
takes place in the region near the interfaces. If we look
at the lower values of T, the densities in the regions,

where the excitation has the most influence, are in the
interval 0.3 < φ < 0.5. If we look at the top left panel,
we see that d2f/dφ 2 for a constant temperature is almost
constant and small in this density interval. In panel (c),
we see accordingly that the inverse susceptibility is
nearly constant across the whole film. For intermediate
values of T < 70 °C, the inverse susceptibility across
the film stays almost homogeneous but decreases to
lower values with increasing temperature. The free
energy necessary for scattering decreases, and therefore,
the inverse structure factor also decreases. Upon in-
creasing the temperature further, the density profiles
show enrichment layers with higher densities and
sharper interfaces. Regarding the left and the top right
panels, we see that in the regions of the interfaces the
excitation is energetically favorable for the system. The
sine function, however, also leads to a change in density
in regions where the densities are very far from the bulk
critical density. If we look at T ) 172 °C, for example,
regions where the densities are about γφB ) 0.75 and
γφB ) 0.05 are influenced by the excitation. The top
right panel shows that a change in density in these
regions is very expensive. Although the density is
mainly influenced near the interfaces, the slight change
in density near the walls and the middle of the film costs
so much energy that the inverse structure factor in-
creases with higher temperatures as observed in Figure
7.

We expect scattering parallel to the film to lead to
qualitatively similar results. But by scattering, in other
words by exciting density modes parallel to the film, the
density profiles perpendicular to the films will be
changed in a different way. Instead of profiles acquiring
an antisymmetric component, they should remain sym-
metric. It can be seen as a fluctuation parallel to the
walls of the average density; the profiles across the film
should be comparable with equilibrium profiles simply
at higher or lower compositions of B-polymers. In this
case, it is important to bear in mind that the change in
profiles changes density modes with wave vectors that

Figure 9. For small temperatures (in the one-phase region),
the calculated scattering functions show a comparable linear
behavior as in the bulk. Here, the shift away from the bulk
line is plotted as a function of (1/D0)2.

Figure 10. (a) d2fbulk/dφ 2 in the bulk (cf. eq 21) as a function of the average composition γφB for different temperatures. (b)
Equilibrium density profiles in a film of thickness D0 ) 3Re and an average composition of φhA ) 0.65 for the respective temperatures
of panel (a). The sine function indicates where the density is influenced most by exciting the first antisymmetric density mode.
(c) (dµ/dφ) as a function of the distance x from the walls. (d) Squared density changes γ2(∆φ(x))2 as a function of position x
perpendicular to the film for different temperatures.
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have components perpendicular to the film. To get a
complete picture of this parallel scattering, it would be
necessary to calculate the explicit inverse structure
factor.

To get a rough insight into this kind of scattering,
i.e., to find out which regions will mainly contribute to
scattering, we have looked at the differences in the equi-
librium profiles between the average composition at γφhB
) 0.65 and γφhB ) 0.64. In Figure 10c, the inverse su-
sceptibility as a function of the equilibrium density pro-
file and the squared density change for the perpendicu-
lar sine excitation (no symbols) and for the shift in av-
erage composition (∆φB(x))2 ) (φB,φh)0.65(x) - φB,φh)0.64(x))2

for T ) 172 °C are shown (closed symbols). The bottom
panel (d) displays the squared density differences (∆φB-
(x))2 at different temperatures. All results are for a film
of thickness D0 ) 3Re. For lower temperatures, we see
that the change in density is almost uniform across the
whole of the film. The inverse susceptibility is also very
uniform but decreases with higher temperatures. The
whole film will contribute to the scattering, but the
inverse structure factor will decrease in a similar
fashion as for the antisymmetric excitation. This uni-
form change in the density is equivalent to adding a
constant, i.e., a q⊥ ) 0 mode to the density profile.
Therefore, the squared gradient term in the free energy,
see eq 26, will lead to a negligible contribution so that
the shift of the scattering function away from the bulk
susceptibility will not be as pronounced as was the case
for the antisymmetric excitation, see Figures 7 and 9.

With increasing temperature, the change in the
middle of the film stays almost the same, but near the
walls, the change decreases, which follows from the
saturation of the densities at the walls. With increasing
temperature, the slope of the interfaces becomes steeper
and the enrichment layer widens, therefore, the density
difference is mainly visible in the region of the formed
interface. For higher temperatures, the change in aver-
age density is hardly visible in the middle of the film;
the only change that takes place is the shift of the
interface. If we look at the susceptibility in the region
of the interface, we find that it is negative, and
therefore, the system would gain energy. The system is
obviously unstable and phase separation would occur.
Contrary to results obtained through the antisymmetric
excitation where the inverse scattering function rose
with higher temperatures because of the change in
density near the edges of the interface, the density
change caused through parallel “scattering” is localized
near the interface, leading to a much larger response.

VI. Conclusions

In this paper, we performed SCF calculations for a
dPB/PI blend at bulk critical composition confined
between two hard symmetric walls. The calculations
were performed to give an insight into the equilibrium
phase behavior of such systems. In this paper, we focus
on the phase diagrams, including both spinodals and
binodals as a function of film width and wall-polymer
interaction strength. We further analyzed the effects of
scattering in polymer films. The study of spinodals
reveals that the behavior is clearly different from the
behavior in the bulk. While spinodals and binodals are
comparable in the bulk, they can differ considerably in
a thin film. Instabilities in the bulk are caused by
composition fluctuations; in a thin film, however, fluc-
tuations of formed interfaces are mainly responsible for

causing phase separation. Instead of finding the usual
spinodal, we find two sets of spinodals in thin films that
are caused by the intricate interplay of prewetting and
spinodal instability. The two spinodals on the dPB-rich
side mark the instability between thick and thin enrich-
ment layers near the walls, while the spinodal on the
PI-rich side is caused by the interaction between the
two formed dPB/PI interfaces, and only the spinodal
close to the dPB-poor binodal corresponds to the spin-
odal in the bulk. The examination of increasing film
widths further shows that the thin film behavior does
not gradually approach the bulk behavior, but there
remains a “channel of metastability” where the film at
bulk critical composition remains metastable deep into
the miscibility gap.

To study scattering perpendicular and parallel to the
film, we regarded conformations with certain excited
density modes. Similar to the typical experimental
practice, we analyzed the inverse structure factor as a
function of inverse temperature. For small tempera-
tures, the slope of the actual inverse susceptibility
obtained from SCF calculations and the simulated
scattering is comparable to that of the bulk. With
increasing temperature, the inverse susceptibility bends
away from the bulk behavior, leading to a spinodal
temperature that is much larger than in the bulk. When
scattering perpendicularly to the film, we find that the
inverse structure factor has a minimum and increases
again for increasing temperature. This can be explained
because scattering leads to changes in density in regions
of the film where these are energetically very expensive.
For parallel scattering in the regarded films, we argue
that the theoretical inverse structure factor should
become negative with increasing temperature, or in
other words, phase separation would occur spontane-
ously.

To determine the spinodal temperature experimen-
tally, the inverse structure factor is commonly extrapo-
lated to zero.15 Our theoretical study shows that this
kind of an extrapolation also leads to a shift of the
temperature in the right direction. The behavior of the
inverse susceptibility, though, shows that this extrapo-
lation is only capable of giving a qualitative estimate.
A quantitative conclusion cannot be drawn. Although
this method is useful for bulk experiments, it is not
appropriate for quantitatively determining the spinodal
temperature in a thin polymer film.

Our calculations have been restricted to strictly
equilibrium situations and focused on the equilibrium
thermodynamic behavior, paying particular attention to
the influence of the wetting behavior on fluctuations in
thin films. These are rather universal features that only
depend on qualitative properties of the system (like the
fact that the system exhibits a first-order wetting
transition).

We did not attempt to compare our predictions of the
composition profiles across the film with experimental
results.17,18 Unlike the rather universal behavior of the
spinodals, profiles do depend on the details of the
surface interactions that comprise long-range van der
Waals contributions, short-range contributions due to
the distortion of the composition profile in the vicinity
of the surface, as well as local entropic and enthalpic
effects on the length scale of a few statistical segments.
Some of these effects might counteract each other (e.g.,
even in our simple model entropic packing effects and
short-range, enthalpic surface interactions favor differ-
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ent components at the surface) and give rise to rather
intricate behavior.

Within the SCF theory, the composition profile, φA(x),
is a functional of the surface interaction, H(x), and in
principle, one might hope to estimate the detailed form
of the surface interaction by matching the profiles
calculated by the SCF theory with the experimentally
measured profiles and thus learn about the nature of
the surface interactions. Unfortunately, this procedure
is difficult in practice for the following reasons: (i) The
matching between experimental profiles and SCF pre-
dictions only provides an estimate of the effective free
energy of the polymer-surface interactions. It is difficult
to separate this quantity into enthalpic effects, like van
der Waals interactions and short-range contact interac-
tions, and entropic contributions, like those described
by eq 24 and additional contributions that may arise
from liquid-like packing effects on the scale of a statisti-
cal segment, which would have to be described by a non-
local free-energy functional. Thus, for instance, the
surface free-energy field, H(x), that matches the experi-
mentally observed profile depends on the specific choice
of the total density profile, Φ0(x). (ii) Capillary waves
lead to a broadening of the interface profiles. These
fluctuations of the local interface position are not
captured by the SCF theory, and this approximation
leads to an erroneous identification of the surface
interactions. For thin enrichment layers, however, the
AB interface interacts strongly with the surface, and
the strong interface potential imparts a small lateral
correlation length onto the capillary waves of the bound
interface, which results, in turn, in a strong reduction
of capillary wave broadening.33 (iii) Moreover, the error
in the experimental data translates into a rather
significant uncertainty in the effective free energy of the
polymer-surface interactions. Thus, a major challenge
remains to extract the detailed form of the surface
interactions from experimental observations.

An additional reason for deviations between SCF
calculations and experiments might be nonequilibrium
effects attributable to the strong attraction of one
species to the film surfaces that might lead to irrevers-
ible adsorption. For instance, the shape of density
profiles obtained by Grüll et al.17,18 for thin dPB/PI films
appears not to be explicable within a squared gradient
approach,34 suggesting that an immobile “gel” layer is
formed at the surfaces. These effects are outside the
realm of the present work.
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