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I. INTRODUCTION

The self-assembly behavior of di- and multiblock copolymers
has attracted significant attention in both fundamental and tech-
nological contexts. Among the many different morphologies ex-
hibited by block copolymers, perpendicularly aligned lamellar
and cylindrical phases of diblock (AB) copolymers have con-
stituted an active focus in the design of semiconductor materials.
A key challenge in the success of such efforts is to be able to ob-
tain perpendicularly aligned self-assembled structures that are
free from defects. The latter in turn requires substrates which are
energetically “neutral,” i.e., which do not exhibit a preference for
either of the components. Indeed, if the substrate exhibits a pre-
ference for one of the components, then it is more likely that this
component will wet the substrate, resulting in the formation of
parallel aligned phases. Unfortunately, however, many of the
commonly employed substrates do exhibit an energetic prefer-
ence for one of the blocks, necessitating additional strategies to
render them neutral to the different components.

In relation to the above, experimentalists have pursued a va-
riety of methods to induce the formation of perpendicularly align-
ed phases, such as the patterning of surfaces1 and the use of electric
fields to align the morphologies.2,3 One such strategy which has
been pursued for achieving perpendicular lamellae is to modify the
interactions between the polymers and the substrate by using
grafted polymers. Mansky et al. first demonstrated the viability of
this approach to control the alignment and self-assembly of diblock
copolymers.4 Explicitly, they used a styrene (S) andmethyl metha-
crylate (MMA) random copolymer (P(S-r-MMA)) brush with

varying compositions of S and MMA as the substrate for align-
ment of the block copolymer. By measuring the surface energies
of the homopolymers polystyrene (PS) and poly(methyl metha-
crylate) (PMMA) on the brush as a function of the composition
of S andMMA in the brush, these authors showed that the surface
energies of the different components with the brush substrate
could be tuned by modulating the compositions of the brush
copolymer.4 More pertinently, they identified a regime called the
“neutral window,” for which the grafted substrate exhibited ap-
proximately equal preference for S andMMA blocks, and showed
that in such a regime the substrate was effective in creating per-
pendicular aligned phases.4,5 However, since the free surface had
an affinity for the PS, parallel morphologies still tend to be for-
med near the free surface.5 The same authors later used an end-
functionalized random copolymer segregated to the polymer�air
interface to induce perpendicular lamellar structures throughout
the film.6 Subsequent work has advanced this idea to other sys-
tems by using alternative strategies such as cross-linking agents
and/or grafting chemistries.7,8

Complementing the above experimental efforts, there has also
been extensive modeling and simulation work focusing on the
self-assembly behavior of di- and multiblock copolymer films.
While early work of Turner, Mayes, and others used simple
scaling-type theories,9�11 later research by Shull, Matsen, Balazs,
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ABSTRACT: We model the self-assembly of a diblock copolymer thin film in
contact with a random copolymer brush using self-consistent field theory employ-
ing a quenched distribution for the brush chains. We focus on the regime of param-
eters where the diblock copolymers exhibit lamellar morphologies, and study the
alignment behavior of the lamellar morphologies on the grafted substrates. Our
results reveal a templating of the self-assembly morpology by the brush chains. We
find two novel features of this templating behavior: The ends of the grafted chains
rearrange themselves to create a more favorable interface, an effect which is present
in both the parallel and perpendicular morphologies, and is enhanced with in-
creasing blockiness of the sequences of the random copolymer. In addition, the
brush chains may splay laterally in perpendicular morphologies and enrich the
interface even further in the favorable component. The latter feature leads to
nontrivial free energy differences between the parallel and perpendicularly aligned
lamellae on the grafted surface. We explicitly find the parametric window for the stability of perpendicular lamellae and compare
against the trends suggested by surface energies of the pure homopolymeric components. Such comparisons indicate that viewing
the grafted surface purely in terms of the surface energies of the components of the diblock copolymer may not necessarily capture
the stabilities of the parallel and perpendicular morphologies.
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and co-workers pioneered a more direct numerical approach
based on polymer self-consistent field theory (SCFT) which
helped to shed light on the different parameters underlying the
self-assembly behavior of block copolymers.12�14 These research-
ers modeled diblock copolymer thin films bounded by homo-
geneous substrates with energetic preference for one of the
blocks. Using such a model, it was confirmed that substrates dis-
playing an energetic preference for one of the components tended
to induce the formation of parallel aligned lamellar phases. In
contrast, for a neutral substrate, a perpendicular arrangement was
always preferred or degenerate with parallel arrangements. Such
studies also demonstrated the critical role played by the film
thickness in modulating these trends for confined polymer films.
Explicitly, in parallel aligned phases confined to thicknesses which
are incommensurate with the equilibrium lamellar thickness, they
showed that there is a competition between the energetic gain
arising from the interactions with the substrate and the entropic
costs that may be incurred in deforming the lamellae to fit them
within the confined space. This competition results in the for-
mation of perpendicularly aligned phases for certain ranges of
thickness even for preferential substrates. Similar behavior was
also shown usingMonte Carlo simulations.15,16 Subsequent work
has extended the above developments by focusing on the cases of
asymmetric diblock copolymers,17 multiblock copolymers,18�23

the impact of patterned hard surfaces24�28 and the effects of sur-
face roughness.28,29 More recent studies of diblock copolymer
thin films bounded by homogeneous surfaces has elucidated the
plethora of mixed morphologies that may occur as a function of
the complex system parameter space.30

At the other end of the spectrum,muchmodeling work has also
been accomplished in the context of the interfacial properties of
grafted polymers. This has included studies of grafted diblock
copolymers,31�37 Y-shaped copolymers,38 and systems with
blends of homopolymers.39�42 Grafted statistical copolymer sys-
tems such as grafted gradient copolymer melts43 and random
copolymers in a selective solvent44 have also been studied. In
order to further modeling effects on grafted statistical copolymers
and by analogy to the early work of Mansky et al., we recently
completed a study of a random copolymer brush in contact with a
homopolymer melt and studied the interfacial energies as a
function of different parameters.45 Our results showed that an im-
portant phenomena that manifests in such situations is the pos-
sibility for the brush chains to rearrange their ends to expose amore
“enriched” fraction of the favorable phase to the melt in contact. In
our earlier work, we showed that the surface energies between the
hompolymer melt and the brush is crucially dependent upon this
rearrangement effect.45

Both the experimental work of Mansky et al.4 as well as our
previous work on the interfacial properties of random copolymer
brushes have used the surface energies of A and B homopolymers
on random copolymer brushes to draw conclusions about the ex-
pected behavior for diblock copolymer alignment on such sub-
strates. While this is a reasonable strategy, such an approach how-
ever leaves unaddressed many interesting issues relating to the
synergistic aspects between the self-assembly of the block copoly-
mer and the grafted copolymers. Explicitly, grafted copolymers
differ from the hardwallsmodeled previously in that they represent
a soft substrate which can potentially modulate their thicknesses to
accommodate the self-assembly of the block copolymers. A more
interesting possibility in the case of random copolymer brushes is
that they can create chemical inhomogeneities in both the lateral
and normal direction (relative to the substrate), and thereby

modulate the surface energies to either template or accommodate
the self-assembled structures of the block copolymer film. These
considerations prompt the question of whether there indeed is a
“strict” correspondence between the surface energies and the
actual alignment of the diblock copolymer, andwhether this align-
ment matches the behavior predicted for self-assembly of diblock
copolymers on smooth, hard walls.

Only very few articles have modeled the self-assembly character-
istics of block copolymers on grafted surfaces. Ren and co-workers
considered the self-assembly of asymmetric block copolymer melts
on homopolymer brushes using polymer self-consistentfield theory
(SCFT).46 They found that, upon changing the grafting den-
sity, the system alternated between lamellar and spherical morphol-
ogies and that templating of the grafted homopolymer oc-
curred in response to the spherical phases. However, these studies
did not address the issues regarding the connection between surface
energies and the self-assembly morphologies. Moreover, the possi-
bility of self-assembly driven chemical inhomogeneities in the
grafted layers is a feature unique to the context of random copoly-
mer and multicomponent polymer brushes which does not have an
analogue in the homopolymer context. To address these issues, in a
recent short communication we presented results which went be-
yond our previous work on the interfacial properties of random
copolymers by modeling directly the self-assembly of block copol-
ymers on grafted copolymer brushes.47 Our framework used a
detailed numerical implementation of polymer SCFT and for a 2-D
system while invoking a quenched sequence configuration of random
chains. Our results indicated novel synergy between the block co-
polymer self-assembly and the inhomogeneities induced in the
brush. This feature rendered the self-assembly in our system to be
much more complex than the behavior observed for block copoly-
mers confined by smooth, hard walls. The latter was also reflected in
the quantitative comparisons we presented between the surface
energies and the stabilities of perpendicularly and parallel aligned
phases.

In this article, we elaborate the details of the model used in our
shorter communication47 and also present results quantitatively ex-
ploring the influence of various parameters, which include grafting
densities, film thicknesses, composition of the random copolymer
and the blockiness of its chemical sequences. To minimize the
overall number of parameters to be studied, we hold constant the
interaction between dissimilar segments (quantified by the Flory
parameter χ) and focus only on the case of a “symmetric” diblock
copolymer, which forms lamellar phases. Moreover, we also assume
that the confinement of the film is “symmetric” and has identical
grafted layers on both surfaces. In order to isolate the specific effect
of the random copolymers, we assume that the substrate on which
the polymers are grafted is a “neutral” surface for the two com-
ponents of the diblock copolymer. Using the above model and
assumptions, we study the self-assembly of the block copolymers
upon random copolymer brushes.

The rest of the article is arranged as follows: In section II, we
explain key details of our theoretical and numerical methods. In
section III, we discuss some key relevant morphological features
arising in the parallel and perpendicular self-assembly of block
copolymers on the grafted layers. In section IV we present results
pertaining to the “neutral window,” that is, the parametric regime
which leads to perpendicular alignment of the block copolymer.We
present an explicit comparison of this regime to the surface energies
of the homopolymers on randomcopolymer brushes and comment
on the correspondences and discrepancies. In the Appendix, we
elaborate the details of the modeling framework used in this article.
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II. THEORY AND NUMERICAL METHODS

To model the self-assembly of block copolymers on grafted
random copolymer surfaces, we use a numerical implementation
of polymer self-consistent field theory (SCFT). The details of the
formalism for the system under consideration is very similar to
that used in our previous work which modeled the behavior of
(A) hompolymer films on random copolymer (AB) brushes. To
model the behavior of diblock copolymer films, the modifications
arise only in the manner in which the densities and volume frac-
tion profiles of different components are computed. Specifically,
the presence of the B component in the film adds to the total vol-
ume fraction of the B component. Tomaintain brevity of the text,
we relegate the details of the formalism to the Appendix.

In the previous work, since we were only interested in the
density profiles and free energies of homopolymers, we could
restrict our consideration to one-dimensional variations in the
density profiles of the different components. However, in the pre-
sent context, since we are explicitly concerned with the formation
of parallel and perpendicular lamellae, we now solve the resulting
self-consistent field theory equations while allowing for inhomo-
geneities in two spatial dimensions: one normal to the substrate,
denoted z, and one tangential to the substrate, denoted x. We
solved the diffusion equation resulting in the SCFT in two dimen-
sions using an alternating-direction implicit method. To calculate
the surface energies (to comparewith the neutralwindow regimes),
we revert back to an one-dimensional formalism where the dif-
fusion equation is solved using aCrank�Nicholsonmethod in only
the z dimension. For our two-dimensional calculations, the spatial
dimensions are resolved on a mesh size of Δx = Δz = 0.1 and the
contour length coordinate s is resolved on amesh size ofΔs=0.005.
Admittedly, such a mesh is coarse-relative to the parameters
commonly used in SCFT studies.30 However, our choice was
necessitated by the numerical complexity accompanying the
quenched ensemble of random copolymer chains. For our one-
dimensional calculations, the need for free energy results very
close to the surface dictates that we solve the equations on a
smaller mesh size of Δz = 0.04 and Δs = 0.0004. The self-
consistent field equations are solved until the maximum change in
the self-consistent fields (cf. Appendix for details and notation)
was 10�2 for w+ and 5 � 10�3 for w� . The random copolymer

chains grafted to the surface were generated by using a method
identical to that employed in our previous work. In the present
study, we use a quenched sequence ensemble of 500 chains in our
self-consistent field theory. As in the last study, we create chains
that have 100 segments, which whenΔs = 0.005 dictates that each
segment has two contour mesh (s) points.

From this point in the paper, we choose to denote the average
volume fraction of species A in the brush chain by f, the grafting
density by σ, the blockiness parameter as λ (see Appendix for
details), and the ratio between the chain lengths of the free and
grafted chains as α.

III. MORPHOLOGICAL FEATURES OF SELF-ASSEMBLY

We begin the discussion of our results by presenting key
features of the parallel and perpendicular morphologies that we
observe from our SCFT calculations. In particular, we focus on
two key aspects by which the grafted copolymer layers differ from
hard surfaces, viz., (i) The ability of the surface to tune the
distribution of the different species to accommodate the self-
assembly of the diblock copolymer. This feature arises from
the multicomponent nature of the copolymer and we term this
as “chemical templating”; and (ii) The ability of the grafted
surface to tune its heights or allow for interpenetration to
respond to the self-assembly. This feature arises due to the
inherent “softness” of the grafted surface and we term this as
“physical templating.”
A. Templating of Parallel Lamella. In parts a and b of

Figure 1, we display representative volume fraction profiles of
the species A within the random copolymer brush and the di-
block copolymer for the case when the diblock copolymer exhibits a
lamellar phase with parallel alignment. While the displayed profiles
correspond to the situation where the A component is in contact
with the brush, since the random copolymer brush shown in Figure 1
corresponds to a case of f = 0.5, we expect the case with B com-
ponent in contact with the brush to be equally possible. We observe
from parts a and c of Figure 1 that there are no perceptible lateral
inhomogeneities in the brush profiles, whence we use the in-plane
averaged volume fraction profiles to quantify the details of the
morphology.

Figure 1. Pictures of parallel lamellar morphology for parameters λ = 0.0, σRg
2 = 2.45, α = 1.0 and fbrush = 0.5. (a) Intensity plot of volume fraction of

species A of the grafted polymer; (b) Intensity plot of volume fraction of species A of the diblock copolymer.
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In Figure 2a, we display the in-plane averaged composition
profiles for parallel aligned diblock copolymers on symmetric ran-
dom copolymer brushes (f = 0.5). We observe two features which
exemplify the main features of self-assembly upon grafted multi-
component polymers: (i) The presence of significant interpene-
tration between the brush and the overlaying film, which high-
lights the “soft” nature of the grafted surface. The latter is clearly
seen in the broad interfacial zone between the brush and the film
components displayed in Figure 2b. (ii) There is a segregation
between the A and B components of the brush, which leads to an
enrichment of the A component (of the brush copolymer) in the
interfacial zone between the brush and the overlaying film.
The latter is most clearly evident in the enrichment function
ϕr = ϕA,brush � ϕB,brush displayed in Figure 2c, which is seen to
become positive in the interfacial region. To compensate for this

enrichment, ϕr is seen to become negative in the interior regions
of the brush, indicative of the depletion of A component in such
regions. This enrichment is a manifestation of a “chemical” tem-
plating effect, was also seen in our previous work45 which examined
the behavior of homopolymer melts in contact with random
copolymer brushes. In that case, we showed that, even for a sym-
metric brush (f = 0.5), the chain ends of the random copolymer can
rearrange themselves to present an enriched amount of the enthal-
pically similar component in the interfacial region where the brush
overlaps with the free polymer. Such a rearrangement was argued
to reduce the enthalpic component of the interfacial energies while
costing little to nothing in the entropic component.
What is the role of self-assembly of the block copolymer upon

the above-discussed features ? To address this issue, in Figure 2,
parts b and c, we compare the above morphological features with
the corresponding results for a homopolymer film on an identical
brush. While there are similarities seen between the behaviors of
homopolymer and diblock copolymer films, quantitative differences
are also evident. Explicitly, we observe that the diblock copolymers
exhibit larger interpenetration with the brush (evident in the larger
overlap between the brush and film volume fraction profiles).More-
over, from Figure 2c, we observe that diblock copolymers
exhibit different magnitudes of “enrichment” of the brush
component (the peak for the diblock film occurs at ϕr = 0.0059,
whereas it occurs at ϕr = 0.0122 for the homopolymer case). In
our earlier communication,47 we demonstrated that such mor-
phological differences lead to significant differences when com-
paring the surface energies of the parallel aligned lamella with that
of the homopolymer films. Since the focus of the present article is
on the comparisons between parallel and perpendicular aligned
morphologies of the diblock copolymer, we refrain from elabo-
rating on the comparisons to the homopolymer case further.
Influence of the Characteristics of the Grafted Layer. In

Figure 3, we present results which quantify the manner in which
the above-discussed “chemical templating” rearrangement effect
varies with different parameters of the grafted layer. Figure 3a dis-
plays the variation of the rearrangement effect with increasing f,
under which conditions the brush and the overlaying component
of the diblock copolymer becomemore chemically similar. In our
earlier article, we showed that the chemical rearrangement effect
can in general (for f 6¼ 0.5) be quantified through the quantity
ϕA,brush(z)/f � ϕB,brush(z)/(1 � f), which corresponds to the

Figure 3. Compositional enrichments for different parametric condi-
tions of the grafted copolymer surface: (a) varying f; (b) varying λ; (c)
varying σRg

2/C. Unless otherwise stated, σRg
2/C = 2.45, fbrush = 0.5, and

λ = 0. Diblock composition fdiblock = 0.5. Chain lengths and segment
interactions are defined by α = 1 and χN = 20.

Figure 2. In parts a�c parameters correspond to λ = 0.0, σRg
2 = 2.45,

α = 1.0 and fbrush = 0.5. (a) Composition profiles of different compo-
nents of a diblock copolymer in parallel alignment on the grafted surface
(z denotes the coordinate normal to the surface). (b) A comparison of
the overall density profiles of brush and film components for homo-
polymer and diblock copolymer films. (c) A comparison of ϕr for
homopolymer and diblock copolymer films. The brush volume frac-
tion profile (secondary Y axis) is illustrated in dashed lines to highlight
the interfacial zone.
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amount of enrichment in species A that occurs in the brush relative to
the average volume fraction of each species. As was observed in our
previous work with random copolymer brushes and homopolymer
melts, the enrichment of species A (i.e., the chemical templating
effect) becomes less pronounced as f increases, evidenced by the
decreasing magnitude of the positive peaks toward the right of the
plots. This trend is easily understood by noting that with increasing f,
the brush copolymer itself becomes more similar to the polymer in

contact with it. Hence, there is a corresponding decrease in the
amount of enrichment achievable in the interfacial region by rearran-
ging the chains ends. Moreover, in such conditions the grafted
copolymer is chemicallymore similar to the overlaying homopolymer,
andhence there is inherently a favorable enthalpic interactionbetween
them. While chain rearrangements may contribute further to these
favorable interactions, they are expected to do so only at a secondary
level and therefore there is a reduced propensity for such behavior.

Figure 4. (a) Intensity plot of the volume fraction of the A component in the brush (left) and the diblock copolymers (right). (b) Intensity plot of the
total volume fraction of the brush (left) and the diblock copolymers (right). (c) Intensity plot of the compositional enrichment effect. The results
correspond to parametric conditions: fbrush = 0.5. σRg

2/C = 2.45, and λ = 0. Diblock composition fdiblock = 0.5 Chain lengths and segment interactions are
defined by α = 1 and χN = 20. Film thickness is 12.5Rg, which is the location of the minimum in energy of parallel morphology for three lamellaes.
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In Figure 3b, we display the effect of increased blockiness
(with f fixed at 0.5) on the rearrangement within the random co-
polymer brush. Similar to the results presented in our previous
article for the case of a random copolymer brush in contact with a
homopolymer, the rearrangement effect is seen to depend sensi-
tively on the blockiness of the randomcopolymer sequences.More-
over, it is seen that for the most blocky sequences (λ = 0.9), the
interfacial enrichment can be substantial relative to the average
volume fractions of the species. This behavior, which also parallels
results shown in our earlier article, can be explained by noting that
since the blockier polymers contain longer blocks of identical com-
ponent, rearranging their chain ends allow for more substantial en-
richment of the preferred component.
Finally, in Figure 3c, we display the affect of changing grafting

density upon the chain rearrangement. With increasing grafting
density, we observe that the enrichment in A segments also
exhibit a monotonic increase (seen in the magnitude of the peaks
of ϕA,brush(z)/f � ϕB,brush(z)/(1 � f) in the interfacial region).
Increasing grafting density enhances the number of chain ends
per unit area. We hypothesize that the latter allows for a larger
enrichment in the interfacial zone as seen in Figure 3c.
In summary, in this section we discussed “chemical templat-

ing” phenomena arising in the brush copolymer due to the
presence of an overlaying parallel aligned diblock copolymer.
Explicitly, we demonstrated that chemical templating arises
through a rearrangement of the chains to enrich the brush in
the component of the diblock copolymer, which is at the inter-
face. The parametric dependencies of this chain rearrangement
effect were shown to be qualitatively consistent, albeit quantita-
tively different from the results presented in an earlier article for
the interface of a random copolymer brush and a homopoly-
mer melt.
B. Templating of Perpendicular Morphologies. In contrast

to the behavior discussed for the case of parallel lamella phases,
templating of perpendicular morphologies is expected to be even
richer due to the possibility of both normal and lateral inhomo-
geneities. Moreover, within the context of tangential inhomo-
geneities, two situations may arise: (i) Inhomogeneities in the
heights of the grafted layer (referred to earlier as “physical
templating”). (ii) A compositional or chemical templating similar
to that observed in the context of the lamella phases aligned in the
parallel direction. Below we present evidence for the occurrence
of both of these possibilities and discuss their dependence on
different parameters of the grafted layer.
Self-Assembly on Symmetric Brush Copolymers. In Figure 4a,

we display representative composition profiles of the A compo-
nents in the diblock copolymer and the random copolymer brush
for the case where the diblock copolymer lamellae are aligned
perpendicular to the substrate. It can be observed that the lamellae
formed by the diblock copolymer are rounded at the edges in the
region which are in contact with the brush. This feature is seen to
manifest more clearly in the results displayed in Figure 4b, which
depicts the total volume fractions of the diblock copolymer and
the brush component. The latter quantifies the structure and
height of the brush and is seen to display periodical inhomo-
geneities with peaks in the regions corresponding to the location
of the interfaces between the A and B components of the diblock
lamellae. Taken together, the preceding observations indicate a
“physical templating” of the brush driven by the rearrangement
of the grafted layer in an inhomogeneous manner to accumulate
more material from the brush at the AB interface of the lamellae
of the diblock copolymer.

Before we discuss the origins of the above behavior, we note
another aspect of self-assembly in perpendicular alignment. Spe-
cifically, in the plot of the segmental enrichments (defined as ϕA/
f� ϕB/(1� f) of the brush component) displayed in Figure 4c, it
is seen that the composition profiles of the A and B components
in the brush are both enriched in the regions where they are in
contact with the respective phases. A more nontrivial aspect of
this chemical templating behavior is in a comparison of the
magnitudes of the enrichments observed in the interfacial region
for perpendicularly and parallel aligned lamellae. Explicitly, it is
seen that for the perpendicular alignment the magnitude of A
(and B) enrichment in the interfacial region is ∼0.017, which is
larger in magnitude than the enrichment 0.013 noted in the
corresponding result for parallel lamellae.
We hypothesize that the origins of the above observations can

be traced back to the statistics of the sequences in the grafted
chains and the manner in which they rearrange their ends to re-
duce the enthalpic cost of the interface between the diblock
copolymer lamella and the grafted layer. The presence of chemical
templating of the diblock copolymer is easiest to understand as a
generalization of the behavior seen for the parallel lamellae.
Explicitly, the chain ends now rearrange so as to present an en-
riched phase of the appropriate component at the interface. Since
the components of the diblock copolymer are arranged in a
periodic manner, the rearrangement and the enrichment of the
chain ends also exhibit a periodic profile.
We note that by a mechanism similar to the above considera-

tions, by rearranging its chain ends, the grafted layer can present
“neutral” portions of the chains (i.e., which exhibit equal affinity
to both A and B components) to the diblock copolymer. The
latter can potentially reduce the energy costs at the interfaces of a
diblock copolymer by acting like a surfactant.We believe that such
a mechanism is responsible for the “physical templating” seen at
the interfacial locations of the diblock lamellae see in Figure 4,
parts a and b. This is also confirmed by the gaps seen in the
enrichment plots displayed in Figure 4c, which are indicative of a
lack of enrichment and a more uniform distribution of A and B
monomers of the brush at the lamellar interfacial locations of the
diblock.
What are the origins of the enhanced rearrangement (relative

to parallel alignment) in chemical templating for the perpendicular
lamellae? We believe that this arises from a conformational re-
arrangement of the chains. Explicitly, the grafted chains which are in
contact with the A portion of the block copolymer, but whose ends
are enriched in theB component have twooptions: (i) They canmove
to the interior of the layer, as they do in the case of parallel arrange-
ment. (ii) If they are sufficiently close to the B portion of the
lamellae, then they can splay and contribute to the enrichment of
B component in the B portion of the diblock copolymer. We
believe that the mechanism ii leads to an “enhanced” enrichment
in the case of perpendicular lamellae. A quantitative verification of
this splaying hypothesis requires an explicit calculation of the two
point propagator, which is numerically cumbersome. Instead,
below we present the morphological characteristics for other
parametric conditions and argue that they support our proposal.
The first evidence for the above-proposed mechanistic expla-

nations is furnished by considering the self-assembly upon a more
blocky random copolymer brush (while keeping f fixed at 0.5),
depicted in Figure 5, parts a�c. We observe that the qualitative
features of the morphologies in this case are very similar to that of
λ = 0 shown in Figure 4. However, we note three features which
distinguish systems with higher blockiness: (i) The magnitude
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of the physical templating effect seems diminished and the
brush height becomes more uniform in the lateral direction

(compare Figures 4b and 5b). (ii) The magnitude of the chemical
templating becomesmore pronounced for the blockier copolymers
(compare Figures 4c and 5c. (iii) The differences in the enrichment
effect between the perpendicular and parallel phases become more
pronounced. Explicitly, the magnitudes of the maximum enrich-
ment are 0.916 and 0.619 for the perpendicular (Figure 5c) and
parallel phases (Figure 3c) respectively.
The above observations are consistent with the mechanisms

proposed in explaining Figure 4. First, we point out that in-
creasing blockiness leads to chains which have longer sequences
of A or B monomers (with, however, the average over the dif-
ferent chains being maintained at f = 0.5), and hence less numbers
of “neutral” sequences. Consequently, they are expected to be less
efficient than the nonblocky chains (λ= 0, depicted in Figure 4) in
modulating the interfacial cost of AB interfaces in diblock lamella,
which explains point i above. However, for the same preceding
reason, blockier chains allows for an easier and more substantial
chain rearrangement and enrichment at the interface, thereby
explaining point ii above. Finally, for the same reason, conforma-
tional rearrangements of the chains (splaying) is expected to have
a more significant effect at enhancing the interfacial enrichment,
and is consistent with our observation in point iii above.
A more direct evidence in support of the role of splaying of

chains relates to the dependence of the self-assembly character-
istics upon the ratio between the chain lengths of the free and
grafted chains, α. Explicitly, if the enhanced rearrangement
observed in the perpendicular alignment did arise due to the
splaying of the chains, we would expect that increasing α would
increase the period of the block copolymer phase relative to the
brush height and reduce the influence of such conformational re-
arrangements. In other words, increasing α is expected to render
the enrichments in the perpendicular alignment to become more
similar to the case of parallel alignment. In Figure 6, we provide
evidence from our results that the trends observed in our num-
erical results domatch with this expectation, thereby adding further
support to the mechanisms proposed to explain the differences
between parallel and perpendicular aligned lamellae.
In summary, the results presented above indicate that the

morphological features accompanying the self-assembly in per-
pendicular alignment shares many characteristics in common
with the situation corresponding to parallel alignment. However,
a nontrivial aspect of our results is the enhanced enhancement
observed in the context of perpendicular alignment. One rami-
fication of this enhanced enrichment is that even when consid-
ered at the same conditions of the grafted copolymers, parallel
and perpendicular lamellae exhibit different characteristics in the
interfacial layer between the block copolymer component and

Figure 6. α dependence of the compositional enrichment in the per-
pendicular aligned morphology relative to the parallel alignment. The
quantityΔϕ*r � (ϕr

perpendicular� ϕr
parallel)/ϕr

parallel, where ϕr
perpendicular and

ϕr
parallel are defined as the peak values in the composition enrichment ϕr

observed for perpendicular and parallel morphologies, respectively.

Figure 5. (a) Intensity plot of A component of the diblock copolymer.
(b) Intensity plot of the total volume fraction of the brush component.
(c) Intensity plot of compositional enrichment effect. Parameters corre-
spond toλ=0.9.σRg

2/C=2.45 and fbrush=0.5.Diblock composition fdiblock=
0.5. Chain lengths and segment interactions are defined by α = 1 and χN =
20. Film thickness is 12.5Rg, which is the location of the minimum in energy
of parallel morphology for three lamellaes.
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the grafted polymer. Indeed, the perpendicular lamellae, being the
beneficiary of enhanced interfacial enrichment, will have more fa-
vorable interfacial interactions with the grafted surface when con-
sidered relative to the parallel alignment. In the next section, we
show this finding has important consequences for the stability of
the perpendicularly aligned phases.
2. Self-Assembly on Nonsymmetric Brush Copolymers. How

do the above trends change for a surface comprised of nonsym-
metric (f 6¼ 0.5) grafted chains? In Figure 7, we present results
displaying the effect of f for a nonblocky (λ = 0) random co-
polymer. In comparing these results with the results depicted in
Figure 4, we observe the following features: (i) The diblock
copolymer lamellae become asymmetric with the A segments of

the diblock spreadingmore on the grafted layer, whereas the B seg-
ments reduce their contact with the brush. (ii) The height in-
homogeneities in the brush become more pronounced, with the
brush exhibiting relatively enhanced and lowered heights in re-
gions in contact respectively with the A and B segments of the
diblock copolymer. (iii) The rearrangement/chemical templating
effects are seen to become more mitigated for the A component
whereas it is enhanced for the B component. This is seen by com-
paring the magnitude of the positive values (representing the en-
richment of A) which is 0.017 in Figure 4c, whereas it is 0.008 in
Figure 7c. On the other hand, the magnitude of the negative
values (enrichment of B) in Figures 4c and 7c are 0.017 and 0.019,
respectively.

Figure 7. (a) Intensity plot of species A (left) and B (right) components of the diblock copolymer. (b) Intensity plot of the total volume fractions of the
brush (left) and diblock copolymer (right). (c) Intensity plot of the compositional enrichment for a perpendicular lamellar morphology at fbrush = 0.6.
σRg

2/C = 2.45, and λ = 0. Overall, diblock composition fdiblock = 0.5 Chain lengths and segment interactions are defined by α = 1 and χN = 20. Film
thickness is 12.5Rg, which is the location of the minimum in energy of parallel morphology for three lamellaes.
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Much of the above observations can be understood by noting
that for f > 0.5 the grafted polymer has a higher fraction of A
segments (if f < 0.5 there is a higher fraction of B segments). Con-
sequently, the grafted surface is by itself preferable to the A
segments of the block copolymers and not preferable to the B
segments of the block copolymers. In view of this feature, it is not
surprising that the lamellae of the diblock copolymers become
asymmetric with an enhanced spreading of the A polymers (point
i above). However, unlike a hard surface with an inherent surface
energy, grafted polymers can modulate the contact between the
surface and the B component by an appropriate conformational
rearrangements and redistribution of the segments. We believe
that the preceding mechanism underlies observation ii above
where the grafted chains compress themselves to bring more of
their B segments in contact with the B phase of the diblock copol-
ymer. The changes in the rearrangement plots and trends in point
iii can be understood by noting that since the brush is as a whole
enriched in A segments, there is expected to be less driving
force for chain rearrangement driven interfacial enrichment of A
segments. Moreover, the magnitude of the A enrichment possible
(relative to the average volume fraction of A) also diminishes with
increasing f. In contrast, an opposite effect is at play for the B
segments in the brush. Explicitly, the region of the brush which is
in contact with the B segments of the diblock copolymer ex-
perience an unfavorable interaction and hence try to reduce the
corresponding enthalpic costs by undergoing chain rearrange-
ments to enrich the interfacial region in B segments.Moreover, the
magnitude of the B enrichment possible (relative to the average
volume fraction of B) also increases with increasing f. Together,
the preceding effects manifest in observation iii noted above.
In summary, the above morphological characteristics indicate

novel physical and chemical templating arising during the per-
pendicular alignment of block copolymer lamellae. In the next
section, we develop these considerations more quantitatively by
considering the free energies of parallel and perpendicular align-
ment and the preferred equilibrium alignment.

IV. EQUILIBRIUM ALIGNMENT AND NEUTRAL
WINDOWS

In this section, we use a more quantitative framework to ex-
amine the self-assembly characteristics of block copolymers on
grafted random copolymer surfaces. To set the context for the
manner in which we quantify the results, in Figure 8, we display
the free energy per unit area (relative to the bulk value) of the
random copolymer brush-diblock copolymer thin film system as
a function of film thickness for the parallel and perpendicular
morphologies for a specified set of parameters. The curves
labeled 2, 2.5, and 3 correspond to the number of parallel
lamellae in the thickness D (which represents half the confine-
ment width). Perpendicular morphologies are unaffected by the
confinement thickness and hence their free energies are inde-
pendent of thickness. On the other hand, we observe that the free
energies for the parallel morphologies show an oscillatory trend
as a function of film thickness. Such a behavior has been noted in
many earlier studies of diblock copolymers,9,11,13,14 and can be
understood as arising from a mismatch between the preferred
lamellar domain spacing and the confinement thickness. We note
that for the conditions depicted in Figure 8 the bulk lamellar
spacing is 4.0Rg, which (within the fairly coarse Δ(D/Rg) we
examined) is identical to the distance between the minima noted
for the parallel alignment.14 The latter demonstrates that in this

case the random copolymer brush has no effect on the preferred
spacing of the lamellae.

A more nontrivial and an important observation from the plot
is that while the depicted conditions correspond to a situation
where the grafted surface is “neutral” (f = 0.5) to both A and B
components, the perpendicular lamella structure seems to be the
preferred alignment over the entire range of confinement thick-
ness. In contrast, for block copolymer melts confined by hard,
neutral surfaces, prior theoretical studies13 have indicated that the
perpendicular morphology is stable, but only due to small free
energy differences arising from line tension effects at the interface
between the lamellae and the surface. For instance,15 for stronger
segregation conditions corresponding χN = 30.0, the free energy
differences between perpendicular morphology and parallel
morphologies were predicted to be j0.1kT, which is substan-
tially less than the differences seen in Figure 8. The origin of the
enhanced stability of perpendicular lamellae in our results can be
traced back to the morphological characteristics described in the
previous section. Explicitly, we demonstrated that even for a
grafting layer with “neutral” characteristics, perpendicular align-
ment of lamellae was accompanied by an enhanced (relative to
parallel alignment) chemical enrichment in the brush. This self-
assembly driven enrichment is in turn expected to lead to a more
favorable interfacial energy between the A and B components of
the diblock and their respective contacts with the grafted surface.
Additionally, we also showed that there is also the possibility for a
“physical templating” of the perpendicular diblock lamellae
which reduces the interfacial costs in the diblock copolymer
lamellae. We believe that the preceding factors together render
the free energies of the perpendicularly aligned lamellae to be
lower than the corresponding parallel ones.

With the above understanding, onemay enquire what happens
when the surface is made more preferential to one of the com-
ponents. To address this issue, in Figure 9, we display the free
energy plots for the above-discussed situation with however the
composition of the grafted copolymer surface varied from 0.5 to
0.7 (we zoom in on the confinement thicknesses corresponding
to three lamellae). As would be expected upon the rendering the
surface to be selective, the free energy of the parallel alignment is
seen to be lowered more when compared to the perpendicular
alignment.13,14 It is seen that for f = 0.6, the perpendicular lamella

Figure 8. Free energies as a function of film thickness D for a diblock
copolymer film in contact with a neutral random copolymer brush-
covered substrate. Brush parameters are σRg

2/C = 2.45, fbrush = 0.5, and
λ = 0. Diblock composition fdiblock = 0.5. Chain lengths and segment
interactions are defined by α = 1 and χN = 20.).



9876 dx.doi.org/10.1021/ma202075d |Macromolecules 2011, 44, 9867–9881

Macromolecules ARTICLE

is still the preferred morphology for all thicknesses. However, for
f = 0.7, it is observed that the parallel alignment now becomes
preferred for a range of thickness around its minima. Increasing f
further (not shown) is expected to render the parallel lamellae to
become the preferred phase for all thicknesses.

Much of the motivation for the present research derives from
applications desiring the perpendicular alignment of the lamellar
phases. On the basis of the above results, it is evident that there
are two questions which relate to the stability of perpendicular
phases: (i) For a given set of parameters, what is the critical com-
position of the random copolymer brush at which the parallel
morphology first becomes feasible? Explicitly, this quantifies the
critical fcrit for the brush copolymer at which the minimum in the
free energy curve for parallel alignment becomes lower than that
for perpendicular alignment. This quantity is of significant in-
terest for applications since f < fcrit delineates the regime for
which perpendicular morphologies are preferred independent of
the thickness of the grafted layer. We quantify this by considering
the quantity ΔF = F ),min � F^, where F ),min represents the value
corresponding to free energy minima in the parallel alignment.
A positive value ΔF corresponds to parametric conditions at
which perpendicular alignment is expected to be stable for all
confinement thickness. (ii) Another issue related to point i is the
following question: For f > fcrit what is the range of confinement
thickness over which the perpendicular lamellae are still expected
to be stable? For instance, in Figure 9, it is seen that even for f =
0.7, the perpendicular morphology can be achieved by an ap-
propriate choice of the film thickness. In the following, we also
present results for the thickness range of stability of perpendi-
cular lamellae (restricted to f e 0.7) for different parameters.
However, it is to be noted that the latter considerations are
expected to hold only for confined films. For free-standing films
(such as spun-cast) in such regimes the system would likely opt
to form parallel morphologies with islands and holes correspond-
ing to the distinct minima in the free energy curves.

A final issue we consider in the results below pertains to the
question raised in the introduction, viz., whether the surface
energy differences between the homopolymeric components on the
grafted surface, can be used to predict the stability of the per-
pendicular morphologies. Specifically, for a symmetric diblock

copolymer, it has been suggested that a key quantity determining
the stabilities of parallel and perpendicular alignment of lamellae
upon surfaces is11,14

Δγ ¼ γAS � γBS

where γAS and γBS denote the interfacial energies of A and B
polymers with the surface (in this case, the random copolymer
brush). Of interest is the question whether the stabilities of the
perpendicular morphologies are correlated toΔγ. To address the
above-raised issue, we probe whetherΔF, representing ameasure
of the stability of perpendicular lamellae, can be uniquely cor-
related toΔγ (in the Appendix, we briefly explain the methodol-
ogy used to determine Δγ).
A. Effect of Grafted Surface Properties on the Neutral

Window. In Figure 10a, we display results for the free energy
difference ΔF as a function of f for different blockiness of the
random copolymer. We observe that over the entire range of f,
the free energy differences between the parallel and the perpen-
dicular phases are larger for more blockier random copolymer
brushes. This suggests that the perpendicular phases are expected
to exhibit a greater regime of stability when the surface is grafted
with blockier copolymers. The latter is also reflected in the
thickness dependence of the stabilities of parallel and perpendi-
cular morphologies for f = 0.5 and 0.6 depicted in Figure 10, parts
b and c, wherein it can be seen that even for f = 0.7, the blockier
random copolymer (λ = 0.9) still exhibits thicknesses where per-
pendicular morphologies are stable. In contrast, for the non-
blocky random copolymer (λ = 0.0), the equilibrium morphol-
ogies over the entire range of thickness is seen to correspond to
parallel alignment. The preceding results are consistent with the
observations we made in comparing Figures 4c and 5c, where it
was demonstrated that the differences in the interfacial enrich-
ment between the parallel and perpendicular phases becomes
more pronounced with increasing blockiness. Because of such an
effect, a more blockier grafted surface is expected to exhibit larger

Figure 9. Free energies as a function of film thickness D for a diblock
copolymerfilm in contactwith randomcopolymer brush-covered substrates
for average brush compositions f = 0.5, 0.6, and 0.7. Brush parameters are
σRg

2/C = 2.45, and λ = 0. Diblock composition fdiblock = 0.5. Chain lengths
and segment interactions are defined by α = 1 and χN = 20.).

Figure 10. (a) Influence of blockiness (λ) of the random copolymer
sequences upon the differences in the free energy between parallel and
perpendicular arrangement as a function of f. (b, c) Stable alignment
morphologies at different thickness for brushes of different composi-
tions f. Squares denote perpendicular alignment and circles correspond
to parallel alignment: (b) λ = 0 and (c) λ = 0.9. (d) ΔF as a function of
Δγ for different values of λ. Parameters correspond to grafting density,
σRg

2/C = 2.45, diblock composition fdiblock = 0.5. Chain lengths and
segment interactions are defined by α = 1 and χN = 20.
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differences between the self-assembly driven surface energies of
perpendicular and parallel morphologies—which is consistent
with the results of Figure 10, parts a�c.
In Figure 10d, we display the free energy differences ΔF as

a function Δγ for the two different values of blockiness. Inter-
estingly, it is evident that there exists a range of nonzero Δγ
(corresponding to preferential surfaces) wherein perpendicular
alignment exists as the preferred morphology. However, it is
evident that the correlation between ΔF and Δγ depends ex-
plicitly on the blockiness parameter λ. Moreover, it can be seen
that even conditions corresponding to the same differences in the
homopolymer surface energies Δγ can lead to differences in the
equilibrium alignment for different brush conditions. The origin
of such discrepancies can again be traced back to the previously
discussed self-assembly driven modifications of interfacial en-
ergies. The magnitudes of the latter are dependent on the phys-
ical parameters of the grafted copolymer, and are not captured in
the quantityΔγwhich pertains only to the surface energies of the
interface between the homopolymer and the brush.
In Figure 11, we display results for the situation when the graf-

ting densities constitute the parameter which is varied (for a non-
blocky random polymer, λ = 0). Unfortunately, due to numerical
issues, we had to restrict our exploration in this case to only a
limited set of grafting densities. Within the range of grafting de-
nsities we probed, it is seen that the lowest grafting density, σ =
1.22, has a broader neutral window (in the brush composition
space), whereas σRg

2/C = 2.45 and σRg
2/C = 3.67 seem to have

similar characteristics and a smaller neutral window. The latter
trends are also reflected in the thickness dependencies of the
neutral window (cf. Figure 11, parts b and c). In Figure 11d, we
compare ΔF to the differences in surface energies Δγ. Similar to
the effect of blockiness, we observe that there is no unique cor-
relation betweenΔF andΔγ. Interestingly, the changes in grafting
density seems to have only a small impact upon the free energy
differences (between parallel and perpendicular morphologies).

The results of parts a�c of Figure 11 can again be rationalized
by invoking the primary mechanism underlying the free energy
differences, namely the differences between the interfacial en-
richments observed in the parallel and perpendicular alignment
of the lamellae. We suggested that such differences were deter-
mined by an interplay of the entropic costs of splaying the chain
and the enthalpic gain achievable by the enhanced enrichment.
We hypothesize that beyond a certain grafting density σ, the
entropic cost of splaying would become less sensitive to σ, and
consequently, changing σ would have only little impact upon the
differences in the interfacial enrichments between parallel and
perpendicular alignments.
Finally, in Figure 12, we collate our results (including results for

varying α, which was not explicitly discussed) for Δγ and ΔF to
address whether the surface free energies (and their differences)
determined on the homopolymer components, can be used as a
quantitative indicator of the stability of alignment of morpholo-
gies. In agreement with the trends seen in the other results pres-
ented in this section, we observe that there is an enhanced regime
of stability for perpendicularly aligned lamella (ΔF > 0) extending
to significantly non-neutral surfaces (Δγ < 0). More importantly,
it is seen that while there is a general trend that smaller |Δγ|s lead
to perpendicularly aligned lamella, the correspondence between
the two quantities is not unique. Indeed, we observe conditions
where a specified Δγ may result in ΔF > 0 (perpendicular mor-
phologies being preferred) or ΔF < 0 (parallel morphologies
being preferred), indicating the differing stabilities of parallel and
perpendicular alignment. These considerations confirm that the
morphology-driven interfacial interactions endow nontrivial sta-
bility characteristics for the different phases which cannot be
uniquely correlated to the surface energy values of the homopoly-
meric components.

V. CONCLUSIONS

In this article, we used SCFT to explore the phase behavior of a
diblock copolymer thin film on a substrate grafted with random
copolymers. At the outset, we discussed the qualitative features
of the morphologies of the parallel and perpendicularly aligned
lamellae formed on such grafted surfaces. For parallel morphologies,

Figure 11. (a) Influence of the grafting density σRg
2/C of the random

copolymer brush upon the differences in the free energy between parallel
and perpendicular arrangement as a function of f. (b, c) Stable alignment
morphologies at different thickness for brushes of different composi-
tions f. Squares denote perpendicular alignment and circles correspond
to parallel alignment: (b) σRg

2/C = 1.22 and (c) σRg
2/C = 2.45. (d)ΔF

as a function of Δγ for different values of σRg
2/C. Parameters corre-

spond to blockiness λ = 0; diblock composition fdiblock = 0.5. Chain
lengths and segment interactions are defined by α = 1 and χN = 20.

Figure 12. ΔF andΔγ for different grafting densitiesσ and blockiness λ.
Different σs correspond to λ = 0, and different λs are forσRg

2 = 2.45. The
different points for each parametric condition correspond to brushes with
f = 0.5,0.6 and 0.7 (representing increasingly A-rich random copolymers).
^ and ) denote regions of stability for the respective alignments.
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we showed the occurrence of “chemical templating” in the grafted
polymers, which manifests as an enrichment in the brush interfacial
layer of the component of the diblock copolymer in contact. In the
case of perpendicular alignment of the diblock copolymer, we demo-
nstrated that there is an additional possibility of physical templating
which leads to lateral inhomogeneities in the heights of the brush.
Moreover, we also presented results and rationalized the existence of
amore pronounced chemical templating effect during perpendicular
alignment of lamellae.

We quantified our morphological considerations by compar-
ing the free energies of parallel and perpendicular alignment as a
function of the confinement thickness. We demonstrate that, as a
function of film thickness, they exhibit trends that are consistent
with previously shown results for parallel and perpendicular mor-
phologies on hard surfaces. However, a key difference is a lack of
degeneracy in the free energies of the perpendicular and parallel
alignments arising due to the ability of the grafted copolymers to
modulate their interfacial interaction in response to the mor-
phology of self-assembly. Additionally, we explored the behavior
of the neutral window and found that, in general, this window is
larger for more blockier chains and for smaller values of σ. We
also sought to assess whether knowledge of the surface energy be-
tween the brush and a homopolymer suffices to describe the free
energy differences between the parallel and perpendicular align-
ments as well as their stabilities. We found a lack of correlation
between our results for Δγ and ΔF, which indicates that surface
energy considerations alone cannot be used to make predictions
about phase behavior of the diblock copolymer thin film.

While the above results were for lamellar phases, we expect
even richer behavior to manifest when other self-assembly mor-
phologies and/or the behavior of multiblock copolymers are
considered. From an experimental perspective, our results suggest
caution in using surface energy measurements to draw conclu-
sions regarding the stability and mechanisms of self-assembly on
grafted substrates. From a theoretical perspective, our results in-
dicate that self-assembly on grafted polymer substrates possesses
several novel features not captured by modeling them as smooth,
confining surfaces, and motivate consideration of similar models
for a wider class of systems.

’APPENDIX A: DETAILS OF THEORETICAL AND
NUMERICAL METHODS

We use self-consistent field theory for tethered polymer
chains48 to determine the structure of a grafted layer of statistical
copolymers composed of segments denoted A and Bwhich inter-
acts with an AB diblock copolymer. While previous articles have
already detailed the theoretical framework appropriate for similar
situations,49,50 for the sake of completeness we present the
pertinent equations and details of the accompanying numerical
method. The polymers are modeled as Gaussian chains whose
conformations are described by continuous functions Ri(s) and
Rj(s), where i denotes the free chains and takes on values from 1
to nf (the number of free chains), and j denotes the grafted chains
and runs from 1 to ng (the number of grafted chains). The
variable s is a continuous chain index coordinate running from 0
toNf for the free chains, whereNf denotes the chain length of free
chains, and running from 0 toNg for the grafted chains, whereNg

denotes the number of segments in the grafted chains. For
simplicity, we assume that the segmental densities of all the
segments are identical and denote it as F0. Using this notation,
the partition function of the system in the canonical ensemble

can be expressed as

Z ¼
Z Ynf

i¼ 1
DR iðsÞ

Z Yng
j¼ 1

DR jðsÞ expð � βU0½R iðsÞ�

� βU0½R jðsÞ� � βU1½R iðsÞ,R jðsÞ�ÞδðF̂A þ F̂B � F0Þ ðA1Þ
where F̂A and F̂B denote the microscopic densities of A and B
chains, respectively. Also, F̂A = F̂A,g + F̂A,f, where F̂A,g and F̂A,f are
the microscopic densities of component A arising from the graf-
ted and free chains, respectively. The density of B segments is
calculated similarly as F̂B = F̂B,g + F̂B,f. The delta function in
eq A1 enforces the incompressibility of the overall system by re-
quiring that the sum of the A and B species densities, F̂A and F̂B,
equals the average melt system density F0. In eq A1, U0 cor-
responds to the bonded elastic interactions and, in the Gaussian
chain model we adopt, is modeled by a form:51

βU0½R iðsÞ� ¼ 3
2b2 ∑

ng

i¼ 1

Z Nf

0
ds

�����∂R iðsÞ
∂s

�����
2

ðA2Þ

where b denotes the statistical segment length. U1 describes the
nonbonded interactions, in particular the energetic repulsion
between chemically dissimilar chains. We adopt a simple Flory
model where

βU1½R iðsÞ� ¼ υ0χ

Z
dr F̂AF̂B ðA3Þ

with the Flory parameter χ quantifying the energetic penalty as-
sociated with the contact of chemically dissimilar segments.

The functional eq A1 can be transformed by using functional
integral methods into a field theory in which the fundamental
degrees of freedom are potential fields w+ (r)and w� (r),52 such
that

Z ¼
Z

Dwþ
Z

Dw� expð � βH½wþðrÞ,w�ðrÞ�Þ ðA4Þ

where H is an “effective” Hamiltonian given by

H½wþðrÞ,w�ðrÞ�
kBTCA

¼
Z

dz
1

χNg
w2
� þ iwþ þ χNg

4

" #

� Vh

αA
ln Q f ½ � iwþ � w�, � iwþ þ w��

� σ

C
ln Q g ½ � iwþ � w�, � iwþ þ w��

In eq A5, length scales have been nondimensionalized by the un-
perturbed radius of gyration, Rg = Ng

1/2b/61/2, of the grafted
chains. This results in a nondimensionalization of the grafting de-
nsity σ (defined as chains per area) to σ̅= σRg

2. The potentialsw+

and w� and the continuous chain index s have been rescaled by
Ng. With this nondimensionalization, the constant C = F0Rg

d/Ng

and α = Nf/Ng emerge as dimensionless parameters. Given the
total system volume V and the cross sectional area A of the film
(all dimensionless), we define the volume of the homopolymer
melt Vh by the relationship V/A = Vh/A + σ̅/C.Qg is the partition
function of a single grafted chain in the fields w+ (r) and w� (r),
and is defined as

Qgðr^; ½ψ�Þ ¼
Z

dr qr^ðr, s; ½ψ�Þ ðA5Þ

In the above equation, the field qr^(r,s;[ψ]), referred to as the
chain propagator, provides a statistical description of grafted
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chain conformations and satisfies a diffusion-like equation52

∂qr^
∂s

¼ ∇2qr^ �ψðr, s;θðsÞÞqr^ ; qr^ðr, s ¼ 0Þ ¼ δðr� r^Þ ðA6Þ

The initial condition in eq A6 is the result of the fact that one end
of the chain is grafted to the surface, denoted by r^. The potential
ψ(r,s) is the potential field acting on the different monomers and
is based on the statistical distribution of the monomers. If we use
the definition of a random variable θ(s) that takes on a value of 1
for an A monomer and 0 for a B monomer, then

ψðr, s; θðsÞÞ ¼ �iwþðrÞ � w�ðrÞ, if θðsÞ ¼ 1
�iwþðrÞ þ w�ðrÞ, if θðsÞ ¼ 0

(
ðA7Þ

We note that, as discussed further below, experimental condi-
tions dictate that θ(s) is different for each chain in the system.
The equations presented here reflect our implementation of the
SCFT for one realization of θ(s), and we discuss below how this
construction is used to model the presence of many chemically
distinct chains in the system. Qf is the partition function of a
single free chain in the field w(r) and is defined as

Qf ¼
Z

dr qf ðr, s ¼ αÞ ðA8Þ

The field qf(r,s) also satisfies a diffusion equation

∂qf ðr, sÞ
∂s

¼ ∇2qf ðr, sÞ � ξðr, sÞqf ðr, sÞ; qf ðr, s ¼ 0Þ ¼ 1

ðA9Þ
where

ξðr, sÞ ¼ �iwþðrÞ � w�ðrÞ, 0 e s e fdiblockα
�iwþðrÞ þ w�ðrÞ, fdiblockα < s e α

(
ðA10Þ

The potential field in the above equation arises as a consequence
of the fact that the free chains are assumed to be AB diblock copol-
ymer chains with volume fraction fdiblock. The volume fraction
profiles of themelt chains, composed of species A and B segments,
are defined as ϕA,f = FA,f/F0 and ϕB,f = FB,f/F0, respectively. They
are obtained as

ϕA, f ðrÞ ¼ Vh

VQfα

Z fdiblockα

0
ds qf ðr, sÞqf ðr, 1� sÞ ðA11Þ

and

ϕB, f ðrÞ ¼ Vh

VQfα

Z α

fdiblockα
ds qf ðr, sÞqf ðr, 1� sÞ ðA12Þ

The single chain partition function of the grafted chains, Q g, can
be rewritten using a factorization property as48

Qgðr^Þ ¼
Z

dr qr^ðr, sÞqgðr, 1� sÞ ðA13Þ

where qg(r,s) is a complementary chain propagator that satisfies
eq A6 with an initial condition of qg(r,s = 0) = 1. A further com-
plementary propagator can be defined as

qgcðr, sÞ ¼
Z

dr ^
σqr^ðr, sÞ
Q gðr^, sÞ ðA14Þ

which can be shown to satisfy eq A6 with, however, an initial
condition

qgcðr, s ¼ 0Þ ¼ σδðr� r^Þ
qgðr ¼ r^, s ¼ 1Þ ðA15Þ

The volume fraction profiles of species A and B in the brush,
ϕA,g(r) and ϕB(r) (also normalized by F0), are then found as

ϕA, gðrÞ ¼
Z 1

0
ds θðsÞqgcðr, sÞqgðr, 1� sÞ ðA16Þ

and

ϕB, gðrÞ ¼
Z 1

0
ds ð1� θðsÞÞqgcðr, sÞqgðr, 1� sÞ ðA17Þ

Replacing eq A4 with the value of the exponent at its saddle
point constitutes the approximation termed as self-consistent
field theory (SCFT). The saddle point fields, w*+ and w*�,
found by setting the functional derivative of eq A5 with respect
to w+ (r) and w� (r) to be zero, correspond to the solutions of
the equations

1� ϕAðrÞ � ϕBðrÞ ¼ 0 ðA18Þ
and

ϕA � ϕB � ð2=χNÞw�� ¼ 0: ðA19Þ
The free energy of the system can then be approximated using
the value of H[w+ *(r),w� *(r)] at the saddle point as

F½wðrÞ�
kBTAC

¼ �ln Z
AC

¼
Z

dr
1
χN

w �2� þ iw�þ þ χN
4

� �

� Vh

αA
ln Qf � σ

C
ln Qg ðA20Þ

Computation of F requires the solution of eqs A6�A13 and
A15�A19 with the appropriate boundary conditions. As dis-
cussed in previous theoretical studies in the context of thin
films,49 we use a reflecting wall boundary condition at the top of
the film, which describes the symmetry condition at half the con-
finement thickness. This dictates that we impose Neumann
boundary conditions, n 33qf = n 33qg = n 33qgc = 0 at this
surface. For numerical reasons discussed in our previous work,53

instead of using the Dirichlet boundary conditions on the grafted
surface, we use a Neumann boundary condition on this surface.

The saddle point fieldsw+ (r) andw� (r) are determined using
a Picard iterative scheme of the form

w�þðrÞnew ¼ w�þðrÞold þ εþ½1� ϕf ðrÞ � ϕgðrÞ� ðA21Þ

and

w��ðrÞnew ¼ w��ðrÞold þ ε�½ϕA � ϕB � ð2=χNÞW�� ðA22Þ
where ε+ and ε� are relaxation parameters whose values were
chosen to be between 0 and 1. Additionally, the average value of
w+ is enforced to be zero at every iteration.

Mimicking the experimental conditions involving statistical
copolymers requires us to generate a “quenched” ensemble of
chains whose overall composition of species A is represented by
the parameter f but with a distribution of sequences reflecting the
statistical nature of their sequences. For this purpose, we use the
construction of Fredrickson et al.54 to generate our copolymers.
A parameter Pjk is defined as the conditional probability that a
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segment of type j at an arbitrary location in the chain is imme-
diately followed by a segment of type k, where j,k=A or B. Because
the only options that exist are A or B segments, by construction
PAB = 1� PAA and PBA = 1� PBB. Also, to ensure that the average
volume fraction of the segments is f, we have f = PAAf + PBA(1� f).
Given these equalities, it can be shown that the resulting statistical
distribution of sequences on the chains can be described by the
parameterλ= PAA+PBB� 1 and thatPAA= f(1� λ) + λ andPBB=
f(λ � 1) + 1. The parameter λ quantifies the tendency of a new
segment to remain chemically equivalent to the previous one.
Specifically, λ = 0 corresponds to the purely random case, λ =� 1
corresponds to an alternating copolymer, and λ = 1 corresponds to
a homopolymer with chemical identity determined by the prob-
ability associatedwith the first segment in the chain. To implement
this strategy, we generate an ensemble of chains based on the
above procedure and average the results over them to account for
the statistical nature of sequences in the polymers.

Since the numerical discretization “Δs” is distinct from the
physical size of a segment in the chain, we also specify the number
of segments in the chain and generate “segments” composed of
the appropriate number of s points. The SCFT calculations are
then performed on all ng of these chains and the results averaged
at each iteration. For each parameter set, we did a run on 500
chains composed of 100 segments and averaged the results.
Given thatΔs = 0.005 and 0 < s < 1, this means that each segment
is composed of 2 s points.

To quantify the interfacial energy between the bulk film and
the brush, we use an approach similar to that expounded in
Matsen.49 Explicitly, the free energy of the system F(d) is
calculated as a function of the total film thickness d (which
includes both free and grafted chains). Subsequently, the inter-
facial energy between the bulk diblock copolymer film and the
brush is obtained as49

γb=d ¼ Fð∞Þ � FðdminÞ
A

ðA23Þ

where dmin is the thickness for which F(d) is a minimum and A is
the area of the substrate. Using eq A23, we obtain values of γb/d at
different values of f, denoted γ(f). We then assume that, since the
substrate interacts neutrally with both chemical components in
the system, γ(f) = γA and γ(1 � f) = γB. We calculate Δγ =
γ(f)� γ(1� f) as a way of quantifying the relative preference for
the brush of components A and B in the melt.
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