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Diversifying self-assembled phases in block copolymer thin films via blending
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Block copolymer (BCP) thin films readily self-assemble into intricate nanoscale morphologies, with structure
dictated by chain architecture. As the field searches for more control over structure formation, it is natural to
investigate more sophisticated control mechanisms, such as synthesizing more complex chain architectures or
applying directing fields. We review the use of a simple but powerful method for controlling self-assembly:
blending of BCPs with homopolymers or other BCPs. Blending enables tailoring ordering kinetics, the spatial
distribution of chains throughout the film thickness, and the nanoscale morphology itself. Blending is thus
emerging as a remarkably simple and powerful means of tailoring self-assembled morphologies.
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I. INTRODUCTION

Inspired by its ubiquity in the natural world, self-assembly
has long appealed to materials scientists as a paradigm for
precisely and inexpensively controlling hierarchical nanoscale
material structure across macroscale dimensions. Block
copolymers (BCPs), macromolecules whose chemistry varies
in a defined manner based on the molecular architecture,
are a canonical self-assembling nanomaterial [1-3]. The sim-
plest BCP exemplars—Ilinear BCPs consisting of two or more
chemically distinct polymer chains—have attracted interest
in their self-assembly behavior since their introduction in the
mid-20th century. Though much of the research on BCP self-
assembly has been devoted to bulk systems, the impressive
progress of the microelectronics industry and its demand for
continuous improvements in nanopatterning resolution has
driven intense research in exploiting the precise nanomor-
phology control possible in BCP thin films to push the limits
of lithographic patterning via directed self-assembly [4—12].
Other emerging applications such as isoporous membrane
synthesis [13—17], nanophotonic light management [18-24],
and surface wettability control [25-28] highlight the immense
value of large-area, cost-effective nanopatterning that is made
possible through thin film BCP nanopatterning.

Fully leveraging the potential of thin film BCP self-
assembly hinges both upon expanding the range of available
self-assembled nanopatterns and realizing greater flexibility to
customize these patterns according to application needs. Sub-
stantial progress has been achieved through the synthesis of
BCPs with more complex chemistries and chain architectures
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[29-31]. Other lines of research use nontrivial sample prepa-
ration methods to yield structures from existing materials [29].
One powerful strategy is to tune assembly behavior by formu-
lating blends. Blending polymers sidesteps challenges of time
and cost that sometimes accompany polymer synthesis but in-
troduces added complexity based on new degrees of freedom
associated with the blended additives. In this mini-review,
we highlight selected research on self-assembling polymer
blend thin films and distill basic principles that may guide
further research in this area. We first discuss key concepts
that may be used to understand self-assembly in blends of
BCPs with homopolymers (HPs) and other BCPs. We then
describe advanced methods which improve and accelerate
our ability to characterize polymer blend assembly, and we
summarize recent demonstrations of complex morphological
control in self-assembled polymer blend thin films. We then
lay out guiding principles and design rules for interpreting and
directing the self-assembly of polymer blends, especially as
pertinent to thin films. Finally, we conclude with our perspec-
tives on future directions for research in this area.

II. BCP/HP BLENDS

A basic understanding about the self-assembly behavior
of BCPs blended with HPs is provided by Flory-Huggins
solution theory, which quantitatively describes the change in
normalized molar Gibbs free energy (AG/RT') from blending
two HPs. Assuming that the monomer units of polymers A
and B occupy the same reference volume, the theory can be
summarized by [32]

AG
= ¢_A1n¢A + %ln(ﬁg + XPads.
B

RT Ny
Here, R is the universal gas constant, T is absolute tempera-
ture, N; and ¢; are the degree of polymerization and volume
fraction of the ith polymer (i = A or B), respectively, and yx
is the Flory-Huggins interaction parameter, which quantifies
the change in Gibbs free energy due to pairwise segmen-
tal interactions. The first two terms in Eq. (1) arise due to
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the combinatorial entropy of mixing, while the third term
primarily represents the enthalpic change due to segmental
pair interactions. Cursory inspection indicates that the large
degree of polymerization for most polymers reduces the rel-
ative entropic contribution from mixing, rendering chemical
compatibility (i.e., the magnitude and sign of x) the dominant
factor dictating phase behavior. For chemically incompatible
polymers, intrinsic immiscibility drives macrophase separa-
tion. The covalent linkage in BCPs counteracts macrophase
separation, leading to the formation of nanoscale morpholo-
gies in pure BCP systems. The covalent connection between
two chemically distinct polymers also enables BCPs to act
as compatibilizers for otherwise immiscible HP blends. Re-
search in the mid- to late 20th century therefore featured many
reports on the assembly behavior of bulk BCP/HP blends
[33—48]. There is sustained interest in this topic, with recent
research uncovering puzzles about the competing influences
of chemical repulsion and chain connectivity in polymer
blends with BCPs and the corresponding nuanced effect on
self-assembling behavior [49-58]. Myriad nanoscale mor-
phologies have been found to assemble based on mixture com-
position, component characteristics (molar mass, chain archi-
tecture, segmental stiffness, etc.), and processing conditions.

In general, a HP with significant segregation strength with
respect to all blocks in a BCP will macrophase separate from
the BCP for the same reasons as two incompatible HPs would.
For this reason, significant attention has been devoted to ather-
mal blends of BCPs with chemically alike HPs. For diblock
copolymers with A and B blocks (shorthand AB), these in-
clude binary (AB/A or AB/B) and ternary (AB/A/B) blends.
The chemical equivalence of the blended HPs introduces no
new interaction terms, and so their distribution with respect to
the BCP domains and their impact on the assembly behavior
has been mainly attributed to entropic effects. Relative chain
length is of central importance in characterizing the phase
behavior in athermal blends, parameterized in AB/A binary
blends, for example, by the ratio of the A HP chain length to
the length of the A block in AB or &« = Njg /N4. In this frame-
work, binary blend assembly behavior has been classified in
three regimes. For o > 1, the HP occupies too much volume
to be solubilized by the BCP, resulting in macrophase sepa-
ration [Fig. 1(a)]. When the HP chain length is similar to the
corresponding block (o« ~ 1), the blend is considered to fall
within the dry brush regime, wherein the HP is solubilized by
the BCP but is localized to the interior of the self-assembled
domains to maximize conformational entropy for both HP
and BCP chains [Fig. 1(b)]. The name is derived from the
similarity between polymer brushes grafted to surfaces and
the block chains extending from domain interfaces, where
these block brushes are dry in the sense that the HP chains do
not penetrate them. In contrast, blends in which « < 1 are said
to be in a wet brush regime, where HP distributes uniformly
within the domains in which it resides [Fig. 1(c)], allowing it
to maximize translational entropy without significant loss of
conformational entropy.

The statistical degree of HP localization scales proportion-
ally with « and has important implications for stabilizing
complex morphologies in binary blends, in some cases
with reduced symmetry [36,40,42,44,47,49-51,56]. As an
example, Winey et al. [46] demonstrated that an ordered
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FIG. 1. Regimes for binary diblock copolymer/homopolymer
(HP) blend self-assembly. (a) At values for the ratio of degrees of
polymerization of the HP to the chemically compatible polymer
block > 1 (a > 1), the HP cannot be solubilized, and the blend
separates into block copolymer (BCP)-rich and HP-rich phases. The
BCP domain spacing (L) and area per junction at the domain inter-
face (a;) are nominally unchanged from their equilibrium values,
Ly and ajo, respectively. (b) In the dry brush regime (@ ~ 1), the
HP is solubilized within its like domain but localizes to the domain
center. L is increased, but ajy is unchanged. (c) In the wet brush
regime (o < 1), HP distributes more uniformly within the domain
to maximize translational entropy, without significant loss in confor-
mational entropy. Domain swelling with HP increases L, but this is
in part counteracted by the increased a; that causes opposing block
chains to contract due to compressibility. (d) In the superwet brush
regime (¢ < ~2/faxN < 1), very short HPs distribute uniformly
throughout the domain and up to the domain interface. There, they
screen the block interactions, allowing BCP chains that are normally
stretched at the interface to relax. The result is a decrease in L to less
than L.

bicontinuous phase assembled at specific weight fractions
of polystyrene (PS) HP blended with PS-block-polyisoprene
(PS-b-PI) BCP only for values of o from ~0.2 to ~0.9. In
this range, the addition of HP yields the domain interfacial
curvature required for a bicontinuous phase, while at least a
portion of the HP localizes to interstices, alleviating packing
frustration and the associated entropic penalties due to chain
stretching [40]. More recently, the role of HP distribution in
bulk athermal AB/A blends has been recognized in stabiliz-
ing Frank-Kasper phases (A15, o, and C14 and C15 Laves
phases) with complex spherical packing [55,59-64]. The HP
redistributes within the morphology in nontrivial ways to
relieve packing frustration [62-64], with varying optimal «
values in the range of <1 depending on whether the HP
resides in the minority [55] or majority phase [60].

The capacity for blended HP to distribute within self-
assembled domains to compensate for BCP packing frus-
tration and chain stretching/compression leads to interesting
structure formation in thin films. The interplay of HP redistri-
bution with film boundary conditions and strong confinement
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leads to significant changes in the self-assembled morpholo-
gies. A hard substrate breaks the bulk lattice symmetry,
enforcing a tendency toward assembled morphologies with
ideal two-dimensional (2D) packing symmetry over a repre-
sentative decay length in the confinement direction [65]. As
an example, symmetry breaking for films of silicon-supported
PS-block-poly(2-vinylpyridine) (PS-b-P2VP) spheres leads to
a discontinuous transition from hexagonal to face-centered
orthorhombic (FCO) packing, followed by a gradual de-
formation to body-centered cubic (BCC) packing with a
substrate-parallel (110) plane as film thickness is increased
[66]. Adding as little as 2% (w/w) of relatively short PS HP
(¢ ~ 0.22) that can localize in part to interstices between
spheres, however, conspicuously increases the thickness and
breadth of the hexagonal/FCO transition [Fig. 2(a)] [57].
Thickness-dependent transitions from a bulk gyroid morphol-
ogy to thin film hexagonally perforated lamellae (HPL) [67]
have been observed in bulk gyroid-forming AB/A blends as
well [68], though differences in the transition thickness be-
tween neat and blend systems have not been investigated.

At the lower limit of the wet brush regime (¢ < 1), the
highly uniform distribution of HP within their solubilized
domains has striking effects on the stability of domains, the
kinetics of self-assembly, and the range of accessible mor-
phologies. In athermal binary diblock and triblock copolymer
blends with HP, the uniform HP distribution increases the area
per BCP chain at domain interfaces [Fig. 1(d)]; incompress-
ibility requires the opposing BCP chain in the opposing block
to contract to fill space, ultimately leading to a reduction in
overall domain spacing that has been observed both in the
bulk [47] and in thin films [51,58,69—72]. This uniformly dis-
tributed HP, also present in ternary blends (e.g., AB/A/B) with
a < 1, screens interactions between BCP chains of opposing
blocks and therefore acts as a BCP diluent, like solvents [40].
This screening weakens the domain interface, broadening the
interfacial width and potentially destabilizing the morphology
entirely. On the other hand, it also lowers diffusive energy
barriers in the microphase separated state, which dramatically
accelerates assembly kinetics. We have previously shown that
blending PS and poly(methyl methacrylate) (PMMA) HP with
PS-b-PMMA BCPs can increase ordering kinetics in thin
films by an order of magnitude [69] [Fig. 2(b)], accelerates
domain reorientation in cylindrical-forming films more than
a monolayer thick [70], and enables assembly of thin film
patterns with 100-300 nm scale periodicity using ultrahigh
molecular weight (UHMW) BCPs (>500 kg/mol) in practical
time periods, e.g., 1 h [73].

Based on the significant changes in assembly behavior in
blends when o < 1 in comparison with more conventional
wet brush BCP/HP blends, we can propose a fourth regime
of superwet brush blends. It is worthwhile to discuss how
one might demarcate the transition between wet and super-
wet brush regimes. In conventional wet brush blends, though
the HP distributes fairly uniformly throughout its solubilizing
domain, increasing volume fractions of HP increases the do-
main spacing and eventually results in macrophase separation.
On the other hand, in superwet brush blends, increasing HP
volume fraction decreases the domain spacing and eventu-
ally destabilizes any phase separated morphology. Though
treated more rigorously in early calculations by Vavasour and
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FIG. 2. Exemplary phase behavior of block copolymer
(BCP)/homopolymer (HP) blend thin films. (a) Top: Phase
diagram for blends of polystyrene (PS) HP with sphere-forming
PS-block-poly(2-vinylpyridine)(PS-b-P2VP) BCP as a function
of film thickness and HP weight fraction. The addition of PS HP
increases and broadens the transition from hexagonal close-packed
(HCP) to face-centered orthorhombic (FCO) sphere packing with
film thickness. Bottom: Self-consistent field theory calculations
show that this behavior can be explained by the localization of PS
HP to interstices between spheres, which reduces energy penalties
due to chain stretching experienced by the neat BCP. Adapted with
permission from Ref. [57]. Copyright 2010, American Chemical
Society. (b) Accelerated assembly kinetics in PS-block-poly(methyl
methacrylate) (PS-b-PMMA)/PS/PMMA thin films. Top: Scanning
electron microscope (SEM) images of lamellar nanopatterns formed
by assembly of a symmetric 36 kg/mol neat PS-b-PMMA thin film
(left) and its counterpart thin film isoplethic ternary blend with
50% (w/w) ~3 kg/mol PS and PMMA HP (right). The neat BCP
exhibits much smaller pattern grains, though the films were annealed
under the same conditions. Bottom: False-colored orientation maps
showing kinetic enhancement as a function of ~3 kg/mol HP
mass fraction for thin film ternary blends with symmetric 36 and
74 kg/mol PS-b-PMMA. Reduced color variation indicates larger
pattern grains. This kinetic enhancement can be attributed in part
to screening of BCP interactions by the very short blended HP.
Adapted with permission from Ref. [69]. Copyright 2017, American
Chemical Society.
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Whitmore [52], a simple estimate for the value of « that sepa-
rates these regimes can be obtained heuristically based on the
work of Broseta and Fredrickson [34] on athermal, symmetric
ternary AB/A/B blends along the isopleth (i.e., in which the
HP composition matches the block volume fractions). Using
their analytical expression for the location of the Lifshitz
tricritical point separating disordered (mixed), macrophase
separated, and microphase separated regions, one may note
that increasing HP fraction only leads to a disordered phase
when the segregation strength of the Lifshitz point () Npifshitz)
is greater than that of the neat BCP (x ). Straightforward
algebra reveals that a superwet brush regime is entered when
o <~2/faxN [69], where f4 is the volume fraction of A
blocks. Note, we have written this criterion in a form that
is consistent with the definition of « presented earlier in this
review. Intuitively, this result may be expected naturally, as
it coincides with the critical point for a symmetric, binary
polymer blend (x Ny < 2), below which HP phase separation
will not occur [32]. Still, this analysis shows that, even in
athermal blends, the distribution of HP within its solubilizing
domain is influenced by its enthalpic interactions with the
polymers in the opposing domains.

Athermal wet brush HPs can have pronounced effects on
the self-assembled morphology in very thin films (~1 Lo
thick) as a result of domain confinement and chain enrichment
at film surfaces. The HPs in the blend, which are notably
shorter than the BCPs, can enrich both the film substrate and
free surfaces based on surface tension differences and an en-
tropic attraction for chain ends to film surfaces that promotes
surface enrichment of short HPs [74-76]. This HP surface
enrichment can create a wetting layer that drives domain reori-
entation [72]. This reorientation is opposed in highly confined
submonolayer films (<1 Ly thick), however, by steep entropic
penalties due to the required BCP chain stretching, as shown
by molecular dynamics (MD) simulations in Fig. 3(a). MD
simulations performed for film thickness just above a mono-
layer, in which this entropic penalty from film confinement
is reduced, reveal that surface enrichment changes the do-
main orientation and relative composition of the film interior
[Fig. 3(b)], a finding that is corroborated by experiments on
blend films of PS-6-PMMA with very short (~1 kg/mol) PS
and PMMA HPs of varying thickness [Fig. 3(c)]. This surface
enrichment-driven polymer redistribution likely has unknown
implications for the morphology and domain spacing in many
BCP/HP blend thin films.

Though athermal blends have received significant
attention, blending AB BCPs with C HPs having selective
favorable interactions with the B block through strongly
attractive interactions introduces ways to engineer the assem-
bled morphology. For instance, a strong hydrogen-bonding
interaction causes the C HP to distribute uniformly throughout
the B domain, acting in some ways like a superwet brush HP
(¢ < 1). This can cause the domain spacing to decrease with
increasing C HP volume fraction due to increased area per
BCP chain, whereas an AB/B blend with B HP of comparable
molar mass exhibits increasing domain spacing with
increasing HP fraction [77]. It should be noted, however, that
domain spacing can increase upon C HP addition for weakly
attractive B-C hydrogen-bonding interactions [78] or in cases
where xac > xas [79]. Moreover, with strongly attractive
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FIG. 3. Athermal block copolymer (BCP)/homopolymer (HP)
blend domain reorientation in thin films resulting from HP sur-
face enrichment. (a) A top-view coarse grained molecular dynamics
(CGMD) simulation snapshot (left) and through-film polymer av-
erage density profiles (right) show that vertical orientation is
unperturbed for symmetric, isoplethic ternary BCP/HP blends with
20% HP <1 L, thick. (b) Top-view (left) and cross-section (middle)
CGMD snapshots and through-film polymer average density profiles
(right) reveal that domains reorient in blend films with the same
composition >1 Ly thick. This thickness dependence is not observed
for the neat diblock copolymer. (c) Top-view scanning electron mi-
croscope (SEM) images of lamellar nanopatterns assembled from
ternary blends comprising 60% 75 kg/mol symmetric polystyrene-
block-poly(methyl methacrylate) (PS-b-PMMA) and 20% each of
~1 kg/mol PS and PMMA for various film thicknesses (%). The
increased areal fraction of patches, identified as horizontal lamellae,
for h > Ly (~38 nm) is consistent with the CGMD predictions.
Adapted with permission from Ref. [72]. Copyright 2021, American
Chemical Society.

B-C hydrogen-bonding interactions, increasing C HP fraction
does not destabilize the domain morphology or lead to
macrophase separation as in wet brush AB/B blends; instead,
the C HP solubilizes readily in the B domain, changing
domain interfacial curvature to an extent that is determined by
the strength of the attractive B-C interaction [77,80,81]. As
shown experimentally by Chen et al. [77], stronger attraction
substantially alters the domain interfacial curvature, enabling
traversal across common ordered phases observed in BCPs
(e.g., spheres, cylinders, gyroids, lamellae). In contrast,
weaker attractions tend to distort the BCP morphology
[77,82]. Surprisingly, strongly attractive hydrogen-bonding
interactions can prevent macrophase separation even for dry
brush blends (Ncg > Ng), resulting in order-order transitions
like the cases with much shorter C HP [81].

Hydrogen bonding may also be used to selectively incor-
porate small molecules into one block, generating artificial
comb-coil BCPs with hierarchical structure, with a morphol-
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ogy having a larger period (~104 nm) determined by the
BCP supramolecule and a second morphology within the
hydrogen-bonding domain having a smaller period (<10 nm)
determined by the comb structure [83,84]. These hierarchical
assemblies are strongly influenced by processing conditions
and may sometimes be switched reversibly between two states
by thermal [85,86] or solvent vapor treatment [87-89] as a
result of the high entropic energy gain experienced when the
small molecules are unbound.

III. BCP BLENDS

Though the thermodynamics driving forces for BCP blends
are in principle the same as those that control self-assembly
in BCP/HP blends, the additional covalent bond in athermal
AB/AB diblock copolymer blends pins the chemical junc-
tions of both components to domain interfaces, introducing
an additional element of frustration by preventing localization
of either component to domain centers. The simplest case is
when the AB volume fractions are similar between the two di-
block copolymers. The alike BCPs are well mixed when BCP
molecular weights are not too dissimilar, making it possible
to tune the domain spacing by varying blend composition.
For significant differences in BCP chain lengths, substantial
stretching of short chains and compression of long chains en-
tailed by mixing drives macrophase separation between short
and long BCP rich phases [90,91].

Blends of chemically alike AB BCPs with sufficiently
different A volume fractions (i.e., where each neat BCP as-
sembles into different bulk morphologies) generally assemble
into a single phase; they may, however, exhibit coexisting
morphologies in some cases. The emergence of coexis-
tence phases in BCP blends can be rationalized in terms
of the relative energies of competing states [92]. In tradi-
tional (single-component) BCP assembly in the bulk, a single
canonical morphology forms that minimizes penalties such as
interpenetration of blocks and interfacial curvature. In appro-
priate blends, multiple morphological motifs may have similar
energies, allowing the appearance of coexisting mixtures of
these structures. Ultimately, this behavior must be due to the
underlying chains. In the case of blends, the two distinct
chain types give rise to an additional degree of freedom: the
spatial redistribution of chains. Chain-level BCP phenomena
can be studied explicitly using coarse-grained MD simula-
tions, wherein BCP chains are modeled as beads connected by
springlike interaction potentials [93-97]. MD simulations of
blends of cylinder-forming (C) and lamellae-forming (L) BCP
chains reproduced the formation of a coexistence of dot and
line morphological objects, while confirming the supposition
that the underlying chains are distributed roughly homoge-
neously [96]. That is, both the dot regions (akin to hexagonally
packed cylinders) and the line regions (akin to alternating
lamellae) are composed of both C and L chains.

Despite this homogeneous chain mixing across large and
intermediate scales, notable deviations can be observed at
more local scales [Fig. 4(a)]. There are statistical deviations
from the average composition at the scale of the individual
morphological objects, with dot objects having a slight excess
of C chains and line objects having an excess of L chains.
Furthermore, the chains redistribute within the morphological
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FIG. 4. Coarse-grained molecular dynamics simulations were
used to study chain-level effects in block copolymer (BCP) blends.
(a) Coexistence phases arise from the underlying cylinder-forming
(C) and lamellae-forming (L) chains mixing, while also distributing
locally to stabilize the formation of coexisting dot and line objects.
(b) Measuring the chain extension (d) within the majority (dp)
and minority (da) blocks, as a function of blend composition (fc),
demonstrates that chains must stretch or compress to accommodate
the nonnative blend morphology. Chain configurations are different
inside dot (circle symbol) and line (square symbol) objects, further
highlighting the local chain distortion required to accommodate the
morphology. The C chains are evidently more responsive, exhibiting
systematic deviations with composition. Reproduced from Ref. [96].

objects; for instance, C chains tend to concentrate to the high-
curvature endcaps of line objects. The mixture of chain types
affords the opportunity for chains to redistribute spatially to
lower overall energy. At the scale of the individual chains,
one observes chain distortions to accommodate the nonnative
morphological environment [Fig. 4(b)]. In general, C chains
are found to be more responsive, in the sense that, in blends,
they deviate more strongly from their native conformation (in
a cylinder morphology made from pure C material).

MD simulations are also a useful means of probing the
time-history of morphology evolution and associated kinetic
effects. It was found that blend morphologies can be sub-
ject to significant kinetic trapping effects, and thus, the
morphologies observed experimentally are due in part to
the ordering history. Overall, MD simulations have demon-
strated that blending effectively stabilizes defective local
motifs, allowing otherwise high-energy morphologies to
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form [96,98—100]. This underlying stabilization effect makes
blend materials more responsive than pure BCP materials
(whose self-assembly is already responsive to local environ-
ment). For instance, blends of C and L PS-b-PMMA were
found to be responsive to supporting surface energy [100],
with different morphologies arising depending on substrate
wetting conditions (preferential for blocks A, B, or neutral).
Of particular note is the wide region—as a function of sur-
face energy and blend composition—where the HPL phase
forms. The HPL is metastable in the bulk and experimen-
tally difficult to form in most BCP materials, yet blending
evidently enables more robust formation of this morphology.
This can be rationalized in terms of defect stabilization, e.g.,
the perforations can be thought of as high-energy defects
that cannot form in a native lamellar BCP but whose inter-
nal curvature can be stabilized by preferential localization of
C chains.

Beyond athermal blends, AB/AC BCP blends may be used
to engineer the assembly of entirely different morphologies
with new functionality. Unfavorable B-C interactions (xgc >
0) tend to increase the likelihood of AB/AC macrophase
separation. However, uniformly interspersed microphase sep-
arated morphologies may assemble in thin films following
a host-guest mechanism within specific ranges of BCP vol-
ume fractions, molecular weights, and blend compositions
[101-103]. For example, an AB BCP that assembles to a
HPL morphology with continuous B domains may serve as
a host to self-assembled C spheres of an AC diblock copoly-
mer. Meanwhile, favorable B-C miscibility (e.g., via hydrogen
bonding) in AB/AC blends provide a handle for inverting typi-
cal curvature-volume fraction relationships. When the lengths
of the B and C chains differ, their favorable mixing stretches
the shorter of the two chains while compressing the longer
one. Since both AC and AB BCPs are pinned to the same
domain interfaces, this induces a bending force toward the A
layer [104], yielding morphologies like asymmetric lamellae
(that is, lamellae with very high A volume fractions) [105],
square cylinder arrays [106,107], or cylinders encompassing
~50% of more of the total system volume [108].

IV. METHODS FOR CHARACTERIZING THIN FILM
POLYMER BLEND ASSEMBLY

Blending affords a straightforward way to modify self-
assembled morphologies while avoiding new polymer syn-
thesis, with facile control over effective composition. The
breadth and precision of compositional control in polymer
blends invites researchers to explore a wide range of structure-
composition relationships. In bulk samples, the combination
of real- and Fourier-space structural characterization in the
form of transmission electron microscopy (TEM) and small-
angle x-ray scattering (SAXS), respectively, have proven
indispensable. These methods naturally complement each
other, providing clear interpretation of the morphological
structure as well as statistical robustness. Staining (e.g., using
osmium tetroxide) is often used in TEM to enhance image
contrast. Other ancillary methods may be used to characterize
other important properties of the blends; differential scanning
calorimetry and Fourier transform infrared spectroscopy have
been used to determine thermal properties and the extent

of hydrogen bonding, respectively, in the relevant types of
blends, for instance [77,82].

In thin films, structural characterization using electron mi-
croscopy remains prevalent, though other imaging modalities
are made possible by their considerable reduction in one
dimension (1D). Scanning electron microscopy (SEM), for
example, is often faster and more readily available than TEM.
Topographical contrast between domains required for SEM
imaging can be achieved by selectively removing [109-111],
displacing [112,113], or converting one set of domains
[114,115]. Recent years have seen significant interest in lig-
uid [116-118] or vapor phase infiltration synthesis [119-122]
of BCP thin films, wherein inorganic material is deposited
selectively within one block. The example of vapor phase
infiltration, a technique with similarities to atomic layer de-
position and often conducted using the same instruments and
chemical precursors, is depicted schematically in Fig. 5(a).
Whereas ALD is limited by the availability of reaction sites
on a solid surface, precursor sorption, diffusion, and reaction
within a polymer make deposition throughout a film possible
in VPL Crucially, the polymer must have moieties capable of
reacting with the inorganic precursors. Trimethylaluminum,
for example, reacts readily with carbonyl and ester groups
in PMMA, while phenyl groups in PS are nonreactive. The
PMMA is thus selectively infiltrated with alumina. Proper
precursor selection and process design ensure uniform but
selective deposition of one set of domains throughout a self-
assembled polymer film; subsequent removal of the polymeric
template yields an inorganic replica of the three-dimensional
(3D) morphology of the reactive domains (e.g., PMMA) with
high fidelity. Exemplary replicas, characterized by SEM, of
the PMMA domain morphology in a vertical hexagonal per-
forated lamellae phase that emerges from interdiffusion of
PS-b-PMMA cylinder and lamellae bilayer films are shown
in Fig. 5(b).

In addition to electron microscopy, scanning probe mi-
croscopies such as atomic force microscopy (AFM) are an
accessible alternative in thin films. Though scanning probe
techniques do not provide information about the internal
3D domain structure within films, specialized variants like
photoinduced force microscopy can yield both topographi-
cal and chemical images of self-assembled polymer surfaces
[123,124]. In the future, such correlated imaging may provide
invaluable details about surface enrichment behavior in poly-
mer blends.

Scattering techniques provide much of the same value in
thin films as they do in bulk samples, though methods must
often be adapted to account for a different sample geometry.
As an example, SAXS may not be well suited for charac-
terizing films only tens of nanometers thick supported on
substrates hundreds of micrometers thick if the relevant scat-
tering signal arises from weak electron density contrast from
polymer domains. The infiltration synthesis described above
presents a viable solution, as it enhances electron density con-
trast significantly, preserves the substrate-supported domain
morphology, and permits electron microscopy on the same
samples [99]. Grazing-incidence SAXS (GISAXS) provides
another effective option, as the substantial enhancement in
scattering volume due to beam projection eliminates the need
for further processing to enhance electron density contrast.
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FIG. 5. Enhanced imaging characterization enabled by self-assembled domain replication using vapor phase infiltration (VPI). (a)
Schematic of the VPI process. Top row: In atomic layer deposition (ALD) metalorganic precursors attach to an oxidized surface and are
fully oxidized (after purging) by subsequent introduction of water. Repeating the process sequence deposits metal oxides with angstrom-level
precision. Bottom row: VPI is analogous to ALD and uses the same precursors. However, the precursors are absorbed by the film, diffuse within,
and react only with chemical moieties on receptive (generally nonstyrenic) polymers like poly(methyl methacrylate) (PMMA). Repeated
exposure deposits metal oxide throughout the receptive domain. Polymer may then be removed by annealing or plasma treatment, generating a
mechanically robust, high-fidelity replica of the receptive domain nanostructure. (b) Exemplary top view (top row) and cross-section (bottom
row) scanning electron microscope (SEM) images of a vertical hexagonally perforated lamellae (HPL) morphology assembled from a blend of
symmetric and asymmetric polystyrene-block-PMMA (PS-b-PMMA) block copolymers (BCPs). The PMMA domain morphology is replicated
with high fidelity by VPI using aluminum and zinc precursors. All scale bars denote 100 nm. Reproduced from Ref. [98].

Using high-intensity synchrotron x-ray sources, GISAXS can
be used to characterize the assembly of polymer blends in
situ during processing. We utilized this notable feature to un-
derstand the self-assembly of ternary blends comprising low
molecular weight PS and PMMA (~3 kg/mol) and symmetric
PS-b-PMMA BCPs with molecular weights from ~100 to
>1000 kg/mol during solvent vapor annealing (SVA) [73].
Swelling the films with a near-neutral solvent for PS and
PMMA (tetrahydrofuran) screened their interactions, causing
the HP to distribute uniformly not just within their domains
but throughout the film. This enhanced the effective dilution
of the BCP, thus accelerating the self-assembly kinetics while
broadening the domain interfaces. Sharper interfaces can be
restored by brief thermal annealing that drives resegregation
of the HP to alike domains without loss of overall pattern
order.

In self-assembling polymer blends, unique and complex
morphologies often emerge in narrow regions of the param-
eter space (e.g., temperature vs volume fraction). Moreover,
both practical applications of polymer blends and a deeper

understanding of their phase behavior are made possible by
capturing detailed trends in structural ordering such as domain
spacing, the average length scale of orientational or transla-
tional order (correlation length or grain size), and the relative
fraction of coexisting morphologies. However, while blending
does provide a facile means of achieving broad and precise
compositional control, the conventional experimental meth-
ods based on serial sample preparation and characterization
and offline analysis impede the discovery of morphologies and
unusual phase behavior.

Thin films are highly amenable to combinatorial prepara-
tion and processing methods that can significantly accelerate
investigations into the properties of polymer blend films.
Research from the National Institute of Standards and Tech-
nology (NIST) demonstrated the compelling case for gradient
sample preparation methods, where a property is varied lin-
early with position across a single dimension. Film thickness
can be linearly varied by flow coating (also known as doctor
blading) under constant acceleration, as the amount of mate-
rial deposited is determined by the blade velocity relative to
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FIG. 6. Combinatorial ternary blend film preparation based on rastered electrospray deposition. (a) Top row: Concept for compiling ternary
blend data from multiple composition gradient strips using grazing-incidence small-angle x-ray scattering (GISAXS). Bottom row: Exemplar
GISAXS data from one gradient strip showing changes in domain ordering, an order-order transition, and an order-disorder transition with
increasing homopolymer (HP) fraction. (b) Full morphology diagram with more than 200 unique measurements for a ternary blend with 67
kg/mol asymmetric polystyrene-block-poly(methyl methacrylate) (PS-b-PMMA) and ~1 kg/mol PS and PMMA Hps. Adapted from Ref. [71].

the substrate [125,126]. The usefulness of this technique was
demonstrated in the clear identification of film thicknesses in
which horizontal lamellae neat diblock copolymer thin films
assemble to form flat surfaces or surfaces textured with islands
and/or holes due to the incommensurability between the film
thickness and the lamellar domain spacing [127,128].

Substrate surface energy gradients have been prepared by
attachment of self-assembled monolayers (SAMs) to sub-
strates followed by gradient ultraviolet (UV) ozonolysis
performed using either a gradient neutral density filter or by
UV exposure through a slit onto a substrate moving under con-
stant acceleration [129,130]. Alternatively, gradient surface
energy can be obtained by cross-diffusive vapor deposition of
SAMs under vacuum [131]. Gradient sample annealing has
also been demonstrated using a specially designed thermal
gradient hot plate [132]. SVA conditions are more challeng-
ing to vary controllably due to rapid diffusion; Albert et al.
[133] overcame this using a microfluidic mixing device placed
directly onto a polymer film, which they used to investigate
the effect of relative vapor fractions of tetrahydrofuran and
heptane on the self-assembly of PS-block-PI-block-PS (SIS)
thin films.

Thin films with linear gradients prepared in the appropriate
sequence with a 90 ° rotation between applications yield 2D
combinatorial samples. Using this approach, maps of film
thickness vs substrate temperature and surface energy have
enabled combinatorial investigations of PS dewetting [132]
and symmetric PS-b-PMMA domain orientation behavior
[130]. In general, characterization of combinatorial samples
involves low-resolution surveying techniques like optical mi-
croscopy and higher-resolution supplemental techniques like
AFM or contact angle measurements.

Creating gradient blend composition libraries is compar-
atively more challenging. Meredith et al. [128,134] used

multiple syringe pumps to prepare a gradient solution, which
was subsequently dispensed along a stripe and then spread
as a film by flow coating. While technically challenging, this
approach yields a second axis in the flow coating stage mo-
tion direction which can be used to vary another parameter
such as temperature. This approach was successfully used to
ascertain the composition-dependent lower critical solution
temperature for a PS/poly(vinyl methy ether) (PS/PVME)
blend. The phase behavior is in fact visible to the naked eye
in a single optical micrograph based on the optical scatter-
ing above and below the cloud point. More recently, linear
binary composition gradients have been prepared by flow
or slot die coating using fluid dispensed via microfluidic
mixing devices [135,136] or by simultaneous spraying from
two solutions [137]. We developed an alternative approach
based on rastered electrospray deposition to produce thin film
ternary blend libraries with bespoke compositional patterns
that can be tailored for the application or characterization
needs [138]. By designing a series of linear ternary blend gra-
dients that are amenable to high-throughput characterization
by synchrotron GISAXS [Fig. 6(a)], this method was used
to create a ternary blend morphology diagram for 67 kg/mol
C PS-b-PMMA blended with 1 kg/mol PS and PMMA HPs
with >200 unique measurements across the entire composi-
tional space. These measurements permitted identification of
regions with lamellar, cylindrical, spherical, and disordered
morphologies [Fig. 6(b)]. The whole process of sample prepa-
ration and characterization was completed within a single day,
with most of the time (>12 h) allotted to thermal annealing in
a vacuum oven. The excellent data granularity revealed the
positions of order-disorder and order-order transitions with
as high as ~4% resolution as well as systematic trends in
domain spacing and grain size [71]. This same approach was
also used to prepare and characterize blends of 75 kg/mol
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FIG. 7. (a) Blends of block copolymers (BCPs) can form coexistence phases in thin films. An underlying chemical grating can select which
morphology locally forms since the grating line width and spacing impose differing energy penalties on the different structures. Reproduced
from Ref. [147]. (b) Exploring a broader range of chemical gratings led to the discovery of three-dimensional (3D) morphologies, including
skew (lamellar lines bridging underlying cylinders), alternating (lamellarlike and cylinderlike lines), and ladder (lamellarlike rails connected by
cylinderlike rungs). In the diagrams, green is used to denote lamellarlike structures and blue to denote cylinderlike. However, both underlying
BCP chain types contribute to structure formation throughout the morphology. Adapted from Ref. [99].

symmetric PS-b-PMMA with gradient volume fractions of
PS and PMMA HPs in a 1:1 ratio, where the film thickness
and HP molecular weight were varied. In combination with
gradient thickness flow coating and MD simulations, the rich
data revealed how the interplay between film thickness and
HP fraction due to HP surface enrichment alters the domain
orientation and even measured periodicity [72].

The inherent responsiveness of blends to external stimuli
via phenomena like chain redistribution and surface en-
richment suggests that blends subjected to constraints may
assemble into a host of nonnative nanoscale morphologies.
Accounting for the effects of not just blend composition
but also directing forces, complex boundary conditions, and
intricate ordering histories, however, implies an enormous
parameter space that even advanced combinatorial approaches
are ill-equipped to explore. To address this, researchers have
begun taking advantage of artificial intelligence and machine-
learning (AI/ML) methods to accelerate experimental studies
and thus material discovery. Autonomous experimentation
(AE) seeks to automate measurement loops [139-141], using
AI/ML decision-making agents to select high-value exper-
iments based on the growing dataset. Going beyond mere
preprogrammed automation, these methods actively model
the problem being explored, allowing them to select valuable
experiments to perform on each iteration of the loop. Of
particular relevance to the study of self-assembling thin films
is the recent demonstration of autonomous x-ray scattering
at synchrotron beamlines [142—146]. This involves automat-
ing the synchrotron measurement and x-ray scattering data
analysis. A Gaussian process method is used to model the
accumulating data, generating a surrogate model (prediction
for signals of interest as a function of physical parameters)
and a corresponding uncertainty. The ML objective can be
tailored to experimental needs. In a generic AE where the
goal is to efficiently search a parameter space, one can select
high-uncertainty regions in the space for measurement on
each loop. This efficiently maximizes the rate of knowledge

gain, but these methods can also be tailored to focus atten-
tion on features of interest or to search for novelty. Overall,
AE methods are poised to accelerate material discovery and
have already been successfully applied to discovery of BCP
morphologies (see below).

V. COMPLEX STRUCTURES

Blending of different BCP chains affords the opportunity
to stabilize high-energy local motifs, which enables the forma-
tion of morphologies that would otherwise not form. Blending
can be used to stabilize equilibrium or metastable morpholo-
gies, such as tuning the domain spacing and orientation of
an equilibrium morphology [72], stabilizing the elusive HPL
morphology [100], or generating coexistence phases of famil-
iar motifs [92]. Blending can also be exploited to generate
more complex structures, by combining it with other driving
forces or priming the system in a contrived state. Indeed,
nonnative structures more naturally arise when the BCP or-
dering is subject to constraints, such as thin film confinement
or prescribed ordering history.

Blends of C and L BCPs were applied to chemically pat-
terned substrates to investigate the role of this strong directing
field [147]. It was found that chemical line patterns could se-
lect between the dot and line morphologies [Fig. 7(a)]. That is,
the morphology that appeared depended on the width and/or
spacing of the underlying chemical stripes. It is natural to
expect that the line morphology would be robustly enforced
by chemical stripes matching the spacing and linewidth of
the blend BCP. It is less obvious why nonmatching chemi-
cal stripe widths or spacings instead cause the film to form
a hexagonal array of dots. Simple energetic arguments can
be constructed by considering two effects: the distortion of
the unit cell to align with the given chemical pattern (which
introduces energy penalties due to distortion of the underlying
chains) and the chemical mismatch between the morphology
and the pattern (incurring enthalpic penalties). This energy
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model rationalizes the formation of dot patterns when the
chemical pattern is sufficiently mismatched. Qualitatively, one
can say that the dot pattern suffers greater chemical mismatch
(in terms of favorable overlap of the BCP pattern and the sub-
strate pattern), but the dot pattern is more tolerant to unit-cell
distortion. This is because, in the line pattern, all the BCP
chains must distort to accommodate length-scale mismatch
(since all chains are aligned orthogonal to the grating repeat
direction), whereas for the dot pattern, many of the chains
are at other angles and remain relatively unperturbed by unit
cell stretching. Overall, these results demonstrate the precisely
responsive nature of blends, where directing forces can be
used to select among competing structural motifs. Indeed, it
was shown that using substrate chemical patterns that vary
spatially allows one to prescriptively define morphologies spa-
tially. This enabled the defined formation of regions of line
patterns and dot patterns and even the formation of, e.g., a
single isolated column of dots in a field of lines.

The responsiveness of BCP blends to chemical templates
suggests that more exotic thin film morphologies could exist
in the broad parameter space defined by blend formulations
and chemical pattern designs. To explore this enormous space,
AE methods were applied. Electron-beam lithography was
used to generate a dense array of chemical patterns, varying
grating pitch (A) and stripe width (via e-beam dose) [99].
A blend of C and L material was cast on this substrate and
thermally annealed; this single sample acts as a combinatorial
library of every possible ordering condition (for the given
blend ratio and film thickness). An AE measurement loop at
a synchrotron x-ray scattering beamline was then used to ex-
plore this space, with the decision-making algorithm designed
to reconstruct models for scattering at different azimuthal
angles (which could correspond to different ordering motifs).
In this rapid AE search, researchers immediately observed
the previously identified morphologies (well-ordered dot and
line patterns near A ~ Lj). However, several unanticipated
morphologies were also discovered [Fig. 7(b)]. In the vicinity
of A ~ 2Ly, the blend formed alternating stripes of lamellae
lines (reaching to the substrate) and cylinder lines (separated
from the substrate by a wetting layer). For slightly thinner
chemical stripes, a ladder morphology instead formed, with
lamellaelike rails cross-connected by cylinderlike rungs. In
the intermediate regime (Ly < A < 2Lg), the thin film forms
a skew morphology, with substrate attached cylinder legs con-
nected to top-surface lamellarlike lines that are not aligned
to the grating. In this regime, the morphology cannot be
commensurate if orientationally aligned with the grating, and
so it instead reconstructs with a skew angle and structural
partitioning in the film thickness direction. In fact, these three
morphologies all exhibit 3D ordering as part of the attempt of
the blend to reconcile structure formation with the underlying
chemical pattern. This exploration highlights the much larger
diversity of possible self-assembled morphologies compared
with the conventional equilibrium phase diagram of pure BCP
materials. It also confirms the intuition that strong directing
fields can be used to select among competing states, thereby
diversifying the range of structures that BCPs form.

Explicit control of structure formation in the film thickness
direction can be applied by layering BCP materials. In earlier
work, BCPs were iteratively stacked in a prescriptive manner.

Each layer can be converted into an (immobilized) inorganic
replica, allowing additional layers to be placed on top with-
out disrupting the underlayer(s). For instance, photothermal
annealing was used to shear-align BCPs [148-150], followed
by infiltration synthesis to convert into metal or metal oxide
replicas. Application of subsequent layers enabled the forma-
tion of arbitrary 2D lattice symmetries by controlling the angle
between shear steps [151]. In another study, BCP phases were
immobilized to allow additional layers to order in response to
the underlayer (templating off of the subtle height variation
afforded by the BCP morphology). In this way, 3D struc-
tures arose naturally owing to the registered assembly of the
second layer [152]. These examples demonstrate controlled
formation of 3D structures, but they do not fully leverage the
responsiveness of BCP materials since underlying layers are
structurally frozen. An alternative strategy is to layer BCPs
without immobilization. Bilayers of different BCP materials,
once annealed, should undergo nontrivial self-assembly since
the two layers will tend to interdiffuse on the same time
scale as intrinsic phase separation and self-assembly in each
layer. This kind of layering of different BCP materials can
be thought of as a structured blend. In more recent work,
these configurations were studied [98]. Annealing of these
stacked BCP systems gives rise to a host of morphologies
(Fig. 8), many of which are transient as they occur only as
intermediate states as the two layers mix. Even after long
annealing, however, the structures that are present may be
nontrivial and may not match what one would obtain from
annealing a single-layer blend of the same total thickness
(i.e., initial condition with homogenous chain distribution).
This can occur due to kinetic trapping (pathway-dependent
ordering) or energetic stabilization of nonuniform chain
mixing.

More specifically, researchers identified four design prin-
ciples that explain the formation of nonnative structures for
annealing of BCP bilayers. First, at early annealing times, lo-
cal phase separation occurs before complete mixing between
the layers has completed. As a result, early morphologies
often bear the hallmark of the intrinsic morphologies. For
instance, layering C on top of L material gives rise to a
parapet structure where lamellarlike walls near the substrate
are decorated with cylinderlike caps near the free surface
(though this structure does not persist with further annealing).
Second, the mixture of chain types can stabilize structure de-
fects (e.g., perforations, domain antialignment, or coexistence
phases) since the underlying chains can reorganize during
layer mixing. This enables the formation of vertical HPL
morphology, where C chains concentrate around the perfo-
rations and stabilize these high-curvature regions. While the
greater configurational freedom afforded by blending can sta-
bilize exotic morphologies, it can also lead to more defective
structures (such as the formation of patchwork morpholo-
gies characterized by randomly interconnected struts). Third,
one of the two underlying chain types might preferentially
segregate to interfaces, stabilizing a nonuniform structure in
the film normal direction. The C chains tend to segregate at
interfaces (for entropic reasons associated with their shorter
minority-block chain ends). This gives rise to the stabilization
of an aqueduct morphology, with substrate-attached cylinder-
like columns supporting lamellarlike walls at the film surface.
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FIG. 8. A diverse library of nanostructures can arise when layering simple block copolymer materials (cylinder, inverse-cylinder, and
lamellae-forming). Both conventional and nonnative morphologies can appear. The latter arise due to the configurational freedom afforded by

the mixture of chain types. Adapted from Ref. [98].

This morphology is stable, even for long annealing times.
Modifying the molecular weight of the two BCPs can suppress
or exacerbate this effect. For instance, W and Y motifs are
generated in cases where the C chains even more strongly
segregate to both interfaces. Fourth, it was observed that there
were substantial energy barriers to interconversion between
states, leading to the kinetic trapped morphologies (such as
coexistence of vertical and horizontal states). This highlights
how self-assembly is pathway dependent (particularly in BCP
thin films where ordering can be frustrated) and correspond-
ingly highlights a pathway-priming strategy for controlled
structure formation. That is, a particular morphology can
be selected by engineering the correct starting configuration
(layering of BCP materials) and terminating annealing at the
appropriate time. In effect, one can select among pathways in
the complex, high-dimensional ordering landscape to create a
desired structure.

VI. DESIGN RULES

Decades of research have progressively yielded an ever-
more detailed description of the landscape for polymer blend
assembly, which may eventually enable prescriptive forma-
tion of complex nanostructures through judicious control of
polymer architecture, blend composition, processing history,
boundary conditions, and directing fields. Here, we outline
design rules and guiding principles for directing the assembly
of polymer blend thin films that may be derived from several
general considerations: enthalpic vs architectural disparity of
the blended components, the constraints imposed by dimen-
sional confinement, and pathway-dependent morphological
metastability.

The first consideration is interactions between the blended
components which apply in both thin films and the bulk.
As noted previously, enthalpic interactions play a central
role, where favorable mixing interactions compatibilize com-
ponents, while unfavorable interactions lead to complete

macrophase separation except under a narrow set of con-
ditions. On the other hand, the large body of research on
athermal blends has helped isolate the effects of blend-
ing components with disparate macromolecular architectures,
which alters the conformational entropy of the system. Much
of the intriguing assembly behavior that has been observed in
polymer blends can be loosely classified based on the strength
of component interactions along axes of enthalpic disparity
and architectural disparity (Fig. 9). At one extreme of the en-
thalpic disparity axis, all component interactions are strongly
unfavorable, leading to macrophase separation; component
interactions at the other extreme are all strongly favorable,
and the resulting compatibilization promotes a high degree
of mixing. Self-assembly in blends must necessarily occur
within these limits.

Architectural disparity is comparatively more subtle. At
one extreme are neat BCP melts, which can be considered
degenerate blends with minimal architecture variation (e.g.,
a linear AB BCP blended with the same AB BCP). Ather-
mal blends of a symmetric linear diblock copolymer with a
chemically alike asymmetric diblock copolymer represent a
step toward increased architectural disparity. In many cases,
the blends form a single morphology identical to that of one
of the components (e.g., lamellae or cylinders). However,
the ability of the chains to redistribute to maximize confor-
mational entropy while pinning the chemical junction to the
domain interface can promote the assembly of a separate
bicontinuous phase or coexisting phases. Defect stabilization
can even produce entirely new morphologies, such as the
ladder shown in Fig. 7. BCP/HP blends represent a further
increase in architectural disparity by eliminating one block
entirely. Lacking a chemical junction, the HP is less restricted
in the ways it can distribute throughout its domain and may
therefore occupy interstices or localize to domain centers.
An even higher degree of architectural disparity may be ac-
cessed by using blends comprising triblock copolymers, BCPs
possessing blocks with higher conformational asymmetry, or
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can be loosely categorized along axes of enthalpic and architectural
x values, while favorable mixing interactions are parameterized by
However, the differences in polymer architecture change the entropic

constraints of the system. AB block copolymer (BCP) blends with different volume fractions and BCP/homopolymer (HP) blends can either
alleviate or cause packing frustration, or stabilize localized defects, both of which can alter the assembled morphologies. Blends of BCPs with
different architectures increase the architectural disparity even further. Unfavorable mixing generally leads to macrophase separation, though
stable morphologies with host-guest interactions can be obtained with some architectural disparity. Favorable mixing interactions, on the other
hand, aid compatibilization. Enthalpically driven chain stretching or compression modifies the curvature relationships from those encountered
in athermal blends. Portions adapted from Refs. [55,73,91,99,101,108]. Copyrights 2015, 2020, and 2021, American Chemical Society. Portion

adapted from Ref. [106]. Reprinted with permission from AAAS.

polymers blends featuring star, bottle brush, or other differing
nonlinear architectures.

Though the effects of architectural disparity are most easily
recognized in athermal blends, unique morphologies may be
assembled through intelligent combinations of enthalpic and
architectural disparity. As noted earlier, AB/AC BCP blends
with favorable B-C mixing exhibit a bending force toward the
A domain when there is a difference in the B and C block
volumes. This can engender new symmetries (e.g., square
lattices) or invert the normal domain curvature. On the other
hand, well-ordered host-guest self-assembly is made possible
for unfavorable B-C mixing only when the architectural dis-
parity is chosen carefully such that C guest domains (within
the BC BCP) can naturally position in a low-energy state
among host A domains (within the AB BCP).

The second consideration is the profound implications of
dimensional confinement on blend self-assembly. Though the
effects may be more pronounced in 2D (e.g., cylindrical con-
finement) or 3D (e.g., spherical confinement), we focus on
1D (i.e., thin film) confinement based on its technological
importance for nanopatterning and to more easily highlight
the interrelated ways in which confinement can induce mor-
phological change. In very thin films, the confluence of
block surface energies and commensurability between the
film thickness and domain spacing dictates the orientation of
domains with respect to the film surface. If one block has a
lower energy at either the substrate or air interface, domains
will orient horizontally to permit wetting of that block at
the appropriate interface. In diblock copolymers, for instance,

lowest-energy states in diblock copolymers are obtained when
the film thickness is equal to an integer (n) multiple of the do-
main period (L) if one block preferentially wets both surfaces
or when the film thickness is equal to (n + ' /)L, if each sur-
face is wet preferentially by the other block. Film thicknesses
incommensurate with these quantized values impose an en-
tropic penalty due to chain stretching or compression required
to maintain a horizontal domain orientation. Depending on
the degree of wetting asymmetry by the blocks, these penal-
ties can promote vertical domain orientation, induce polymer
reorganization to form microscale island or hole structures
that maintain an overall commensurate film thickness, or even
drive the assembly of morphologies not available in the bulk
[3,29]. By stabilizing defects or redistributing chains in ways
that are impossible for neat BCPs, blends can potentially alter
how film thickness commensurability affects domain orienta-
tion or morphology.

Even when surfaces have been engineered to achieve bal-
anced interfacial energies among the blocks, blending can
influence the morphology in thin films through preferential
component enrichment at film surfaces. As discussed earlier,
for instance, entropic attraction for shorter polymers to film
interfaces drives surface enrichment by HPs in wet brush
BCP/HP blends, thereby creating a HP wetting layer(s). Inter-
play between wetting layer formation and incommensurability
effects results in thickness-dependent domain reorientation. It
is also well recognized that preferential adsorption of blocks
at BCP film interfaces can change important properties like
the order-disorder transition [153—155] and domain interfacial
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width [156]. Blending components with different enthalpic
preferences for surfaces or high architectural disparity will
modify the surface adsorption behavior and thereby alter as-
sembly boundary conditions.

At a higher level of abstraction, confinement also affects
the symmetries that may be observed. A hard surface breaks
the translational symmetry of a 3D lattice, enforcing 2D
packing motifs in proximity to the surface. This explains the
proclivity for hexagonal sphere packing and the HPL phase
in very thin films. As noted earlier, HP has been shown to
extend the thickness of surface-induced packing in BCP/HP
binary blends. The role of surface enrichment in this context
remains unclear, however. Moreover, blends with higher ar-
chitectural disparity may realize different 2D packing motifs,
which evolve through other possible complex morphologies
with increasing film thickness.

The third consideration is the possible effects of kinetic
trapping and pathway-dependent assembly behavior. In poly-
mer self-assembly, the pathway to the ultimate structure is
sensitive to the details of the processing steps utilized, such as
casting method, annealing time and temperature (or solvent),
and applied fields. This sensitivity facilitates pathway engi-
neering, in which processes are designed to realize desirable
structures that are inaccessible with a single step process.
The pathway-priming approach described above is a notable
case [98]. In another striking example, shearing a BCP film
rapidly—even faster than the time in which phase separation
can occur—instills latent alignment along the shear direction
that guides assembly toward a globally aligned morphology
during subsequent isotropic thermal annealing, which nor-
mally produces a poly-grain morphology [157,158]. Pathway
engineering is a powerful means to direct self-assembly, but it
is challenging to explore various material combinations within
a single neat BCP system; blending introduces opportunities
to tune material properties (e.g., domain stiffness, free vol-
ume, relaxation times) by which to efficiently explore and
modify pathways to metastable morphologies.

Alternatively, the difference in responsivity of various
components in a blend makes it possible to realize metastable
morphologies through pathway engineering that are inac-
cessible using neat BCPs. Returning to an earlier example,
swelling a ternary blend of PS-b-PMMA with superwet brush
PS and PMMA HPs by vapors of tetrahydrofuran (THF), a
weakly selective solvent that screens polymer interactions,
results in uniform distribution of the HP throughout the film,
not just within domains. This enhances the effective dilution,
accelerating ordering kinetics substantially such that long-
range pattern order can be achieved even with an UHMW
BCP. After a rapid quench, the uniformly distributed HP
broadens that domain interfaces, resulting in extremely rough
patterns. This can be rectified by a very brief thermal anneal
(~30 s), which drives HP resegregation without significant
changes in the overall pattern order, yielding a highly ordered
pattern with smooth features that can be readily transferred to
other materials. Longer thermal annealing, however, destroys
the pattern as HP migrates to topological defect sites (i.e.,
pattern dislocations and disclinations) [73]. Thus, pathway
engineering in these blends produces a valuable metastable
structure much more rapidly than can be achieved using a
neat BCP.

VII. PERSPECTIVES

Looking to the future, we see a rich set of possible re-
search directions. There is now ample evidence that blending
can enable the emergence of complex nanostructures in a
controlled way, using rather simple and readily available
starting materials as inputs. Blending is complementary to
polymer synthesis, in the sense that the synthesis of new
chain architectures correspondingly opens new parts of the
overall blending parameter space. It also appears that the
range of structures that form are more diverse when blends
are subjected to constraints (confinement, directing fields, and
ordering histories) that drive them further from the bulk equi-
librium regime. This suggests that the full landscape of BCP
blends has even more interesting and exotic structures waiting
to be discovered. Thus, an obvious future research direction
is to more exhaustively explore the possibilities afforded by
blending BCP materials. More exotic morphologies should be
possible once one admits multicomponent blends (of >3 self-
assembling materials) and more exotic chain architectures
(such as bottlebrush copolymers). This search is challenging,
however, owing to the enormity of a parameter space de-
fined by blend composition (including mass fraction and chain
characteristics) convolved with processing history—both con-
ventional processing (such as thermal annealing) as well as
blend-specific aspects (such as priming a blend in a nontriv-
ial spatialized manner). To efficiently explore this space will
require isolating and elucidating the relevant effects.

One useful insight may be to consider HP, BCP, and blend
materials as merely special cases of the overall space defined
by the intersection of chain architecture with blend composi-
tion. For instance, a pure diblock BCP melt is in fact a blend
with a distribution of molecular weights, i.e., a 2D distribution
over the lengths of the two blocks. In this sense, much could
be learned by studying BCP morphology evolution as a func-
tion of these distributions, which can be artificially generated
by mixing different pure materials in different ratios. Indeed,
the robust self-assembly of pure BCP materials may arise in
part from the combination of different chain lengths, which
are able to locally redistribute to stabilize the morphology.
Along these lines, it would be valuable to consider different
BCP chain architectures as being variants of one another to
gain more insights into the effects of architectural disparity.
Similarly, blending conventional diblock copolymers with ta-
pered, block-random, and other sequence-defined copolymers
can be used to clarify the effects of varying enthalpic disparity
on self-assembly. Recent advances in precision synthesis are
expected to be invaluable for realizing an ample supply of
bespoke components with prescribed chain sequences and
architectures [159—-164]. Combining the results of such stud-
ies will elucidate the general underlying rules that dictate
which morphology is lowest energy. Indeed, the field has
already identified many salient factors, including the usual
BCP design rules (minimize interfacial area, interfacial curva-
ture dictated by conformational and architectural asymmetry,
etc.) and the emerging blend design rules (defect stabilization,
pathway dependency, etc.).

Overall, blending of self-assembling polymers is emerg-
ing as a powerful strategy for improving control of the
self-assembly process, through phenomena like accelerated
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ordering kinetics and the stabilization of noncanonical struc-
tural motifs. Thus, it can be viewed as another tool in the BCP

toolbox, which can be deployed where appropriate to solve
challenges to material ordering.
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