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ABSTRACT: We report an approach to the post-fabrication placement of chemical
functionality on microphase-separated thin films of a reactive block copolymer. Our
approach makes use of an azlactone-containing block copolymer that microphase
separates into domains of perpendicularly-oriented lamellae. These thin films present
nanoscale patterns of amine-reactive groups (reactive stripes) that serve as handles for
the immobilization of primary amine-containing functionality. We demonstrate that
arbitrary chemical functionality can be installed by treatment with aqueous solutions
under mild conditions that do not perturb underlying microphase-separated patterns
dictated by the structure of the reactive block copolymer. This post-fabrication approach
provides a basis for the development of modular approaches to the design of microphase-
separated block copolymer thin films and access to coatings with patterned chemical
domains and surface properties that would be difficult to prepare by the self-assembly
and processing of functionally complex block copolymers.

Block copolymers (BCPs) that microphase separate into
periodic domains provide powerful opportunities to define

the nanoscale structures, bulk properties, and interfacial
behaviors of soft materials.1−3 Due to the molecular length
scales at which they microphase separate, BCP thin films that
exhibit lamellar or cylindrical morphologies are of particular
technological interest and can provide precise, nanoscale
control over the placement and patterning of chemical
functionality on film-coated surfaces.4−7 This feature of BCP
thin films has been exploited fruitfully to develop new
approaches to advanced lithography and create well-defined,
periodic patterns of chemical and biological groups on surfaces
relevant to the design of nano/biointerfaces, substrates for the
directed growth, deposition, or capture of nanoparticles and
other emerging applications.8−13

Much is now understood about the influence of polymer
structure on the microphase separation of BCPs.1,5 In principle,
one might envision exploiting that understanding to design new
BCPs that could direct the periodic placement or presentation
of arbitrary functionality on the surface or within the bulk of a
substrate-supported film (e.g., in alternating lamellar stripes or
as arrays of functional “spots” created by cylindrical
morphologies). Unfortunately, however, the individual blocks
of a given BCP cannot simply be “swapped out” for others
without perturbing key parameters that define the morphology

of the original copolymer and its behavior in thin films.1−3,14 In
general, it remains difficult to predict the effects of introducing
arbitrary and structurally complex chemical features on BCP
phase behavior because of the sensitivity of microphase
separation to small structural variations.
The bulk microphase separation of a polymer comprised of

two chemically distinct blocks (a diblock copolymer) is
governed by both the relative volume fractions of each block
( fA = 1 − f B) and the segregation strength (χABN) that
quantifies the mutual block repulsion energy that drives
structure formation.1−5 While theoretical and experimental
studies have established relationships between the values of
these order parameters and observed bulk microphase
separation behavior,1,5 small changes to the structure of one
block (e.g., a change in side chain structure) can lead to
significant changes in morphology and nano-domain perio-
dicity.1−5,14,15 The use of BCP thin films in several applied
contexts also depends crucially on controlling interfacially
confined morphologies and their preferred orientations relative
to underlying substrates, both of which depend sensitively on
film thickness and the relative surface energies of each
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block.4−13,16 For these and other reasons, exerting predictable
and universal control over the microphase separation of BCP
thin films in a manner that is independent of specific polymer
structure and other processing parameters remains a substantial
fundamental challenge.
The sensitive dependence of microphase separation on BCP

structure makes it difficult to develop modular and general
approaches to the design of well-defined BCP interfaces.
Although it is now straightforward to synthesize libraries of
otherwise identical AB diblocks with B blocks containing
different side chain functionalities, the thin film phase behaviors
of these materials would likely vary widely and be difficult to
predict. Even if the interfacial properties of these BCPs
permitted uniform film fabrication (e.g., no de-wetting), those
films would likely exhibit a range of microphase-separated or
disordered morphologies (with orientations that vary relative to
the substrate) that present B-block functionality in substantially
different locations on the surface or in the bulk. Here, we report
an approach to the fabrication of reactive microphase-separated
BCP thin films that side-steps these fundamental issues and
permits systematic, post-fabrication installation of arbitrary
functionality on well-defined microphase-separated coatings.
Our approach makes use of azlactone-containing BCPs that

microphase separate into domains of perpendicularly oriented
lamellae. These films present nanoscale patterns of surface-
exposed amine-reactive groups (reactive stripes) that serve as
“handles” for the subsequent immobilization of arbitrary
chemical functionality. This post-fabrication approach circum-
vents problems associated with the influence of polymer
structure on BCP phase behavior and affords microphase-
separated coatings that can be used to vary the features
presented by alternating lamellar domains over a broad range of
structural and functional space. This strategy thus provides a
basis for the development of “universal” approaches to the
interfacial engineering of microphase-separated BCP thin films
and, thereby, access to coatings with patterned chemical
domains and surface properties (e.g., wetting behaviors, binding
affinities, etc.) that would be difficult to prepare by the self-
assembly of functionally complex BCPs. Our results demon-
strate proof-of-concept using a model amine-reactive BCP and
provide guiding principles for the design of well-defined soft
matter interfaces of interest in many fundamental and applied
contexts.
We selected diblock copolymers with one block containing

azlactone groups for use in this study for several reasons: (i)
azlactones react through ring-opening reactions with a broad
range of nucleophiles,17 (ii) reactions with primary amines
occur rapidly to produce stable amide bonds under mild
conditions, without the need for a catalyst or the generation of
byproducts,17 (iii) azlactones are stable under typical BCP
thermal processing conditions,18 and (iv) vinyl azlactones can
be copolymerized with other vinyl monomers using living/
controlled methods to produce reactive BCPs with a range of
side chain functionalities.18−23 Relative to past approaches to
the fabrication of oriented thin films of reactive BCPs,24−27 this
approach introduces several practical advantages. While past
studies have reported solution-phase characterization of
azlactone-functionalized BCPs,22,23,28,29 investigations of the
bulk and thin film phase behaviors of these reactive copolymers
are limited.18 Our results provide insight into the solid-state
structures and morphologies of these reactive materials and
demonstrate proof-of-concept with respect to selective
functionalization of reactive domains in microphase-separated

lamellar thin films. In this work, we used a model diblock
copolymer synthesized by RAFT polymerization of styrene (S)
and 2-vinyl-4,4-dimethylazlactone (VDMA; Figure 1).

Polymerization of styrene was performed using S-1-dodecyl-
S′-(α,α′-dimethyl-α″-acetic acid)trithiocarbonate as a chain
transfer agent to produce a PS macromolecular chain transfer
agent (Mn = 15.7 kg/mol, Đ = 1.16), followed by chain
extension with VDMA to produce PS-b-PVDMA (Mn = 33.6
kg/mol, Đ = 1.33) with blocks of roughly equal molecular
weights (see Scheme S1A, Figure S1, and Methods in the
Supporting Information for details of synthesis and character-
ization). DSC revealed a single thermal transition at 111 °C,
associated with the Tg of both the PS and PVDMA
homopolymer segments (Figure S2, Supporting Information);
thermogravimetric analysis revealed a mass loss of <5% at
temperatures up to 248 °C (Figure S3, Supporting
Information). This result permitted characterization of bulk
samples of PS-b-PVDMA by small-angle X-ray scattering
(SAXS) at temperatures above the Tg of the material without
inducing thermal degradation. SAXS traces acquired at 150 °C
(Figure 2, red curve) revealed a sharp principal scattering peak
at q* = 0.0209 Å−1 with higher-order reflections at q/q* = √4,
√9, √16, and √25 (a high-resolution synchrotron SAXS
pattern is provided in Figure S4, Supporting Information). On
the basis of the positions of these peaks, coupled with the
diminished intensity of the √4 peak, we conclude that this
copolymer assembles into a bulk lamellar morphology with
roughly symmetric volume fractions of each block and a
lamellar spacing L0 = 30.1 nm. We return to Figure 2 and the
influence of side chain substitution on the bulk phase behavior
of this reactive BCP in the discussion below.

Figure 1. (A) Structure of PS-b-PVDMA. (B) Cross-section of a PS-b-
PVDMA thin film microphase separated into perpendicular lamellae
with alternating, surface-exposed stripes of PVDMA segments (blue)
and non-reactive PS segments (red). (C) Selective ring-opening of
azlactone groups in reactive stripes (blue) by treatment with primary
amines permits placement of secondary functionality in defined
locations without disrupting the underlying nanoscale morphology.
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Figure 3 shows a representative SEM image of a thin film of
PS-b-PVDMA spin-coated and annealed on a silicon substrate
coated with a poly(styrene-r-methyl methacrylate-r-glycidyl
methacrylate) cross-linked copolymer mat.4,30 For this and all
other studies below, we used a mat composition with a mole
fraction of styrene, FS, of 0.43 determined from 1H NMR. Films
of PS-b-PVDMA 22 nm thick (0.73L0) were cast on these mats
by spin-coating, and samples were then thermally annealed at
160 °C for 4 h at 1 Torr. Figure 3 reveals a microphase-
separated pattern with characteristics of a perpendicularly
oriented lamellar BCP,4,8,13,30 as anticipated from the SAXS
analyses above (Figure 2, red curve; see also Figure S6
(Supporting Information) for additional SEM images). The
nanodomain periodicity from SEM is also consistent with the

domain spacing of the bulk lamellar morphology measured by
SAXS (L0 ∼ 30 nm; Figure S5, Supporting Information). It is
not possible to assign the specific locations of the S and VDMA
blocks solely on the basis of these SEM images. However, we
interpret the regions of light and dark contrast in Figure 3 to
represent alternating nanoscale stripes of PS and reactive
PVDMA blocks. Characterization by infrared reflection
absorption spectroscopy confirmed that the azlactone groups
of the copolymer remained intact and were not hydrolyzed or
degraded by thermal annealing (e.g., as revealed by stretches at
1830, 1679, and 1209 cm−1 associated with the CO, CN,
and C−O−C bonds of the azlactone ring; see Figure S7,
Supporting Information).
Further studies demonstrated that the azlactones in thermally

annealed PS-b-PVDMA films were surface-accessible and that
reactive lamellae could be used to introduce secondary
functionality and tailor interfacial properties without compro-
mising underlying phase-separated domains. The images in
Figure 4A,C show micrographs of thermally annealed films
treated with aqueous solutions of either (A) a primary amine-
functionalized fluorophore (tetramethylrhodamine cadaverine;
TMR-cad) or (C) a non-reactive (amine-free) analogue
(tetramethylrhodamine; TMR) for 20 min at ambient temper-
ature. These images reveal uniform red fluorescence on the film
treated with TMR-cad relative to the film treated with TMR.
These results reveal non-specific physisorption of TMR to be
negligible, suggesting that fluorescence observed in Figure 4A
arises solely from the reaction of TMR-cad with the azlactone
groups of PVDMA (Figure 1B,C).
We used water as a medium for the experiments above

because it is a non-solvent for both PS and PVDMA
homopolymers and should, thus, prevent lamellar domain
reorientation or disruption that could arise from use of organic
solvents. Figure 4B,D shows SEM images of the same films
shown in Figure 4A,C after treatment with aqueous solutions of
TMR or TMR-cad. The morphologies of the treated films are
similar to those of the films prior to treatment (cf. Figure 3),
leading us to conclude that these mild conditions do not
substantially reorganize the underlying morphology. These
images also illustrate how new and complex chemical
functionalityhere, a large and positively charged fluoro-
phorecan be introduced to a self-assembled BCP film
without disturbing the original phase arising from the reactive
parent copolymer. Given the absence of observed physisorp-
tion, we infer that functionalization occurs selectively on
lamellar stripes defined by the PVDMA domains.
The features of this reactive BCP platform are significant in

several contexts. First, they enable the selective, post-fabrication
placement of new chemical functionality on the surfaces of BCP
thin films in domains with shapes, sizes, and characteristic
length scales that can be precisely defined by the structure of
the reactive parent copolymer. Provided that mild chemical
functionalization can be achieved using methods and reagents
that do not perturb the film morphology, this approach
provides opportunities to create well-defined and functional
BCP interfaces in which the chemical functionality of one
domain can be varied systematically and orthogonally to all
other physical and microstructural features. This approach thus
circumvents issues associated with the dependence of BCP
phase behavior on chemical structure by using a “noninvasive”
approach to introduce new functionality after the microphase-
separated morphology has been fixed by vitrification of the
glassy PS domains. Finally, we note that this post-fabrication

Figure 2. Azimuthally-integrated SAXS patterns for PS-b-PVDMA
(red) and the product of exhaustive reaction of PS-b-PVDMA with
dimethylaminopropylamine (blue), after thermal annealing at 150 °C.
The peak markers for PS-b-PVDMA correspond to the calculated peak
positions of a lamellar morphology, with a principal scattering
wavevector q* = 0.0209 Å−1. Functionalization with dimethylamino-
propylamine causes the resulting block copolymer to microphase
separate into hexagonally packed cylinders with q* = 0.0213 Å−1, as
indicated by peak markers corresponding to the calculated positions of
expected reflections.

Figure 3. SEM image of a perpendicularly-oriented lamellar thin film
obtained by spin-coating and thermal annealing of PS-b-PVDMA at
160 °C on a neutral mat composed of poly(styrene-r-methyl
methacrylate-r-glycidyl methacrylate) with a styrene mole fraction of
0.43. Scale = 200 nm. Films exhibited uniformity across the substrate
and no indication of dewetting over large areas (see Figure S6 in the
Supporting Information).
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approach to functionalization opens the door to the placement
of complex chemical or biological functionality on the surfaces
of microphase-separated thin films in a manner that would be
difficult to achieve by either thermal or solvent annealing of
functional BCPs (due to the potentially problematic thermal
stabilities of more complex functional groups or the interfacial
wetting behaviors of these materials).
The results described above provide opportunities to

introduce chemical or biological functionality to reactive
lamellar domains using a diverse pool of water-soluble primary
amines. The images in Figure 4E,G show water contact angles
(θ) for lamellar PS-b-PVDMA films treated with aqueous
solutions of either (E) the hydrophobic amine propylamine or
(G) the hydrophilic amine dimethylaminopropylamine (SEM
images in Figure 4F,H show that morphology is retained after
functionalization). These images reveal films treated with

propylamine to be hydrophobic (θadv = 77.0 ± 1.5°); films
treated with dimethylaminopropylamine were significantly
more hydrophilic (θstat = 55.8 ± 2.3°). These differences are
consistent with differences in the hydrophobicity and hydro-
philicity of these amines. These results provide additional
support for the reactivity of these microphase-separated films
with amines of arbitrary structure and provide principles useful
for modifying the interfacial behaviors of BCP thin films. This
approach should prove useful for the immobilization and
patterning of a range of other chemical and biological
functionality. The identification of other solvent systems that
do not dissolve PS-b-PVDMA or perturb underlying BCP
domain structures would also further broaden the range of
amines that can be used to functionalize or tune the properties
of these materials.
Finally, we return to Figure 2 (blue curve), which depicts the

SAXS pattern of a BCP synthesized by solution-phase
treatment of PS-b-PVDMA with an excess of dimethylamino-
propylamine (used to prepare the hydrophilic coatings
described above; Figure 4G,H) to install dimethylaminopropyl
side chains on the PVDMA block (>95% functionalized; see
Figure S8 and Scheme S1B, Supporting Information, for
details). The SAXS trace of this BCP at 150 °C (above the Tg
of both homopolymer segments; Figure S9, Supporting
Information) showed a principal peak at q* = 0.0213 Å−1 (L0
= 29.5 nm) and higher-order reflections at q/q* = √3, √4,
√7, and √9. On the basis of these relative peak positions, we
conclude that this functionalized BCP assembles into
hexagonally close-packed cylinders in the bulk, a morphology
that differs substantially from the lamellar morphology of the
reactive PS-b-PVDMA template from which it was synthesized
(Figure 2, red curve). While this difference in morphology is
not particularly surprising, it underscores the impact that
changes in block structure can have on the resulting
microphase-separated morphologies of BCPs. This result thus
highlights the versatility and potential utility of the post-
functionalization approach reported here, as it would likely
prove difficult to anneal a pre-synthesized BCP with segments
bearing styryl and dimethylamino groups into the lamellar thin
films that we readily fabricated through our post-fabrication
functionalization approach.
Approaches to the design of soft material interfaces that

enable precise control over the presentation of chemically and
biologically relevant functionalities on surfaces provide
opportunities to design nano/biointerfaces for advanced
applications. While BCP thin film self-assembly presents a
promising path toward these goals, it is intrinsically limited by
the fact that copolymer self-assembly and processability are
sensitive to the chemical compositions of BCPs. We have
described an approach that side-steps this limitation by
exploiting the self-assembly of a PS-based diblock copolymer
with a second amine-reactive block. This reactive BCP
microphase separates into a lamellar thin film morphology,
with a preferential perpendicular domain orientation relative to
underlying substrates. This morphology provides periodic,
nanoscale stripes of azlactone-functionalized segments that can
be functionalized, post-fabrication, by treatment with aqueous
solutions of primary amines. Because vitreous PS domains
cement the film structure, this approach leads to periodic arrays
presenting new functionality without disturbing the morphol-
ogy or domain orientation of the coating. This approach is
modular, in terms of both the range of amine-functionalized
motifs that can be installed and the variety of vinyl monomers

Figure 4. (A−D) Fluorescence micrographs and SEM images of PS-b-
PVDMA films acquired after treatment with aqueous solutions of
(A,B) TMR-cad or (C,D) TMR. The absence of fluorescence in (C)
suggests negligible non-specific physisorption and that fluorescence in
(A) arises from the reaction of TMR-cad with the azlactone groups in
PS-b-PVDMA; scale bars in (A) and (C) are 125 μm. (E−H)
Advancing (E) and static (G) contact angles and SEM images for thin
films after treatment with (E,F) propylamine or (G,H) dimethylami-
nopropylamine. Scale for SEM images = 200 nm. SEM images show
that domain orientation is retained post-functionalization.
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that can be copolymerized with VDMA. We anticipate that this
approach can be extended to the design of films that assemble
into other reactive morphologies (e.g., perpendicular cylinders,
aligned lamellae, or features with domain spacings smaller than
those reported here) by judicious choice of polymer structure
and careful design of underlying substrates.
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