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Self-assembled nanostructures from diblock copolymers have
been intensively investigated during the last decade,'™ with
studies being driven by scientific interest and potential
applications. Self-assembled structures that are constructed
from ABC block terpolymers are even more promising,
because of the additional parameters introduced by the third
block."¥ Depending on the solubility character of the three
blocks, micelles formed by block terpolymers can be divided
into two classes: micelles with a compartmentalized
core1419 and with a compartmentalized corona.'” In
the second class, micellar structures with noncentrosymmetric
coronas—Janus particles’®—are particularly interesting
because of their appealing properties, and have been targeted
by us?*?3 and other research groups.**3! Most of the
strategies for the preparation of these Janus particles transfer
the morphologies of well-defined bulk structures into solution
by controlled cross-linking processes.**>

The requirement of the corona-forming blocks to undergo
phase-segregation is the most challenging aspect of the
creation of micelles with compartmentalized coronas based
on the pure self-assembly of either block terpolymers, or a
combination of two diblock copolymers in solution.®! The
phase separation of two blocks in solution is, however, not as
pronounced as in the bulk state. Copolymers with fluorinated
and nonfluorinated blocks are known to undergo phase
segregation in the bulk state®®! and in solution®”! because of
the unique solubility characteristics of fluorinated structures,
such as high hydrophobicity and lipophobicity. Therefore, it is
reasonable to expect that a fluorinated block can serve as the
core of a micelle in organic media without requiring chemical
cross-links.

Herein, we report the formation of micelles with com-
partmentalized coronas by the self-assembly of a specifically
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designed block terpolymer, poly(4-tert-butoxystyrene)-block-
polybutadiene-block-poly(tert-butyl methacrylate) (PtBS-
PB-PtBMA), where the central PB block was modified with
a fluorinated side group by the thiol-ene reaction of the vinyl
groups with 1-mercapto-1H, 1H, 2H, 2 H-perfluorooctane (see
the Supporting Information). In organic, fluorophobic media,
the fluorinated block acts as a micellar core and allows
sufficient dynamics for reorientation during annealing. In
dioxane, a common solvent for both outer blocks, micelles
with patchy coronas are obtained. Subsequent transfer into a
selective solvent for the PtBMA block induces aggregation
into branched, undulated cylinders with a multicompartment
character. The overall process to achieve the required
structures involves only moderately complex polymer archi-
tectures and a simple preparation method in solution. To date,
structures with similarly complex features were obtained only
by using more complex procedures or polymer architectures.
For instance, Li etal. prepared wormlike structures with
segmented cores from discrete multicompartment micelles of
miktoarm star terpolymers.* Similar structures reported by
Cui et al. require organic diamines and a special swelling
solvent to achieve a kinetically controlled assembly of
micelles with PAA coronas.’! Our strategy for stacking
micelles with compartmentalized coronas does not require
complicated polymer structures, small molecules, or swelling
solvents.

The fluorination (Scheme 1) of the PtBS-PB-PtBMA
block terpolymer alters the solubility of the middle block in
dioxane, a fluorophobic solvent. The unmodified block
terpolymers, which are initially molecularly dispersed, form
micelles with fluorinated segments as cores. Micelle forma-
tion was shown to occur by using transmission electron
microscopy (TEM) and dynamic light scattering (DLS). TEM
images of the micelles in dioxane, after annealing at 75°C for
48 h, are shown in Figure 1.

The micelles obtained have a narrow size distribution (see
Figure 1a, Ry p;s~ 62 nm, PDI=1.03) and are of an overall
spherical shape. The sizes measured by using TEM appear
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Scheme 1. Molecular structures of original and the fluoroalkyl-modified
PtBS—PB—PtBMA block terpolymer.
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Figure 1. a) Nonstained and b) RuO, stained TEM images of individual
micelles obtained by drop coating from dioxane onto a carbon-coated
TEM grid after annealing.

smaller than the average sizes calculated from DLS because
of the collapse of the well-solubilized corona during solvent
removal during the TEM sample preparation. Although
fluorinated structures can potentially access the super-strong
segregation limit!"!! and give rise to stable disclike structures,
large disclike particles were not observed.

To gain further insights into the micelle structure,
selective staining of the PtBS section was performed using
RuO,. Figure 1b shows that the micelles are only partially
stained, which clearly indicates that the corona has a patchy
structure that arises from phase segregation. The number of
patches varies and the system does not adopt a completely
uniform structure, even after annealing for 48 h. The distri-
bution of patch sizes is due to an interplay of interfacial
energy minimization and entropy maximization. We mainly
found two varieties of micelles with one or two patches. The
first variety represents a Janus micelle (B1, Figure 1b), the
second variety consists of micelles with different spatial patch
distributions (B2, B3, B4, Figure 1b).

Dialysis was subsequently used to exchange dioxane with
ethanol, which is a nonsolvent for PtBS but dissolves PtBMA.
The annealing step proved to be crucial for a reorganization
of the corona to direct a further self-assembly process of the
block terpolymer micelles on a second length scale. For
instance, when the solution of the micelles in dioxane was
directly dialyzed against ethanol without annealing, only
large, ill-defined spherical aggregates were formed (see
Figure S3 in the Supporting Information). However, when
an annealing procedure was performed, TEM images show
that the micelles are organized into cylindrical aggregates
(Figure 2), which extend over several micrometers and
exhibit branching points and end caps. Even without staining,
the images show some weak, well-spaced undulations along
their major axis, which originate from a regular packing
within the cylinders, and are similar to the surfaces of bamboo
rods. Scanning electron microscopy (SEM) and atomic force
microscopy (AFM) studies also show similar images (see
Figure S1 and S2 in the Supporting Information).
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Figure 2. a,b) Nonstained and c,d) RuO, stained TEM images of
undulated cylinders, obtained from ethanol.

Phase separation into patches, which is induced by
annealing, guides the further stacking of the micelles when
the solvent is changed to a selective one. The slightly darker
microdomains visible in the nonstained image of the cylinders
in Figure 2b represent the location of the micellar cores. The
contrast in the TEM images is highest for the fluorinated
segment. This internal structure can be amplified and
switched in terms of brightness by staining with RuO,
(Figure 2¢,d). The corresponding TEM images show cylin-
drical assemblies with alternating dark and light segments,
which arise from the strong staining of the PtBS domains. The
red, pink, and blue colored regions indicate cylinders,
branching points, and end caps, respectively. Before staining,
the junction is composed of a light section surrounded by
three dark sections (Figure 2b), however, after staining, the
contrast is completely reversed (Figure 2c). Since staining
darkens the PtBS patches, the fluorinated segments appear
relatively lighter. Thus, the PtBS patches act as the connecting
parts of the micelles and also form the junctions. Further-
more, it is obvious that the ends of the undulated cylinders are
formed by connection of several micelles. A thorough phase
separation of the corona (Janus-type) leads to the formation
of end caps on the extending cylinders and prevents further
stacking.

Interestingly, the aggregation process is reversible. The
micelles (R,~62nm, PDI=1.03, DLS) can be recovered
when the solvent is changed from ethanol back to dioxane. In
order to explain the observed aggregation behavior, we
suggest the following mechanism (Figure 3). The initially
formed micelles with mixed coronas of PtBS and PtBMA
undergo microdomain phase separation within the corona to
achieve energetically more favorable states upon annealing.

As well as the expected micelles with Janus-type coronas
(species A, Figure 3), which undergo complete phase separa-
tion, micelles with incompletely phase-separated coronas also
exist (species B, C, and D). As a consequence of the phase-
segregation within the corona, the micelles aggregate into a
stacked, multicompartment morphology (undulated cylin-
ders) in ethanol as a selective solvent. Since linear assembly
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confirm the formation of the undulated cylin-
ders. Selective staining of the PtBS sections
enabled a clear deduction of the internal
structure and the patchy character of the
corona. The cylinders can be reverted to
micelles by dialysis against dioxane, which
indicates that the stacking of the micelles is a
reversible process. The association of com-
partmentalized micelles into branched struc-
tures can also provide an insight into the use
of 3D sol-gel methods in materials synthesis,
and furthermore a facile approach to the
preparation of multicompartment superstruc-
tures has been made available. Variation of
the monomers and the weight fractions of the
constituents should enable the tuning of the
aggregate structures. Further investigations
are focused on the complete or selective
hydrolysis of PtBMA and PtBS blocks for
the preparation of water-soluble and pH-
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responsive structures, as well as their applica-
tion in templating inorganic—organic hybrid
materials.
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Figure 3. Preparation of undulated multicompartment cylinders by directed stacking

polymer micelles with compartmentalized corona.

prevails and because of the fact that the branch points are
composed of PtBS (and not fluorinated PB) segments, the
micelles mainly exhibit two patches of the PtBS. The extent of
phase segregation and the distribution of the patches define
the different connecting modes, as shown in Figure 3
(modes 1,2, and 3). The modes represent extended undulated
cylinders (red regions in Figure 2c¢), branching points (pink
regions in Figure 2b,c) and end caps (blue regions in
Figure 2¢c,d).

In conclusion, PtBS-PB-PtBMA block terpolymers were
modified with a fluoroalkyl group on the PB block. In dioxane
solution, these terpolymers formed micelles with a fluori-
nated PB core and a compartmentalized corona, obtained by
microdomain phase separation of the PtBS and PtBMA
blocks upon annealing. Bamboo-like, undulated cylindrical
assemblies were obtained by stacking of the micelles in
ethanol, which is a selective solvent for PtBMA. The cylinders
have uniform diameters and are connected with each other by
junctions to form branched giant assemblies. Imaging data
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