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An emerging approach toward the integration of meso-
porous materials into functional device architectures is based
on the self-assembly of amphiphilic block copolymers
(BCPs) inside hard templates containing arrays of aligned
cylindrical nanochannels.'~® The morphology defined by the
soft template is fixated by cross-linking precursors for silica
or amorphous carbon after their selective segregation to the
hydrophilic domains. After gelation, organic components are
removed by calcination, and mesoporous fibers consisting
of silica'™ or amorphous carbon® are obtained. However,
solvent evaporation and high-temperature calcination lead
to substantial volume shrinkage. The resulting inhomoge-
neous filling of the hard templates with the mesoporous
scaffold is a serious drawback for any application requiring
mechanically stable membranes with uniform mesopore
structure.

We report the fabrication of mesoporous polymer nanofi-
bers by direct infiltration of microphase-separated BCP
melts”® into self-ordered anodic aluminum oxide (AAQ)*'°
and the subsequent removal of sacrificial domains from the
nanofibers vitrified upon cooling. This approach yields AAO
hybrid membranes containing a mesoporous polymeric
scaffold and is therefore, to some extent, complementary to
the preparation of nanotubes by the self-assembly of am-
phiphilic BCPs in solution.'""'? For a proof of concept, we
selected poly(styrene-block-methyl methacrylate), PS-b-
PMMA, because the selective degradation of the PMMA
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domains in thin film configurations by exposure to UV light
and subsequent rinsing with acetic acid has been proven to
be an easy and reliable pathway to ordered nanoporous PS
films."? It is reasonable to assume that liquid BCP soft
templates confined to AAO hard templates undergo a
significantly lower volume shrinkage upon cooling and
vitrification than sol/gel systems during gelation and calcina-
tion. On the basis of the temperature dependence of the
specific volume of PS reported in the literature,'* we estimate
the thermal shrinkage of the BCP nanofibers to be about 8%
for the protocol described below. However, optimizing the
procedure for their preparation in this regard may result in
further reduction of the volume shrinkage down to a few
percent.

The PS-b-PMMA was placed on top of AAO hard
templates at a temperature of 220 °C and, driven by capillary
forces, infiltrated according to protocols reported elsewhere.'®
The AAO hard templates had a pore depth of 100 4m and
closed pore bottoms (the porous alumina layer was attached
to an underlying aluminum substrate). The portion of the
pores filled with the BCP is proportional to the square root
of the infiltration time'® and can easily be controlled.”"'® For
the proof of concept reported here, however, we selected
protocols that led to the complete filling of the pores, as
evidenced by scanning electron microscopy (SEM) investi-
gations of cleaved AAO hard templates after their infiltation
(see the Supporting Information, Figure S1). The samples
were kept at 220 °C for 48 h and then cooled to room
temperature at a rate of 1 K/min.'” The residual BCP on the
surface of the AAOs was scraped off with sharp blades.
Subsequently, the PMMA was removed by UV irradiation
and extraction of the degradation products with acetic acid.'®
We used PS-b-PMMA consisting of PS blocks with a
number-average molecular weight M, = 26 800 g/mol and
PMMA blocks with M, = 12 200 g/mol (Polymer Source
Inc., Canada; the polydispersity indices of the PS blocks and
the PS-b-PMMA were 1.02 and 1.07, respectively) with a
bicontinuous bulk microphase structure,'®*° to fabricate
fibers combining high porosity and mechanical stability. A
SEM?! image of the surface of an AAO hard template with
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Figure 1. Electron microscopy images of native PS-b-PMMA nanofibers
with a mean diameter of 200 nm prior to the removal of the PMMA. (a)
SEM image of the surface of an AAO hard template infiltrated with the
BCP; (b) TEM image of released native PS-b-PMMA nanofibers.

a lattice constant of 500 nm and a mean pore diameter of
~200 nm after the infiltration of the BCP is seen in Figure
la and a transmission electron microscopy (TEM) image of
PS-b-PMMA nanofibers released by etching the AAO
template with aqueous KOH solution in Figure 1b.%* It is
obvious that prior to the selective removal of the PMMA,
the PS-b-PMMA nanofibers are solid and do not show any
indication of a mesopore structure.

After the selective removal of the PMMA, the residual
PS nanofibers had a mesoporous fine structure with a mesh
size of about 15—25 nm. A SEM image of the surface of an
AAO hard template containing mesoporous PS nanofibers
is displayed in Figure 2a. Their bicontinuous morphology is
obvious from a SEM image showing the tips of PS nanofibers
protruding from an AAO hard template whose uppermost
layer was removed by dipping the sample into KOH solution
(Figure 2b). SEM investigations of cross-sectional specimens
prepared by cleaving AAO hard templates containing me-
soporous PS nanofibers revealed that the PMMA could be
removed completely over the entire depth of the AAO
hard templates (Figure 2c and the Supporting Information,
Figure S1).

The presence of selective surfaces influences the mi-
crophase separation in block copolymers®*~>> and can induce
a lamellar phase in the proximity of the surface even if a
BCP has a hexagonal bulk morphology.?® TEM investiga-
tions revealed that the mesoporous PS nanofibers possessed
an outermost, continuous PS layer with an apparent diameter
of ~17 nm, which is indicative of surface-induced ordering.
Besides a single-layer PS shell, the mesoporous nanofiber
seen in Figure 2d with a diameter of ~385 nm exhibits a
bicontinuous core morphology. In mesoporous nanofibers
with smaller diameters, the competition between the bicon-
tinuous core and the layered shell is obvious. In the
mesoporous PS nanofibers shown in Figure 2e with a
diameter of ~235 nm, a second and in some segments even
a third layer parallel to the pore walls of the hard template
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Figure 2. SEM and TEM images of mesoporous PS nanofibers after the
selective removal of the PMMA. (a) SEM image of the surface of an AAO
hard template containing mesoporous PS nanofibers. (b) SEM image of
released tips of mesoporous PS nanofibers after the uppermost layer of the
AAO hard template had been etched. (c) Cross-sectional SEM image of an
AAO hard template cleaved along the pore axes containing mesoporous
PS nanofibers. (d—f) TEM images of released mesoporous PS nanofibers
with diameters of (d) 385, (e) 235, and (f) 250 nm. The morphology type
seen in (d) and (e) was dominant; the perforated layer morphology seen in
(f) occurred occasionally.

is seen. However, the layered structure is increasingly
disturbed toward the fiber cores. Occasionally, the morphol-
ogy type seen in Figure 2f occurred that is reminiscent of
the hexagonally perforated layer structure®®*’—° reported by
Park et al. in thin films consisting of PS-b-PMMA with a
similar block length ratio in the vicinity of smooth sub-
strates.>’ The diameter of the mesoporous PS nanofiber
shown in Figure 2f is ~250 nm.

It appears that the obtained morphologies result from a
delicate competition between the surface-induced formation
of a lamellar structure and the formation of tripod units of
the minority component, which are characteristic of the
bicontinuous bulk morphology of the BCP used, in the center
of the PS-b-PMMA nanofibers. The interplay of these two
incommensurate structural motifs induces to some extent
disorder. However, the sharp size distributions of the
mesopores in BCP-derived nanofibers rather than long-range-
ordered domains are crucial to real-life applications of
mesoporous membranes, such as separation.
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Figure 3. SEM and TEM images of nanofibers obtained from AAO
templates with a mean pore diameter of 60 nm. (a) SEM image of native
PS-b-PMMA nanofibers protruding from a partially etched AAO hard
template; (b) SEM image of PS nanotubes after the selective removal of
the PMMA domains that protrude from a partially etched AAO hard
template; (¢) TEM image of completely released PS nanotubes.

In hard templates with pore diameters on the same order
of magnitude as the period of the infiltrated BCP, the
influence of the pore walls and the geometric confinement
cause the formation of microdomain morphologies funda-
mentally different from their bulk counterparts.®>¢-273¢
Infiltration of PS-b-PMMA into AAO with a mean pore
diameter of 60 nm initially yields solid nanofibers without
any obvious mesoporous structure (Figure 3a). However,
after the removal of the PMMA blocks, PS nanotubes were
obtained, arrays of which protruding from a partially etched
AAO hard template are displayed in Figure 3b. TEM
investigations revealed that the PS nanotubes indeed consist
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of only one PS shell with an apparent thickness of about 18
nm, whereas no features reminiscent of the bulk bicontinuous
morphology were found (Figure 3c). Therefore, the self-
assembly of the PS-b-PMMA is completely governed by
surface-induced ordering.

In conclusion, the selective removal of a sacrificial
constituent from BCP soft templates confined to AAO hard
templates allows easy access to mesoporous polymer nanofi-
bers that should be applicable to any BCP with a selectively
degradable block, such as poly(ethylene oxide) or poly(lac-
tide).*” The hybrid membranes thus obtained are a promising
material platform for applications in the fields of separation
and filtration. As predicted theoretically, an ample body of
microphase structures can be realized by confining BCPs to
nanopores.** Thus, it should be possible to rationally design
the morphology of the mesoporous BCP nanofibers by using
BCP templates having specific molecular weights and
compositions, and by engineering the interactions between
the hard template and the constituents of the BCP. Because
the pore walls of hard templates such as AAO can easily be
modified by means of coupling agents such as silanes, they
can be regarded as model interfaces for systematic studies
of surface-induced ordering in BCPs. To this end, mesopo-
rous nanofibers, which can easily be investigated by SEM
and TEM, are ideal model systems.
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