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Summary: Polystyrene-block-poly(methyl methacrylate)
nanorods were prepared by wetting ordered porous alumina
templates. We systematically investigated the diameter-
dependence of their morphologies by varying the pore dia-
meters of the templates from 400 nm down to 25 nm. If the
pore diameter exceeds the period of the block copolymer, the
pores accommodate a non-integer number of repeat periods.
In case of smaller pores the occurrence of an ordered state
could not be unambiguously verified.

TEM image of an ultra-thin slice containing a cross-section
of a polystyrene-block-poly(methyl methacrylate) nanorod
embedded in epoxy resin.
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Introduction

Combining the intrinsic ability of block copolymers (BCPs)
to form self-assembled mesoscopic structures''! with the
specific features of one-dimensional (1D) nano-objects is a
promising access to miniaturised building blocks with com-
plex internal morphologies. Thin BCP films'?! and wires™!
have already attracted considerable interest in the field of
nanoscience. The use of porous materials as templates
for the preparation of 1D nanostructures is a versatile and
well-established technique.'*! The domain structure of
polystyrene-block-polybutadiene (PS-b-PBD) BCP nano-
rods prepared by melting the BCPs into disordered porous
alumina membranes has recently been investigated by
Xiang et al.'” It was found that in case of symmetric PS-b-
PBD cylindrical lamellae, and in case of asymmetric PS-b-
PBD cylinders of the minor phase, oriented parallel to the
long axes of the pores, had been formed. The structure
formation is strongly influenced by the wetting behaviour of

the BCP components. When the pore wall is neutral with
respect to both blocks the occurrence of a stacked-disk
morphology with lamellae oriented normal to the pore axis
has been predicted.!®”! The morphology type reported by
Xiang et al.””), with PBD preferentially segregating to the
interfaces, corresponds to the scenario where a non-neutral
wall is present, i.e., one block shows a much stronger affi-
nity to the pore walls than the other one. Even more sophi-
sticated domain structures, such as stack-disk and toroidal
ones have been reported by Shin et al.”®!, indicating that a
broad variety of exotic structures is accessible by adjusting
the degree of geometric confinement, the BCP period and
the BCP/wall interactions.

We report on systematic investigations of the diameter-
dependence of polystyrene-block-poly(methyl methacry-
late) (PS-b-PMMA) nanorods, which were fabricated by
melting the symmetric BCP into highly-ordered porous
alumina.””’ Such moulds, which are characterised by a
narrow pore size distribution and a regular arrangement of
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the pores, have been employed to form 1D nanostructures
from a broad range of materials.""”! Currently accessible
pore diameters, Dy, range from 20 to 400 nm. Thus, D, can
be systematically varied to study whether deviations from
the bulk morphology occur when the dimensions of the
pores are incommensurate with the period of the BCP.
Another objective of this work is to elucidate if the basic
morphology type, which is determined by parameters such
as the affinities of the BCP blocks to the pore walls and their
relative volume fractions, is sustained under these condi-
tions. We selected PS-b-PMMA!"! because this BCP has
attracted a great deal of interest for nanotechnological appli-
cations. An example is the preparation of ordered porous PS
films by selectively removing PMMA using UV light.!'!}
To probe the morphology of the PS-b-PMMA nanorods,
we released them from the templates, selectively stained the
PS-rich domains and investigated ultra-thin sections of
the nanorods embedded in epoxy resin by means of trans-
mission electron microscopy (TEM).

Experimental Part

The details on the preparation of self-ordered porous alumina
are discussed elsewhere.””’ We used PS(M,, = 38 000)-b-
PMMA(M,, =36 800) diBCP with an overall weight average
molecular weight M, of 74800 g-mol ' (polydispersity
index = 1.08), which was obtained from Polymer Source, Inc.
The volume fractions occupied by the PS and PMMA blocks
were both 50 vol.-%. The ordered porous alumina templates
were placed in a furnace at a temperature of 200 °C in an argon
atmosphere. The BCP powder was placed on the surface of the
templates and rubbed into the pores. The samples were then
cooled to 180 °C at a rate of 1.3 K -min ™' and annealed under
vacuum at this temperature for 24 h. After removing the
samples from the furnace, their surfaces were carefully cleaned
with a sharp blade. Then, the aluminium substrates, to which
the porous alumina layers had been attached, were selectively
etched with a solution containing 6.8 g copper(Il) chloride
dihydrate (CuCl, - 2H,0), 200 m1 37% HCl and 200 ml deionis-
ed water. Subsequently, the alumina membranes were rinsed
with water and dissolved in 30 wt.-% aqueous KOH at room
temperature to release the BCP nanostructures. The exposure
time should be kept below 1 h in order to prevent the formation
of insoluble aluminium hydroxides. The suspensions contain-
ing the BCP nanostructures were washed several times with
deionised water and ethanol by centrifuging and subsequent
removal of the supernatant solution. The ethanolic suspension
of the nanorods thus obtained was dropped in one of the
compartments of a two-compartment glass container, and the
solvent was evaporated. Then, we added a few droplets of a
solution of 0.2 g ruthenium chloride hydrate (RuCls - 3H,0,
purchased from Aldrich) in 10 ml 10 wt.-% sodium hypo-
chlorite (NaOCl, purchased from Aldrich)™? into the second
compartment and sealed the container. After a few seconds the
colour of the BCP nanostructures turned to black. The in situ
formed volatile RuOy, which is transported via the gas phase,
exclusively stains PS, whereas PMMA remains unaltered."'?!

The staining solution was removed after an exposure time of
approximately 30 s, and the BCP nanostructures were again
suspended in ethanol. An aliquot was transferred into moulds,
embedded in epoxy resin (Durcupan ACM) and cured at 65 °C
for 48 h. Slices with a thickness of 70 nm or less, as obvious
from their interference colours, were prepared using an ultra-
microtome equipped with a diamond knife. The slices were
transferred onto copper grids with holey carbon films for the
TEM investigations, which were performed with a JEM 1010
operated at an accelerating voltage of 100 kV.

Results and Discussion

We prepared the BCP nanorods by melting symmetric PS-
b-PMMA with a bulk period of 39 nm on the surface of self-
ordered porous alumina with D,-values of 25, 60, 180 and
400 nm, respectively, and a pore depth of 100 pm. Such
templates are characterised by a polycrystalline degree of
order, i.e., the self-ordered domains possess a lateral exten-
sion in the micron range. Employing self-ordered porous
alumina is particularly attractive because the pores have a
well-defined shape with a constant diameter over their
entire depth. The pore size distribution is rather narrow: its
dispersity, which s calculated by dividing the standard devi-
ation by the mean pore diameter, amounts to 8% compared
to at least 20% in case of commercially available porous
alumina. Figure 1a shows, for example, a scanning electron
microscopy (SEM) image of the surface of an ordered
porous alumina template (D, =400 nm).

For the TEM investigations we prepared ultra-thin slices
of specimens containing the released BCP nanorods embedd-
ed in epoxy resin. Because of their random distribution the
long axes of some nanorods were oriented perpendicularly,
and those of some others parallel to the direction of cutting.
Precisely cutting perpendicularly to the long and short axes
of the nanorods is rather difficult. Thus, most of the cross-
sections across the nanorods are rather elliptical than
circular, and those parallel to their long axes often do not
meet the middle of the nanorods. One would not be able to

Figure 1. Scanning electron microscopic (SEM) image (top
view) of self-ordered porous alumina (Dp =400 nm).
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distinguish between PS- and PMMA-rich domains if one
investigated unstained samples. Therefore, we selectively
stained the PS-rich domains with RuQj,. After this treatment
they appear considerably darker than the PMMA domains
because of the mass thickness contrast of the heavy Ru
atoms.!"*! Moreover, the PS-rich regions were apparently
thicker than the PMMA-rich ones. This phenomenon can be
explained by the volume expansion of the PS domains upon
staining and irradiation-induced thinning of the PMMA
domains.!*

Figure 2 represents the thus obtained TEM micrographs.
Figure 2(a—b) show cross-sections perpendicular to the
long axes of nanorods, which were released from ordered
porous alumina with D, =400 nm. In the ellipse repres-
ented in Figure 2a five dark concentric rings occur, whereas
the core is bright (note that the outermost rings were
partially destroyed in the course of the sample preparation).
In Figure 2b four dark concentric rings and a dark core are
discernible. The sections parallel to the long axes of the
nanorods, as the one depicted in Figure 2c, also show dark

a)

stripes aligned to the long axes. The actual values of the
numbers of lamellae and the fibre diameter are larger than
the apparent ones because the cross-section shown does not
meet the middle of the fibre. However, in agreement with
previous theoretical work!®”! these results indicate the
presence of lamellae in the form of hollow cylinders parallel
to the long axes of the nanorods. As D, of the templates used
as moulds is decreased to 180 nm, the number of rings also
decreases. Either two concentric black rings (Figure 2d) or a
solid black core surrounded by two concentric black rings
(Figure 2e) occur in the cross-sections perpendicular to the
long axes. Correspondingly, the cross-sections parallel to
the long axes show four (Figure 2f) or five (Figure 2g) dark
stripes, which are aligned with the long axes.

To study the microphase separation for D,-values close to
or even less than the bulk period of 39 nm, we used tem-
plates with D, = 60 nm and D,, = 25 nm (Figure 3). Figure 3a
displays cross-sections perpendicular, and Figure 3b par-
allel to the long axes of nanorods liberated from porous
alumina with D, = 60 nm. The nanorods in Figure 3a only

Figure 2. Transmission electron microscopic (TEM) images of ultra-thin slices containing
cross-sections of polystyrene-block-poly(methyl methacrylate) (PS-b-PMMA) nanorods
embedded in epoxy resin after selectively staining the PS-rich domains with RuOy; a, b:
cross-sections perpendicular to the long axes of nanorods released from templates with
D, =400 nm; c: cross-section parallel to the long axis of a nanorod released from a template
with D, =400 nm; d, e: cross-sections perpendicular to the long axes of nanorods released from
templates with D, = 180 nm; f, g: cross-sections parallel to the long axes of nanorods released

from templates with D, = 180 nm.
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100 nm

Figure 2. (Continued)

comprise one black ring, and correspondingly two black
stripes per fibre appear in Figure 3b. Figure 3c represents
cross-sections across, and Figure 3d along nanorods pre-
pared using templates with D, =25 nm. Only one solid
black circle or stripe, respectively, occurs per nanorod.
Previous theoretical investigations revealed that a liquid/
liquid decomposition of a binary system confined to a cylin-
drical pore is strongly affected by the interactions between
the critical components and the non-critical pore walls.!'!
If both components have equal affinities to them, a phase
separation should lead to a non-wetting morphology where
both phases are in contact with the neutral pore walls. If
one component exhibits a significantly stronger affinity, the
phase in which this component is enriched will exclusively
wet the pore walls, which thus have a non-neutral character.
For both PMMA/PS homopolymer blends and PS-b-
PMMA, a preferential segregation of the PMMA to inorga-
nic oxide surfaces, such as alumina, has been generally
observed.l'® Therefore, we assume that the PMMA forms
the outermost layer of the PS-b-PMMA nanorods, which is
in exclusive contact with the pore walls. However, in the
TEM micrographs this PMMA lamella surrounding the PS
layer on the apparent outside of the released BCP nano-

structures, cannot be distinguished from the surrounding
epoxy resin.

According to the predictions by He et al.'! and Fraaije
et al.””!, one would expect the formation of lamellae in the
form of concentric cylinders aligned with the long axes of
the pores, which are alternately composed of PMMA and
PS. The experimental results shown in Figure 2 and 3 are
summarised in Figure 4, which sketches schematic cross-
sections of the nanorods perpendicular to their long axes. In
case of the nanorods having D,-values of 400, 180 and
60 nm, which are larger than the repeat period of the BCP,
the presence of stained and unstained areas clearly evi-
dences the formation of ordered states. Their morphology is
characterised by cylindrical features parallel to their long
axes. The lamellae form hollow cylinders, whose number
decreases as D, decreases. At first glance one would assume
that the bulk period of 39 nm is commensurate with a D,-
value of 400 nm, that is, exactly 10 periods would fit into the
cross-section of the pore. However, each period comprises
one PMMA and one PS lamella. Because the outermost
PMMA layer encloses the entire circumference of the
nanorods, the number of PMMA layers along their dia-
meters must be larger by one than the number of PS layers.
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Figure 3.
nanorods with diameters close or below their bulk period, embedded in epoxy resin after
selectively staining the PS-rich domains with RuQOy; a: cross-sections perpendicular to the long
axes of nanorods released from templates with D, = 60 nm; b: cross-sections parallel to the long
axes of nanorods released from templates with D, = 60 nm; c: cross-sections perpendicular to
the long axes of nanorods released from templates with D, = 25 nm; d: cross-sections parallel to
the long axes of nanorods released from templates with Dy =25 nm.

Therefore, the pores cannot accommodate an integer num-
ber of periods, but only an odd number of ‘half periods’. If
the PMMA forms the core of the nanorods, i.e., the inner-
most layer, the number of the PMMA lamellae is odd and
the one of the PS lamellae even. Vice versa, the number
of the PMMA layers is even and the one of the PS layers odd
if the PS forms the core.

If one considers the overall number of lamellae within
one pore, one should take into account that even in case of
ordered porous alumina deviations from the mean D,,-value
occur. Moreover, staining and mechanical deformation dur-
ing the preparation of the ultra-thin slices may give rise to

TEM images of ultra-thin slices containing cross-sections of PS-b-PMMA

changes of the apparent layer thickness. These problems
complicate the quantitative evaluation of the domain
structures. In the case of 400 nm nanorods we found either
10.5 or 9.5, in the case of 180 nm nanorods either 5.5 or 4.5
and for 60 nm nanorods 2.5 periods along their diameter.
The 60 nm nanorods consist of a three-layer structure in
which an outermost PMMA cylinder surrounds a PS cylin-
der, which in turn surrounds a PMMA core. In the case of
nanorods with a D,-value of 25 nm considerable deviations
from the bulk behaviour must occur. Their morphology may
be characterised either by ‘ordered’ cylindrical lamellae
oriented parallel to the long axes of the pores, where PMMA

Macromol. Rapid Commun. 2005, 26, 369-375

www.mrc-journal.de

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



374

Macromolecular
Rapid Communications

Y. Sun, M. Steinhart, D. Zschech, R. Adhikari, G. H. Michler, U. Gosele

Dp= 60 nm

Figure 4. Schematic representation of the morphologies of PS-
b-PMMA nanorods prepared within ordered porous alumina with
different Dp-values. The figure sections sketch cross-sections
perpendicular to the long axes of the nanorods and template pores,
respectively. The black areas denote the PS-rich and the white ones
the PMMA-rich phases. The grey areas represent the alumina pore
walls.

forms the shell and PS the core, or a disordered state similar
to the scenario discussed by He et al.'% In the latter case, the
BCP/pore wall interactions should nevertheless result in a
preferential segregation of the PMMA to the pore walls, and
next to the PMMA wetting layer there would be a PMMA
depletion layer, where in turn PS was enriched. Both scena-
rios are schematically represented in Figure 4. A careful
examination of Figure 3c reveals that the staining is some-
what heavier on the outside of the nanorods. This might be a
signature of a PS-rich PMMA depletion layer, indicating
the enrichment of PMMA on the pore walls. The results are,
however, ambiguous. Yet, neither interpretation can be
ruled out on the basis of our experimental data. Particularly
the influence of the curvature of the pore walls on the
morphology of the nanorods has to be addressed in future
studies.

Conclusion

We have investigated the diameter-dependence of the mor-
phology of symmetric PS-b-PMMA confined to the pores of
highly ordered porous alumina templates. For this purpose,
the diameters of the template pores were systematically
varied from 25 to 400 nm. The thus produced nanorods
consist of cylindrical lamellae oriented parallel to the long
axes of the pores when their diameter exceeds the BCP
period. The overall number of lamellae decreases as D,
decreases. Because PMMA should segregate to the pore
walls, forming the outermost lamella enclosing the entire
circumference of the nanorods, the pores cannot accom-
modate an integer number of repeat periods. An odd number
of half periods alternately containing either one PS or
PMMA layer occur along the pore diameter. If the pore
diameter is smaller than the repeat period, a PS-containing
core occurs, and one arrives at a core/shell-type morphol-

ogy. It is, however, difficult to judge whether or not this
structure corresponds to an ordered state. BCPs may form
1D nano-objects with complex self-ordered fine structures
even if the guiding geometry is not commensurate with the
BCP bulk period. Tailoring the volume fraction ratio of
the blocks and the molecular architecture should allow for
the design of sophisticated mesoscopic architectures as
already demonstrated by Shin et al.'®! One phase could be
selectively loaded with nanoparticles or inorganic func-
tional materials, so that, for instance, nano-capacitors or
nano-cables can be fabricated. Porous BCP nanorods could
be obtained by selectively removing one component, such
as PMMA from PS-b-PMMA. Currently, however, only the
very first steps toward the exploration of this promising
class of hierarchical nanomaterials have been taken.
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