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We report a novel method for the fabrication of polymeric Janus
nanorods via sequential polymerization from anodic aluminum
oxide (AAO) templates. Dual compositions can be incorporated into
individual nanorods and endow versatile potential applications. This
fabrication strategy paves the way for constructing multifunctional
nanostructures and brings together different materials in a single
entity.

Janus nanoparticles, named after a Roman god who has two
opposite and distinct faces, are asymmetric nanoparticles that
consist of distinct chemical or physical properties.' Indeed, the
dual nature of Janus nanoparticles offers them diverse proper-
ties such as the capability to target complex self-assembled
structures,” unique surface properties devoted as a stabilizer®
or built-in multi-stimulus responsiveness,* which are inconcei-
vable for homogenous particles. Multifunctional Janus nano-
particles show potential applications as solid surfactants,® drug
cargos,’® self-propelled nanomotors,” building blocks towards
specific superstructures,” etc. Thus, plenty of Janus nanoobjects
have been attained, from the simplest spherical structures to
different heterotypes such as dumbbell-form, and disk-shaped
or cylindrical-shaped structures. In fact, nanorods, nanotubes,
and nanowires have high aspect ratios, which offers them
superior applications to build two- or three-dimensional
nanostructures.® For instance, Park et al. have fabricated a
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dumbbell-shaped amphiphilic Janus nanoparticle designed
for the construction of three-dimensional photonic crystals.’
So far, many techniques have been used to fabricate Janus
nanoparticles, such as Pickering emulsion polymerization,
surface-initiated polymerization, fluidic nanoprecipitation
and template methods."”™" In the midst of nanostructure
fabrication methods, the template synthesis method is a cost-
effective method for preparing one-dimensional nanostruc-
tures with high throughput.'> Amongst them, the AAO template
is one of the widely used templates applied for the preparation
of nanoobjects."® Indeed, Choi’s work illustrates the fabrication
of asymmetric nanopillars."* Meanwhile, Hurst et al. reported
that by means of AAO template synthesis, metal-polymer Janus
nanorods were prepared, and attributed to the asymmetric
nature, these nanorods had the ability to self-assemble into
superstructures.® Although substantial research has been per-
formed on the preparation of one-dimensional Janus nano-
particles, the majority of these works are focused on inorganic—
inorganic or polymer-inorganic nanostructures. Interestingly,
little research has been reported about the preparation of
polymeric Janus nanoparticles via AAO templating. As a matter
of fact, polymers are good candidates to replace metals that are
utilized in the fabrication of Janus particles. In particular, due
to the fact that polymeric materials have better processability,
that may facilitate nanostructure fabrication."” In addition,
polymeric materials may possess functional groups, which
enable post-polymerization modification.’®™*® In this regard,
the preparation of polymeric Janus nanorods via AAO templat-
ing is highly intriguing as it involves the integration of diverse
components into a single structure. This integration allows for
distinct functionalizations, leading to unique performance in
various fields."® By sequentially infiltrating a polymer or mono-
mer into the hexagonally well-ordered pores of AAO templates,
designed nanostructures can be obtained. The infiltration can
be accomplished by wetting with either melts or solutions.*®
Additionally, owing to the tunable pore dimensions of AAO
templates, nanostructures differing in length and diameter are
easy to achieve.
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On account of this, a generally applicable strategy for the
fabrication of polymeric Janus nanorods was developed by
sequential polymerization of alternative chemical components
in AAO templates. For instance, amphiphilic polystyrene-block-
poly(N-iso-propylacrylamide) (PS-b-PNIPAm) Janus nanorods
were first fabricated. The ‘block’ here represents the binding
effect of the two components in each nanorod. Since the two
blocks are chemically bonded, Janus nanorods can maintain
their shape after dissolving out from the templates and with
further design, this strategy is also applicable for preparing
triple or multi-component nanorods.

Accordingly, we proposed a simple and efficient route for
fabricating polymeric Janus nanorods bearing a poly(N-iso-
propylacrylamide) (PNIPAm) block and a polystyrene (PS) block.
Styrene monomer is selected owing to its easy accessibility and
highly efficient polymerization behaviour, while PNIPAm versus
PS blocks are distinguishable via transmission electron micro-
scopy (TEM). By using low cost AAO as the template, uniform
nanorods can be prepared with a high throughput. Following
the process illustrated in Scheme 1, the PS nanorods were first
formed via free-radical polymerization. In detail, a stock
solution that consisted of styrene monomer, a crosslinker, a
photo-crosslinker (i.e. 4-acryloylbenzophenone) and a thermal
initiator (i.e. 2,2'-azobis(iso-butyronitrile), AIBN) was dissolved
in anhydrous 1,4-dioxane. Accordingly, by drop casting the
stock solution onto an AAO template, followed by thermally
initiated polymerization, full-sized PS polymer blocks were
formed inside of the AAO template (see ESIt Section C for more
details on the fabrication of Janus PS-b-PNIPAm nanorods).

Subsequently, oxygen plasma treatment was conducted to
eliminate the excess PS nanorods and crucially to generate
sufficient space for the second polymer block. Thereafter,
PNIPAm nanorods were formed in the AAO template on the
top of each PS nanorod by adopting the aforementioned con-
ditions. Ultimately, post-crosslinking was induced under UV
treatment in and between the PS and PNIPAm nanorods; thus,
Janus nanorods were collected after dissolving from AAO. With
the introduction of 4-acryloylbenzophenone, the formed two
blocks are chemically connected into a single Janus nanorod.
Importantly, the two blocks could be replaced by using

Scheme 1 Proposed route for the fabrication of PS-b-PNIPAm Janus
nanorods. (1) In situ polymerization of the first PS block; (I) oxygen plasma
treatment; (Ill) in situ polymerization of the second PNIPAm block and
post-UV-crosslinking; and (IV) dissolution of the AAO template and release
of PS-b-PNIPAm Janus nanorods.
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Fig. 1 SEMimages of (A) PS nanorod-filled AAO template, (B) half-filled PS
nanorods in the AAO template, (C) PS-b-PNIPAm Janus nanorods in the
AAO template, and (D) bundles of crosslinked PS-b-PNIPAmM Janus
nanorods.

different monomers, thus building various functionalized
Janus nanorods.

In order to monitor the transformation of morphologies dur-
ing the fabrication process, SEM images of nanostructure samples
were recorded at each step. From Fig. 1A, it can be seen that
nanorod structures were formed, which filled completely the
nanocavities of the AAO template, thus indicating the successful
fabrication of PS nanorods via in situ free-radical polymerization.
As previously mentioned, further oxygen plasma treatment was
carried out to partially remove the formed PS nanorods. During
oxygen plasma treatment, the generated oxygen plasma is indu-
cing polymer etching and leading to the disappearance of the PS
nanorods. By adjusting the treatment time to 30 min, approxi-
mately 1 pm of PS block was removed as recorded in the SEM
image shown in Fig. 1B.

Afterwards, a second free-radical polymerization was carried
out in the template, resulting in the formation of a PNIPAm
block inside of the membrane nanocavities above the pre-
formed PS block. UV irradiation was then applied; thus, ben-
zophenone units present in both PS and PNIPAm blocks led to
crosslinking between the PS block and PNIPAm block.>" Fig. 1C
illustrates the SEM image of PS-h-PNIPAm Janus nanorods
within the AAO template. A small junction between the PS
block and PNIPAm block could be observed. After dissolving the
AAO templates in 10 wt% aqueous Hz;PO,, the nanorods were
filtered and washed thoroughly with distilled water, and the
image of the collected Janus nanorods is recorded in Fig. 1D. As
revealed, bundles of Janus nanorods were observed and all
samples maintained distinct junctions, which demonstrated the
successful fabrication of PS-b-PNIPAm Janus nanorods. In order
to further depict the composition of the Janus nanorods, TEM
observations as well as energy-dispersive X-ray (EDX) analysis were
carried out and the results are recorded in Table 1.

As illustrated, the top part of the PS-b-PNIPAm Janus
nanorod contained the highest amount of nitrogen atoms

This journal is © The Royal Society of Chemistry 2023
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Table 1 Comparison of elemental components and TEM images of top
and bottom points for the PS-b-PNIPAmM Janus nanorods
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Table 2 Comparison of elemental components and TEM images of top
and bottom points for the PNIPAm-b-PPFPA Janus nanorods

Top Bottom Top Bottom

Element Weight% Atomic% Weight% Atomic%  Element Weight% Atomic% Weight% Atomic%

N 66.7 69.7 27.0 29.7 N 57.0 60.5 11.6 13.5

(6] 32.7 30.0 72.7 70.2 (6] 41.5 38.5 66.7 68.0

P 0.6 0.3 0.3 0.1 F 0.9 0.7 21.2 18.2
Al 0.2 0.1 0.1 0.1
P 0.2 0.1 0.2 0.1

'''''' S 0.3 0.1 0.2 0.1
TEM images 8
.
— TEM images

along the Janus nanorod. This phenomenon is in accordance
with the fact that the top block of the Janus nanorod consisted
of PNIPAm, which contained nitrogen atoms in the polymer
chains. However, a smaller amount of nitrogen can also be
found in the bottom of the nanorods. This could be attributed
to the nitrogen atmosphere in the TEM sample chamber or the
nitrogen resulting from the initiator.

Additionally, it could be distinguished from the TEM images
that the PS block is represented darker than the PNIPAm block,
owing to the differences in the electron density between the PS
and PNIPAm blocks.?* As a consequence, the formation of
Janus nanorods has been successfully demonstrated.

Additionally, the fabrication method is capable of preparing
diverse Janus nanorods using various monomer species. Indeed,
via adopting the same strategy, poly(N-isopropylacrylamide)-b-
poly(pentafluorophenyl acrylate) (PNIPAm-b-PPFPA) nanorods
were then prepared (ESIt Section D). The obtained Janus nanor-
ods were also characterized by SEM to record their morphology
and the results are illustrated in Fig. 2.

Furthermore, in order to prove the strict composition of the
PNIPAm-bH-PPFPA nanorods, compositional TEM and EDX ana-
lyses of PNIPAm-b-PPFPA Janus nanorods were carried out. The
obtained results are illustrated in Table 2. Obviously, the
content of nitrogen in the top block is much less than that in
the bottom block, which is in accordance with the composition
of each block; in other words, the bottom PNIPAm block
contains nitrogen while the top PPFPA block does not. How-
ever, residual small amounts of nitrogen may again be attrib-
uted to the atmosphere of the sample chamber or remains of
the thermal initiator. On the contrary, fluorine was found at
21.2 wt% in the top PPFPA block, while only traces of fluorine

Fig. 2 SEM images of PNIPAmM-b-PPFPA Janus nanorods.
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element content were found in the PNIPAm block, which
confirmed the composition of each block in the Janus PNI-
PAm-b-PPFPA nanorods. In addition, electron density differ-
ences as well as the junction between the two blocks are clearly
distinguished in the TEM images, ultimately proving that the
PNIPAm-b-PPFPA Janus nanorods were obtained.

As mentioned above, Janus nanorods bearing different
chemical composition are easy to fabricate via the AAO tem-
plating strategy. In order to prepare Janus nanorods that not
only differ in chemical composition but also in shape morphol-
ogy, complex Janus nanorods that are composed of a polypyr-
role nanoparticle (PPyNP) block and poly(methyl methacrylate)
(PMMA) block are fabricated (ESIf Section E). The detailed
fabrication process is illustrated in Scheme 2.

In detail, the as-prepared AAO membrane was first immersed
in an aqueous solution that consisted of NaOAc, FeCl; and
pyrrole. Subsequently, the mixture was sonicated for 0.5 h at
room temperature. During sonication, pyrrole was polymerized
under oxidation of FeCl; and the formation of PPyNP was
observed, which in turn spread on the template surface and in
the membrane pores, respectively. Upon rinsing, SEM analysis of
the AAO template was performed, the resulting SEM images using
an inserted optical image are illustrated in Fig. 3. It could be
observed that, after sonication, PPyNPs are formed and distrib-
uted homogenously on the AAO surface as well as inside of the
membrane channels. Subsequently, the PPyNP-filled template was
exposed to oxygen plasma to remove the redundant PPyNPs and
leave space for the second block. A PMMA block was then

Scheme 2 Schematic illustration of preparing PPyNP-b-PMMA Janus
nanorods. (I) In situ polymerization of PPyNP nanoparticles; (Il) oxygen
plasma treatment; (Ill) in situ polymerization of the PMMA block; and (IV)
dissolution of the AAO template and release of PPyNP-b-PMMA Janus
nanorods.
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Fig. 3 Optical image and scanning electron micrographs of PPyNP in the
AAO template.

rods (A) and (B) in the AAO template and (C) and (D) freely dispersed.

synthesized under confinement in the AAO template and dis-
persed Janus nanorods were obtained after dissolving the AAO.

SEM images of polypyrrole nanoparticle-b-poly(methyl metha-
crylate) (PPyNP-b-PMMA) Janus nanorods were recorded, as
shown in Fig. 4. It can be clearly seen from Fig. 4 that the Janus
nanorods are composed of two distinct parts, as expected; the
rough block is a stack of PPyNP nanoparticles, while the smooth
block consists of PMMA.

Moreover, in order to further visualize the compositional
structure of PPyNP-b-PMMA Janus nanorods, TEM was carried
out and is shown in Fig. 5. From the TEM image, two distin-
guishable blocks could be observed in each individual nanorod,
which confirmed the successful fabrication. The formed Janus
nanorods not only differ in chemical composition, but also
reveal different morphologies in each block.

Fig. 5 Transmission electron micrographs of PPyNP-b-PMMA Janus
nanorods.
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To conclude, two types of polymeric Janus nanorods have
been successfully fabricated via AAO templating. The PS-b-
PNIPAm and PNIPAm-b-PPFPA nanorods differed in chemical
composition. Besides, PPyNP->-PMMA nanorods that depict
differences in composition and shape are also achievable.
Additionally, due to the specific optical performance of PPyNP,
this kind of Janus nanorod has the potential to be used as a
self-propelled nanomotor. The results demonstrate that various
kinds of Janus nanorods, which differ in chemical composition
or/and shape, can be produced by employing a simple
template-based strategy. Clearly, benefits of the approach pre-
sented here are not limited to the materials mentioned above,
thereby opening up plenty of new possibilities for fabricating
complex nanostructures with potential applications in surfac-
tants, and as building blocks for self-assembling or construct-
ing optical devices amongst others.
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