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We develop a novel route based on the solution wetting method using
anodic aluminum oxide (AAO) templates to fabricate hierarchical
hybrid nanostructures assembled from polystyrene-encapsulated
gold nanoparticles (Au@PS NPs). Hybrid nanostructures including
nanotubes and nanospheres can be reliably prepared, in which the
spatial arrangement of the Au@PS NPs is determined by the pore
diameters of the templates and the molecular weights of the thiol-
ended polystyrene (PS-SH) ligands. In particular, the Rayleigh-
instability-driven transformation plays a key role in the formation of
the hybrid nanospheres.

In recent years, there has been growing interest in assembling
functional nanoparticles (NPs) into hierarchical hybrid nano-
materials, which usually possess unusual properties and can be
applied to a wide range of applications, such as sensing, drug
delivery, photocatalysis, and organic solar cells." Several
methods have been developed to encapsulate functional nano-
particles into inorganic materials or polymers.*” Moreover,
hierarchical hybrid nanomaterials can be used as building
blocks for molecular assembly through molecular recognition,
templates, chemical binding, or external forces.**® Although
considerable progress has been achieved to fabricate hybrid
nanomaterials containing functional NPs, it is still a great
challenge to precisely control not only the morphologies of the
nanomaterials but also the spatial arrangement of the func-
tional NPs.

In this work, we develop a novel solution template wetting
method to fabricate hierarchical hybrid nanostructures con-
taining polymer-encapsulated gold NPs (AuNPs). Previously, the
preparation of AuNP clusters has been reported using different
methods."*> Here, polystyrene-encapsulated AuNPs (Au@PS
NPs) are first prepared by directly conjugating the thiol-ended
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polystyrene (PS-SH) to the surfaces of AuNPs via strong thiol-
gold bonding and used as building blocks for the directed-
assembly process. The solutions containing the Au@PS NPs
are infiltrated into the nanopores of anodic aluminum oxide
(AAO) templates, and hybrid nanotubes can be formed after
the evaporation of the solvents. Moreover, hierarchical hybrid
nanospheres can be prepared by a Rayleigh-instability-driven
transformation using a nonsolvent infiltrating process. The
morphologies of the hybrid nanostructures are characterized
by electron microscopy, and the optical properties related
to the localized surface plasmon resonance (LSPR) are also
investigated.

The strategy used in this work for preparing hybrid nano-
structures is an advanced version of the conventional template
wetting method, a powerful approach for making one-
dimensional nanomaterials.’®»'* Compared to other templates,
the AAO membrane is one of the most widely used templates
because of the well-ordered nanopores with tunable pore
diameters, pore-to-pore distances, and pore lengths."*® Using
the AAO templates, nanostructures with unique morphologies
and properties, which are imposed by the cylindrical confine-
ment of the nanopores and are not commonly observed in the
bulk state, have been fabricated."”'®* For making polymer
nanostructures using templates, there are generally four major
wetting-based methods to introduce polymers into the nano-
pores, including the melt wetting method, the solution wetting
method, the solvent vapor annealing wetting method, and the
microwave annealing wetting method.”** Polymer nano-
materials can be fabricated and released after the polymers are
solidified in the nanopores and the AAO templates are selec-
tively removed. Among these methods, the solution wetting
method is considered as the most versatile method because it
provides more experimental parameters for controlling the
morphologies and properties of polymer nanomaterials, such
as the concentration of solution, the type of solvent, the
immersing time, the interfacial tension, and the drying condi-
tion.?***?* For example, polymer nanostructures with distinct
morphologies such as peapod-like or candied-gourd-like
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nanostructures can be prepared by controlling the solvent and
the immersing times using the solution wetting method.>"**

There are four main advantages of using the solution
template wetting method to prepare hierarchical hybrid Au@PS
nanostructures. First, the sizes of the hybrid Au@PS nano-
structures can be tuned by adjusting the pore diameters of the
AAO templates. Second, the optical properties of the hybrid
nanostructures can be controlled by changing the interparticle
distances using PS-SH ligands with different molecular weights.
Third, the number of AuNPs contained in a hybrid Au@PS
nanostructures can be controlled by using AAO templates with
different pore diameters and using ligands with different
molecular weights. Fourth, it may be possible to cover a hybrid
nanostructures with other polymers for the fabrication of
hybrid core-shell nanostructures. This work not only provides
a novel concept to prepare hierarchical hybrid nanostructures
combining functional NPs and polymers with controlled
morphologies, but also gives a deeper understanding on the
relations between the morphologies and optical properties of
nanomaterials.

Fig. 1 shows the graphical illustration for the assembly of
polymer-encapsulated AuNPs and the experimental processes to
prepare the hierarchical hybrid nanostructures by the assembly
of polymer-encapsulated AuNPs. AuNPs are selected in this
work because of their fundamental and applied aspects relevant
to the quantum size effect.> For example, the surface plasmon
resonance of AuNPs is strongly dependent on the shape of the
nanoparticles, the particle size, the interparticle distance, and
the nature of the protecting organic shell. Another practical
reason for selecting Au is the electron density difference
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Fig. 1 (a) Graphical illustration for the assembly of polymer-encap-
sulated AuNPs. (b) Graphical illustration of the experimental processes
to prepare hierarchical hybrid nanostructures by the assembly of
polymer-encapsulated AuNPs.
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between AuNPs and polymers, enabling easier observation of
the hybrid nanostructures using TEM measurement. Moreover,
the optical properties related to the LSPR of AuNPs can be
observed by UV-vis measurement. Au@PS NPs are used as
building blocks to form hierarchical hybrid Au@PS nanotubes
and nanospheres (Fig. 1a). AuNPs of a uniform size with citrate
ligands are prepared by a citrate reduction method.**** After the
ligand-exchange process, the ligands on the surfaces of AuNPs
are exchanged by PS-SH to form Au@PS NPs.***

For preparing hybrid nanotubes, the nanopores of AAO
templates are wetted by Au@PS NP solutions via the solution
wetting method. Because of the high surface energy of AAO
templates, the Au@PS NP solutions can easily wet the nano-
pores through the capillary force. After the solvents are evapo-
rated completely, the Au@PS NPs are deposited on the AAO
walls. By removing the AAO templates selectively using 5 wt%
NaOH(aq), hybrid nanotubes can be obtained, as illustrated in
the upper part of Fig. 1b.

For making hierarchical hybrid Au@PS nanospheres,
a unique nonsolvent-induced morphology transformation is
applied. After the nanopores of AAO templates are wetted by
Au@PS NP solutions, water (acting as a nonsolvent) is intro-
duced into the nanopores. Because of the stronger interaction
between water and the surfaces of AAO nanopores than that
between Au@PS NP solutions and the surfaces of AAO nano-
pores, the Au@PS NP solutions are isolated in the center of the
AAO nanopores. The isolated solution cylinders then transform
into spherical solution domains, induced by the Rayleigh-
instability-driven transformation process, which reduce the
surface energies between the solution and water.>*” After the
solvents are dried and the AAO templates are removed selec-
tively by NaOH(aq), hierarchical hybrid nanospheres containing
Au@PS NPs can be obtained, as illustrated in the lower part of
Fig. 1b. The morphologies of the hybrid nanostructures are
characterized by scanning electron microscopy (SEM) and
transmission electron microscopy (TEM). Their optical proper-
ties are examined by ultraviolet-visible (UV-vis) spectroscopy,
which can be used to investigate the effect of LSPR of the
nanostructures.

For typical experiments, AuNPs protected by sodium citrates
and monodispersed in water are first prepared using a citrate
reduction process, as reported previously.*>** The TEM images
of the citrate-capped AuNPs (Au@citrate) are shown in Fig. S1,T
where the average size is ~11.4 nm. The citrates on the surfaces
of the AuNPs are then replaced by PS-SH via a ligand exchange
process to fabricate Au@PS NPs (details of the experimental
process are described in the ESIt).*>*

Fig. S21 shows the TEM images of Au@PS NPs monolayers
prepared by casting Au@PS NP solutions in toluene on copper
grids, followed by a solvent evaporation process.*® For PS-SH
with different molecular weights, the thicknesses of the PS
shells can be tuned. Here, we use PS-SH with molecular weights
of 5.8 and 53 kg mol ' to prepare the NPs (Au@PSs g1 and
Au@PSs3i). The synthesized Au@PS NPs are expected to
compose of AuNP cores and PS shells. Therefore, the sizes of the
Au@PS NPs and the thicknesses of the PS shells can be esti-
mated by measuring the average core-to-core distance of Au@PS

This journal is © The Royal Society of Chemistry 2016


http://dx.doi.org/10.1039/c6ra10430d

Published on 01 June 2016. Downloaded by test 3 on 11/06/2016 09:29:55.

Communication

NPs monolayer from TEM images. Fig. S2a and b{ show the
monolayers of Au@PSs g NPs, where the average core-to-core
distances between AuNPs is ~20.8 nm, indicating that the
average thickness of the PS shells of the Au@PS; g NPs is ~4.7
nm. For the monolayers of AuNP with higher molecular weight
PS-SH ligands (Au@PSs;3i NPs), as shown in Fig. S2¢ and d,} the
average core-to-core distance between AuNPs is increased to
~38.5 nm, indicating that the average thickness of the PS shells
of the Au@PS53 NPs is ~13.5 nm.

The optical properties of Au@citrate NP and Au@PS NP
solutions are examined by UV-vis spectroscopy, as shown in
Fig. S3.1 The absorption peaks of the Au@citrate NP solution,
Au@PSs g NP solution, and Au@PSsz NP solution are 518, 531,
and 529 nm, respectively. A significant red-shift of the absorp-
tion peak is observed for the PS-capped samples comparing to
the citrate-capped samples. Briefly, AuNPs conjugated by PS-SH
with different molecular weights not only have tunable inter-
particle distances in a solid state, but also have different optical
properties in a solution state.

After characterizing the morphologies and optical properties
of Au@PS NPs, we then apply the solution template wetting
method to fabricate different hybrid nanostructures containing
Au@PS NPs. AAO templates with two different average pore
diameters (~60 and ~230 nm) are used in this work, as shown
in Fig. S4.1 By dipping the AAO templates into the Au@PS NP
solutions followed by a solvent evaporation process, hybrid
nanotubes containing Au@PS NPs can be successfully prepared.
The infiltrating process of the Au@PS NP solution into the AAO
nanopores is driven by the capillary force.>® Because the AAO
nanopores possess much higher surface energy than the Au@PS
NP solutions do, the solutions spontaneously cover the surfaces
of the AAO nanopores to lower the total surface energy; more-
over, the small diameter of the AAO nanopores cause the
Au@PS NP solutions to wet the nanopores within a few seconds.
In the fabrication process, the residual solutions on the surfaces
of the AAO templates are removed by a wiping step to avoid the
formation of thick films outside the nanopores. This wiping
process is critical because the formation of residual films can
lead to misinterpretation on the morphologies and properties
of the nanostructures.

The sizes of the hybrid nanotubes are controlled by the pore
diameters of the AAO templates, as demonstrated in Fig. 2. When
the pore diameters of the AAO templates decrease from 230 to 60
nm, the diameters of the hybrid nanotubes decrease corre-
spondingly. For the nanotubes obtained by using AAO templates
with the same pore diameters, the arrangements of the Au@PS
NPs are affected by the AuNPs with different molecular weight
PS-SH ligands (Au@PS; g NPs and Au@PSs;jc NPs).

Then we apply the nonsolvent infiltrating process to further
adjust the morphologies of the hybrid nanostructures from
nanotubes to nanospheres.* In this process, the choice of the
solvent and nonsolvent is critical and has several requirements.
First, the solvent which dissolves the Au@PS NP should have
a high boiling point and a slow evaporation rate to prevent fast
solidification of the Au@PS NP solutions before the nonsolvent
infiltrates the nanopores of the AAO templates. Second, the
solvent and the nonsolvent should be miscible, so the nonsolvent
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Fig. 2 SEM (a, ¢, e, and g) and TEM (b, d, f, and h) images of hybrid
polymer nanotubes containing Au@PS NPs by adjusting the molecular
weight of PS-SH and the pore diameter of AAO templates. (a and b)
Hybrid polymer nanotubes containing Au@PSs gk NPs with the pore
diameter of 230 nm; (c and d) hybrid polymer nanotubes containing
Au@PSs3 NPs with the pore diameter of 230 nm; (e and f) hybrid
polymer nanotubes containing Au@PSs gx NPs with the pore diameter
of 60 nm; (g and h) hybrid polymer nanotubes containing Au@PSsz
NPs with the pore diameter of 60 nm.

can infiltrate the nanopores filled with Au@PS NP solutions.
Third, the nonsolvent should have stronger interactions to the
anodic aluminum oxide walls than the solvent does; therefore,
the Au@PS NP solutions can be isolated in the center of the
nanopores and undergo the subsequent Rayleigh-instability-
driven transformation process to form the hierarchical hybrid
nanospheres.

For fulfilling the above requirements, in this work, we
choose N-methyl-2-pyrrolidone (NMP) and water as solvent (to
dissolve Au@PS NPs) and nonsolvent (does not dissolve Au@PS
NPs), respectively. After the Au@PS NP solutions infiltrate the
nanopores of the AAO templates, the nonsolvent (water) is
introduced into the nanopores before the Au@PS NP solutions
are solidified. The stronger interactions between water and
aluminum oxide walls than those between the Au@PS NP
solutions and aluminum oxide walls cause the Au@PS NP
solutions to be isolated in the center of the nanopores. The
isolated cylindrical solution domains then transform to spher-
ical solution domains via the Rayleigh-instability-driven trans-
formation process. After the solvents evaporate, hierarchical
hybrid Au@PS nanospheres can be prepared, as shown in Fig. 3.
The diameters of the hierarchical hybrid nanospheres are
mainly controlled by the pore sizes of the AAO templates while
the distances between the AuNPs within a nanosphere is
determined by the molecular weight of the PS-SH ligands that
conjugated on the surfaces of AuNPs.

For calculating the number of AuNPs per hierarchical hybrid
Au@PS nanosphere, we first assume that the average core-to-
core distances between AuNPs in hierarchical hybrid Au@PS
nanospheres are similar to those in Au@PS NP monolayers. In
addition, the shapes of the Au@PS NP and the hierarchical
hybrid Au@PS nanospheres are assumed to be spherical. The
graphical illustrations of a Au@PS NP monolayer and a hierar-
chical hybrid Au@PS nanosphere are shown in Fig. S5.f The
number of AuNPs per hierarchical hybrid Au@PS nanosphere

RSC Adv., 2016, 6, 54539-54543 | 54541
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Fig.3 SEM(a, c,e,and g)and TEM (b, d, f, and h) images of hierarchical
hybrid Au@PS nanospheres by adjusting the molecular weight of PS-
SH and the pore diameter of AAO templates. (a and b) Hierarchical
hybrid nanospheres containing Au@PSs g NPs with the pore diameter
of 230 nm; (c and d) hierarchical hybrid nanospheres containing
Au@PSsz, NPs with the pore diameter of 230 nm; (e and f) hierarchical
hybrid nanospheres containing Au@PSs gx NPs with the pore diameter
of 60 nm; (g and h) hierarchical hybrid nanospheres containing
Au@PSsz NPs with the pore diameter of 60 nm.

can therefore be estimated by measuring both the average sizes
of the Au@PS NP and the hierarchical hybrid Au@PS nano-
spheres. The average sizes of the Au@PS; g NP, for example,
can be obtained from the TEM images of Au@PSsgx NP
monolayers (Fig. S2a and b¥). The average core-to-core distance
of the nanoparticle is equal to the average diameter of the
Au@PSs g NP (~20.8 nm); therefore, the average size of the
AU@PS; g NP is ~37 675 nm”. Similarly, the average sizes of the
Au@PSs3c NP can be obtained from the TEM images of
Au@PSs;3 NP monolayers (Fig. S2¢ and dt). The average core-to-
core distance of the nanoparticle is equal to the average diam-
eter of the Au@PSs3;. NP (~38.5 nm); therefore, the average size
of the Au@PSs3x NP is ~238 919 nm°.

For the average sizes of the hierarchical hybrid Au@PS
nanospheres, they can be obtained by measuring the sizes of the
nanospheres in the SEM images (Fig. 3a, ¢, e and g). Take
hierarchical hybrid Au@PSs;3, nanospheres prepared by using
AAO templates with 60 nm pores for example, the average
diameter is ~49.7 nm, corresponding to an average size of
~513 970 nm®. By dividing the average size of hierarchical
hybrid Au@PSsz, nanospheres (~513 970 nm?®) to the average
size of Au@PSs3 NP (~238 919 nm3), the average number of
AuNPs inside a hierarchical hybrid Au@PSs3 nanospheres can
be estimated to be ~2.2, which is in agreement with the TEM
result (Fig. 3h). For hierarchical hybrid Au@PS nanospheres
prepared by using AAO templates with different pore sizes (~60
nm and ~230 nm), the average numbers of AuNPs inside hier-
archical hybrid Au@PS nanospheres can be estimated using
similar procedures. The estimated numbers of the AuNPs in
other cases of hierarchical hybrid Au@PS nanospheres also
agree with the TEM results (Fig. 3b, d and f). The summarized
results of the average numbers of AuNPs and sizes of hierar-
chical hybrid Au@PS nanospheres are shown in Table S1.f

Previously, Zhu and coworkers reported the assembly of
Au@PS NPs under cylindrical confinement by immersing an
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AAO membrane in a solution of Au@PS NPs in chloroform,
followed by evaporation of chloroform and solvent annealing
under saturated chloroform atmosphere.*® Interesting assem-
blies such as linear chain, zigzag, two-NP layer, three-NP layer,
and hexagonally packed NP structures were observed; only
cylinder-shape nanostructures were obtained. In contrast, here
we use the solution wetting method and remove the residual
Au@PS NP solution on the AAO template; the nanotubes con-
taining Au@PS NPs can be obtained after the solvent evapora-
tion process. Moreover, the solution wetting method is
extended to the nonsolvent-induced morphology trans-
formation to form nanospheres.

In addition to discuss the morphologies of the nano-
structures and the arrangement of the Au@PS NPs, we further
characterize the optical properties of these nanostructures. The
UV-vis spectra of the Au@PS NP solutions in NMP and the
hybrid nanostructures prepared by different conditions are
shown in Fig. 4. For the samples with lower molecular weight
ligands (Au@PSs g1), the absorption peaks of the nanostructure
samples (Au@PS; gi-tube and Au@PSs gi-sphere, Apmax = 543
nm) are more red-shifted than that of the solution sample
(Au@PSs gi-solution, Apmax = 531 nm), as shown in Fig. 4a. It has
to be noted that the absorption peaks of the nanotube and the
nanosphere samples are close because of the similar interpar-
ticle distances in both samples. Similar results are observed
when the samples with higher molecular weight ligands
(Au@PSs3y) are used.

For the samples with higher molecular weight ligands
(Au@PSs g1), the absorption peaks of the nanostructure samples
(Au@PSs3i-tube and Au@PSs;i-sphere, Apnax = 537 nm) are more
red-shifted than that of the solution sample (Au@PSsz-solu-
tion, Amax = 529 nm), as shown in Fig. 4b. To see a clearer effect
of the molecular weight of the ligands, the nanostructures
samples with ligands of different molecular weights are plotted
in Fig. 4c and d. For both the hybrid nanotube and hierarchical
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Fig. 4 UV-vis spectra of Au@PS NP solutions in NMP and nano-
structures prepared by different conditions: (a) solutions and nano-
structures containing Au@PSs g NPs, (b) solutions and nanostructures
containing Au@PSsz, NPs, (c) hybrid polymer nanotubes containing
Au@PSs g NPs and hybrid polymer nanotubes containing Au@PSszy
NPs, and (d) hierarchical hybrid nanospheres containing Au@PSs gk
NPs and hierarchical hybrid nanospheres containing Au@PSsz, NPs.
The nanostructures containing Au@PS NPs are prepared using AAO
templates with pore diameters of ~230 nm.
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hybrid nanosphere samples, the absorption peaks, which
characterized the frequency of LSPR, for the nanostructures
with ligands of higher molecular weights are slightly blue-
shifted than those for the nanostructures with ligands of
lower molecular weights, which are due to the larger interpar-
ticle distances for the higher molecular weight samples. As the
interparticle distances increase, the interactions of the inter-
particle dipole plasmon coupling become less effective, result-
ing in adsorption peaks at shorter wavelengths.* The effect of
molecular weights can also be seen in the UV-vis data of Au@PS
NP monolayers, as shown in Fig. S6t (Amax Of Au@PSs g
monolayer = 543 nm, Apax Of AU@PSs3, monolayer = 537 nm).

Conclusions

In conclusion, we present a novel and facile method to fabricate
hybrid Au@PS nanostructures with stable and controllable
morphologies and optical properties. In the formation process,
the Au@PS NPs acting as building blocks can be assembled into
hybrid Au@PS nanotubes and hierarchical hybrid Au@PS
nanospheres. Especially, the formation of the hierarchical
hybrid Au@PS nanospheres is caused by both the nonsolvent-
induced Rayleigh-instability-driven transformation and the
confinement effect of the nanopores of the AAO templates. This
strategy not only provides a feasible route to prepare hybrid
polymer-Au nanostructures, but also allow us to access new
ways of tailoring plasmonic coupling and magnetic dipolar
coupling properties in three-dimensional nanoparticle assem-
blies. For the prepared hybrid nanostructures, we expect that
they may have potential applications in areas such as sensing,
drug delivery, and organic solar cells.***
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