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ABSTRACT: Although one-dimensional polymer nanomaterials can be
prepared by approaches such as the template method, the control over the
morphologies of one-dimensional polymer nanomaterials containing multiple
components is still a great challenge. In this work, we investigate the
formation of polymer nanopeapods using a novel double-solution wetting
method in the nanopores of anodic aluminum oxide (AAO) templates. A
polystyrene (PS) solution in dimethylformamide (DMF) is first introduced
into the nanopores of the AAO templates. Then a second polymer solution
of poly(methyl methacrylate) (PMMA) in acetic acid is infiltrated into the
nanopores. Because of the stronger interaction between acetic acid and
aluminum oxide than that between DMF and aluminum oxide, the PMMA
solution preferentially wets the pore walls of the templates and the PS
solution is isolated in the center of the nanopores. After the evaporation of
the solvent, peapod-like PS/PMMA nanostructures are obtained, where the
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shell and the core are composed of PMMA and PS, respectively. The compositions of the polymer nanopeapods are confirmed
by removing PS or PMMA selectively. The formation mechanism of the nanostructures is related to the Rayleigh-instability-type
transformation and further studied by changing experimental parameters such as the polymer concentration or the polymer
molecular weight. This work not only provides a simple approach to prepare multicomponent polymer nanomaterials with
controlled morphologies and sizes, but also contributes to a deeper understanding of polymer—solvent interactions in confined

geometries.

B INTRODUCTION

One-dimensional polymer nanomaterials have received much
attention because of their unique properties and applications in
areas such as sensors, filtration, tissue engineering, and
photovoltaics.' ™ One of the most common methods to
prepare one-dimensional polymer nanomaterials is the template
method.’~” Various one-dimensional polymer nanomaterials
have been prepared using the template method, in which
porous templates are used as scaffolds.® Polymer melts or
solutions are first introduced into the nanopores of the
templates. After the polymers are solidified in the nanopores,
the templates can be removed selectively and the polymer
nanomaterials are released. Because of the physical confinement
of the nanopores, unusual morphologies of homopolymers or
block copolymers, which are not accessible in the bulk, can be
observed.”'?

Various materials have been explored as templates for the
fabrication of one-dimensional nanomaterials, but anodic
aluminum oxide (AAO) and ion-track-etched membranes are
the most commonly used templates.">'* For ion-track
membranes, which are usually made by polyester or
polycarbonate films, the nanochannels are usually randomly
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distributed and the porosities are low.'> AAO templates are
prepared by electrochemical oxidation from aluminum. The
main advantage of utilizing the AAO templates is their well-
controlled pore sizes. Masuda et al. have pioneered a two-step
anodization process to prepare well-ordered AAO templates
with hexagonally packed nanopores of high pore densities."®
The pore size, pore-to-pore distance, and pore length can be
controlled by the anodization conditions.'” Additionally, AAO
templates can be dissolved easily after the fabrication of the
nanomaterials using a selective etching solution such as a weak
acid or a weak base.

Several wetting-based template methods have been devel-
oped for the fabrication of polymer nanomaterials, such as the
melt method, the solvent-annealing method, and the solution
method.”"®" For the melt method, the polymer samples need
to be heated above the glass transition temperatures (T,) or the
melting temperatures (T,,). Russell et al. investigated the
wetting behavior of polystyrene (PS) melts in the nanopores of
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AAO templates.”® A transition from partial to complete wetting
was observed, which is related to the spreading coefficient (S).
The transition regions can be controlled by changing the
polymer molecular weight or the annealing temperature.”
Although the melt method is useful in making template-based
polymer nanomaterials, it has the problem of thermal
degradation, especially for samples which are heated above
the melting temperatures of the polymers. Recently, solvent
annealing—induced template wetting methods have also been
developed.*' ™>* Polymer chains wet the nanopores in the
presence of solvent vapors. Depending on the type of solvent,
polymer nanotubes or nanorods can be prepared due to the
different wetting conditions (complete wetting or partial
wetting).23

Other than the above two methods, the most versatile
template-based wetting method is the solution wetting
method.'® The morphologies of the polymer nanostructures
can be controlled by the polymer concentration, the solvent, or
the molecular weight of the polymers.**”>* Normally, polymer
nanotubes are obtained using the solution wetting method. The
wall thicknesses of the polymer nanotubes increase with the
polymer concentrations. Wendorft et al. studied the effect of
molecular weight on the formation of polystyrene nanostruc-
tures by wetting porous AAO templates with polystyrene
solution.” They concluded that the formation of PS nanotubes,
nanorods, or void structures are determined by the polymer
molecular weight. Jin et al. also investigated the effect of
interfacial interactions on the formation of PS nanostructures
using different solvents.”* They observed that the nanorod
morphology can be obtained using solvents with preferential
affinities to the pore wall of the AAO templates. Recently, we
also studied the effect of adding nonsolvent (water) in the
solution wetting method.>**™** The stronger interaction
between water and the alumina surface causes the polymer
solution to be isolated in the center of the nanopores.
Therefore, polymer nanospheres and nanorods instead of
nanotubes can be formed after the wetting process.

Although different polymer nanomaterials can be fabricated
using wetting-based template methods, it is still a great
challenge to fabricate one-dimensional multicomponent poly-
mer nanomaterials with controlled morphologies. The for-
mation mechanisms of polymer nanomaterials containing two
or more polymer components during the template wetting
process are more complicated than those for single-component
polymer nanomaterials.** > For polymer blend films, it has
been studied that there is an interplay between the phase
separation and the wetting behavior.”®*” The surface energy,
thermodynamic interaction, and quenching depth are all critical
to the formation of different morphologies in polymer blend
films. Therefore, the formation processes of one-dimensional
multicomponent polymer nanomaterails involve several inter-
related factors, such as the chemistry of the pore wall, the size
of the nanopore, the polymer molecular weight, the type of
polymer, the type of solvent, the solution concentration, and
the drying condition.”***™* These factors are critical in
controlling the sizes, the morphologies, and the properties of
multicomponent polymer nanomaterials.

To further understand these effects, here we develop a
double-solution wetting method to fabricate PS/PMMA
nanomaterials (nanopeapods), in which PS nanospheres are
embedded in the channels of PMMA nanotubes. A PS solution
in dimethylformamide (DMF) is first introduced into the
nanopores of the AAO templates via capillary force. Then a

5228

solution of PMMA in acetic acid is infiltrated into the
nanopores. Because of the stronger interaction between the
acetic acid solution to the AAO walls, a wetting layer of the
PMMA in acetic acid can be formed on the pore walls of the
AAO templates. Consequently, the PS solution in DMF is
isolated in the center of the nanopores. After the evaporation of
the solvent, PS/PMMA nanopeapods can be obtained.

The formation of these nanostructures is driven not only by
the nonfavorable interaction between the polymer (PS) and the
nonsolvent (acetic acid) but also by the confinement effect of
the cylindrical nanopores of the templates. The compositions of
the PS/PMMA nanopeapods are confirmed by selective
removal processes of PS and PMMA using cyclohexane and
acetic acid, respectively. The experimental parameters such as
the polymer concentration or the polymer molecular weight are
also changed to study their effects on the morphologies of PS/
PMMA nanostructures. This study provides a unique and facile
route to fabricate peapod-like PS/PMMA nanostructures with
controlled morphologies and sizes. In addition to multi-
component polymer nanomaterials, this method can be applied
to prepare organic/inorganic hybrid nanostructures by mixing
polymer solutions with inorganic precursors.

B EXPERIMENTAL SECTION

Materials. Polystyrene (PS) with weight-average molecular weights
(M,,) of 25, 35, 183, 490, and 934 kg/mol were purchased from
Polymer Source and Sigma-Aldrich. Poly(methyl methacrylate)
(PMMA) with a weight-average molecular weight (M,,) of 97 kg/
mol was obtained from Sigma-Aldrich. Dimethylformamide (DMF)
and sodium hydroxide (NaOH) were purchased from Tedia. Acetic
acid was obtained from Sigma-Aldrich. Cyclohexane was obtained
from J. T. Baker. Polycarbonate filters (VCTP, pore size: 0.1 ym) were
obtained from Millipore. Wipers (Kimwipes) were purchased from
Kimberly-Clark.

Preparation of Synthesized AAO Templates. The commercial
AAO templates (pore diameter ~150—400 nm, thickness ~60 pm)
were obtained from Whatman. The synthesized AAO templates were
prepared using a two-step anodization method. In a typical anodization
process, a high-purity aluminum sheet (99.99%, 0.5 mm thick) was
degreased in acetone and rinsed by ethanol. Then the aluminum sheet
was electropolished in a mixture of perchloric acid/ethanol at 4 °C.
Subsequently, the aluminum sheet was anodized at 40 V in 0.3 M
oxalic acid at 4 °C for 2 h. After the resultant aluminum oxide film was
chemically etched in a phosphochromic acid solution for 4 h, a second
anodization under the same conditions as for the first anodization was
performed for different lengths of time, depending on the required
length of the pores. The length of the pores is ~40 ym when the
second anodization is carried out for 7 h. The templates can be further
pore-widened in phosphoric acid at 30 °C for 30 min, and the pore
diameter can be increased to ~50 nm.

Fabrication of PMMA Nanotubes and PS Nanospheres. To
prepare PMMA nanotubes, an AAO template was first immersed in a
10 wt % PMMA (M,, = 97 kg/mol) solution in acetic acid for 10 s.
After the sample was taken out by a tweezer, the residual polymer
solution on the outer surface of the AAO template was wiped by
Kimwipes. After the sample was dried by a vacuum pump, the AAO
template was dissolved selectively by S wt % NaOH(aq) to release the
PMMA nanostructures.

To prepare PS nanospheres, an AAO template was first immersed in
a S wt % PS (M, = 78.5 kg/mol) solution in DMF for 10 s. After the
sample was taken out of the solution, the residual polymer solution on
the outer surface of the AAO template was wiped by Kimwipes.
Subsequently, the sample was dipped in acetic acid for S min. The
sample was again taken out, and the surface was removed by
Kimwipes. After the sample was dried by a vacuum pump, the AAO
template was dissolved selectively by S wt % NaOH(aq) to release the
PS nanostructures.

dx.doi.org/10.1021/ma500568j | Macromolecules 2014, 47, 52275235



Macromolecules

| NaoH,, @
PS/DMF acetic acid ’ Faawhces
solvent ]
evaporatlon ' NaOHiaq
PS sph
PS/DMF PMMA /acetic acid ina P::M‘:::be
cyclohexane\
' ‘ NaOH.:,,,;
\ ¢
PMMA tube

Figure 1. Schematic illustration of the experimental processes to prepare PS/PMMA nanopeapods. A PS solution in DMF is first introduced into the
nanopores of an AAO template. Subsequently, the sample is dipped in a PMMA solution in acetic acid, resulting in the formation of peapod-like PS/
PMMA nanostructures. PS nanospheres or PMMA nanotubes can be obtained by removing PS selectively using cyclohexane or removing PMMA
selectively using acetic acid. AAO templates are dissolved by NaOH(aq) to release the polymer nanostructures.

Fabrication of PS/PMMA Nanopeapods. To fabricate PS/
PMMA nanopeapods, PS and PMMA solutions with different
concentrations were first prepared. A typical example to prepare PS/
PMMA nanopeapods is shown as the following. An AAO template was
immersed in a S wt % PS (M,,: 78.5 kg/mol) solution in DMF for 10s.
After the template was taken out of the PS solution, the residual
solution outside the nanopores of the template was removed by
Kimwipes. Subsequently, the sample was immersed in a 10 wt %
PMMA (M,,: 97 kg/mol) solution in acetic acid for S min. The sample
was again taken out of the PMMA solution, and the residual solution
outside the nanopores of the templates was removed by Kimwipes.
After the sample was dried by a vacuum pump, the AAO template was
dissolved selectively by S wt % NaOH(aq) to release the PS/PMMA
nanopeapods. Finally, the nanopeapods-containing solution was
filtered using a polycarbonate filter while the sample was rinsed with
DI water.

The morphology of the PS/PMMA nanopeapods can also be
confirmed by the selective removing process. PMMA and PS can be
removed selectively by acetic acid and cyclohexane, respectively. For
example, a sample containing PS/PMMA nanopeapods was dipped in
acetic acid for 24 h to remove PMMA and PS nanospheres can be
obtained.

Structure Analysis and Characterization. The morphologies of
the polymer nanostructures were examined by a JEOL JSM-7401F
model scanning electron microscope (SEM) at an acceleration voltage
of 5 kV. Before the SEM measurements, the samples were dried by a
vacuum pump and coated with 4 nm of platinum. Bright-field
transmission electron microscopy (TEM) measurements were also
performed with a JEOL JEM-2100 TEM operating at an acceleration
voltage of 200 kV. For TEM measurements, the samples were placed
onto copper grids coated with Formvar or carbon.
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B RESULTS AND DISCUSSION

In this work, AAO templates are used to fabricate PS/PMMA
nanomaterials. The SEM images of commercial AAO templates
are shown in Figure S1, and the average diameter of the
nanopores of the templates is ~240 nm. We choose PS and
PMMA, two commonly used polymers, to prepare the polymer
nanopeapods. PMMA can have chemical bonding with the
surface of the aluminum oxide wall and is used as the shell
material of the polymer nanopeapods. PS only has a weaker
interaction (physical absorption) with the AAO walls and is
used as the core material.*’

For making the PS/PMMA nanopeapods, the choice of
solvents is critical and we select DMF and acetic acid as the
solvents for PS and PMMA, respectively. DMF is intentionally
used as the solvent for PS because it is a moderately good
solvent for PS and miscible with acetic acid. The boiling point
of DMF (~153 °C) is relatively high and can prevent the PS
from solidification before the PMMA /acetic acid is introduced.
For PMMA, acetic acid is used as the solvent because it is the
nonsolvent for PS and has a stronger interaction to the alumina
wall than DMF does. It is also crucial that acetic acid and DMF
are miscible. Therefore, acetic acid can diffuse into the PS/
DMF solution to promote the solidification of PS.

The experimental scheme for fabricating the polymer
nanopeapods is shown in Figure 1. A PS (35 or 78.5 kg/
mol) solution in DMF (S, 10, 20, 30 wt %) is first introduced
into the nanopores of the AAO templates via capillary force.
For nanopores wetted by a polymer solution, the maximum
height (k) at which the polymer solution can reach via capillary
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force is inversely proportional to the radius of the nanopore of
the template, given by Jurin’s law*®

h = 2y(cos 0)/pgr (1)

where ¥ is the surface tension of the polymer solution, € is the
contact angle of the meniscus at the pore wall, p is the density
of the polymer solution, g is gravity, and r is the radius of the
nanopore. Because of the small pore diameters (~150—400
nm), the maximum height at which the polymer solution can
reach is higher than the length of the nanopores (~60 yum).
The time for filling the nanopore is controlled by the viscosity
of the polymer solution. In this work, the solution is drawn into
the nanopores within a second because of the low viscosity of
the polymer solution. After the nanopores are filled with the
polymer solution via capillary force, the polymer solution
outside the nanopores of the AAO templates is removed by
wiping with Kimwipes. Without this process, a thick polymer
film may be formed outside the nanopores of the AAO
template after the evaporation of the polymer solution.

After the wiping process, the AAO template is dipped into
the second polymer solution (PMMA in acetic acid) for S min.
Then the AAO samples are taken out, and the polymer solution
is wiped again by Kimwipes. Subsequently, the samples are
dried by a vacuum pump for several hours. Polymer
nanopeapods are formed in the nanopores of the AAO
templates after the solvents are evaporated. In order to release
the polymer nanostructures from the AAO templates, the
samples are immersed into a 5 wt % NaOH solution for 30 min
to remove the AAO templates selectively. Finally, the solutions
are filtered by polycarbonate filter papers and washed with DI
water. The polymer nanostructures are examined by both SEM
and TEM.

Before fabricating the PS/PMMA nanopeapods, we first
prepare PS nanospheres by dipping the AAO templates
containing PS/DMEF solution into acetic acid. The preferential
interaction between acetic acid and the pore wall causes the
formation of a wetting layer of acetic acid on the surface of the
pore wall. As a result, the PS solution is isolated in the center of
the nanopores. Driven by the Rayleigh-instability-type trans-
formation, the PS solution undulates and breaks into spherical
solution domains to reduce the interfacial area between the PS/
DMF solution and acetic acid.>® After the evaporation of the
solvent, PS molecules precipitate and form nanospheres, as
shown in Figure 2a,b. When acetic acid is introduced into the
nanopores of the PS/DMF containing template, it is critical to
make sure that the PS solution is not dried. Otherwise, PS
nanotubes are formed because of the precipitation of the PS
chains on the pore wall.

After we confirm that PS nanospheres can be prepared
successfully by the nonsolvent effect of acetic acid, we then
study the fabrication of PMMA nanotubes by wetting the AAO
templates with PMMA/acetic acid solution. After the
evaporation of acetic acid, the PMMA chains deposit on the
pore wall, resulting in the formation of PMMA nanotubes, as
shown in Figure 2¢,d.>® The lengths (~60 pm) and diameters
(~150—400 nm) of the PMMA nanotubes are the same as
those of the AAO nanopores. In Figure 2¢, branched PMMA
nanostructures can also be observed, indicating the branched
part of the nanopores in the AAO template. The tubular nature
of the PMMA nanostructures can be further confirmed by the
TEM image. The diameter of the PMMA nanotube in Figure
2d is ~180 nm, and the wall thickness is ~10—20 nm. The
nonuniform wall thickness may be caused by the fast
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Figure 2. (a and b) SEM and TEM images of PS (M,,: 78.5 kg/mol)
nanospheres. The PS nanospheres are prepared by dipping an AAO
template in a S wt % PS solution in DMF, followed by immersing the
sample into acetic acid. (c and d) SEM and TEM images of PMMA
(M, 97 kg/mol) nanotubes. The PMMA nanotubes are prepared by
dipping an AAO template in a 10 wt % PMMA solution in acetic acid.

evaporation process of the solvent and the nonuniform
deposition of the PMMA chains. After the samples are dried
by a vacuum pump, the morphologies of the PMMA nanotubes
are maintained even after they are exposed to the aqueous
NaOH solution.

After the feasibilities of the PS nanospheres and the PMMA
nanotubes are confirmed, we then study the fabrication of the
PS/PMMA nanopeapods. The PS/DMEF solution is first
introduced into the nanopores of an AAO template, followed
by dipping the sample into the PMMA/acetic acid solution.
The PS/DMEF solution undergoes the Rayleigh-instability-type
transformation and transforms into spherical solution domains.
After the evaporation of the solvent, the PS nanospheres are
deposited on the wall of PMMA nanotubes, as shown in Figure
3. Figure 3a shows the SEM image of the PS/PMMA
nanopeapods, in which the smooth outer surface of the
PMMA nanotubes can be observed. The sizes of the PS/
PMMA nanopeapods correspond to the pore sizes of the AAO
template (~150—400 nm). It has to be noted that the polymer
nanostructures may be partially destroyed during the selective
removal process of the AAO templates or during the filtration
process. As a result, the PS nanospheres embedded in the
PMMA nanotubes can be revealed, as shown in Figure 3b. The
PS nanospheres are observed to stack on each other in PMMA
nanotubes. The morphologies of the PS/PMMA nanopeapods
can be confirmed further by the TEM image, as shown in
Figure 3¢, in which the PS nanospheres are embedded in the
PMMA nanotubes.

In order to confirm the composition of the PS/PMMA
nanopeapods, the selective removal technique is used. Acetic
acid and cyclohexane are both chosen as the solvents for the
selective removal process. Acetic acid is a nonsolvent for PS and
can be used to dissolve PMMA selectively. On the contrary,
cyclohexane is a nonsolvent for PMMA and can be used to

dx.doi.org/10.1021/ma500568j | Macromolecules 2014, 47, 52275235


http://pubs.acs.org/action/showImage?doi=10.1021/ma500568j&iName=master.img-002.jpg&w=239&h=239

Macromolecules

Figure 3. SEM (a and b) and TEM (c) images of peapod-like PS (M,,: 35 kg/mol) /PMMA (M,,: 97 kg/mol) nanostructures. The nanostructures
are prepared by dipping AAO templates in PS solutions in DMF, followed by immersing the samples into S wt % PMMA solutions in acetic acid.
The PS concentrations for the SEM (a and b) and TEM (c) samples are 1 and S wt %, respectively. In part b, some PS nanospheres are only covered
partially by PMMA nanotubes, and the embedded PS nanospheres can be observed.
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Figure 4. (a) Graphical illustration of the selective removal process to obtain PS nanospheres. (b and ¢) SEM and TEM images of PS (M,,: 35 kg/
mol) nanospheres. The samples are first prepared by dipping AAO templates in 1 wt % PS solutions in DMF, followed by immersing the samples
into S wt % PMMA (M,,: 97 kg/mol) solutions in acetic acid. After the samples are dried, PMMA is removed selectively by acetic acid. The AAO
templates are then dissolved by NaOH(aq), and PS nanospheres can be obtained.
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Figure 5. (a) Graphical illustration of the selective removal process to obtain PMMA nanotubes. (b and ¢) SEM and TEM images of PMMA (M,,:
97 kg/mol) nanotubes. The samples are first prepared by dipping AAO templates in 1 wt % PS (M,,: 35 kg/mol) solutions in DMF, followed by
immersing the samples into 5 wt % PMMA solutions in acetic acid. After the samples are dried, PS is removed selectively by cyclohexane. The AAO
templates are then dissolved by NaOH(aq), and PMMA nanotubes can be obtained.

dissolve PS selectively. Before performing the selective removal
processes on the PS/PMMA nanopeapods, we have to confirm
the selective removing abilities of these two solvents.

First, we examine whether cyclohexane is the nonsolvent for
PMMA and the morphologies of the PMMA nanostructures are
not affected by cyclohexane. Figure S2a shows the SEM image
of PMMA (M,: 97 kg/mol) nanotubes using the solution
wetting method from a 5 wt % PMMA/acetic acid solution.
After the PMMA nanotubes are immersed in cyclohexane for
24 h, the morphologies of the PMMA nanotubes are
maintained, as shown in Figure S2b. Similarly, we examine
whether acetic acid is the nonsolvent for PS and the
morphologies of the PS nanostructures are not affected by
acetic acid. Figure S2c shows the SEM image of PS (M,,: 35 kg/
mol) nanotubes by using the solution wetting method from a §
wt % PS/DMF solution. After the PS nanotubes are immersed
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in acetic acid for 24 h, the morphologies of PS nanotubes are
maintained, as shown in Figure S 2d.

The experimental process to remove selectively the PMMA
nanotubes in the PS/PMMA nanopeapods and to obtain PS
nanospheres is illustrated in Figure 4a. The PS/PMMA
nanopeapods are first prepared by using 1 wt % PS/DMF
solution and 5 wt % PMMA /acetic acid solution. After the PS/
PMMA nanostructures are solidified in the AAO nanopores,
the sample is dipped into acetic acid to remove selectively the
PMMA nanotubes. After the removal process, PS nanospheres
can be obtained, as shown in the SEM and TEM images
(Figure 4b,c). These results confirm that the core material of
the polymer nanopeapods is composed of PS.

The experimental process to remove selectively the PS
nanospheres in the PS/PMMA nanopeapods and to obtain the
PMMA nanotubes is illustrated in Figure Sa. As shown in the

dx.doi.org/10.1021/ma500568j | Macromolecules 2014, 47, 52275235
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Figure 6. Proposed model of the formation mechanism of polymer nanostructures by using the double-solution wetting method. Because of the
stronger interaction between acetic acid and aluminum oxide than that between DMF and aluminum oxide, the PMMA/acetic acid solution can
preferentially wet the pore walls of the templates. The PS/DMF solution is isolated in the center of the nanopores. The PS/DMEF solution cylinder
breaks into droplets, driven by the Rayleigh-instability-type transformation to reduce the interfacial energy between two solution domains. After the
evaporation of the solvents, peapod-like PS/PMMA composite nanostructures are obtained, where the shell and the core are composed of PMMA

and PS, respectively.
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Figure 7. (a) Graphical illustration of the experimental process to prepare PS/PMMA nanostructures and PS nanorods using PS/DMF solutions

with higher concentrations. (b) SEM image of PS (M,,: 78.5 kg/mol)

nanorods using a 30 wt % PS/DMF solution. (c) TEM image of a PS (M,,:

78.5 kg/mol)/PMMA (M, 97 kg/mol) nanostructure using a 30 wt % PS/DMF solution. (d) Plot of the length of the PS (M,: 78.5 kg/mol)
nanorods versus the concentration of the PS/DMF solution. The concentration of the PMMA solution is 10 wt %.

SEM and TEM images (Figure Sb,c), the PS nanospheres can
be removed successfully by cyclohexane and PMMA nanotubes
can be obtained. Both the selective removal processes confirm
that the shell material of the PS/PMMA nanopeapods is
PMMA and the core material is PS.

On the basis of the experimental results, a simple model is
proposed to explain the formation mechanism of the PS/
PMMA nanopeapods, as shown in Figure 6. At first, nanopores
of an AAO template are filled with a solution of PS/DMF.
Then the solution of PMMA/acetic acid is introduced into the
nanopores. Because of the stronger interaction between acetic
acid and the AAO wall than that between DMF and the AAO
wall, the PS/DMEF solution is isolated in the center of the AAO
nanopores. The PS/DMF solution cylinder breaks into
droplets, driven by the Rayleigh-instability-type transformation

to reduce the interfacial energy between two solution
domains.*”** After the evaporation of the solvents, peapod-
like PS/PMMA composite nanostructures are obtained, where
the shell and the core are composed of PMMA and PS,
respectively.

The formation process of the PS/PMMA nanostructures is
related to the Rayleigh-instability-type transformation. The
Rayleigh-instability is commonly seen in our daily life. For
example, when water is coming out of the faucet, the water
cylinder breaks into spherical water droplets at the end of the
water cylinder. Joseph Plateau was the first to study the
Rayleigh instability."” He showed that the free surface of a
liquid cylinder distorts and disintegrates into a chain of droplets
to reduce the surface energy. When the undulation wavelength
(A) is larger than the circumference of the cylinder (27R,), the
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surface area decreases until the cylindrical liquid cylinder breaks
into spherical droplets.

Later, Rayleigh demonstrated that the wavelength of the
distortion and the size of the droplets are determined by the
fastest distortion mode.*® Nichols and Mullins extended the
Rayleigh’s theory to solid cylinders.*” They studied the mass
transport of solid cylinders by surface diffusion or solid
diffusion. The perturbed surface can be expressed by the
following equation

r=Ry+ 6sin(2n/A)z (2)
where § is the amplitude of the undulation, 4 is the undulation
wavelength, and z is along the cylinder axis. Once the
wavelength 4 > 27R,, the amplitude of the surface increases
spontaneously. The perturbation with the maximum growth
rate determines the dominant wavelength A, = 27V/2R, =
8.89R,. With time, the amplitude of the perturbation increases
at the maximum growth rate and finally breaks up into a line of
spheres.

In our experiments, the cylindrical PS/DMF solution breaks
into spherical solution domains to reduce the interfacial areas
between the PS/DMF solution and the surrounding PMMA/
acetic acid solution, similar to the phenomenon of the Rayleigh
instability. Later, acetic acid may diffuse into the PS/DMF
solution droplets and cause the PS molecules to precipitate,
resulting in the formation of PS nanospheres. It has to be noted
that this model is a simplified view of the transformation
process because the breakup of the PS/DMF solution and the
diffusion of the acetic acid may occur simultaneously.

To study the morphologies of the PS/PMMA nanopeapods
further, we also change the concentrations of the PS/DMF
solutions and the PMMA/acetic acid solutions. The PS
nanospheres demonstrated above are from PS/DMF solutions
with the concentration of 1 and 5 wt %. Figure 7a shows the
graphical illustration of the experimental process to prepare PS
nanorods using PS/DMF solutions with higher concentrations.
At higher concentrations, the PS/DMF solutions break into
longer solution domains and PS nanorods are formed after the
evaporation of the solvents. For example, PS (M,: 78.5 kg/
mol) nanorods with an average length of ~8 ym can be
obtained using a 30 wt % PS/DMF solution, as shown in the
SEM and TEM images (Figure 7b,c). The PS nanostructures
obtained using other concentrations are displayed in Figure S3
in the Supporting Information. The highest PS concentration
we use is 30 wt % because of the processing difficulties at high
solution viscosities. When the PS concentration is higher than
20 wt %, it is difficult to measure the lengths of some nanorods
correctly due to the limitation of the scanning area in the SEM
measurement, causing larger standard deviations at higher
concentrations. Figure 7d shows the plot of the length of the PS
(M,: 78.5 kg/mol) nanorods versus the concentration of the
PS/DMEF solution, where the concentrations of the PMMA
solutions are fixed at 10 wt %. The length of the PS nanorods
increases with the PS/DMF concentrations, as expected.

To understand the formation mechanism of the polymer
nanopeapods further, we also study the intermediate
morphologies of the nanostructures by changing the molecular
weight of PS. Using a polymer with different molecular weights,
the viscosity of the polymer solution can be controlled. Under
the same polymer concentration, the polymers with a higher
molecular weight can cause stronger entanglements of the
polymer chains, resulting in a higher solution viscosity.
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For viscoelastic materials, the viscosity can resist the breakup
of the materials driven by the Rayleigh instability.so_52 The
breakup of viscoelastic materials is related to the characteristic
time by the following equation

Tn = NRo/0 (©)

where 7., is the characteristic time for the fastest growing mode
in the Rayleigh instability, # is the viscosity of the viscoelastic
material, R, is the radius of the liquid cylinder, and o is the
interfacial tension between the materials and the surrounding
medium.""*° From eq 3, the characteristic time of the Rayleigh-
instability-type transformation is proportional to the viscosity of
the polymer solution. Therefore, longer transformation times
are required for polymers with higher molecular weights to
form spherical domains. If the samples are dried before the
transformation processes are completed, the intermediate
undulated structures can be observed.

Figure 8 shows the PS nanostructures using PS with different
molecular weight (M,, = 25, 183, 490, and 934 kg/mol). The

Figure 8. SEM images of PS nanostructures using PS with different
molecular weights: (a) 25, (b) 183, (c) 490, and (d) 934 kg/mol. The
samples are prepared by dipping AAO templates in S wt % PS
solutions in DMF, followed by immersing the samples into 10 wt %
PMMA (M,,: 97 kg/mol) solutions in acetic acid. After the samples are
dried, PMMA is removed selectively by acetic acid and PS
nanostructures can be obtained.

concentrations of the PS/DMF solutions and the PMMA/
acetic acid solutions are fixed at 5 and 10 wt %, respectively.
After the PMMA nanotubes are removed selectively by acetic
acid, the PS nanostructures can be examined. For PS with lower
molecular weights (25 or 183 kg/mol), the characteristic times
for the Rayleigh-instability-type transformation are shorter
because of the lower solution viscosities. Therefore, the
transformation processes can be completed before the solvents
are evaporated, resulting in the formation of PS nanospheres
(Figure 8a,b). For PS with higher molecular weights (490 and
934 kg/mol), however, the transformation processes are not
completed, and undulated PS nanostructures can be obtained,
as shown in Figure 8¢,d.
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Even though the experimental results can be explained by the
simple model shown in Figure 6, the real formation mechanism
of the polymer nanopeapods using the double-solution wetting
method is considered to be more complicated. Acetic acid is
soluble in DMF, so the interfaces between the PS/DMF and
the PMMA /acetic acid solutions are not well-defined. If acetic
acid diffuses into the PS/DMF solution by the Fickian
diffusion, broad interfaces are expected.53 If the PS/DMEF
solution is partially dried, acetic acid may diffuse into the
concentrated PS/DMF solution by the non-Fickian diffusion
(case 11).>* In the case of the non-Fickian diffusion, the
diffusion constant is also a function of the concentration of the
polymer solution, and a sharp interface may be formed.*®
Furthermore, the rate of precipitation of the PS is affected by
the diffusion rate of acetic acid. To address these issues, a more
sophisticated model reflecting the real formation process of the
polymer nanopeapods may be necessary to develop in the
future.

The data shown above are obtained using commercial AAO
templates with pore sizes ~100—400 nm. The broad pore sizes
can actually give us some advantages. For example,
nanostructures with different diameters can be observed on a
single sample using the commercial AAO templates, which is
beneficial to demonstrate the generality of this strategy. In
addition to the commercial templates, we also synthesize AAO
templates by electrochemical oxidation of aluminum sheets in
oxalic acid. The pore diameter can be further increased to ~50
nm by dipping the template in phosphoric acid at 30 °C for 30
min. The SEM images of the synthesized AAO templates (pore
diameters ~50 nm) are shown in Figure S4 in the Supporting
Information.

With the synthesized AAO templates, experiments are
conducted to prepare PS/PMMA nanopeapods and the results
are shown in Figure S5 in the Supporting Information. Similar
to the results from the commercial AAO templates (pore
diameter ~150—400 nm), PS/PMMA nanopeapods with
smaller sizes can be obtained from the synthesized AAO
templates (pore diameter ~50 nm). As shown in the SEM and
TEM images (Figure SSac), the outer diameters of the
nanopeapods (~50 nm) agree well with the pore diameters of
the synthesized AAO templates. After the outer PMMA shell is
selectively removed by acetic acid, PS spheres with the
diameters ~30—50 nm can be obtained. The experimental
data successfully demonstrate that polymer nanopeapods with
smaller sizes can be obtained using the synthesized AAO
templates with smaller pore diameters.

B CONCLUSION

We demonstrate the preparation of polymer nanopeapods
using the double solution wetting method. The preferential
interaction of the PMMA solution in acetic acid to the
aluminum oxide walls causes the PS solution in DMF to be
isolated in the center of nanopores of the AAO templates. PS
nanospheres are formed after the breakup of PS/DMF solution,
driven by the Rayleigh-instability-type transformation, and the
evaporation of the solvent. PS nanorods instead of nanospheres
can be formed by increasing the concentrations of the PS/DMF
solutions. This study demonstrates that the sizes and
morphologies of polymer composite nanomaterials can be
easily controlled by manipulating the polymer—solvent, the
solvent—alumina, and the polymer—alumina interactions.
Possible future works include the fabrication of conjugated
polymer or block copolymer nanostructures using the double
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solution wetting method. Organic/inorganic can also be
prepared by mixing inorganic precursors with polymer
solutions.
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