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D
uring the last two decades, meso-
porous materials have been of
great interest due to their poten-

tial applications, including filtration, cataly-

sis, adsorption, and reactive separation

processes.1�5 Mesoporous inorganic materi-

als, such as inorganic oxide ceramics, are

widely used as filters for the mechanical and

biological treatment of liquids in the food

and pharmaceutical industry and for captur-

ing precious or toxic components in

eluents.6�8 However, most studies on meso-

porous materials have focused on materi-

als fabricated in the bulk or thin films.9,10

There are fewer studies on the generation

of mesoporous inorganic nanoscopic ma-

terials as, for example, nanorods or nano-

tubes, which have distinct advantages for

the specialized purposes of energy conver-

sion and molecular sensory devices. Gener-

ating polymer nanoscopic materials having

rationally designed mesoporous structures

or surface topographies still remains a

challenge.

Block copolymers (BCPs) have received

much attention due to their ability to self-

assemble, both in the bulk and in confined

geometries, into a range of nanoscopic

morphologies, including spherical, cylindri-

cal, lamellar, and gyroid morphologies, de-

pending on the volume fraction of the

components.11,12 The directed self-assembly

of BCPs into arrays of spherical or cylindri-

cal microdomains having long-range lateral

ordering has received considerable atten-

tion as templates and scaffolds for the fab-

rication of high-density arrays of nano-

scopic elements that could be used in data

storage,12 electronics,13 and molecular sepa-

ration.14 Equally attractive are the abilities

to control the size of the nanoscopic micro-

domains and the areal density of the

arrays by varying the molecular weight
of the BCP and to manipulate their
functionality.12,14,15 Most studies on the self-
assembly of BCPs have focused on planar
surfaces, with little effort on curved surfaces
or the manner in which curvature can influ-
ence the microphase separation of the
BCPs. Recently, the self-assembly of BCPs in
confined geometries, for example, nano-
tubes, nanorods, and nanofibers, has at-
tracted more attention. These nanostruc-
tures have been made by various methods,
such as templating,16�19 self-assembly,20�22

and electrospinning.23,24 By using templates,
such as anodized aluminum oxide (AAO)
membranes, BCP nanorods and nanotubes
have been generated inside the cylindrical
nanopores of the templates. By using a
weak acid or weak base to dissolve the
membrane, the nanorods or nanotubes
can be isolated for subsequent use and
analysis. Cylindrical confinement plays an
important role in determining the BCP mor-
phologies which depend on the pore diam-
eter and the interfacial interactions.25 In par-
ticular, helical nanostructures were
fabricated by self-assembly of BCP melts or
sol solutions containing BCP templates
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ABSTRACT Poly(styrene-b-4-vinylpyridine) (PS-b-P4VP) nanostructures with multiple morphologies were

fabricated by immersing PS-b-P4VP nanotubes in ethylene glycol, a nonsolvent for PS and a good solvent for P4VP,

at different temperatures. Mesoporous structures were generated from uniform nanoscopic wormlike micelles

due to a solvent-induced reconstruction when the spherical micellar structures were heated above the glass

transition temperature of the PS block. The mesoporous nanostructures can be converted into inorganic oxide

structures, like SiO2 and TiO2, by well-known sol�gel methods. The mesoporous inorganic oxides can be produced

with tunable porosity by controlling the molecular weight of the block copolymers. Confinement also plays an

important role to create the nanostructures with unusual morphologies.
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inside the nanochannels.26,27 In this paper, helically or-

ganized micelles were obtained as the result of con-

fined reconstruction in ethylene glycol, but the mecha-

nism lacks theoretical predictions.

Solvent reconstruction of BCPs is a simple, nonde-

structive method to produce nanoporous templates in

thin films without changing the original spatial organi-

zation of the BCP.28,29 Solvent reconstruction is a pro-

cess where, in the case of thin films,
the films are immersed in a solvent
that is a good solvent for the minor
component block and a nonsolvent
for the major component. If the ma-
jor component is below its glass tran-
sition temperature (Tg) during solvent
exposure, the solvent solubilizes the
minor component, drawing the minor
component to the surface with the
constraint that the minor component
chain is still covalently linked to the
matrix. With cylindrical microdomains

oriented normal to the film surface, this reconstruction
results in the formation of nanopores with the minor
component block fully covering the surface of the thin
film. Park et al.29 demonstrated that highly oriented cy-
lindrical microdomains with long-range lateral order
can be achieved in thin films of poly(styrene-b-4-
vinylpyridine) (PS-b-P4VP) by spin-coating the copoly-
mer from a mixed solvent (toluene/THF). After dipping
the films into ethanol, a preferential solvent for P4VP, a
nanoporous film was produced, leaving P4VP on the
surface. Just as important is the fact that heating the re-
constructed film above the Tg of the minor component
block restores the film to its original state. Conse-
quently, the solvent reconstruction is fully reversible.
Chen et al.19 made porous poly(styrene-b-ethylene
oxide) (PS-b-PEO) nanotubes by selectively swelling
the PEO cylindrical domains using water/methanol mix-
tures. Recently, Steinhart et al.30 fabricated multiple
nanoscopic architectures by swelling the P2 VP do-
main in PS-b-P2 VP rods prepared in AAO templates.
All of these studies have focused on reconstruction pro-
cesses where the matrix component is below its Tg.
Here, on the other hand, we focus on nanotubes where
the matrix component is above its Tg and, as such, im-
part significant mobility to this block that enables a
complete reconstruction of the nanotube into unusual
morphologies.

PS-b-P4VP nanotubes were prepared by filling an
AAO membrane with the BCP chloroform solution and
allowing the solvent to evaporate, leaving a thin layer of
the BCP on the walls of the nanopores to form nano-
tubes. The PS-b-P4VP nanotubes confined within the
AAO membrane were exposed to tetrahydrofuran (THF)
vapor, a good solvent for PS but a nonsolvent for P4VP,
to generate uniform and spherical micelles along the
tube wall. The AAO membrane was then dissolved in 5
wt % NaOH(aq), and the nanotubes were released and fil-
tered. The nanotubes were dried for 1 day and then sus-
pended in ethylene glycol, a preferential solvent for
P4VP, at elevated temperatures. At temperatures above
the Tg of PS (�100 °C), the mobility of the PS, coupled
with the solvation of the P4VP block, resulted in a range
of different morphologies that spanned multiple length
scales. These morphologies can also be converted to

Figure 1. TEM micrographs of PS(47.6k)-b-P4VP(20.9k) nanotubes prepared using an AAO
membrane as a template: (A) without THF vapor treatment, (B) after THF vapor treatment,
but no I2 staining, and (C) after THF vapor treatment, and stained with I2.

Figure 2. Electron micrographs of PS(47.6k)-b-P4VP(20.9k) nano-
tubes after suspension in ethylene glycol at different tempera-
tures: (A) scanning electron microscopy (SEM) image of the tubes
after suspension for 1 h at room temperature, (B) TEM image of
the tubes after suspension for 1 h at room temperature, (C) SEM
image of the tubes after suspension for 5 min at 95 °C, (D) TEM im-
age of the tubes after suspension for 5 min at 95 °C, (E) SEM im-
age of the tubes after suspension for 5 min at 130 °C, and (F) TEM
image of the tubes after suspension for 5 min at 130 °C.

A
RT

IC
LE

VOL. 3 ▪ NO. 9 ▪ CHEN ET AL. www.acsnano.org2828



mesoporous inorganic oxides by complexing precur-
sors, like tetraethyl orthosilicate or titanium tetraethox-
ide, with the vinylpyridine. This process offers a simple
route for the fabrication of tunable mesoporous ce-
ramic or metallic structures that can be controlled by
changing molecular weight and volume fraction of the
BCPs.

RESULTS AND DISCUSSION
Figure 1 shows transimission electron microscopy

(TEM) images of PS(47.6k)-b-P4VP(20.9k) nanotubes be-
fore and after the solvent annealing inside the AAO
membrane. PS-b-P4VP nanotubes shown in Figure 1A
were prepared after the polymer solution was drawn
into the AAO membrane by capillary force, followed by
solvent evaporation. When the PS-b-P4VP nanotubes
confined in the AAO membrane were exposed to THF
vapor, a slightly selective solvent for PS, at room tem-
perature for 6 h, uniform spherical micellar structures
formed along the nanotubes (Figure 1B,C). Subse-
quently, the AAO template was dissolved in 5 wt %
NaOH(aq) for 1 h and washed three times with water to
release the PS-b-P4VP nanostructures. For TEM mea-
surements, the samples were then sonicated in water
for 2 min, placed onto Formvar-coated copper grids,
and stained with iodine (I2) vapor for 7 h. Figure 1A,B
shows the tubular structures with and without THF va-
por treatment. As shown in Figure 1C, uniform micellar
structures are seen after solvent annealing since I2 pref-
erentially stained the P4VP.

After dissolving the AAO template, the nanotubes
were washed three times with deionized water then re-
dispersed in ethylene glycol. Ethylene glycol, with a
relatively high boiling point of 197.3 °C, is a selective
solvent for the P4VP block at sufficiently high tempera-
tures. Since ethylene glycol has a high viscosity (� �

16.1 mPa · s) at room temperature, it does not offer suf-
ficient mobility to the P4VP to affect a change. When
the THF-annealed PS-b-P4VP tubes were released from
the AAO template and suspended in ethylene glycol at
room temperature for 1 h, no swelling took place and,
as shown in Figure 2A,B, the tubular structures were
maintained, and the surface remained smooth. When
the nanotube suspension was heated to 95 °C (just be-
low the glass transition temperature of PS) for only 5
min, a solvent-induced surface reconstruction of the
nanotubes occurred. At 95 °C, the viscosity of ethylene
glycol decreased substantially (� � 1.98 mPa · s) and
swelled the P4VP, while the PS remained in the glassy
state. Upon drying, porous nanotubes had been devel-
oped, as shown in Figure 2C,D.

When the PS-b-P4VP nanotubes were exposed to
ethylene glycol at 130 °C, well above the glass transi-
tion temperature of PS, substantial structural changes
occurred, as shown in Figure 2E,F. Uniform wormlike
micelles, having a diameter of �73 nm, were entangled
with each other to form a mesoporous nanostructure

with an average pore diameter of �80 nm. It should
be noted that the repeat period of the PS-b-P4VP in the
bulk is 36.4 nm.29 Since the P4VP chains that formed
the core in the spherical micelle were drawn out by the
selective solvent ethylene glycol and the PS is mobile
at this temperature, P4VP in adjacent domains can
merge, resulting in the observed wormlike micellar
structures with P4VP as the corona. The diameters of
nanostructures in Figure 2E,F are nearly twice that of
the nanotubes in Figure 1. It should be noted that much
more void volume formed when the wormlike micelles
begin to intermesh.

When the PS-b-P4VP nanotubes were exposed to
ethylene glycol at 170 °C, much higher than the Tg’s of
both blocks, disentangled strands, �73 nm in diameter,
were produced, even with a suspension time of only 5
min. The outer layers of the strands are P4VP, due to the
preferential solvation in ethylene glycol. As shown in
Figure 3A, strands with darker outer layers (P4VP) were
seen after I2 staining. When the suspension time was in-
creased to 10 min, Rayleigh instabilities were observed
in the wormlike micelles, reducing the total surface
area.31 Consequently, the surfaces undulated and regu-

Figure 3. Electron micrographs of PS(47.6k)-b-P4VP(20.9k) nano-
tubes after suspension in ethylene glycol at 170 °C for different
periods of time: (A) TEM image of the tubes after suspension for
5 min, (B) TEM image of the tubes after suspension for 10 min, (C)
TEM image of the tubes after suspension for 30 min, (D) TEM im-
age of the tubes after suspension for 2 h, and (E) TEM image of
the tubes after suspension for 3 h.
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larly spaced spheres formed along the wormlike mi-

celle (Figure 3B). Quere et al.32 have reported similar in-

stabilities when polymer films were coated on a fiber.

Some branches are also shown in Figure 3B. When the

suspension time was further increased to 30 min, the

branches were shortened (Figure 3C), as some spheres

in the branched micelles (Figure 3B) were detached

from the system to further reduce the surface energy.

Similar branched cylindrical micelles were observed by

Liu et al.20

When the suspension time was increased to 2 h,

flower-type structures formed, as shown in Figure 3D.

An equilibrium state was reached when the suspension

time was increased to 3 h, and vesicular structures

formed (Figure 3E), reducing the surface area and core-

chain stretching.33

The influence of BCP molecular weight on the mor-

phologies was investigated using five different cylin-

der forming PS-b-P4VP BCPs. As described above, poly-

mer nanotubes were prepared and solvent annealed to

produce regular spherical micellar arrays inside the

AAO membrane. Subsequently, they were suspended

in ethylene glycol for different temperatures and times.

Regardless of BCP molecular weights, results similar
to the PS(47.6k)-b-P4VP(20.9k) described above were
obtained. When the tubes were suspended at 130 °C
for 5 min, mesporous tubes were formed. The only dif-
ference was that the diameters of the entangled worm-
like micelles depended on the BCP molecular weight.
When the PS-b-P4VP nanotubes (�200 nm in diameter)
were exposed to ethylene glycol at 170 °C, the mesopo-
rous tubes disentangled to form single wormlike mi-
celles, with a diameter that increased linearly with mo-
lecular weight. The diameters of the wormlike micelles
of PS(21k)-b-P4VP(4k), PS(25k)-b-P4VP(7k), PS(41.5k)-b-
P4VP(17.5k), and PS(72k)-b-P4VP(25k) were 32, 46, 64,
and 90 nm, respectively (Figures 4A�D).

To investigate the influence of confinement on the
morphologies of the swollen BCPs, the solvent-
annealed PS(47.6k)-b-P4VP(20.9k) nanotubes confined
in the AAO membranes were immersed in the ethylene
glycol, and the temperature was increased to 130 °C
for different annealing times. After annealing, the
samples were cooled and the AAO template was re-
moved using 5 wt % NaOH(aq), releasing the nanostruc-
tures. Electron micrographs of the nanostructures are
shown in Figure 5. Similar to the structures shown in
Figure 2C,D, the solvent-induced reconstruction began
at the inner surface of the nanotubes when annealed at
130 °C for 5�30 min. The P4VP was drawn out by eth-
ylene glycol, leaving porous structures behind (Figure
5A,B), but the reconstruction was much slower when
the nanotubes were confined. When the annealing time
was increased to 3 h, the P4VP in the adjacent do-
mains began to merge and interconnect, forming
wormlike micellar structures with P4VP as the corona
and PS as the core. The diameter of these micelles is
�73 nm, as shown in Figure 5C. Figure 5D shows that
the wormlike micelles formed around the center of the
nanotubes, due to the confinement, when the tubes
were annealed for 5 h. Such helical micelles are unusual
templates that can be converted into inorganic oxide
structures by a sol/gel replication method.

The confinement also forced the tube size to re-
main equal to that of the nanopore, in contrast to those
shown in Figure 2E,F, where the nanotube diameters in-
creased significantly.

The mesoporous PS-b-P4VP structures produced
by these annealing processes were also used as scaf-
folds to generate corresponding silica and titania
nanostructures. Copper grids covered with the PS-b-
P4VP mesoporous nanostructures shown in Figure
2E,F were immersed in a hydrolyzed precursor solu-
tion (silica or titania precursor) for 10 min to let the
precursor complex with P4VP chains. The grids were
then washed in ethanol for several seconds to re-
move excess sol precursor. Subsequently, the cop-
per grids were heated to 400 °C in air for 1 h to re-
move the BCP surfactant, leaving only silica or
titania, templated by the BCP. The SEM images of

Figure 4. TEM images of PS-b-P4VP nanotubes with different mo-
lecular weight after suspension in ethylene glycol for 5 min at 170 °C:
(A) PS(21k)-b-P4VP(4k), (B) PS(25k)-b-P4VP(7k), (C) PS(41.5k)-b-
P4VP(17.5k), (D) PS(72k)-b-P4VP(25k), and (E) the diameters of the
single strands vs the molecular weight of BCPs.
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these silica and titania nanostructures are shown in

Figure 6A,C, respectively. The entangled fibrillar net-

works are seen to be hollow in the TEM images (Fig-

ure 6B,D) because P4VP constitutes the corona of

the wormlike micelles. Consequently, by this strat-

egy, mesoporous silica and titania materials having

novel morphologies can be generated. Using the

same method, the silica and titania nanotubes with

different diameters can be easily fabricated by using

the nanostructures shown in Figures 3A and 4 as

the scaffolds.

CONCLUSION
The fabrication of PS-b-P4VP tubes with a variety of

morphologies in ethylene glycol at different suspen-

sion temperatures and times and confinement condi-

tions was investigated. The solvent-induced reconstruc-

tion process in ethylene glycol, a preferential solvent

for P4VP chains, can be used at temperatures above and

below the Tg of the PS block, enabling significant flex-

ibility in manipulating the morphologies. At 95 °C,

slightly below the Tg of PS, porous polymeric nano-

tubes were obtained. At 130 °C, above the glass transi-

tion temperature of PS, the fibers consisting of en-

tangled uniform nanoscopic wormlike micelles were

formed. Such mesoporous structures can be used as

scaffolds to produce silica and titania replicas, using a

sol�gel method. At much higher temperatures, such as

170 °C, single wormlike micelles with fixed diameters

formed at short annealing times. With increasing time,

Rayleigh instabilities occurred, producing regularly

spaced spheres along the wormlike micelle. The diam-

eter of the wormlike micelle increased linearly with the

molecular weight of the BCPs. When the solvent-

annealed polymeric nanotubes confined within the

AAO membranes were immersed in the ethylene gly-

col, markedly different morphologies were obtained

that could be also used as scaffolds for silica and tita-

nia nanostructures. While the unusual morphologies

observed by these reconstruction processes are of fun-

damental interest, the reconstructed block copolymer

tubes could also be used as substrates for atomic layer

deposition.26,34 The morphologies and the ability to

convert these reconstructed block copolymer tubes

into silica and titania have interesting applictions rang-

ing from filtration media to nanocomposite materials to

photovoltaics.

EXPERIMENTAL SECTION
Materials. Five different molecular weight PS-b-P4VPs were

purchased from Polymer Source: PS(47.6k)-b-P4VP(20.9k) (Mn
PS

� 47.6 kg/mol, Mn
P4VP � 20.9 kg/mol, with a total polydispersity

(PDI) of 1.14); PS(72k)-b-P4VP(25k) with a PDI of 1.09; PS(41.5k)-b-
P4VP(17.5k) with a PDI of 1.07; PS(25k)-b-P4VP(7k) with a PDI of

1.09; and PS(21k)-b-P4VP(4k) with a PDI of 1.2. Tetraethyl ortho-
silicate (TEOS, 98%) was purchased from Acros Organics, and ti-
tanium tetraethoxide (TEOT) was purchased from Alfa Aesar. The
AAO membranes, having a thickness of �60 �m and pore diam-
eters of �150�400 nm (an average pore diameter of 200 nm),
were purchased from Whatman.

Figure 5. Electron micrographs of PS(47.6k)-b-P4VP(20.9k) nanotubes
confined in AAO after immersed in ethylene glycol at 130 °C for different
periods of time: (A) TEM image of a nanotube after immersed for 5 min,
(B) TEM image of nanotubes after immersed for 30 min, (C) TEM image of
nanotubes after immersed for 3 h, (D) TEM image of nanotubes after im-
mersed for 5 h. AAO membranes were removed after immersed in ethyl-
ene glycol.

Figure 6. Electron micrographs of mesoporous ceramics pre-
pared from PS(47.6k)-b-P4VP(20.9k) mesoporous nanostruc-
tures shown in Figure 2E,F: (A) SEM image of the mesoporous
silica tubes, (B) TEM image of the mesoporous silica tubes, (C)
SEM image of the mesoporous titania tubes, and (D) TEM image
of the mesoporous titania tubes.
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Preparation of Polymer Nanotubes and Mesoporous Nanostructures.
The generation of polymer nanotubes inside the AAO mem-
branes was described previously.31,35 Three drops of PS-b-P4VP
solution (5 wt %) in chloroform were placed on a glass slide. Sub-
sequently, an AAO membrane was placed on top of the solu-
tion. The nanopores of the membrane were filled with the solu-
tion within a few seconds by capillary action, and the membrane
turned transparent. After solvent evaporation at ambient con-
ditions, thin PS-b-P4VP layers were deposited onto the walls of
nanopores in the membrane, resulting in the formation of nano-
tubes. The membranes with the nanotubes were further dried
at 45 °C under vacuum overnight to completely remove the re-
sidual solvent. Then the PS-b-P4VP nanotubes confined within
the AAO membrane were exposed to tetrahydrofuran (THF) va-
por for 6 h. The AAO membrane was then dissolved in 5 wt %
NaOH(aq), and the nanotubes were released and filtered. The
nanotubes were dried for 1 day and then suspended in ethyl-
ene glycol for different times at different temperatures.

Preparation of Mesoporous Ceramic Materials. For conversion to
silica, a well-established synthetic process was used to produce
a silica�surfactant sol.36 At first, 2.08 g (0.01 mol) of tetraethyl
orthosilicate (TEOS) was mixed with 3 g of HCl (0.2 M), 1.8 g of
H2O, and 5 mL of ethanol, and the stirred mixture was heated to
60 °C for 1.5 h to complete the acid-catalyzed hydrolysis�
condensation of the silica precursor.36 For the titania sol, 4.2 g
of titanium tetraethoxide (TEOT) was mixed with 3.2 g of HCl
(12.1 M), and the mixture was stirred vigorously at room temper-
ature for 10 min, then 5 mL of ethanol was added. Copper grids
covered with the PS-b-P4VP mesoporous nanostructures were
immersed in the hydrolyzed precursor solution (silica precursor
or titania precursor) for 10 min and washed in ethanol for a few
seconds to remove excess sol precursor. Subsequently, the cop-
per grids were heated to 400 °C in air for 1 h to remove the BCP
surfactant. In so doing, the PS-b-P4VP mesoporous nanostruc-
tures were successfully replaced by silica or titania.

Characterization. A scanning electron microscope (SEM, JEOL
6320) with an accelerating voltage of 5 kV was used to investi-
gate the nanostructures. All samples were coated with 5 nm of
Au before performing SEM measurements. Bright field transmis-
sion electron microscopy (TEM) studies were conducted with a
JEOL 2000 FX TEM operated at an accelerating voltage of 200 kV.
For TEM, the samples were placed onto Formvar-coated copper
grids.
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