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lock copolymers (BCPs) consisting of
chemically distinct polymers linked
by a covalent bond at one end have
the ability to self-assemble into a variety of
ordered nanostructures. Depending upon
volume fraction of the components, BCP
nanoscopic microdomains, like body-cen-
tered cubic spheres (BCC), hexagonally packed
cylinders (HEX), lamellae (LAM), and bicon-
tinuous gyroids are prepared at certain
conditions. * The molecular weights of
the BCP and the individual blocks can be
varied to control the size and separation
distance of the nanoscopic domains. Porous
materials have gained much attention for
use in catalysis,® as scaffolds or templates
for nanomaterial synthesis,® cell culture
substrates,” separation media,® and antire-
flection coatings.’ Porous templates for
these applications have been generated
by templating techniques using arrays of
polymer latex particles,'®'" condensation of
water droplets,'>'® colloidal silica,’* or
BCPs."*~ "7 Among these, BCPs offer versati-
lity in the size, uniformity, and periodicity of the
pores. However, it is necessary to control the
alignment of BCP microdomains to achieve
two-dimensional (2D) arrays of nanopores that
span the thickness of the film. A number of
approaches have been used to fabricate highly
ordered nanostructures from BCP thin films,
including tailored interfacial interactions,'®”?'
solvent annealing,>~2* electric fields,>>?° che-
mical patterning of substrates,®’*® graphoe-
pitaxy,”®*° and epitaxial growth.>'*? Among
these approaches, solvent annealing has
proven to be rapid, applicable to numerous
BCPs, simple to implement, and does not
require a special pretreatment of the sub-
strate used. While the structures produced
by solvent annealing are nonequilibrium
structures, numerous methods are available
to freeze in the structures produced.
In this study, we show that long-range
ordering of hexagonally packed core—shell
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ABSTRACT Silica nanoporous templates from poly(1,4-isoprene)-block-polystyrene-block-poly-

(2-vinyl pyridine) (IS2VP) were prepared. The films of IS2VP spin-coated from toluene showed a

dimple-type structure with short-range lateral order. When the films were exposed to a mixed

solvent vapor of toluene/hexane, a highly ordered and oriented core—shell structure, consisting of

an outer shell of PI, a middle shell of PS, and a core of P2VP, was obtained. The Pl was degraded by

UV-ozone treatment and removed. A film of polydimethylsiloxane (PDMS) was spin coated onto the

remaining film with dimple-type structures and, upon heating, was drawn into the interstitial

regions by capillary action. Exposure to oxygen plasma converted the PDMS into silica and degraded

all other remaining polymers. This led to highly ordered and oriented nanoporous silica that could be

used as an etching mask for transfer of the pattern or templates for metal loading.

KEYWORDS: nanoporous templates - triblock copolymer - highly ordered nanostructure -

solvent-annealing - core—shell structure

nanostructures of poly(1,4-isoprene)-block-
polystyrene-block-poly(2-vinylpyridine) co-
polymers (IS2VP) can be achieved over the
macroscopic length scale by solvent anneal-
ing in a mixed vapor of toluene/hexane.
Furthermore, well-ordered nanoporous
silica templates containing Au nanoparticles
were fabricated by sequential UV—ozone
and oxygen plasma treatments. Many re-
search groups reported that well-ordered
BCP thin films could be directly used as
templates or scaffolds to generate periodic
arrays of nanoparticles.3*3** Despite ad-
vances in the production of a spatial array
of nanoparticles, the way to localize an
individual nanoparticle into a pore of the
template has not yet been reported. In
addition, although a sol—gel process also
can be used for producing multimetallic
nanoparticles, this procedure is very restric-
tive in the control of the spatial position of
the nanoparticles.®> However, the core—
shell nanostructure based on triBCP that we
have established here is able to not only
produce periodic arrays of nanoparticles but
also effectively localize them in a silica nano-
porous template because the P2VP core
can offer the strong interaction with metallic
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Figure 1. SFMimages (1.5 um x 1.5 um, height mode) of (a) as-spun of 1IS2VP80, and I1S2VP films annealed in solvent vapor for
(b) 60 min, (c) 90 min, (d) 210 min, and (e) as-spun of IS2VP99, (f) IS2VP99 annealed for 60 min.

precursors, even though the Pl external shell creates
enough space for the silica well by degradation of itself.
Here, we show that solvent annealing of IS2VP films
generates well-defined core—shell nanostructures on
silicon substrates, and the nanoporous templates can
be produced from the solvent-annealed IS2VP films.

RESULTS AND DISCUSSION

Figure 1 shows SFM images of as-spun and solvent-
annealed IS2VP thin films at various annealing times.
I1S2VP80 triBCP films spin-coated onto a silicon sub-
strate from a 0.7 wt % toluene solution show a dimple-
type structure having an average diameter of 33 nm
with short-range lateral order (Figure 1a). The fast
Fourier transform (FFT) of the data in Figure 1a shows
a diffuse circular pattern which is characteristic of
short-range order. When the as-spun film was an-
nealed in the vapor of toluene/hexane (70/30, v/v)
mixture for 60 min, well-defined hexagonally packed
nanostructures with an average diameter of 36.8 nm
were observed (Figure 1b). FFT of the SFM image
shows six strong spots, which are characteristic of a
hexagonally packed structure with long-range lateral
ordering of the nanostructures. It is noteworthy that we
can properly control the solvent-annealing conditions
for inducing triBCP nanostructures because our clean-
ing process with oxygen plasma can enhance the
wettability of triBCP films on the Si substrate by pro-
ducing a silanol group on its surface. With longer
solvent-annealing time (90 min), the ordering of the
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BCP microdomains is lost on the surface, as shown by
the SFM image in Figure 1c. A dewetting of the film is
also evident in the data shown in Figure 1d. Conse-
quently, solvent annealing times were restricted to
~60 min. The thin films of IS2VP99 were also prepared
in the same manner with 1S2VP80. SFM image of
as-spun films of IS2VP99 also showed short-range
order of dimple-type structures (Figure 1e). However,
after solvent-annealing in the vapor of toluene/hexane
(70/30, v/v) mixture for 60 min, a long-range ordering
of hexagonal arrays of nanostructures was observed on
the whole surface area of the Si substrates as shown in
Figure 1f. We also found that the mixed solvent con-
taining lower content of hexane led to dewetting of
thin films under the same annealing conditions.

Since SFM provides information on the local order-
ing of BCPs, another tool for confirmation of the
ordering over macroscopic distances is necessary. This
was accomplished with grazing incidence small-angle
X-ray scattering (GISAXS) measurement. The GISAXS
data of the as-spun IS2VP80 film in Figure 2a show just
a pair of broad diffraction peaks along gy, the scattering
vector in the plane of the film, where g = (47/1) sin(6/2),
6 is the scattering angle and 4 is the wavelength. The
X-ray profile along g, shows a broad, first-order scatter-
ing peak (g*) corresponding to a d-spacing of ~32 nm
which is in good agreement with SFM data in Figure 1a.
The GISAXS reflections are also extended along g, that
is, normal to the surface, resulting from a truncation of
the structures at the surface of the films. The GISAXS
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Figure 2. GISAXS 2D images (abscissa: g, axis, ordinate: g, axis) of (a) as-spun and (b) solvent-annealed I1S2VP80 film and

(c) as-spun and (d) solvent-annealed 1S2VP99.

data in Figure 2b of the IS2VP80 film solvent-annealed
for 60 min, followed by immersing into ethanol for
surface reconstruction shows two strong diffraction
peaks, corresponding to a d-spacing of 39 nm, and
several higher order reflections which are character-
istics of the long-range ordering. As evidenced by the
scattering peaks at g*, +/3g*, and +/4g*, the morpho-
logy consists of hexagonally packed cylindrical micro-
domains oriented normal to the film surface, as evi-
denced by the extension of the scattering along g, and
the lack of any out-of-plane reflections. It is interesting
to note the difference of d-spacing between the as-
spun and solvent-annealed IS2VP film. For the as-spun
film, the Pl and PS blocks are not perfectly segregated,
since the sample was cast from toluene, a good solvent
for both blocks. Consequently, the nanostructures of
the as-spun film are composed of a shell of partially
mixed Pl and PS and a core of P2VP. In contrast, during
solvent annealing in toluene/hexane vapors, hexane
induces the microphase separation of the Pl and PS
blocks. Moreover, the solvent annealing has led to a
significantly enhanced long-range ordering of hexa-
gonal array of nanostructures. As displayed in
Figure 2¢, the as-spun I1S2VP99 thin film showed the
broad first order scattering peak along ther g, axis,
which means a short-range of the dimple structure.
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However, as the thin film was solvent-annealed into
the vapor of toluene/hexane mixture for 60 min,
various diffraction peaks were observed in Figure 2d.
Since these scattering peaks were observed at g*,
V/3g*, and v/4g*, etc,, it is evident that the long-range
ordering of hexagonally packed nanostructures was
achieved. In addition, it is found that d-spacing of
solvent-annealed I1S2VP99 thin film is 42.6 nm from
the position of the first order scattering peak.

Figure 3a shows an SFM image of a solvent-annealed
IS2VP80 film which is immersed into HAuCl, ethanol
solution for 1 min. Because pyridine groups can be
associated with Au salts, they are selectively incorpo-
rated into P2VP domains that are the cores of 1S2VP
triBCP thin film. To incorporate Au salts into the P2VP
cores, a solvent-annealed IS2VP film was immersed in
1 wt % ethanol solution of HAuCl, for 1 min. It should be
noted that hexagonal arrays of IS2VP still remain after
incorporation of Au salts, even though the films were
immersed in ethanol. According to some references,>**
when BCP thin films with P2VP cores were dipped into
pure ethanol without HAuCl,, surface reconstruction of
the films took place because ethanol is a good solvent
for P2VP. However, the association with HAuCl, of P2VP
not only prevents the generation of nanopores in the
film but also preserves the hexagonal arrays of IS2VP
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(b)

Figure 3. (a) SFMimage (2.5 um x 2.5 um, height mode) and
(b) TEM image (scale bar =200 nm) of 1S2VP80 film
immersed in ethanol solution of HAuCl,. (c) SFM image
(2.5 um x 2.5 um, height mode) of Au nanopartilce array
from 1S2VP80.

microdomains. After incorporation of gold salts to
P2VP blocks, the mobility of P2VP containing gold in
ethanol was significantly reduced, and thus, the nano-
pores were not produced. Figure 3b shows a TEM
image of I1S2VP film immersed into HAuCl, ethanol
solution. Since the film was not stained, the dark dots
can be attributed to the gold association with P2VP.
Therefore, the existence of gold nanoparticles in P2VP
was confirmed by TEM images in Figure 3b. To demon-
strate the fabrication of nanoparticle array, the thin film
of IS2VP80 containing Au salts shown in Figure 3a was
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Figure 4. GISAXS profiles of gold salt containing 1S2VP80
films. (a) 2D image (abscissa: g, axis, ordinate: g, axis) and
(b) 1D profile of BCP thin films.

exposed to oxygen plasma. In result, Au salts in P2VP
domains were converted to Au nanoparticles while
triBCP was completely degraded as seen in Figure 3c.
To investigate long-range ordering in IS2VP films
containing Au nanoparticles, GISAXS was used. As
shown in Figure 4a, the GISAXS patterns show multiple
strong reflections. In comparison to the GISAXS in
Figure 2b, the intensity of the reflections has increased
due to an increase in the electron density difference
between the BCP components. The incorporation of Au
into the PVP microdomains markedly changes the con-
trast because it can enhance the contrast of P2VP
domains on X-ray reflection. But, we did not find any
evidence of Au nanoparticles in this thin film. The line-
scan along the g, direction in the GISAXS pattern seen in
Figure 4a shows several strong reflections of g*, V3%,
V/4g*, and /7g*, indicating a hexagonal arrays of micro-
domains with long-range lateral ordering (Figure 4b).
Figure 5a and 5b gives the SFM images of IS2VP80
and IS2VP99 thin films after UV-ozone treatment. As
seen in Figure 5a, when the 1S2VP80 film containing
HAuCl, was exposed shortly under UV light in the
presence of oxygen, the outer shell of Pl in the IS2VP
film was selectively degraded and, upon rinsing with
n-hexane to remove the degradation byproduct, 24 nm
diameter core—shell nanoposts were observed over
the entire surface of film with an outer shell of PS and
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Figure 5. SFM images (2.5 um x 2.5 um, height mode) of (a) IS2VP80 and (b) IS2VP99 thin films after UV—ozone treatment.
GISAXS profiles of IS2VP80 film after UV—ozone treatment; (c) 2D image (abscissa: g, axis, ordinate: g, axis) and (d) 1D profile.
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Figure 6. SFM image (3 um x 3 um, height mode) of silica nanoporous templates from (a) IS2VP80 and (b) IS2VP99 after

oxygen plasma.

an interior of P2VP complexed with HAuCl,. The corre-
sponding FFT image of the nanopost film is shown in
the inset of Figure 5a. The FFT confirms that the nano-
posts were arranged on a hexagonal lattice with a high
degree of lateral order. IS2VP99 thin film also shows
nanoposts composed of PS and P2VP in Figure 5b as
UV treatment is conducted in the same manner as in
Figure 5a. Figure 5c and 5d show the GISAXS results of
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nanoposts obtained from IS2VP80 on a silicon wafer.
Strong reflections are seen at g*, +/3g* +/4g* and
/7g* with a characteristic d-spacing of 37.7 nm. Con-
sequently, the well-defined hexagonal arrays of the
initial core—shell morphology of solvent-annealed
IS2VP were maintained through sample preparation
without changing the separation distance after UV-
ozone treatment.
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Figure 7. GISAXS profiles of silica nanoporous template after oxygen plasma treatment: (a) 1S2VP80 and (b) IS2VP99.

(a)

Si wafer

(b)

Toluene/Hexane

PI
PS P2VP

Si wafer
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Scheme 1. Schematic illustration for preparation of silica nanoporous template. (a) As-spun IS2VP film, (b) solvent-annealed
I1S2VP film, (c) loading of HAuCI, into poly(2-vinylpyridine) core and removal of poly(1,4-isoprene) from IS2VP film with UV-
ozone treatment, (d) spin-coating of PDMS onto the nano-pillar of PS-P2VP with Au nanoparticles, and (e) conversion of silica

wall from PDMS using oxygen plasma treatment.

Figure 6 shows an SFM image of silica nanoporous
template prepared from I1S2VP80 and IS2VP99 thin
films. To prepare the nanoporous template, PDMS was
spin-coated onto nanoposts obtained by the ozonoly-
sis of the Pl block from a solvent-annealed film seen in
Figure 5, then heated to 45 °C for 1 h to increase the
mobility of PDMS and allow capillary force to draw the
PDMS into the empty regions between the nanoposts.
Using oxygen plasma, the PDMS was converted to
silica and the nanoposts were completely removed.
This left a silica film having a hexagonal array of
nanopores with a diameter equal to that of the re-
moved nanoposts (Scheme Te). This observation also
indicates that either pore size or separation distance of
pores can be controlled by the molecular weights (or
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composition) of triBCP as seen in Figure 6a,b. Whereas,
the PVP containing gold salts generates gold nanopar-
ticle in each pore after oxygen plasma treatment. This
simple route to place inorganic nanoparticles within
each pore in a silica matrix opens the application of
these nanoporous templates for surface enhanced
plasmon, immobilization of DNA or organic dyes,
catalysis, and epitaxial growth of the crystal.

Figure 7a shows 2D diffraction pattern of GISAXS for
the nanoporous template produced from oxygen plasma
treatment. Here, in contrast to previous GISAXS results,
we observed a pair of strong diffraction peaks and
another pair of weak reflections. The strong first order
peak and weak second order peak appearing at g*, v/3g*,
as shown in Figure 7b, correspond to a hexagonal array
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with a d-spacing of 41 nm. It should be noted that, while
the hexagonal packing has been preserved, the extent of
lateral ordering has been reduced during the process.
Another possibility is that the thickness of sample pre-
pared from PDMS-filled polymer films by oxygen plasma
exposure was significantly decreased, and discontinuous
silica layer might be formed at certain areas.

CONCLUSIONS

Using SFM and GISAXS we have shown that long-
range ordering of hexagonal arrays of nanostructures
of IS2VP triblock copolymer was achieved by solvent
annealing in vapors of a toluene/hexane mixture. It was

EXPERIMENTAL SECTION

Materials. Two different polyisoprene-block-polystyrene-block-
poly(2-vinylpyridine) (IS2VP) copolymers were purchased from
Polymer Source and used without further purification in this study.
The number average molecular weights (M,,) of poly(1,4-isoprene),
polystyrene, and poly(2-vinylpyridine) in the IS2VP80 were 9, 60,
and 11 kg/mol, respectively. The number average molecular
weights (M,,) of poly(1,4-isoprene), polystyrene, and poly(2-
vinylpyridine) in the 1IS2VP99 were 13, 70, and 16 kg/mol, respec-
tively. And the polydispersity (M,/M,) of both 1S2VP80 and
IS2VP99 was 1.14. A schematic illustration of the process to
fabricate the nanoporous templates is shown in Scheme 1. IS2VP
triBCPs were dissolved in toluene to yield 0.7 and 1.0 wt % polymer
solution at room temperature and stirred for 12 h. Then, IS2VP thin
films were prepared by spin-coating at 3000 rpm on silicon
substrates (Scheme 1a). Si (100) wafers (International Wafer
Service Inc) were cleaned by snow jet and oxygen plasma
treatment, subsequently. The films were exposed to a mixed
toluene/hexane (70/30, v/v) vapor for various times to induce
microphase-separation between block components at room tem-
perature (~23 °C) in a small closed chamber (Scheme 1b). For
preparation of gold (Au) nanoparticles inside the poly(2-
vinylpyridine) core, the polymer films were immersed in a 1 wt
% ethanol solution of hydrogen tetrachloroaurate(lll) (HAuCl,) for
1 min. The films were then rinsed with ethanol several times to
remove any free Au-salt and thoroughly dried in air. Subsequently,
poly(1,4-isoprene) was degraded selectively by UV—ozone irradia-
tion for 90 s (Scheme 1c). Then, films were washed with hexane
which is a good solvent for polyisoprene and a nonsolvent for
polystyrene and poly(2-vinylpyridine). For the fabrication of the
nanoporous silica, polydimethylsiloxane (PDMS, Aldrich, M,, =
62000 g/mol) dissolved in heptane was spin-coated onto the
films, annealed at 45 °C for 1 h to enhance the mobility of PDMS
and draw the PDMS into the interstitial regions (Scheme 1d).
The thickness of PDMS film on thin film was controlled from 5 to
8 nm by controlling its concentration and spin-coating rate.
Finally, the PDMS was transformed into silica by oxygen plasma
treatment, while any remaining BCP was completely degraded
(Scheme 1e) 2%

Characterization of Morphology in Thin Films. The surface patterns
of polymer films were assessed by scanning force microscopy
(SFM) in both the height and phase contrast modes using a
Digital Instruments Dimension 3000 scanning force microscope
operated in the tapping mode. Film thickness was measured by
ellipsometry. Transmission electron microscopy (TEM) measure-
ments were performed on a JEOL 100CX electron microsocope
operated at 100 kV. For TEM measurements, the samples were
prepared on silicon substrates with a thick silicon oxide (~ 250
nm) layer. Polymer films were floated onto the surface of a 5 wt
% aqueous solution of HF and transferred to a Cu grid for TEM
measurements. Grazing incidence small-angle X-ray scattering
(GISAXS) measurements were performed at the 7.3.3. beamline
at the Advanced Light Source (Lawrence Berkeley National
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found that the nanostructures of I1S2VP consisted of
micellar arrays having an outer shell of Pl, a middle
shell of PS, and a core of P2VP. Immersion of IS2VP films
into a 1 wt % solution of a gold salt in ethanol allowed
the formation of a gold-incorporated P2VP microdo-
main that, subsequently, could be converted to Au
nanodots. We showed that nanoporous templates
containing gold nanoparticles within each nanopore
could be produced by sequential UV-ozone and oxy-
gen plasma treatments. These nanoporous templates
have potential applications for surface enhanced
plasmons, immobilization of DNA or organic dyes,
catalysis or epitaxial growth of crystal.

Laboratory). Sample-to-detector (S/D) distance for 1S2VP80
and 1S2VP99 were 3100 and 4100 mm, respectively.
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