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ABSTRACT: Supramolecular assembly (SMA) between poly(styrene)-b-poly(4-vinylpyridine) (PS-b-P4VP)
and 1-pyrenebutyric acid (PBA) is investigated in thin films after annealing in a 1,4-dioxane atmosphere. The
PBA selectively enriches with the P4VP block through hydrogen bonding between the carboxylic group of
1-pyrenebutyric acid and pyridine ring of P4VP. The supramolecular assembly of PS-b-P4VP with
1-pyrenebutyric acid resulted in changing the cylindrical morphology of pure block copolymer into lamellar
morphology in thin film due to the increase of the block compositions of P4VP (PBA). Pure block copolymer
after solvent annealing shows cylindrical microdomains normal to the substrate with a periodicity ∼26 nm,
whereas the SMA complex shows perpendicularly oriented lamella with a periodicity ∼29 nm. These thin
films were further immersed in ethanol, a good solvent for P4VP/P4VP (PBA) and a nonsolvent for PS to
generate nanotemplates. These nanotemplates are effectively used for the fabrication of arrays of nanowires
of different functional materials like metal or semiconductor.

Introduction

Self-assembly of block copolymers (BCP) has received wide-
spread attention in the nanoscience and nanotechnology research
due to their tendency to formwide range of periodic structures in
the nanoscopic length scale.1-7 The size and shape of the periodic
structures mainly depend on the number of copolymer blocks,
their volume fraction, chain flexibility, chain architecture, and
chemical interactions existing between the blocks. In most of the
practical applications block copolymers are used in the form of
thin films, and the structural behavior of BCP thin films com-
pared with bulkmaterials is oftenmuchmore complicated due to
the interfacial interactions of the blocks with the underlying
substrate, the surface energies of the blocks, and commensur-
ability of the film thickness. Significant progress has beenmade in
controlling the microdomain orientation and long-range order in
BCP thin films.5-10 This class of ordered materials are promising
for applications11-17 in many fields of nanoscience and nano-
technology such as surface patterning, lithography, and templat-
ing for the fabrication of ordered arrays of metal, magnetic,
polymeric, and semiconducting nanomaterial of high density
(terabits per cm2) used for electronic, electrochemical, opto-
electronic,magnetic, photonic, and biosensing device applications.

In recent years, it was demonstrated that a supramolecular
approach to block copolymer self-assembly is a simple and
powerful technique for fine-tuning of the block copolymer
morphologies and has been successfully applied in bulk18-21

and in thin films.22-26 In this approach, a low molar mass addi-
tive is associated with one of the blocks by noncovalent inter-
actions such as metal coordination, hydrogen bonding, van der
Waals forces, π-π interactions, and electrostatic effects.20-32

These supramolecular assemblies (SMA) offer advantages over
the covalently linked analogues, since different functionalities can
be incorporated into the assemblies simply by substituting the

small molecules. This will reduce the burden of synthesiz-
ing entirely new families of BCP. Another major advantage of
SMA strategy is that the lowmolarmass additive can be removed
easily from the SMA by selective dissolution to obtain a nano-
porousmaterial.22,24 These nanopores and nanochannels that are
lined with functional groups are readily available for further
applications.Amongvarious types of supramolecular assemblies,
those containing hydrogen bonds hold a prominent place in
supramolecular chemistry because of their directionality and
versatility. The pioneering groups of Ikkala and ten Brinke have
demonstrated the preparation of hierarchical polymeric mate-
rials through the complexation of 3-pentadecylphenol (PDP) and
poly(styrene)-block-poly(4-vinylpyridine) (PS-P4VP) in bulk by
hydrogen bonds.18,33,34 The resultant complexes display a struc-
ture-within-structure pattern characterized by two length scales.
Most of the studies using PDP as a low molar mass additive to
form SMA with block copolymer have focused on the bulk, and
recently, there are few reports on thin films of PS-P4VP (PDP)-
based supramolecular assembly. These studies mainly focused on
the morphology, phase behavior, and terrace formation of the
SMA thin film.23,25,26,35 ten Brinke et al.23 showed the terrace
formation of supramolecular thin films annealed under different
chloroform vapor pressures. Very recently, Tung et al.26 systema-
tically studied PS-b-P4VP (PDP) with a wide range of P4VP-
(PDP) weight fraction and established a correlation between
orientation of supramolecular assembly in thin films and the
weight fraction of P4VP (PDP). Also, they demonstrated the for-
mation of hierarchical assemblies, e.g., lamellae-within-lamellae
and cylinders-within-lamellae in thin films. A careful observation
of AFM images reported on PS-b-P4VP (PDP) thin films indi-
cated the huge surface roughness due to the unevenly distributed
surfactant kind of additive (PDP)molecules over the thickness of
the film. Our group has demonstrated the formation of smooth
thin films fromSMAofPS-b-P4VPand anonsurfactantmolecule
having two different hydrogen-bonding groups 2-(40-hydroxy-
benzeneazo)benzoic acid (HABA).22,24 The orientation of the
cylindrical microdomains P4VP (HABA) surrounded by PS
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matrix could be switched by exposure to different solvent vapors.
It is worth mentioning here that the uniform film formation and
the homogeneous distribution of HABA molecules in SMA thin
films are very sensitive to the film deposition conditions. We
noticed that under some conditions HABA crystallized on the
film surface upon drying of the film or solvent annealing of the
film. It was noticed that if the interaction between block copoly-
mer and small molecules is not strong enough to form comblike
structure, additive will come out from the thin film and crystallize
on the surface of the thin film during annealing and hampers the
order and orientation of the microdomian.36 Considering these
difficulties, a limited number of reports are available on the study
of block copolymer-basedSMA in thin films, and inmost of these
studies PDP or HABA was used as a low molar mass additive to
form the hydrogen bonding. It is necessary to add new additives
to the library of PS-b-P4VP-based SMA for the complete under-
standing of constraints or factors which control the block copoly-
mer supramolecular assembly and the orientation of the micro-
domain in thin film. There is also limited number of reports on
complete transformation of the block copolymer morphology
after supramolecular assembly with small molecules in thin film
and their use as template for nanofabrication. In this article,
we have studied the supramolecular assembly of a new mole-
cule 1-pyrenebutyric acid with PS-b-P4VP. 1-Pyrenebutyric acid
(PBA) is an important photoluminescence molecule used as fluo-
rescent dye and electroluminescent dopant. PBA forms SMA
with the P4VPblock due to strong hydrogenbonding between the
carboxylic group of 1-pyrenebutyric acid and pyridine ring of
P4VP. The SMA of PS-b-P4VP with 1-pyrenebutyric acid re-
sulted in changing of the cylindrical nanodomain of block
copolymer into lamella in thin film due to compositional change.
After fabricating the SMA thin film, the major component
1-pyrenebutyric acid can be easily removed by dissolving the thin
film in ethanol to transform the block copolymer thin film into
nanotemplate or membrane. We have also shown that these
nanotemplates can be effectively used for the fabrication of arrays
of nanowire of different functional material like metal or semi-
conductor. Such nanopatterned ultradense periodic arrays of
metal or semiconductor nanoparticles may find potential appli-
cations in storage devices, photonic materials, and catalytic
applications. We believe that our study on block copolymer-
based supramolecular assembly in thin film and the nano-
fabrication using these nanotemplates is considered tomake a sig-
nificant contribution in the development of nanoscience and
nanotechnology.

Experimental Section

Materials. PS (32900)-b-P4VP (8000) (PDI=1.06) was pur-
chased from Polymer Source Inc. 1-Pyrenebutyric acid (PBA)
(97%), cadmium acetate, thioacetamide, chloroauric acid
(HAuCl4), and sodium borohydride were purchased from
Aldrich Sigma Chemicals. The solvents 1,4-dioxane, chloro-
form, tetrahydrofuran (THF), ethanol, and dichloromethane
were purchased from Acros Organics and used as is. Silicon
wafers {100} were cleaned successively in an ultrasonic bath
(dichloromethane) for 15min and a “piranha” bath (30%H2O2,
70% of H2SO4, chemical hazard) for 90 min at 75 �C and then
thoroughly rinsed with Millipore water and dried under an
argon flow. For the deposition of gold nanoparticle, the block
copolymer thin film is deposited on glass substrate. The glass
slides are cleaned by sonication in chloroform, ethanol, and
water successively for 10min in each solvent and finally dried by
argon flow.

Fabrication of Nanotemplate. PS-b-P4VP and PBA (1 mol of
PBA: 1 mol of 4-vinylpyridine monomer unit) were dissolved
separately. PS-b-P4VP solution was then added drop-by-drop
to PBA solution, while the solution was heated close to the

boiling point of the solvent in an ultrasonic bath. The resulting
solution (the total concentration PS-b-P4VP þ PBA 1% (w/v))
was kept overnight to complete hydrogen-bonding formation.
Thin films of PS-b-P4VP þ PBA were prepared by the dip-
coating method from the filtered composite solutions at rate of
1 mm s-1. Dip-coated thin films were further annealed in satu-
rated vapors of 1,4-dioxane for 4 days to improve the order
of the nanodomains. Selective extraction of PBA from PS-b-
P4VP þ PBA thin film leads to the formation of block copoly-
mer nanotemplate.

Gold andCadmiumSulfideDeposition on theBlockCopolymer

Nanotemplate. The gold deposition was carried out similar to
the reported method37 with some modification. The polymer-
coated glass substrate was immersed in the aqueous metal salt
solution (consisting of 10 mL of 0.01 M HAuCl4 and 10 mL of
0.01 MHCl) for 20 min. After metal salt deposition, the sample
was thoroughly washed with water to remove the excess salt
absorbed on the block copolymer template surface and dried
under argon stream. Then the block copolymer template was
dipped into freshly prepared sodium borohydride (NaBH4)
solution in water for the reduction of HAuCl4, which was
adsorbed onto the block copolymer nanotemplate. Formation
of the gold nanostructures on glass was visually observed due to
the color change. On the other hand, for CdS deposition, the
block copolymer template on silicon substrate was dipped into
0.1 M cadmium acetate solution for 2 h. Then the silicon
substrate containing block copolymer template was transferred
from cadmium acetate solution to an aquas solution of thio-
acetamide, which acts as a source of sulfide ion (S2-).

Characterization of the Block Copolymer Thin Films. Thick-
ness. The thickness of the polymer films on silicon substrate was
measured by an SE 400 ellipsometer (SENTECH Instruments
GmbH, Germany) with a 632.8 nm laser at a 70� incident angle.

FTIR. Block copolymer thin films deposited on cleaned sili-
con wafers were directly used for FTIRmeasurements. Infrared
spectrawere recordedwith aBruker IFS 66vFTIR spectrometer
in the reflectance mode.

GISAXS. GISAXS measurements were carried out at the
beamline BW4 of the DORIS III storage ring at HASYLAB
(DESY, Hamburg, Germany). The X-ray wavelength was λ=
0.138 nm. The sample was placed horizontally on a goniometer.
Two beam stops were used in these measurements. One beam
stopwas used to block the direct beamand a second one to block
the very high specular intensity on the detector. The incident
angle was set toRi= 0.20�, which is well above the critical angles
of the polymer (0.16�) but below the critical angle for Si (0.22�).
Therefore, the X-ray beam penetrates the whole film, and the
scattering data give the information on the structural lengths
present in the full depth of the film. The scattered intensities
were recorded by a 2D detector (MARCCD; 2048� 2048 pixel).
Line-averaged intensities are reported as I vs q, where q=(4π/λ)
sin(θ/2), λ is the wavelength of incident X-rays, and θ is the
scattering angle.

AFM. The AFM imaging was performed on as prepared
samples on silicon or glass substrate by a Dimensions 3100
(NanoScope IV Controller) scanning force microscope in the
tapping mode. The tip characteristics are as follows: spring
constant 1.5-3.7 N m-1, resonant frequency 45-65 kHz, tip
radius about 10 nm.

FESEM. FESEM images were obtained with field emission
electronmicroscopy (ZeissUltra 55Gemini with FIB) operating
at 3 kV. The samples were investigated without staining, and the
working distance was 3 mm.

UV-vis Study.UV-vis study of the SMA template after gold
deposition on glass substrate was done using a UV-vis spectro-
meter (Analytical Jena, Specord 40).

Photoluminescence Study. For the photoluminescence (PL)
measurement, the thin films prepared from SMA after CdS
deposition were dissolved in chloroform by sonication. The PL
spectra of that solution were performed taking the solution in a
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quartz cell of path length 1 cm in a Horiba Jobin Yvon
(Fluoromax-3) luminescence spectrometer. The photoexcita-
tion was made at an excitation wavelength of 320 nm.

Results and Discussion

Block copolymer thin films based on supramolecular assembly
of PS-b-P4VP and PBA were deposited on cleaned silicon wafer
or glass substrate by dip-coating from 1% composite solution in
1,4-dioxane.Under an opticalmicroscope, the polymer filmswith
thicknesses about 30 nmaremacroscopically andmicroscopically
smooth and showno signs of PBAphase separation, such as crys-
tals or stains. This suggests that PBA molecules are associated
with P4VP blocks building comblike polymer chains. The chemi-
cal structure of the PS-b-P4VP (PBA) is shown in Figure 1a.

We have investigated the supramolecular assembly between
PS-b-P4VP and PBA by FTIR. Figure 2 (Figure 2a from 1030
to 980 cm-1 and Figure 2b from 1800 to 1620 cm-1) shows the
FT-IR spectra of PBA, PS-b-P4VP, and PS-b-P4VP (PBA) thin
films before and after washing in ethanol. Free pyridine groups
in the PS-b-P4VP thin film contribute to the absorption at
994 cm-119,20 (which is absent in PBA spectra). As seen from
Figure 2a, the intensity of the absorption peak at 994 cm-1 dis-
appears in PS-b-P4VP (PBA) thin film and a new broad peak
appears at 1014 cm-1 which is due to the hydrogen-bonded pyri-
dine ring,19,20,26 which confirms the formation of supramolecular

assembly between PS-b-P4VP and PBA through hydrogen bond-
ing (see Figure 1a).

The formation of hydrogen bonding is further confirmed by
the band at 1695 cm-1, which is corresponding to the stretching
frequency of CdO bond from carboxylic acid group of PBA.
As seen in Figure 2b, this band shifted to higher wavenumber at
1709 cm-1 in PS-P4VP (PBA) due tohydrogen bondingbetween
carboxylic group of PBA and pyridine ring of PS-b-P4VP. After
immersing the PS-b-P4VP (PBA) thin film in ethanol, the free
pyridine peaks are recovered, whereas the characteristic peaks of
PBA have disappeared as shown in particular by the stretching
frequency of CdO bond from carboxylic acid group of PBA at
1695 cm-1. This indicates thatwashingwith ethanol is an efficient
way to eliminate PBA from the supramoleculear assembly to
generate the nanotemplates.

The PS (32900)-b-P4VP (8000) (PDI=1.06) block copolymer
used here exhibits cylindrical morphology in bulk where the
P4VP core is surrounded by PS matrix. Block copolymer thin
films were prepared by the dip-coating process using 1% PS-b-
P4VP solution in 1,4-dioxane. Figure 3 shows the atomic force
microscope height images of the samples as dip-coated, solvent-
annealed in 1,4-dioxane, and the corresponding structures
after the surface reconstruction (rinsed with ethanol). The AFM
images of as dip-coated film of pure block copolymer (Figure 3a)
showed a disordered cylindrical microdomain due to fast solvent
evaporation, leaving the chains insufficient time to rearrange
to attain equilibrium morphology. 1,4-Dioxane vapor-annealed
thin films assemble into hexagonally packed cylindrical micro-
domains oriented normal to the substrate (Figure 3b). When
the solvent-annealed films were immersed into ethanol, a good
solvent for P4VP and a nonsolvent for PS, a surface reconstruc-
tion of the films was observed with a fine structure (Figure 3c).
Russell and co-workers have shown such a surface reconstruction
process in PS-b-P4VP diblock copolymer thin films and demon-
strated that the preferential solvation of P4VP blocks with
ethanol does not alter the order or orientation of the micro-
domains.38 Surface reconstruction of a 1,4-dioxane annealed film
of pure block copolymer keeps the well-developed microdomain
structure, having hexagonal order with an average center-
to-center spacing of ≈26 nm and pore diameter of ≈12 nm
(Figure 3c).

On the other hand, PBA added SMA thin film showed dif-
ferent morphology than the parent block copolymer thin film as
shown in Figure 3d-f because of the selective interaction of PBA
with P4VP blocks. The AFM image (Figure 3d) of the as dip-
coated thin film of SMA shows no characteristic morphology.
This morphology is kinetically trapped and far from the equilib-
rium due to the fast removal of the solvent during dip-coating.

Figure 1. (a) Chemical drawing of the SMA formation through hydro-
gen bonding between P4VP block of PS-b-P4VP copolymer and PBA.
(b) Schematic representation of transformation of the morphology of
block copolymer thin film from cylindrical to lamella after the forma-
tion of supramolecular assembly.

Figure 2. FT-IR spectra of PBA, PS-b-P4VP, PS-b-P4VP þ PBA, and ethanol-washed PS-b-P4VP þ PBA thin film in different regions: (a) 1030-
980 cm-1; (b) 1800-1620 cm-1.
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On further annealing these SMA thin films in 1,4-dioxane
vapors leads to the structural reorganization to lamellar
structure, and the lamella are oriented normal to the substrate
as shown Figure 3e. The surface reconstruction as well as the
removal of PBA was done by dipping the SMA thin film in
ethanol similar to the case of pure block copolymer. Figure 3f
shows the AFM image of the SMA thin film on silicon sub-
strate after surface reconstruction which demonstrates distinct
lamella domain normal to the substrate (Figure 3f) with
spacing of ≈29 nm. The complete removal of the PBA is also

proved by the FTIR as discussed in the preceding section. In
order to further confirm the morphology observed by AFM,
we have also performed the FESEM study. Figure 4 shows the
SEM images of nanotemplates from pure block copolymer and
from supramolecular assembly after surface reconstruction.
SEM results are in good correlation with the AFM results.
Block copolymer nanotemplate shows hexagonally packed
cylindrical channels perpendicular to the silicon substrate,
whereas the SMA template reveals perpendicular lamellar
structure.

Figure 3. AFM height images of (a) PS-b-P4VP film as dip-coated from 1,4-dioxane solution, (b) 1,4-dioxane vapor-annealed block copolymer
thin film, (c) 1,4-dioxane vapor-annealed block copolymer thin film after surface reconstruction, (d) thin film from SMAwith PBA after dip-coating,
(e) 1,4-dioxane vapor-annealed SMA thin film, and (f) 1,4-dioxane vapor-annealed SMA thin film after surface reconstruction.
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AFM and SEM give the surface morphology of the thin films;
however, neither of these techniques allowed us to understand
the buried structures inside the thin films. GISAXS is a powerful
technique to investigate the internal morphology of thin films.
Figure 5 shows the GISAXS patterns measured for various
samples of PS-b-P4VP and PS-b-P4VP (PBA) thin films. The
GISAXS 2D patterns are shown on the left side, whereas the in-
plane profiles as a function qy are shown on the right side of each
image. Figure 5A shows GISAXS 2D image along with the in-
plane profile of 1,4-dioxane solvent-annealed block copolymer
nanotemplate. The sharp Bragg rods (vertical streaks) in the
GISAXS pattern correspond to the reflections from a 2D lattice
of finite length oriented normal to the film surface.The reflections
from the BC nanoporous thin film are located at the scattering
vectors of 1:

√
3:
√
4 relative to the first-order reflection, charac-

teristic of hexagonally packed cylindrical microdomains. From
the scattering vector of the primary reflection, the d-spacing
was calculated to be 27 nm, which is consistent with the AFM
and SEM observations. Figure 5B depicts the GISAXS images
(2Dand in-plane intensity profile) of as dip-coated SMAthin film
from 1,4-dioxane solution. The absence of strong reflections,
other than the primary reflection, indicates the lack of order in as
dip-coated films. These films were further annealed in saturated
vapors of 1,4-dioxane, and the PBA was removed by dipping
the SMA thin film in ethanol for 20 min. Figure 5C shows the
GISAXS 2D image along with the in-plane intensity profile of
the SMA template. Similar to the BC nanoporous thin film, the
extension of the scattering intensity along qz direction clearly
indicates that the microstructures are oriented normal to the film
surface. In this case, the reflections are located at the scattering
vectors of 1:2:3 relative to the first-order reflection represent the
lamellar microdomain morphology.

The first-order peak at qy = 0.218 nm-1 corresponds to a
spacing of 29 nm, which is consistent with the AFM and SEM
results. The preferential orientation of the microdomain normal
to the substrate in block copolymer thin film or SMA thin film is
also supported by other literature.22,39 Sidorenko et al.22 demon-
strated the reversible switching phenomena in a supramolecular
assembly based on PS-b-P4VP with HABA (2-(40-hydroxy-
benzeneazo)benzoic acid) upon exposure to different solvent in
thin film. This supramolecular assembly gives perpendicular
cylinder annealed in 1,4-dioxane and reversibly switched to paral-
lel cylinder upon exposure to chloroform.Recently,Gowd et al.39

also observed the preferential orientation of the hexagonally
arranged cylindrical microdomain in PS-b-P4VP block copoly-
mer thin film annealed in 1,4-dioxane. In our case, we showed
perpendicularly oriented lamellar microdomain of the SMA
normal to the substrate in thin film upon solvent annealing in

1,4-dioxane. The preferential orientation of the microdomains
can be attributed to the selectivity of the constituted blocks in
that solvent40 used for solution preparation and annealing.
1,4-Dioxane is a selective solvent for PS,24 not for P4VP or
P4VP (PBA) block. So annealing in 1,4-dioxane will induce the
morphology consists of microdomains normal to the substrate.
The morphology obtained upon evaporation of 1,4-dioxane is of
course trapped in a nonequilibrium state. Heating the film above
the glass transition temperature of themicrodomain or annealing
in a solvent which are almost equally selective for the both solvent
will lead to the equilibrium statewheremicrodomains are parallel
to the surface.24,41,42 Now it is important to discuss the reason for
the change of the block copolymer thin film morphology after
supramolecular assembly. The reason is obviously the composi-
tion change of the block copolymer film after the formation of
supramolecular assembly. The PBA molecules are associated
withP4VPblocks byhydrogen bonding andbehave like comblike
polymer chains as a whole. So the supramolecular assembly will
effectively increase the block composition of P4VP due to the
complexation with PBA through hydrogen bonding. Here, we
used 1:1 molar ratio of P4VP and PBA for the formation of
supramolecular assembly, and this ratio allowed us to estimate
the molecular weight of the PBA associated P4VP chain after the
formation of supramolecular assembly. Here, we assume that the
assembly can be treated like a diblock copolymer. The phase
behavior of diblock copolymers (A-b-B) is dictated by the
Flory-Huggins segment-segment interaction parameter, χ,
the degree of polymerization, N, and the volume fraction of the
blocks (fA and fB). Matsen and Bates43 demonstrate the phase
diagram of block copolymer in between the weak (χN e 10) and
strong (χN g 10) segregation regime. The diblock copolymer at
χN less than ca. 10.5 is always in disordered state disregarding the
volume fraction of the blocks. From a random copolymer blend
miscibility study, the χ value for the pure PS-b-P4VP diblock
copolymer was determined to satisfy 0.30 < χPS-P4VP e 0.35
(T ≈ 160 �C).44,45 Very recently, a similar value of 0.317 <
χPS-P4VP e 0.347 (T between 160 and 195 �C) was found from
a diblock copolymer scattering study.46 Such a large value implies
the strong segregation limit of PS-b-P4VP for moderate mole-
cular weight. The pure block copolymer gives cylindrical mor-
phology as equilibrium structure after microphase separation at
room temperature. Now after formation of the SMA, the pre-
sence of PBAmight effectively decreases the χ parameter between
PS and P4VP, while N stays constant; hence, the χN value of the
block copolymer will change accordingly but still remain in the
strong segregation regime.

So the SMA should be in the ordered state at room tem-
perature like the pure block copolymer. But the nature of the

Figure 4. (a) Pure block copolymer thin film after surface reconstruction. (b) SMA thin film after surface reconstruction.
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microphase separation is different, which results in a change in
the morphology of the block copolymer after SMA due to the
increase of volume fraction of the P4VP (PBA). The pure block
copolymer initially shows cylindrical morphology that is trans-
formed to lamellar morphology after forming SMA with PBA.
The qualitative phase diagram is shown in Figure 6. Region 1 in
the phase diagram denotes pure block copolymer ( fPS ≈ 0.804)
having hexagonally arranged cylindrical morphology. After the
formation of SMAwith PBA, the block copolymer ( fPS≈ 0.476)
goes to region 2 in the phase diagram with lamellar morphology.

Nanofabrication Using SMA-Based Templates. SMA-based
nanotemplates were generated by washing PBA from the
PS-b-P4VP (PBA) SMA thin films. These templates were
directly immersed into a mixture of HAuCl4 and HCl. In the
presence of HCl, the P4VP chains, which are available at the
pore walls of the template, get protonated and readily bound
to the anionic AuCl4

- through electrostatic interaction. The
P4VP-decorated gold salt was further reduced to gold by
sodium borohydride. Figure 7a shows SEM image of the
SMA template after gold deposition, which corresponds to
arrays of gold decorated lamella. After deposition of gold,

the order and the spacing between the microdomains were
still maintained as it was before. Figure 8a shows the AFM

Figure 5. 2D GISAXS patterns and their corresponding in-plane intensity profiles. (A) Surface reconstructed PS-b-P4VP nanoporous template.
(B) As dip-coated PS-b-P4VP (PBA) thin film. (C) 1,4-Dioxane annealed SMA template after the removal of PBA.

Figure 6. Qualitative phase diagramof the block copolymer (PS-b-P4VP)
and their supramolecules based onMatsen andBates phase diagram.42 fPS
is the block fraction of polystyrene block, χ is the Flory-Huggins inter-
actionparameter, andN is the length of the block. L= lamella, C=hexa-
gonallypackedcylinder,G=doublegyroid, S=sphere.Region1denotes
pure block copolymer having hexagonally packed cylinder, and region 2
denotes block copolymer-based supramolecules having lamellar structure.
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image of the gold deposited block copolymer template,
which clearly indicates that gold is deposited only on the
P4VP domain of the lamella. The deposition of the block
copolymer template is again confirmed by UV-vis study
of the block copolymer thin film on glass substrate after
gold deposition. Figure 9 shows the UV-vis spectra of
gold deposited block copolymer template. The peak around
550 nm is due to the well-known plasmonic vibration band of
gold nanoparticle.47 We have also deposited semiconducting
nanoparticles like CdS on these block copolymer templates.
There are already few reports available in the literature on
fabrication of arrays of CdS nanodots48 by filling the block
copolymer templates. But thesemethods involve some tedious
and lengthy fabrication steps as well as it was difficult to fill
the block copolymer templates uniformly.Herewedelivered a
novel method for uniform filling of the block copolymer
template using cadmium sulfide as the precursor.

Asmentioned in the preceding section, the SMA templates
were directly dipped into aqueous solution of cadmium
acetate for 4 h. The P4VP chains, which are at the pore walls
of the templates, coordinate with Cd2þ ion. These block
copolymer templates coordinated with Cd2þ ion are directly
dipped into aquas solution of thioacetamide which acts as a
source of S2- ion and produce cadmium sulfide nanoparticle
stabilized by pyridine ring of P4VP chain. Excess of cad-
mium acetate molecules, which are loosely bound to the
surface of SMA template, will go to thioacetamide solution.

Figures 7b and 8b show the SEM and AFM images of the
SMA template after CdS deposition, respectively. The de-
position of CdS on the block copolymer lamella is more
clearly visible in theAFM image rather than the SEM image.
In order to confirm the deposition of CdS,we also performed
the photoluminescence (PL) study. The CdS decorated SMA
nanotemplates were dissolved in chloroform to study the PL.
Figure 10 demonstrates the PL spectra of the solution of
SMA template after CdS deposition. The peak at around

Figure 7. HRSEM images of SMA thin film after the deposition of (a) gold and (b) CdS.

Figure 8. AFM images of SMA thin film after the deposition of (a) gold and (b) CdS.

Figure 9. UV-vis spectra of gold deposited SMA template.
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450 nm confirms the presence of CdS nanoparticles in the
template.49,50

Conclusion

In conclusion, we have described the supramolecular assembly
between poly(styrene)-b-poly(4-vinylpyridine) (PS-b-P4VP) and
1-pyrenebutyric acid (PBA) in thin film for the first time. The
supramolecular assembling of PS-b-P4VP and 1-pyrenebutyric
acid changed the block copolymer morphology from cylindrical
to lamella in thin filmdue to the increase of the volume fraction of
P4VP (PBA). In both cases (parent block copolymer and SMA),
the microdomains are oriented normal to the substrate after
annealing in a selective solvent. Pure block copolymer shows cyli-
ndrical morphology with a periodicity ∼26 nm, whereas the
SMA shows lamellar morphology with a periodicity of ∼29 nm.
After fabricating the thin film from SMA, the major component
1-pyrenebutyric acid can be easily removed by dissolving the thin
film in ethanol to transform the block copolymer thin film into
nanotemplate or membrane. These nanotemplates were effec-
tively used for the fabrication of arrays of nanowire of different
functional material like metal or semiconductor. The block
copolymer-based SMA thin film described here offers a simple
root to fabricate block copolymer thin film with varying mor-
phology from a single block copolymer composition. We believe
that our study on block copolymer-based supramolecular assem-
bly in thin film and the nanofabrication using these nano-
templates are considered to make a significant contribution in
the development of nanoscience and nanotechnology.
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