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Abstract: We report on a unique, very simple method of preparation of reactive membranes and
nanotemplates with nanoscopic cylindrical channels on the surface of various inorganic and polymeric
substrates. Well-ordered nanostructured thin polymer films have been fabricated from the supramolecular
assembly of poly(styrene-block-4-vinylpyridine) (PS-PVP) and 2-(4′-hydroxybenzeneazo)benzoic acid
(HABA), consisting of cylindrical nanodomains formed by PVP-HABA associates surrounded by PS.
Alignment of the domains has been shown to be switched upon exposure to vapors of different solvents
from the parallel to perpendicular orientation to the confining surface and vice versa. The alignment of the
cylindrical nanodomains is insensitive to the composition of the confining surface due to the self-adaptive
behavior of the supramolecular PVP-HABA assembly. Extraction of HABA with selective solvent results in
nanomembranes with a hexagonal lattice (24 nm in the period) of hollow channels of 8 nm in the diameter
crossing the membrane from the top to the bottom. The walls of the channels are constituted from reactive
PVP chains. The channels were filled with Ni clusters via the electrodeposition method to fabricate the
ordered array of metallic nanodots of 1.2 tera per cm2.

Introduction

Thin films of block copolymers (BC) are the focus of
intensive investigations due to their self-assembly into well-
ordered periodic structures.1 BC demonstrate a variety of bulk
morphologies (spherical, cylindrical, gyroidal, lamellar) depend-
ing on the ratio of block lengths and the segment-segment
interaction parameter. The periodicity is determined by the
molecular weight of BC and typically is in the range of 10/100
nm.2 This class of ordered materials is promising for applications
in many fields of nanoscience and technology such as surface
patterning, lithography, and templating for the fabrication of
information storage devices of terabits per cm2 capacity, mag-
netic and optical materials, nanowires, nanomembranes, etc.3,4

BC thin films confined by copolymer-substrate and copoly-
mer-air (or vacuum) interfaces undergo both surface relaxation
and surface reconstruction. It is caused by surface phenomena
which induce changes in the periodicity and force one of the
blocks to occupy an interface.5-9 In the films of practical interest

(thickness in the range of several bulk periods), the surface
phenomena dominate over the morphology of the films, ham-
pering the fabrication of the ordered material with the desired
orientation of nanoscopic domains. Therefore, in terms of
practical applications of the block copolymer thin films, at least
three following key problems should be overcome.

First, thin films of BC are to be well ordered to provide the
highest density of the domains and an equal distance between
them. The widely used approach to improve the order in BC is
annealing at temperature above the glass-transition (Tg),10

resulting in the formation of the thermodynamically stable (or
metastable) state and in the improvement of lateral order.
Recently, Krausch et al.11 proposed an elegant alternative
method to promote self-assembly into nanometer-scale domains.
The procedure consists of the controlled swelling of BC thin
films in solvent vapor. Solvent quality and swelling ratio may
affect the morphology and, particularly, orientation of nano-
scopic domains in films of triblock copolymers. Very recently,
an approach was suggested by Kramer et al.12 They explore
the phenomenon of topographical confinement (lithographically
patterned Si-wafer) to induce a single crystalline order in a single
layer of block copolymer spheres.
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Second, the desired alignment of the domains (the typical
example is represented by cylindrical or lamellar domains
oriented perpendicular to the substrate surface) is required for
practical application. However, the perpendicular orientation is
in contradiction with the tendency of the domains to align
parallel to the confining surface caused by the preferential
wetting of the interface with one of the blocks.2,13 Several
approaches have been proposed to overcome this problem. T.
P. Russell et al.14 showed that annealing in an external electric
field of a high strength (at least 30 kV/cm) provided the
orientation of poly(methyl methacrylate) (PMMA) cylinders or
lamellae of a polystyrene-block-poly(methyl methacrylate) (PS-
PMMA) thin film along the field lines, in either the normal
(C⊥) or the in-plane (C|) direction depending on the applied
electric field orientation. The effect of external electric field on
the BC film structure and on the order-disorder transition
temperature was discussed in several publications.15,16Another
approach proposed by T. P. Russell et al. consists of the
orientation of a BC film by the “neutral surface” of the solid
substrate.17 Also, many recent reports are dedicated to the
solvent-induced orientation.11,18,19

Third, most applications require that the minor component
forming nanodomains is eliminated to transform the BC film
into a membrane/template. T. P. Russell et al.20 proposed UV
etching to selectively remove PMMA from the BC film of
PS-PMMA. Also, plasma etching was applied for several BC
films.4 An elegant method based on a polymeric supramolecular
assembly was proposed by O. Ikkala et al.21 They used hydrogen
bonding between 4-vinylpyridine monomer units and 3-penta-
decyl phenol (PDP) to modify the morphology of poly(styrene-
block-4-vinylpyridine) (PS-PVP). The investigation of PS-PVP
+ PDP in the bulk showed that the supramolecular assembling

of PVP and PDP changed the BC morphology from spherical
to cylindrical.21 PDP can be easily removed by washing with
selective solvent providing nanoscopic channels in the major
component matrix.22

It is a challenging task to develop an appropriate material
and technology that is a simple solution to the three above-
mentioned problems and allows fast fabrication of well-ordered
nanomembranes/nanotemplates from block copolymer films
deposited on solid substrate. Here, we report the successful
approach based on the idea of adjusting properties of a block
copolymer supramolecular assembly with low molar mass
additive. This component helps to solve most of the problems:
the appropriate alignment, the crystalline-like order, and the easy
transformation of the film into a membrane. It is straightforward
that the addition of the third component may strongly modify
interactions at interfaces and change surface reconstruction.
Taking into account the great number of parameters affecting
morphology in such a system, our search of the third component
was based mainly on a qualitative analysis of hydrogen bonding
with BC, a capability to form mesophases, and a capability for
the selective extraction from the BC matrix. Finally, we have
selected the system from PS-PVP and 2-(4′-hydroxybenzene-
azo)benzoic acid (HABA) (Figure 1a). Depending on the
experimental conditions, the PS-PVP+ HABA supramolecular
assembly (SMA) demonstrates microphase separation with
hexagonally packed cylinders of eitherC⊥ or C| orientation as
shown schematically in Figure 1b,c. Moreover, HABA can be
easily removed when it is washed in selective solvent, giving
the ordered array of nanochannels (Figure 1d). Finally, elec-
trodeposition throughout the nanotemplate results in the ordered
array of metal dots or nanowires (Figure 1e).

Experimental Section

Materials. Poly(styrene-block-(4-vinylpyridine)) (PS-PVP), with
number average molecular masses (Mn) of PS 35 500 g/mol, PVP 3680
g/mol, Mw/Mn ) 1.06 for both blocks, was purchased from Polymer
Source, Inc. 2-(4′-Hydroxybenzeneazo)benzoic acid (HABA) was
purchased from Sigma-Aldrich. The solvents 1,4-dioxane, chloroform,
THF, toluene, methanol, and dichloromethane were purchased from
Acros Organics and used as is. Silicon wafers{100} and quartz slides
were cleaned successively in an ultrasonic bath (dichloromethane) for
15 min and a “piranha” bath (30% H2O2, 70% of H2SO4, chemical
hazard) for 40 min at 82°C, and then thoroughly rinsed with Millipore
water and dried under an argon flow.
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Figure 1. Scheme of the nanotemplate fabrication approach based on the BC assembly.
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Fabrication of Nanomembranes/Nanotemplates.PS-PVP and
HABA (1 mol of HABA:1 mol of 4-vinylpyridine monomer unit) were
dissolved separately. PS-PVP solution was then added drop-by-drop
to HABA solution, while the solution was heated close to the boiling
point of the solvent in an ultrasonic bath. The heating was very
important for the reproducible formation of SMA. The resulting solution
(the range of the total concentration PS-PVP+ HABA from 0.1 to 3
wt %, the fraction of HABA 17.8 wt %) was kept overnight to complete
hydrogen bonding. Thin films were prepared by dip-coating from the
filtered solutions. Dip-coating was performed with the rates ranging
from 0.1 to 1.0 mm s-1. Nanomembranes were fabricated by selective
extraction of HABA with methanol.

The PS-PVP copolymer exhibits spherical morphology in bulk when
the structure is formed by a PVP core surrounded by a PS shell.23 From
SAXS experiments, we have found that the PS-PVP-HABA equimo-
lecular assembly produces the hexagonal cylindrical bulk structure with
a characteristic period of 23 nm.

Characterization of the Ordered Thin Films. The thickness of
the polymer films was measured by an SE400 ellipsometer (SENTECH
Instruments GmbH, Germany) with a 632.8 nm laser at a 70° incident
angle. The pore fraction of the thin polymer films was estimated from
the effective refractive index (n, measured with ellipsometry) using
the following equation:24

whereni andVi are the refractive indices and volume fractions of the
constituent phases of the thin film.

UV-vis spectra were recorded with a Cary 100 Scan UV-vis
spectrophotometer (Varian, Inc.). Infrared spectra were recorded with
a Bruker IFS 66v FTIR spectrometer in the transmission mode.

AFM imaging was performed by a Dimension 3100 (Digital
Instruments, Inc., Santa Barbara, CA) scanning force microscope and
a CP (Park Scientific Instrument, Inc.) in the tapping mode. The tip
characteristics are as follows: spring constant 1.5-3.7 N m-1, resonant
frequency 45/65 Hz, tip radius about 10 nm. Analysis of AFM images
(Fast Fourier Transform, center map) was performed with the WSxM
software (Nanotec Electronica). Center-center distance histograms were
built using center map collecting for at least 3000 centers ofC⊥.

Templating of Nanomembranes.Nickel was introduced into the
cylindrical channels of the membrane via electrodeposition in the
galvanostatic mode for 1000 s at 300µA cm-2 current density using
Autolab/PGSTAT30 with the Watts bath, an Ag/AgCl reference
electrode, and a platinum wire counter electrode.

Results

In the first step, SMA polymer films on Si-wafers were
prepared by dip-coating. Under an optical microscope, the
polymer films with thicknesses ranging from 20 to 100 nm
(ellipsometry) are macroscopically and microscopically smooth
and show no signs of HABA phase separation, such as crystals
or stains. This suggests that HABA molecules are associated
with PVP blocks building comblike polymer chains. The AFM
scratch test gives the same film thickness as ellipsometry if the
SMA film is modeled as a layer with an apparent refractive
index of n ) 1.63. Such an elevated value of the apparent
refractive index as compared to that for PS-PVP (1.59) is
attributed to the significant fraction of HABA.

FTIR spectroscopy provides evidence for the formation of
hydrogen bonds between HABA and pyridine fragments of PVP
detected from the shifts (δ) of PVP characteristic bands sensitive

to the formation of hydrogen bonds at 1415 cm-1 (δ ) 5 cm-1)
and 993 cm-1 (δ ) 8 cm-1) as compared to PS-PVP spectra
(Figure 2a).25 This result is very similar to those reported
elsewhere for hydrogen bonds of PVP with PDP.25,26To improve
our understanding for the mechanism of the interaction between
PVP blocks and HABA in different media, we study interac-
tions in the model system consisting of HABA and pyridine in
1,4-dioxane and chloroform solutions (Figure 2b, lines 2 and
3). As a reference, we use the FTIR spectra of HABA in 1,4-
dioxane (Figure 2b, line 1). We found a very pronounced dif-
ference between the spectra in 1,4-dioxane and chloroform.
Hydrogen bonding involving carbonyl groups results in the
appearance of a new band at 1720 cm-1 in 1,4-dioxane, while
a new band at 1275 cm-1 in chloroform indicates the formation
of hydrogen bonds with phenolic groups of HABA. Conse-
quently, the spectra give evidence of switching between different
mechanisms of hydrogen bond formation in different solvents,
which is introduced by the competition with solvent.

Important information for the understanding of the SMA film
structure was extracted from the analysis of UV-vis spectra.
HABA demonstrates the very intensive absorption peak at 382.0
nm (Figure 3a). In contrast, the SMA film spectrum shows a
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Figure 2. Infrared spectra of (a) PS-PVP, HABA, and SMA films,
respectively, in the region of pyridine ring bands; (b) a model system HABA
+ pyridine in 1,4-dioxane (3) and in chloroform (2) in the regions of
phenolic and carbonyl bands as compared to HABA without pyridine (1).
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blue shift of the main peak (367.4 nm) as compared to the
spectra of HABA or SMA solutions (Figure 3a-c). It is a strong
argument for H-aggregation of HABA (parallel face-to-face,
according to the molecular exciton model).27,28 This specific
structure may play an important role in the morphology of the
film.

The detailed investigation of SMA films with AFM shows
the dependence of the morphology on the deposition conditions.
SMA films deposited from chloroform solution demonstrate the
terrace formation (Figure 4a). The films are very smooth inside
of the terraces with a rms roughness of about 0.3 nm for a 1×
1 µm2 lateral scale. In contrast, SMA films deposited from 1,4-
dioxane are flat and featureless. The rms roughness is 0.15 nm
as measured on a 1× 1 µm2 lateral scale. We did not visualize
a fine structure of the materials because of the poor contrast
between the mechanical behavior of PS and PVP+ HABA
domains in the film.

In the second step, the films were rinsed in methanol (selec-
tive solvent for PVP and HABA) for 2 min. We expected that
methanol destroys supramolecular assemblies and removes se-
lectively HABA from SMA, leaving cylindrical cavities in the
film. We used the absorption peak at 382.0 nm in UV-vis
spectra to examine the films after the rinsing procedure. Com-
paring the band intensities for the polymer film before (Figure
3c) and after (Figure 3d) the rinsing, we may conclude that
HABA was completely washed out with methanol from the film.

The AFM scratch test showed no significant difference in
film thickness before and after washing. It gives evidence that
almost all HABA is located in PVP domains because the
thickness of the PS matrix remains almost unchanged. Ellip-
sometric data for the same film thickness were fitted with the
apparent refractive indexn ) 1.50( 0.01. Such a decrease of
n from 1.63 for SMA film (before washing) to 1.5 (after
washing) is effected by the formation of porous morphology of
the film due to the elimination of HABA. Note that the obtained
n value is much lower thann ) 1.59 for the PS-PVP reference
film, which gives additional evidence for the formation of a
membrane with porous morphology. The estimated volume
fraction of the pores in the membrane (nPS) nPVP ) 1.59) is in
good agreement with the concentration of HABA in the initial
mixture (17.8%).

Rinsing with methanol develops the fine structure of the films
clearly observed with AFM. The film deposited from chloroform
shows well-aligned stripes (Figure 4b) which can be assigned
asC| cylindrical domains.10

The film deposited from 1,4-dioxane and washed with
methanol demonstrates caves of about 8 nm in diameter which
are a projection ofC⊥ domains (channels) with a periodicity
of about 24 nm (Figure 5a). The center-center distance analysis
reveals a relatively narrow distribution of spacing between
channels with a standard deviation<20% as visualized by the
Gaussian fit (Figure 5b) and Fourier transform image (inset).
The center-center distance distribution found for the membranes
prepared from the “as-deposited” films is comparable to the
distribution of an optimized PS-PVP film obtained by the
“neutral surface” approach.29 We observed the same level of
order for different film thicknesses ranging from 20 to 100 nm.

Alignment of cylindrical domains in SMA films can be easily
changed with the appropriate solvent. For example, this was
observed after the 60 nm thick film deposited from 1,4-dioxane

(27) McRae, E. G.; Kasha, M.J. Chem. Phys.1958, 28, 721-722.
(28) Dante, S.; Advincula, R.; Frank, C. W.; Stroe ve, P.Langmuir1999, 15,

193-201.
(29) Guarini, K. W.; Black, C. T.; Yeung, S. H. I.AdV. Mater.2002, 14, 1290-

1294.

Figure 3. UV-vis spectra of (a) HABA 1.8× 10-3 g L-1 chloroform
solution, 10 mm quartz cell, (b) SMA 0.01 g L-1 chloroform solution, 10
mm quartz cell, (c) the SMA 110 nm thick film, and (d) the SMA
nanotemplate after HABA extraction.

Figure 4. AFM images of SMA films (a) dip-coated from chloroform
solution, 40 nm thick, lateral scale 16× 16 µm2, z scale 30 nm, and (b)
dip-coated from chloroform solution and washed with methanol, 40 nm
thick, lateral scale 1× 1 µm2, z scale 5 nm.
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(C⊥ pattern, Figure 5a) was annealed in a saturated vapor of
chloroform for 30 min at room temperature. Once the sample
was removed from the chamber, it dried in about 1 s. We then
rinsed it with methanol. The film reveals the characteristicC|
morphology similar to the morphology obtained directly after
deposition from chloroform solution. Oppositely, SMA films
deposited from chloroform withC| alignment were reoriented
into hexagonalC⊥ morphology after being annealed in a 1,4-
dioxane saturated vapor atmosphere for 30 min at room
temperature. Moreover, swelling of the SMA film in 1,4-dioxane
vapor results in a significant increase of order (Figure 5c). The
center-center distance distribution is very narrow (standard
deviation 9%, Figure 5d). Six sharp first order peaks and the
presence of higher order reflections are clearly seen on the FFT
image (Figure 5d, inset), demonstrating the almost perfect
hexagonal order spreading over the area of 0.2/2µm2. We
assume that the well-ordered structure is promoted by aggrega-
tion of HABA molecules. The re-alignment occurring in SMA
is reversible, relatively fast, and can be repeated several times
for films that are not rinsed.

The kinetics of the re-alignment was monitored by analyzing
the morphology of the films as a function of time and swelling
degree (evaluated with ellipsometry). We found out that the re-
alignment began upon exposure to a saturated vapor of solvent
if the swelling approached a 2.5 times increase in the film
thickness (in our experiments, this swelling degree was observed

in 10 min). The completed re-alignment was then approached
in about 10 min. Very similar kinetics was observed for different
solvents.

It is noteworthy that the same behavior was found for
substrates of different chemical compositions, for example, PS
brush, gold, ITO-glass, and Ni. Thus, the film morphology is
insensitive to the substrate surface nature.

The fast switching between two different alignments of the
cylindrical domains and the indifference of alignment to the
substrate surface energy provide evidence for the very strong
modification of the SMA film behavior as compared to that of
BC films. Reconstruction of BC film morphology by vapor or
thermal annealing was reported in the literature.10,11,19However,
this process is typically very slow and usually results in
morphologies representing the coexistence of different align-
ments of nanodomains. Perpendicular orientation/reorientation
requires a combination of thermal annealing and a strong electric
field and occurs even more slowly than the above process.14,30

The “neutral surface” approach is limited by a film thickness
of about one period and requires sufficient time and tempera-
ture.29 In contrast, the SMA films demonstrate ordering in either
C⊥ or C| orientation without influence of additional external
stimuli.

(30) Böker, A.; Knoll, A.; Elbs, H.; Abetz, V.; Mu¨ller, A. H. E.; Krausch, G.
Macromolecules2002, 35, 1319-1325.

Figure 5. AFM images of SMA films: (a) dip-coated from 1,4-dioxane solution, dried, and washed with methanol, 40 nm thick, lateral scale 500× 500
nm2, z scale 5 nm, (b) histogram of center-center distances with Gaussian fit and FFT image of (a), (c) SMA after being swelled in 1,4-dioxane vapor, dried,
and washed with methanol, 40 nm thick, lateral scale 500× 500 nm2, z scale 5 nm, (d) histogram of center-center distances with Gaussian fit and FFT
image of (c).
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The experiments were performed in different solvents, and
we found that the stability of theC⊥ alignment increased with
the increased reactivity of the solvent in the formation of
hydrogen bonds. For example, theC| alignment was found in
toluene and chloroform. The SMA film deposited from THF
exhibits a coexistence ofC| andC⊥ structures, while in 1,4-
dioxane theC⊥ structure is stable.

Taking into account the above-mentioned behavior and the
structure of the SMA film, we may speculate that the reversible
and dynamic supramolecular aggregation between PVP and
HABA via hydrogen bonds may introduce the mechanism of
self-adaption of the interface composition. Redistribution of
HABA molecules between bulk and interface occurs so that a
minimum interface energy may be approached for the particular
alignment and environment, making the morphology insensitive
to the confining surface. Solvent plays a very important role
competing with PVP for HABA molecules so that a subtle
interplay between HABA-PVP-solvent interface interactions
may result in conditions switching in the mechanism, as is
proven by the FTIR spectra (Figure 2b). This mechanism helps
one to overcome surface-dominant alignment as compared to
BC films. The detailed investigation of the mechanism requires
consideration of many parameters, and it is out of the focus of
this paper. The prevalent role of HABA is the subject of our
future investigations.

It is noteworthy that the walls of the channels formed after
rinsing with methanol are constituted from the brush of PVP
chains. The free space left by HABA molecules can be
reversibly occupied by swollen PVP chains upon exposure of
the membrane to selective solvent or acidic aqueous solution.
Thus, the fabricated membranes belong to the class of smart
membranes with uniform reactive channels of a narrow distribu-
tion in size.

In the third step, the nanomembrane prepared by rinsing in
methanol the SMA film in theC⊥ orientation on the gold coated
Si-substrate was filled with Ni clusters. Nickel was introduced
into the cylindrical channels of the membrane via the elec-
trodeposition method. We then washed out the polymer template
with THF. The well-ordered lattice of Ni dots 15-20 nm in
the diameter, 10 nm in height, and with a 24 nm period was
observed with AFM (Figure 6). Taking into account the

widening effect of the AFM tip,31 we found that the apparent
size of the dots is in good agreement with the nanotemplate
channel diameter (8 nm). Few defects (lacunas) appear in the
array of Ni dots due to the nonuniform electrodeposition kinetics
of the metal clusters in nanochannels. Besides the potential
application, this experiment gives evidence that the cylindrical
channels cross the membrane from the top to the bottom.

Summary

We report on our finding of the unexpected behavior of the
supramolecular assembly of a PS-PVP block copolymer with
HABA molecules resulting in theC⊥ alignment of cylindrical
nanodomains. The alignment is insensitive to the composition
of the confined surface. The film can be reversibly switched
from the perpendicular to parallel orientation and vice versa
upon exposure to 1,4-dioxane and chloroform vapor, respec-
tively. The re-alignment in different solvents is a relatively fast
(tens of minutes) process. The perpendicular orientation of the
cylinders can be approached without applying strong external
stimuli (e.g., electrical field), which is in contradiction to the
surface reconstruction effect usually observed for BC thin films.

We explain the observed behavior by the specific intermo-
lecular aggregation of HABA molecules which can overcome
the confining surface dominated reconstruction and stabilize the
perpendicular alignment in 1,4-dioxane due to the self-adaptive
behavior of SMA surface. HABA molecules can be selectively
and completely extracted from the ordered films, resulting in
membranes with an ordered lattice of cylindrical nanochannels.
The walls of the nanochannels are formed by the reactive PVP
brush.

We demonstrate that the channels can be filled with metal,
for example, nickel, by electrochemical deposition to fabricate
an array of ordered nanodots or nanowires.
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Figure 6. Ni dots electrodeposited throughout 45 nm thick PS-PVP nanotemplate, lateral scale 1× 1 µm2: (a) topography image,z scale 30 nm, (b) power
spectrum density, the main peak (24 nm) corresponds to the SMA periodicity (inset, FFT image of (a) showing perfect hexagonal ordering of Ni dots).
Occasional lacunas appear due to the inhomogeneity of electrodeposition.
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