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ABSTRACT: Thin films of block copolymer—surfactant complexes which consist of polystyrene-b-poly-
(ethylene oxide) (PS-b-PEO) with dodecylbenzenesulfonic acid (DBSA) hydrogen-bonded to the ether group
in PEO blocks, are investigated and characterized by FT-IR, DSC, AFM, TEM, GISAXS, and GIWAXD.
The films are solvent-annealed for obtaining controlled orientation and high degree of lateral order of the
microdomains. Selective loading of low-mass surfactant into PEO domains leads to morphological transition
over wide range of phase diagram in self-assembled nanostructure of block copolymer. In addition, the self-
assembly of amphiphilic surfactants combined with block copolymer produces hierarchical structure with
multiple length scales and different orientations in thin films. Elimination of surfactants from the complexes
by selective solvent, on the other hand, produces various nanostructured materials depending on the amount
of surfactants added and microdomain orientation in thin films. Consequently, low-mass amphiphilic
surfactants complexed with one component of block copolymer were shown to play multiple roles ranging
from generation of hierarchical structures to production of nanoporous films and nano-objects through self-

assembly and resultant phase behaviors.

Introduction

Extensive demands for smaller components in modern devices
require continuous development in the area of micro- and
nanofabrication. Existing methods and processes are rapidly
approaching technical limit with increased production cost,
which means that new nanofabrication method with much better
efficiency and less cost should be developed in the near future.
Among several possible alternatives, self-assembly has been
recently recognized as a promising candidate for nanofabrication
due to the ease and simplicity in accessing complex structures on
the nanometer scale and to the diversity of structure emerging
through it.' ¢

Block copolymers are one class of such self-assembling materi-
als, exhibiting various nanostructures via microphase-separation
that is caused by the immiscibility and connectivity of the
components. The interaction and composition between compo-
nents in addition to molecular weight are key parameters in
determining the morphology type and feature size. Even the
simplest diblock copolymers can generate various well-defined,
well-ordered domains ranging from spheres to cylinders to
lamellae depending on the relative amount of the components,
while their feature size can be controlled from ten to hundred
nanometers by the molecular weight of copolymer and the
strength of segmental interactions between the components.
Moreover, the chemical and physical contrasts between consti-
tuent components in block copolymers provide an opportunity to
fully utilize the nanostructured patterns generated by self-assem-
bly. Therefore, block copolymers with regular nanoscopic pat-
terns and functionality have recently attracted much attention as
a strong alternative that can be used as templates and scaffolds
for nanofabrication.””'*
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Utilization of block copolymer self-assembly in real applica-
tions sometimes requires more complicated structure including
aperiodic patterns. Combining with supramolecular chemistry is
one of strategies to obtain self-assembled structure with higher
complexity since, upon using additional units of different natures
and sizes, the self-assembly can effectively be tuned into hier-
archical organization. Supramolecular systems containing block
copolymers, which were pioneered and developed by Ikkala and
ten Brinke, readily use ionic interaction, hydrogen bonding, or
coordination interaction to combine block copolymer self-as-
sembly with molecular assembly, leading to hierarchical struc-
tures having so-called “structure-within-structure” morphology
with two different length scales.'®~?° On the other hand, addition
of low-molar-mass supramolecules into block copolymer micro-
domains allows reversible change in morphology and its char-
acteristic size through selective interaction with one component
of block copolymer. Additional advantage of the block copoly-
mer-based supramolecular systems is that they can provide a
simple route to prepare nanoporous structures simply by remov-
ing low-molar-mass additives.”*~** Remaining block copolymer
supports the resultant nanoporous structure with the pore size
and topology corresponding to the patterns of their parent
supramolecular systems. Tremendous progresses and a number
of results on generation of nanoporous structures have been
presented since they can find various applications in such as gas
storage, catalysis, separation, purification, templating, and fuel
cell technology. Such activity has been recently expanded to the
block copolymer-based supramolecular systems in thin film, and
there have been presented %uite a few reports on thin-film
behaviors of these systems.”® 3% Generally, in thin films are
involved additional issues into parameter space in determining
the structure of self-assembled block copolymer due to the
presence of two interfaces, polymer/substrate and polymer/air
interfaces. They lead to different behaviors in thin film from in the
bulk, and put more limitations on our ability that can control the
self-assembly of block copolymers in a thin-film geometry. This
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difficulty sometimes forces us to use additional external fields for
controlling thin film morphology including positional and
orientational orders.

In this work, the hierarchical assembly of block copolymer-
based supramolecules in thin films was investigated using poly-
styrene-block-poly(ethylene oxide) (PS-h-PEO) and dodecylben-
zenesulfonic acid (DBSA) systems where DBSA would be
expected to hydrogen-bond with PEO block. Solvent annealing
was applied as an external field to control the resulting nano-
structure of block copolymer-based supramolecules in films since
it was shown to afford controlling the orientation and degree of
lateral order of periodic nanopatterns over large area.*** Here,
changes in morphology and characteristic size were thoroughly
examined upon adding DBSA. Unprecedented morphological
changes covering wide range of phase diagram were found in this
work with the amount of DBSA changing. Furthermore, remov-
ing DBSA from thin films produces not only nanoporous
materials but also individual nano-objects with various shapes
and sizes including nanocylinders and nanospheres.

Experimental Section

Materials. Three poly(styrene-b-ethylene oxide) (PS-5-PEO)
diblock copolymers with different molecular weights and com-
positions were purchased from Polymer Source, Inc. They are
denoted as PS-5-PEO_L (Mps=9.5 kg/mol and Mpgo=28.0 kg/
mol), PS-6-PEO_C (Mps =20 kg/mol and Mpgo = 6.5 kg/mol),
and PS-6-PEO_S (Mps = 8.2 kg/mol and Mpgo = 1.2 kg/mol),
respectively, producing lamellae, cylinders, and spheres com-
posed of PEO blocks in bulk. Dodecylbenzenesulfonic acid
(DBSA) as an amphiphilic surfactant exhibiting the molecular
assembly was supplied by TCI Chem. Inc., Japan. Benzene was
used as a solvent without further purification as received.

Preparation of Block Copolymer/Surfactant Complexes. PS--
PEO and DBSA were separately dissolved in benzene and then
mixed together at predetermined concentration. The amount of
DBSA added to block copolymer solution is expressed as a
molar ratio with the oxygen in PEO, i.e., [EO]/[DBSA], based on
the expectation that DBSA would be selectively complexed with
PEO blocks through specific interaction with oxygen atom in
ethylene oxide unit.****® Thin films were deposited on a silicon
wafer by spin-coating. Before using, silicon substrates with a
native oxide layer on the surface were cleaned by immersion in a
piranha solution at 80 °C for 20 min, rinsed with Millipore
water, dried under nitrogen gas. The film thickness was set to
between 40 and 200 nm by controlling the spinning rate and/or
solution concentration, but all the results in this work were
found to be independent of the film thickness. Spin-coated films
were placed in saturated benzene vapor for 6 h.

Characterization. Interaction and complex formation of
DBSA with block copolymers were assessed by Fourier trans-
form infrared (FT-IR) spectroscopy. The FT-IR spectra were
recorded in transmission with a model BRUKER IFS 66v/S.
Thermal behaviors of complexes were investigated by using a
NETZSCH DSC200 F3 differential scanning calorimeter (DSC)
under a nitrogen atmosphere. The samples were heated from
25t0 250 °C at a scan rate of 10 °C min .

To analyze the bulk structure, both small-angle X-ray scatter-
ing (SAXS) and wide-angle X-ray diffraction (WAXD) mea-
surements were conducted. SAXS measurements were
performed on the 4C1 beamline at Pohang Accelerator Labora-
tory (PAL) in Korea with an X-ray wavelength of 1.608 A. Two
dimensional CCD camera (Princeton Instruments, SCX-TE/
CCD-1242) was used to collect the scattered X-rays. WAXD
was conducted using a Rigaku Dmax 2500 diffractometer from
2.5° to 25° at an interval of 0.05°. In order to obtain structural
information on thin films, grazing-incidence small-angle X-ray
scattering (GISAXS) and grazing-incidence wide-angle X-ray
diffraction (GIWAXD) measurements were performed on the
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Figure 1. SFM phase images of thin films with about 50 nm thick of PS-
b-PEO_C without DBSA (a) and of PS-»-PEO_C/DBSA with concen-
tration of [EO]/[DBSA] = 32 (b), 8 (c), 2 (d), 1 (e), and 0.5 (f).

4C2 beamline at Pohang Accelerator Laboratory (PAL) in
Korea with a wavelength of 1.3807 A, where the scattering
patterns were taken above the critical angle of polymer films but
below the critical angle of substrate.

Real-space surface morphology of samples was assessed by
scanning force microscopy (SFM) in both the height and phase
modes using a Digital Instruments Nanoscope Multimode IVa
in a tapping mode. Transmission electron microscopy (TEM)
measurements were carried out on a Philips CM200 electron
microscope operated at 120 kV. The TEM samples were
prepared on a silicon substrate having a thick oxide layer,
floated into the surface of a 5 wt % HF solution in water,
transferred to a water bath, and then retrieved with a Cu grid for
measurements.

Results and Discussion

Before characterizing the structure and properties of PS-b-
PEO/DBSA complex systems, verification on the specific inter-
action of DBSA with block copolymer was first conducted with
FT-IR and DSC measurements (see Supporting Information,
Figures S1 and S2). Those results clearly indicate that the sulfonic
group in DBSA interacts with the ether group in PEO blocks
through hydrogen bonding.*>* Because of this selective interac-
tion of DSBA with PEO blocks, the phase behavior of PS-5-PEO/
DBSA complexes in thin film as well as in bulk is expected to
depend on the concentration of DBSA added to the block
copolymer. Figure 1 shows the SFM images on the film surface
of complex systems between cylinder-forming PS-»-PEO_C
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and DBSA as a function of DBSA concentration, where all
samples were solvent-annealed for 6 h under benzene vapor. At
low concentration of DBSA with [EO]/[DBSA] =32 (Figure 1b),
the cylindrical structure with perpendicular orientation is still
generated as in case of neat PS-h-PEO_C without DBSA
(Figure 1a) although its domain size increases. However, further
increase in the DBSA concentration induces the morphological
changes from cylinders at [EO]/[DBSA]=32 through the lamellae
at [EO]/[DBSA] = 8 and 2 (Figures lc and 1d) to inverted
cylinders at [EO]/[DBSA] = 1 (Figure le) and inverted spheres
at [EOQ]/[DBSA] = 0.5 (Figure 1f). Such full range of phase
transition has been reported previously for block copolymer
system containing inorganic precursor, where block copolymer
was used as a structure-directing agent for various shapes of
nanoporous ceramics.>’ However, to our knowledge, there have
been no reports on the morphological changes covering the whole
range of phases in phase diagram by the addition of low-molar-
mass supramolecules. In the most previous studies on bulk
systems of block copolymer—amphiphile complexes, small range
of phase transition has been reported by selectively loading
amphiphiles into one particular domain, e.g. only from cylind-
rical to lamellar structure or vice versa in PS-h-P4AVP/PDP
systems.”** In the work by Ikkala and ten Brinke, the morpho-
logical changes ranging from the spherical to inverted spherical
structure for PS-b-PAVP/PDP system were presented together
with the morphology diagram, but in that case, several PS-b-
P4VP block copolymers with different molecular weights and
compositions were used to cover the whole range of phase
diagram, in contrast to our result where only one kind of block
copolymer was used.* Similar trends were observed in thin films,
and even solvent-annealed thin films of PS-b-P4VP/PDP exhi-
bited the switch between only two different morphologies
depending on the solvent vapor pressure.” On the other hand,
in some other case, no morphological change was observed in
thin film in spite of high concentration of amphiphilic surfactants
due to the solvent selectivity.”® Swelling of domain by the
preferential solvent offsets the increase in the volume fraction
of other domain by the amphiphiles selectively loaded to force the
phase unchanged.®® In our case, however, thin films of PS-b-
PEO/DBSA complexes exhibit a wide range of transition, as
shown in Figure 1. That is due to the fact that PEO blocks can
interact with much more amphiphilic surfactants at comparable
molecular weight because of higher number of ethylene oxide unit
in one chain, which leads to an increase in the volume fraction of
the (PEO + DBSA) phase. In fact, the concentration of
[EO]/[DBSA] = 1 corresponds to the volume fraction of the
(PEO + DBSA) phase of 0.70, which means that this complex
system reaches into the cylindrical region of the phase diagram,
and should exhibit the cylindrical structure of PS in the (PEO +
DBSA) matrix, as shown in Figure le.

This morphological transition in thin films was confirmed by
X-ray scattering experiments where the phase and its spatial
arrangement were identified by GISAXS measurements, as
shown in Figure 2. For comparison, conventional SAXS data
for the bulk systems are also included. Hexagonal packing of
cylinders and alternation of lamellae in complexes were con-
firmed through in-plane profile in GISAXS for thin films and
circularly integrated pattern in SAXS for the bulks, as shown
in the insets of each figure. Moreover, strong streaks in both
2D-GISAXS patterns indicate that the cylinders and lamellae are
respectively oriented normal to the surface in thin films. The
phase transition was found to take place at the same concentra-
tion of DBSA for both thin films and bulks. In addition,
morphological change is accompanied by the variation in the
characteristic size of phase-separated microdomains of which
results are included in Table 1. As expected, the characteristic size
of microphase-separated domains increases with DBSA added
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Figure 2. (a, ¢) GISAXS and (b, d) SAXS patterns of PS-»-PEO_C/
DBSA with [EO]/[DBSA] = 32 (a, b) and 2 (c, d). The insets correspond
to in-plane and circularly integrated profiles obtained from GISAXS
and SAXS patterns, respectively.

Table 1. Domain Spacing in PS-5-PEO_C/DBSA Complex Systems
with Different Concentration of DBSA Measured by Three Different

Methods
[EO)/ SAXS®  GISAXS® SFM¢
[DBSA] (nm) (nm) (nm) morphology

oo 30.6 35.5 36.5 cylinder

32 33.4 41.3 41.4 cylinder

16 41.5 44.2 42.9 cylinder
8 354 n/a‘ n/a‘ lamella
4 36.5 n/a? n/a’ lamella
2 n/a’ 62.2 62.6 lamella
1 68.1 74.5 74.9 inverted cylinder
0.5 n/a’ 62.9 62.7 inverted sphere

“Measured by small-angle X-ray scattering. ® Measured by grazing-
incidence small-angle X-ray scattering. “ Measured by scanning force
microscopy. “not available.

selectively into PEO domains, although discontinuity is observed
as the morphological transition takes place. Then abrupt change
is observed when the phase is inverted and the PS blocks become a
minor component. Therefore, selective addition of amphiphiles
into block copolymer domains allows forming various phases
with controllable size simply by using only one kind of block
copolymer in thin film as well as in bulk. The size in thin film
obtained from SFM images and GISAXS data is slightly larger
than that in bulk, which is due to the swelling of thin film during
solvent annealing. This result indicates that solvent-annealed
films may have kinetically trapping morphology, suggesting that
the kinetic factors such as solvent evaporation rate and solvent
vapor pressure should be carefully considered during solvent
annealing.

Solvent annealing, in addition to improvement of the lateral
order, can control the orientation of microdomains in PS-5-PEO/
DBSA complexes, as in the case of neat PS-»-PEO block
copolymer thin films. As seen in Figure 3, both orientations of
cylindrical microdomains, parallel and perpendicular to the film
surface, are possible through solvent annealing, irrespective of the
presence of DBSA within the films. The relative humidity within
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Figure 3. SFM phase images of PS-»-PEO_C thin films without (a, b)
and with (c, d) DBSA. All films were annealed under benzene vapor for
6 h at high (a, c¢) and low (b, d) RH.

the chamber during the solvent annealing is a key parameter in
controlling the microdomain orientation since it can control the
interfacial interaction of block copolymer with solvent vapor.*’
Generally, at high RH, the interfacial interactions of block
components with solvent vapor are balanced to generate the
perpendicular orientation since no preferential wetting of one
component exists in such case. On the other hand, at low RH is
produced the parallel orientation in which case the balance of the
interfacial interactions between components comprising block
copolymer with the vapor is broken. Resulting preferential
interaction forces the copolymer microdomains to be oriented
parallel to the surface. Combined with the results in Figure 1, itis
shown that the orientation and degree of lateral order can be
controlled and improved by solvent annealing even for block
copolymer—amphiphile complexes.

Addition of low-mass amphiphilic surfactants involves the
formation of another self-assembled structure within block
copolymer nanostructure, leading to a complex hierarchical
structure with two different length scales. The structure on
smaller length scale could not be directly observed by SFM.
Instead, WAXD and GIWAXD experiments were conducted for
bulk sample and thin film, respectively, and the results for PS-b-
PEO_C/DBSA with [EO]/[DBSA] = 1 only are displayed in
Figure 4. This complex has PS cylinders in (PEO+DBSA) matrix.
As shown in Figure 4a, there is a diffraction peak around
26 ~ 3.3° in WAXD profile for bulk sample, which indicates
the formation of self-assembled nanostructure with the charac-
teristic length of 2.67 nm. For comparison, the WAXD profile
after removing DBSA from the complex by using a selective
solvent is also included in Figure 4a. Diffraction peak disappears
after removing DBSA, which suggests that the nanostructure
with smaller length scale is produced by the self-assembly of
amphiphilic DBSA within PEO phases. In thin films, more
complicated structures are observed, as seen in 2D GIWAXD
pattern involving in-plane and out-of-plane profiles in Figure 4b.
The out-of-plane profile, which was extracted along the ¢.
direction at ¢, = 0 A™!, exhibits the strong reflection peaks
characteristic of the lamellar layers stacked normal to the film
surface. The feature size obtained from the location of reflection
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Figure 4. (a) WAXD and (b) GIWAXD patterns of PS-»-PEO_C/
DBSA with [EO]/[DBSA] = 1 for bulk and thin film, respectively, and
(c) schematic illustration of its structure in thin film. The insets in part b
correspond to the out-of-plane (b-1) and in-plane (b-2) profiles ob-
tained from the GIWAXD pattern.

peak iscomparable to that from WAXD measurement. As seen in
the SFM image in Figure le, this film has highly ordered
cylindrical nanostructure where PS cylinders are oriented normal
to the film plane through block copolymer self-assembly. Thus,
block copolymer self-assembly guides the self-assembly of
amphiphilic surfactants within PEO phases to produce highly
ordered lamellar structure oriented parallel to the film plane. It
should be noted that there is another weak streak at ¢, =1.5 Al
(20 = 19.0°) in 2D GIWAXD pattern, identified as broad
scattering peak in the in-plane profile of Figure 4b. This peak
may be due to the ordered bristles of DBSA that interact with the
oxygen atom of the PEO blocks. The distance between the bristles
is estimated at about 0.41 nm based on the peak location, which
corresponds to the distance between oxygen atoms in the fully
extended PEO chains when considering the bond length. These
bristles are oriented normal to the film surface due to parallel
stacking of lamellae in (PEO + DBSA) domains in the thin film
geometry, as shown in the schematics of Figure 4c. Therefore,
block copolymer self-assembly combined with amphiphilic sur-
factants produces hierarchically ordered nanostructure with
various orientations in thin films.

Selective removal of one component from the complex system
can produce various functional materials of which structures and
properties can be precisely tailored in accordance with parent
components and their structure. In this work, the PS-h-PEO/
DBSA complexes were placed in water to remove low-mass
DBSA without affecting the remaining structure that would be
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in most part composed of hydrophobic PS. The disappearance of
WAXD peak that corresponds to the lamellae-stacked structure
within PEO domains after immersion in water confirms removing
DBSA, as shown in Figure 4a. This leads to producing nano-
porous films in the case of complexes with small amount of
DBSA ([EO]/[DBSA]=32), and the results are shown in Figure 5.
Compared to the film before removing DBSA in Figure 5a,
enhanced contrast in Figure 5b indicates successful extraction of
DBSA, resulting in the generation of a nanoporous film with high
degree of lateral order. Films with the thickness of 50 nm were
attempted here for comparison by TEM before and after remov-
ing DBSA, but the results are irrespective of the film thickness.
On the other hand, in the case of high content of DBSA where the
(PEO 4 DBSA) phase constitutes the matrix, free nano-objects
with various shape and size can be obtained by selectively
removing DBSA. Elimination of DBSA, however, resulted in
the collapse of the whole film and nanostructures so that the
stable nano-object could not be obtained separately. In order to
overcome this problem, the complexes were illuminated by

Figure 5. TEM images of PS->-PEO_C/DBSA with [EO]/[DBSA] =
32 before (a) and after (b) eliminating DBSA from the complex.

Lee et al.

ultraviolet radiation before the elimination of DBSA to induce
the cross-linking of PS blocks, which would help to keep the
original shape and obtain individual free objects. Figure 6 shows
the TEM images of cross-linked PS-b-PEO/DBSA complexes
with [EO]/[DBSA] = 0.5—2 after removal of DBSA. In all cases,
(PEO + DBSA) phase corresponds to the major component,
forming the matrix. The removal of DBSA from the major
components forming the matrix leads to the disintegration of
the film and produces isolated individual objects with nano-
meter scale. The shape of nano-objects obtained exactly matches
the nanostructures formed by the self-assembly of block
copolymer complexes in thin films. PS-b-PEO/DBSA with
[EOJ/[DBSA] = 0.5 which exhibited the spherical structure in
thin film produces the nanospheres, as seen in Figure 6a. The film
with [EO]/[DBSA] = 1.0 produces nanocylinders together with
small population of nanospheres, as shown in Figure 6b. These
nanocylinders were generated from PS-/-PEO/DBSA thin film
with PS cylinders oriented normal to the film surface. In this case,
the length of cylinders was defined by the film thickness. On the
other hand, the films with parallel orientation of cylinders
produced very long nanocylinders, as seen in Figure 6¢. Small
nano-objects observed in both cases, in addition to nanocyli-
nders, might be generated during TEM preparation due to
imperfect cross-linking of PS blocks. Similar results can be seen
for PS-h-PAVP/PDP systems, where the nanocylinders were
obtained by simply removing PDP*' or by applying large-
amplitude oscillatory shear.*> However, in our work, the shape
and size of nano-objects can effectively and precisely be con-
trolled by changing the amount of DBSA added to the block
copolymer microdomains and their orientation. Moreover, all
nano-objects obtained in this work are covered by water-soluble
PEO chains.

Figure 6. TEM images of PS->-PEO_C/DBSA with [EO]/[DBSA] = 0.5 (a) and 1 (b, ¢) after eliminating DBSA from the complexes. The nano-objects
in parts b and ¢ were obtained from the films with cylinders oriented perpendicular and parallel to the surface, respectively.

Figure 7. SFM phase images of PS-5-PEO_L/DBSA with [EO]/[DBSA] = 32 (a) and 2 (b) and of PS-5-PEO_S/DBSA with [EO]/[DBSA] = 32 (c) and

1(d).
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Similar results were obtained for other PS-h-PEO block
copolymers with different composition and morphology, as
shown in Figure 7. Lamella-forming block copolymer (PS-b-
PEO_L) generates PS spheres in the matrix of (PEO+DBSA) on
complexation with DBSA at [EO]/[DBSA] = 2, while the mor-
phological transition from the spheres to lamellaec was observed
for PS-b-PEO_S block copolymers on complexation with DBSA
at [EO]/[DBSA] = 1. In all cases, the structure-within-structure
was observed, and it can also be expected that these films produce
the nano-objects with the shape and size that match the structure
of the PS phase in thin film after selectively removing DBSA.

Conclusions

We have demonstrated that complexation of block copolymer
with low-mass self-assembling amphiphilic molecules can provide
a simple route to achieving multiple goals within one system.
Those include the hierarchical organization with multiple length
scales, the morphological transition to new phase without synth-
esis of new block copolymers, and the generation of various
nanostructured materials from nanoporous films to individual
nano-objects. Complexation was made through simple hydrogen
bonding, which allowed amphiphilic molecules to be selectively
accommodated within block copolymer microdomains. Selective
loading of surfactants within one particular microdomains re-
sulted in the increase in volume fraction of that phase, which
drives the complex system to cross the phase boundary to form
new phase with different morphology and size. The self-assembly
of amphiphilic surfactant within block copolymer led to the
formation of nanostructure on the different length scales, produ-
cing elegant hierarchical structure. On the other hand, selective
removal of surfactants generates the functional nanostructures
with various shapes and sizes. Their shape and size could be
controlled by the amount of DBSA in the complex as well as the
film parameters including the film thickness and the orientation
of microdomains.

This strategy is quite general and can be applied to any other
block copolymer systems which can be complexed with low-mass
amphiphilic surfactants. Easy incorporation of functional groups
into the system allows these systems to produce well-organized,
well-ordered nanostructures with specific functionality and
various applications in additional to hierarchical organization.
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