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ABSTRACT: We have prepared poly(4-tert-butylstyrene-block-4-tert-butoxystyrene), BO, having very
bulky and hydrophobic substituent in both components by an anionic living polymerization. The BO films
with various thicknesses were prepared by the spin-coating method from toluene solutions, and they were
annealed under vacuum above the glass transition temperatures of both two components. An alternating
lamellar structure oriented normal to the surface was observed at the surface of the BO film with thickness
more than 150 nm, where the appearance of both B and O components were confirmed by XPS measure-
ments. It is revealed that the ordered surface structure is caused by nanophase separation ofBOclearly proved
by hydrolyzed surface structures. Another aspect of this work is the structure of BO block copolymer after
hydrolysis reaction. The O component can be easily converted into poly(4-hydroxystyrene) which has an
ability to form a hydrogen bond. Moreover, it turns out that the control of the hydrolyzed layer thickness is
possible by choosing the solvents in the reaction. This hydrophilic-hydrophobic nanopatterning is expected
to be useful in a template of assembling nanoparticles and peptides.

1. Introduction

Nanophase-separated structures formed by self-assembled
block copolymers have potential for applications of nanoporous
materials,1-6 template of nanoparticles,7,8 catalytic surfaces, high
conductivity nanocomposite,9 and dye-sensitized solar cells,10

etc. Orientation of microdomains in block copolymers is one of
themost important subjects in block copolymer system for recent
years. In general, one component in a diblock copolymer covers
the surface due to minimizing the total free energy, and then,
lamellar microdomains in a thin film tend to orient parallel to the
surface and the substrate interface.11-14 This phenomenon has
been well-known as a surface-induced orientation. In order to
utilize the nanophase-separated structures at the surface aswell as
in bulk to functional materials, external fields have been applied
to block copolymer films. There have been many reports con-
cerned with the orientation of the microdomains by external
fields such as electric field,15 magnetic field,16,17 surface modifi-
cation,18-21 geometric substrate,22 and solvent annealing,23-25

etc. In this paper,wedealwith spontaneous normal orientation of
microdomains at a diblock copolymer surface.

We have investigated structures and chain orientation at
surfaces of poly(4-trimethylsilylstyrene)/polyisoprene blend films
by sum frequency generation and neutron reflectivity so far.26 It
was revealed that hydrophobic and bulky groups such as
trimethylsilyl group are preferentially segregated at surfaces.
On the basis of the result, it can be expected that very bulky
hydrophobic substituent such as tert-butyl and tert-butoxy
groups are preferentially enriched at surfaces as well as trimethyl-
silyl group. If there is a diblock copolymer having the bulky
hydrophobic substituent in both components, the substituent is
expected to emerge and to be segregated at the surface. In that
case, themicrodomains near the surfacewill spontaneously orient
normal to the surface. Furthermore, the tert-butoxy group, which is

one of the bulky hydrophobic substituents, can be easily converted
tophenolic groupbyhydrolysis reaction.Hence, the combinationof
surface segregation and hydrolysis reaction of the tert-butoxy
groups makes functional surfaces spontaneously. In this study, we
show that surface structures of self-surface-directed block copoly-
mer film and that of the subsequent hydrolyzed material.

2. Experimental Section

Apolymer used in this studywaspoly(4-tert-butylstyrene-block-
4-tert-butoxystyrene), which was abbreviated as BO. BO was
synthesized by a sequential living anionic polymerization in THF
at -78 �C under vacuum by using sec-butyllithium and isopro-
panol as an initiator and a terminator, respectively. Weight-
averaged molecular weight, Mw, and molecular weight distribu-
tion, Mw/Mn, of BO were evaluated by light scattering and gel
permeation chromatography, where Mn is a number-average
molecular weight. The Mw and Mw/Mn of the sample were 658K
and 1.08, respectively. Volume fraction of the O component in BO
was estimated to be 0.46 based on 1H NMR.

The surface free energies of B and O homopolymers were
examined by contact anglemeasurement using aDropmaster 300
(Kyowa Interface Science Co., Ltd.). Water and diiodemethane
were used as probe liquids.

Morphology of the BO in bulk was evaluated by small-angle
X-ray scattering (SAXS) measurement and transmission electron
microscopy (TEM). The bulkBOsamplewas prepared by casting
from 10% toluene solution. The thickness of the sample was ca.
0.5 mm. SAXS measurement was conducted using BL-15A at
PhotonFactory,HighEnergyAcceleratorResearchOrganization,
Japan. The wavelength of X-rays is 0.151 nm, and the camera
length is 2.33 m. TEM observation was carried out using H-800
(Hitachi High Technologies) with acceleration voltage of 100 kV.

BO films were prepared by the spin-coating method from
toluene solutions onto silicon wafers with native oxide layer. In
order to reduce an effect of a surface free energy of a substrate
on morphology, a BO film was prepared onto SiO2-deposited
polyimide film by the spin-coating method for cross-sectional
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TEM observations. The films were dried under vacuum for at
least 1 day and then annealed at 180 �C for at least 48 h in order to
reach a stable state. Film thicknessesweredeterminedon the basis
of the height difference evaluated by atomic force microscopy
(AFM) by scoring with a razor, and their values are approxi-
mately 150-470 nm. Surface structures of the films were char-
acterized by intermittent contact mode AFM. AFM measure-
ments were conducted by using an SPA 300HV with NanoNavi
controller (Seiko Instruments Industry Co., Ltd.) at 293 K in air.
A cantilever tip used for the observation was microfabricated
from silicon, and its spring constant and resonant frequency were
2 N m-1 and 324 kHz, respectively. The interactions between an
AFM cantilever tip and B, O, and H were evaluated by force-
distance curve measurements. A cantilever tip used for the force
curve measurements was microfabricated from Si3N4, and its
spring constant was 0.42 N m-1.

Surface morphologies of BO films were also investigated by
field emission scanning electron microscopy, FE-SEM. FE-SEM
observation was conducted using S-5200 (Hitachi High Tech-
nologies) with acceleration voltage of 3 kV. Cross-sectional TEM
observation was carried out using JEM-1400EX (JEOL Ltd.)
with acceleration voltage of 100 kV. For FE-SEM and TEM
observations, the samples were stained by RuO4 or OsO4.

The composition of theBO filmat the surfacewas examinedby
X-ray photoelectron spectroscopy (XPS). XPS measurements
were conducted by using Phi ESCA 5800 X-ray photoelectron
spectrometer (Physical Electronics Co. Ltd.). The X-ray source
was Mg KR X-ray operated at 14 kV and 30 mA. All C1s peaks
corresponding to neutral carbon were calibrated at the binding
energy for 285.0 eV to correct for the charging energy shift. The
analytical depth ofXPS, d, from the outermost surface is given by

d ¼ 3λ sin θ ð1Þ
where λ and θ are inelastic mean-free path and emission angle of
photoelectrons, respectively.27According toAshley’s equation,λ for
C1swas estimated to be 3.1 nm,28whileθwasvaried from15� to 90�.

The O component in BO films was hydrolyzed by an acid
treatment into poly(4-hydroxystyrene), which is abbreviated
as H. BO films were immersed into the mixture of water/HCl or
methanol/HCl solution at 60 �C for 6 h. AFM observation was
conducted to characterize the surface structures. To confirm the
hydrolysis reaction, FT-IR measurements were carried out using
FT/IR-6100 FT-IR spectrometer, JASCO International Co. Ltd.
The samples for the IRmeasurements were prepared by Johnson
method described as follows.29 Some of the BO films after
hydrolysis were covered with finely grounded KBr powder. The
powder was rubbed on the surfaces using spatula with light
pressure in order to attach the polymers to the powder surfaces.
Although a large part of the BO films was scratched by the
powder, the BO films still remained on the substrate. The KBr
powderwas pressed into the pellet.Hence, it is likely that theKBr
sample includes a large fraction of the polymers existed near the
film surfaces.

3. Results and Discussion

Total surface free energies of B and O, γB and γO, were
evaluated by Owens’ method.30 The total surface free energy,
γ, is expressed as the sumof two terms, i.e.,γh andγd, whereγh and
γd denote the components of surface free energy due to hydrogen
bonding and dispersion force, respectively. The γB and γO were
35.1 and 35.9 mJ m-2, respectively, and they are much lower than
that of polystyrene, γS, whose value is 40.7mJm-2.25 These results
suggest that tert-butyl groups in B and tert-butoxy groups in O are
highly oriented at the surfaces, lowering the surface free energy.

Structure of the BO in bulk was confirmed by TEM observa-
tion and SAXSmeasurements. Figure 1a shows a TEM image of
BO. The sample was stained with OsO4. The bright and dark

regions denote B and O components, respectively. Figure 1b
shows a SAXS profile of BO film. Integer peaks were weakly
observed due to the less contrast of electron densities of B and O
components. These results suggest that BO is in an ordered state
and shows lamellar morphology. The average domain spacing
estimated from the SAXS profile is ∼76 nm.

Surface Composition of BO Film. We tried to confirm the
surface composition in BO film by the spectroscopicmethod.
Before analyzing surface composition of BO film, XPS
measurements for O and B homopolymers were carried
out. Figure 2 shows XPS C1s core-level spectra of O and B
homopolymers. The C1s spectrum of O homopolymer ex-
hibits amain peak at 285.0 eV and a smaller one as a shoulder
at 286.5 eV corresponding to neutral and ether carbons,
respectively. The integral intensity of neutral carbon, IC-C,
and that of ether carbon, IC-O, were evaluated based on a
curve fit. The ratio of IC-O to IC-C in O homopolymer was
0.20. This value is in good agreement with the calculated
value (= 0.20) from the chemical structure, that is, 2 ether
carbons and 10 neutral carbons. On the other hand, the C1s

spectrum in B homopolymer shows a single peak at 285.0 eV.
Hence, the fraction of O component at the BO film surface
can be determined by the IC-O/IC-C value.

Figure 3 shows XPS C1s core-level spectra of BO film as a
function of emission angle of photoelectrons, θ. Tailing was
observed near 286.5 eV for all the spectra in Figure 3, which
reflects the existence of O component at the surface. The
IC-C and IC-O values for the BO film were determined by a
curve fit as the same way for O homopolymer. Figure 4a
displays the sin θ dependence of IC-O/IC-C in the BO film.
The IC-O/IC-C values are constant independent of sin θ.

Figure 1. (a) TEM image and (b) SAXS profile of BO film. The dark
part in (a) corresponds to O component selectively stained with OsO4.

Figure 2. XPS C1s core-level spectra of O and B homopolymers.
Emission angle of photoelectron is 90�. The spectra were vertically
shifted for clarity.
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In general, sin θ dependence of IC-O/IC-C does not reflect
the volume fraction of O component in depth profile, φO,
because photoelectrons mainly emitted from the region in
close proximity to the surface. However, in this case, the
IC-O/IC-C values are constant to be 8.3� 10-2 irrespective
of sin θ, meaning that surface segregation of one component
does not occur within the range of analytical depth. The φO
values can be calculated from eq 2.

IC-O

IC-C
¼ 2φO

10φO þ 12ð1- φOÞ
ð2Þ

Figure 4b shows sin θ dependence of φO in BO film. The
solid line denotes theφO value in bulk evaluated by 1HNMR.

These results clearly tell us that both B and O components
are bared at the BO block film surface as designed.

Morphology of BO Thin Film. Figure 5 shows AFM
images for BO film before hydrolysis reaction, where the
brighter region in Figure 5a corresponds to B component in
BO. Ordered convex and concave structures are observed in
Figure 5a. The average distance between the nearest convex
is 74 nm, which is consistent with the domain spacing of BO
evaluated by SAXS measurements. The height difference
between high and low region is∼1 nm. This height difference
may relate to the small difference in the surface free energies
of the two components; however, the detail is unclear and
needs further investigation. The corresponding phase image
for BO film is shown in Figure 5b, the low contrast being
observed. This is because both B and O components are in
glassy state at room temperature, and there is no specific
interaction between an AFM tip and B or O component.31

Adhesion forces of B and O homopolymers being evaluated
by force curve measurements are 6.9( 0.7 and 7.2( 1.0 nN,
respectively.31 On the basis of these results, it is most likely
that both B and O components appear at the surface and the
lamellar domains orient normal to the surface. These results
were also observed in the samples with film thickness ofmore
than 150 nm.

Figure 6a shows the top view of the FE-SEM image of BO
film with thickness of 190 nm. The sample was stained with
RuO4 vapor. Since B component are more strongly stained
by RuO4 thanO component, the brighter region in Figure 6a
corresponds to B component. It is clearly seen that alternat-
ing lamellar domains orient normal to the surface near the
surface of BO film. Figure 6b exhibits a cross-sectional TEM
image of BO film supported by SiO2-deposited polyimide
film. In contrast to the FE-SEM image, the brighter region in
the TEM image corresponds to the O component. No
wetting layer was observed near the surface of BO film,
and many of the microdomains near the surface oriented

Figure 5. AFM images showing the nanophase-separated structure of BO with thickness of 200 nm. The bright part in the topography (a) and the
slightly dark domain in the phase image (b) represent the B region. (c) Height profile along the line in (a). The distance between nearest convex is 74 nm
on the average. Image size: 2 μm.

Figure 4. (a) Sin θ dependence of IC-O/IC-C values of BO film. Sin θ corresponds to the analytical depth. (b) Sin θ dependence of volume fraction of
O component, φO, in BO film. The open circles are the experimental data calculated from eq 2. The solid line denotes the φO in bulk evaluated by 1HNMR.

Figure 3. XPS C1s core-level spectra of BO film as a function of
emission angle of photoelectrons. The spectra were vertically shifted.
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perpendicular to the surface whereas the microdomains near
the substrate interface seem to orient parallel to the sub-
strate.However, the alignment ofmicrodomains through the
film is not good as shown inFigure 6b. Thismaybe due to the
relatively small segregation power of B and O components.

Hydrolysis of BO Surface. To confirm the appearance of
the two components at the surface and to fabricate a hydro-
phobic-hydrophilic nanopatterned surface, BO films were
hydrolyzed by using an aqueous solution of hydrochloric
acid. The ordered convex and concave structures were
maintained or more evident even after hydrolysis as shown
in Figure 7a. This means that the hydrolysis reaction does
not affect the structure beneath the top surface as well as in
the internal bulk.A contrast in a phase imagewas also clearly
observed in Figure 7b. An adhesion force between a canti-
lever tip andH component was 9.5( 1.1 nN, which is higher
than those for B and O components.31 This means that a
phase lag at H surface is larger than the others. Hence, it is
reasonable to support that a brighter region in Figure 7b
corresponds to the H component and a darker region
corresponds to the B component in this experimental condi-
tion. The height difference after hydrolysis is ca. 3 nm, which
is larger than the value before hydrolysis. Onemay think that
the enhanced height difference is caused by an interaction
between sample and cantilever tip. The force-distance
curves for B, O, and H polymers shown in the Supporting
Information are the typical ones for glassy polymers.31 The
slopes of the force curves in repulsive force region, which
relate to moduli of the surfaces, are similar among the three
components. The difference in the adhesion forces between
H and B orH andO is not large. Hence, it is unlikely that the
enhanced height difference of the hydrolyzed sample is
caused by the change in the interaction with the cantilever
tip. Furthermore, the total film thicknesses were measured
by X-ray reflectivity measurements before and after hydro-
lysis, and they did not change. Since the B component cannot

be hydrolyzed by water/HCl solution, this result seems
reasonable. This result also indicates that the hydrolysis
reaction locally occurs only at the surface. We speculate that
the enhanced height difference by hydrolysis is caused by the
shrinkage of H component at the surface, since the mass
density of H is higher than that of O.

To confirm such a hypothesis, IR measurement was
carried out. Figure 8 shows IR spectra of BO films before
(broken line) and after (solid line) hydrolysis. A large peak
appeared around 3400 cm-1 after hydrolysis which can be
assigned as the O-H stretching mode. An aqueous solution
of hydrochloric acid cannot penetrate into B, O, and H
components because the solution is a nonsolvent for all three
components. Hence, this result clearly indicates that the
O component at the surface converted into H component
through hydrolysis. The reason why the absorbance at
3400 cm-1 is large in comparison with that of C-H stretch-
ing around 2900 cm-1 is that the KBr sample was prepared
by the Johnson method and included a large fraction of the
polymers that existed near the film surfaces. Therefore, we
could not quantitatively discuss the thickness of hydrolyzed
layer of the film based on the IR results.

To verify the thickness of the hydrolyzed surface layer,
XPS measurements were performed. In XPS measurements,
only photoelectrons emitted from the region in close proxi-
mity to the surface can get out of the solid. The photoelectron
intensity for j-core level at θ is expressed as

IjðθÞ ¼ Fk

Z ¥

0

njðzÞ exp -z

λj sin θ

( )
dz ð3Þ

where z and nj(z) represent depth and atomic composition
depth profile, respectively. F and k are the transmission
function and a factor related to sensitivity. Hence, even
though the sampling depth is z, photoelectrons are not

Figure 7. AFM images showing the nanophase-separated film of BO with thickness of 200 nm. The sample was hydrolyzed by using an aqueous
solutionof hydrochloric acid.The bright part in the topography (a) and the darkdomain in the phase image (b) represent theB region. (c)Height profile
along the line in (a). The average domain spacing is 78 nm, and height difference is 3 nm. Image size: 2 μm.

Figure 8. IR spectra of BO films before and after hydrolysis. The
broken and solid lines denote before and after the reaction, respectively.

Figure 6. (a) FE-SEM image of BO film with thickness of 190 nm.
(b)Cross-sectional TEM imageofBO film supported bySiO2-deposited
polyimide film. Both samples were stained with RuO4. The brighter
region in FE-SEM and the darker region in TEM images correspond
to B component.
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uniformly emitted from the depth region from the surface
to z. Instead, the detected amount of photoelectrons expo-
nentially decays with increasing depth. This means that the
dependence of surface composition on sin θ cannot be simply
regarded as the compositional depth profile. Thus, the
following treatment was made to extract the real composi-
tion profile near the surface. On the basis of eq 3, the ratio
of ether carbons to neutral carbons, (nC-O/nC-C), at a given
θ can be expressed by

IC-O

IC-C
ðθÞ

¼
R z1
0 nC-O exp -z

λj sin θ

n o
dz þ R z2

z1
nC-O exp -z

λj sin θ

n o
dz þ :::R z1

0 nC-C exp -z
λj sin θ

n o
dz þ R z2

z1
nC-C exp -z

λj sin θ

n o
dz þ :::

ð4Þ
Figure 9a shows sin θ dependence of IC-O/IC-C in BO film
after hydrolysis. The IC-O/IC-C curve was calculated on the
basis of eq 4. The open circles in Figure 9a are the experi-
mental data, and the solid line denotes the fitted curve to the
experimental data. We assume two layers in the model
(nC-O/nC-C) profile. The top lalyer is the hydrolyzed surface
region (BH), and the second one is the nonhydrolyzed
internal layer (BO). The (nC-O/nC-C) values of BH and BO
were calculated to be 4.4� 10-2 and 7.8� 10-2 based on the
chemical structures and the bulk composition. The thickness
of the top surface layer is only the fitting parameter.
Figure 9b shows the model (nC-O/nC-C) profile for the
best-fit curve in Figure 9a and should correspond to the real
composition profile near the surface. The thickness of the
surface layer hydrolyzed by acid is ca. 0.5 nm, indicating that
the hydrolysis reaction occurs only at the surface of BO film

when an aqueous solution of hydrochloric acid is used. On
the basis of IR and XPS results, we can conclude that both
B andO components in BO film appear at the surface and the
lamellar domains orient normal to the surface and that the
O domain at the surface can be almost completely hydro-
lyzed by acid.

Here it should be noted that these ordered structures were
spontaneously appeared, whereasmicrodomains in the other
block copolymer systems are oriented normal to the surface
using external field such as electric or magnetic fields, con-
finement effect, substrate interaction, substrate roughness,
etc. We speculate that the driving force of the normal
orientation in our study is surface segregation of two side
chain groups in polymer species adopted.

Effect of Solvents on Hydrolysis. When an aqueous solu-
tion of hydrochloric acid is used for hydrolysis reaction of
BO film, the reaction takes place only at the surface. If a
methanol solution of hydrochloric acid is used, it is expected
that the reaction occurs through the film because H compo-
nent which is produced after the reaction can be soluble in
methanol. Figure 10 shows topographic and phase images of
BO film after hydrolysis reaction using a methanol solution
of hydrochloric acid. After the hydrolysis reaction, the
sample was just rinsed with water and not dried before
AFM observation. Comparing Figure 10 with Figure 7, the
ordered convex and concave structure is still observed, and
the domain spacing is maintained to be 74 nm; however, the
width at the higher part in the topographic image became
larger. The height difference of the structure is ca. 6 nm,
which is much larger than that formed by the hydrolysis
using an aqueous solution of hydrochloric acid. The higher
part in the topographic image corresponds to the darker
region in the phase image. Thismeans thatH chain should be
swollen by the methanol solution of hydrochloric acid.

Figure 9. (a) Sin θ dependence of IC-O/IC-C inBO film after hydrolysis reaction using an aqueous solution of hydrochloric acid. The solid line in panel
a represents the calculated value using eq 4 and model depth profile shown in panel b. (b) Model depth profile of the ratio of ether carbons to neutral
carbons (nC-O/nC-C) assuming two layers; the hydrolyzed surface region (BH) and the nonhydrolyzed internal layer (BO).

Figure 10. AFM images showing BO film after hydrolysis by using methanol solution of hydrochloric acid. (c) Height profile along the line in (a).
Image size: 2 μm.
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This phenomenon cannot be observed solely due to the
small difference in γ. It is known that the surface free energies
of polystyrene and poly(methylmethacrylate) are quite small
and their values are 40.7 and 41.1 mJ m-2, respectively.32

Nevertheless, polystyrene component tends to be segre-
gated at the surface of the block copolymer thin film. Russell
and co-workers reported that poly(styrene-block-methyl
methacrylate) diblock copolymer in thin film forms lamellar
structure parallel to the surface and polystyrene component
covers the surface in a quasi-equilibrium state.10 Hence, the
very small difference in γ is not the necessary and sufficient
condition to obtain the self-surface oriented copolymer film.
In contrast, lamellar domains near the BO surface orient
normal to the surface although there is a small difference
between γB and γO. Hence, we propose that the orientation
of side-chain groups in copolymers is one of the important
factors to control the orientation of microdomains.

4. Conclusions

Wehave prepared poly(4-tert-butylstyrene-block-4-tert-butoxy-
styrene), BO, having very bulky and hydrophobic substituent
in both components by an anionic living polymerization. The
lamellar domains oriented normal to the surfacewere observed at
the surface of the BO film with thickness more than 150 nm. The
appearance of both B and O components was confirmed by XPS
measurements. It is proved that the surface ordered structure is
caused by nanophase separation of BO clearly proved by the
hydrolyzed surfaces.

Another aspect of this work deals with the structure of BO
block copolymer after hydrolysis reaction. The O component can
be easily converted into poly(4-hydroxystyrene). It is possible to
control the thickness of the hydrolyzed layer by choosing the
solvents in the reaction. This hydrophilic-hydrophobic nano-
patterning which has hydrogen-bonding site is expected to be
useful in a template of assembling nanoparticles and peptides.
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