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ABSTRACT: In this study, we quantitatively investigated the temperature-dependent phase transition behaviors
in thin films of an interesting semirod-coil diblock copolymer, poly(styrene)-b-poly(oligothiophene side chain
modified isoprene) (PS-b-POTI), and the resulting morphological structures using synchrotron grazing incidence
X-ray scattering combined with differential scanning calorimetry. These analyses provided detailed information
about the morphologies of the phase-separated domains and the molecular structures formed in each domain. At
room temperature, the diblock copolymer molecules in thin films were found to form an alternately stacked
structure comprised of amorphous PS and smectic-A POTI microdomains whose stacking direction is parallel to
the film plane. On heating, the films underwent a phase transformation to a hexagonal cylinder structure with
cylindrical POTI domains in the PS matrix oriented normal to the film plane. This phase conversion is induced
by the transformation of the POTI domains from a smectic-A phase to an isotropic phase, where the smectic-A
phase is composed of a laterally ordered structure of interdigitated bristles in the POTI blocks. On the basis of
these structural analysis results, we propose models for the molecular structures of the diblock polymer thin films
at various temperatures.

Introduction

Block copolymer thin films present a wide range of mi-
crophase-separated morphologies depending on the volume
fractions of the components, thus opening fascinating possibili-
ties for the preparation of materials with tunable nanostructure.1,2

In particular, much research effort has focused on the production
of novel block copolymers bearing π-conjugated moieties,
because of their potential applications in various fields such as
optics and electronics.3-5 These block copolymers have the
advantage that they combine the properties of π-conjugated
materials and block copolymers, thereby providing not only
novel functionalities but also the possibility of nanostructure
formation. Thus, the synthesis and characterization of π-con-
jugated block copolymers have been extensively studied.3-5

Among these materials, oligo and polythiophene containing
block copolymers are particularly interesting because the
thiophene moiety is a typical π-conjugated group with properties
such as electrical conductivity, optical storage, and photolumi-
nescence.4,5 Furthermore, the thiophene moiety acts as a
mesogenic group in liquid crystal domains, and thus influences
microphase separation due to regular ordering of the liquid
crystal.

Recently, Hayakawa and co-workers5 reported an interesting
semirod-coil diblock copolymer system, poly(styrene)-b-

poly(oligothiophene side chain modified isoprene) (PS-b-POTI),
which is composed of a styrene block and an isoprene block
with oligothiophene-modified side chains (Figure 1). This
diblock polymer, when coated as a thin film on a glass slide,
exhibits extremely ordered hierarchical structures from the
molecular to the micrometer scale on the surface under a moist
air flow. Single layers of hexagonally packed micropores were
developed with a narrow size distribution (mean diameter 1.5
µm) and walls as thin as 100 nm. In the cross-section of the
film, lamellar layers of polystyrene and polyisoprene blocks
perpendicular to the substrate were found with a liquid-
crystalline smectic mesophase of the π-stacked oligothiophene
blocks. It is very important to explore and clarify the phase
behavior of PS-b-POTI in order to understand the physical
properties that it exhibits in various applications. However,
structural investigations of this material have been limited to
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Figure 1. Chemical structure of the semi rod-coil diblock copolymer
PS-b-POTI, consisting of polystyrene (PS) and polyisoprene with
oligothiophene modified side chains (POTI).
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microscopic analysis and qualitative one-dimensional wide-angle
X-ray diffraction analysis.

Here, we report the structure and orientation details of PS-
b-POTI thin films coated on silicon substrates, which were
characterized using a combination of synchrotron grazing
incidence X-ray scattering (GIXS) and differential scanning
calorimetry (DSC). In addition, we report the temperature-
induced order-order and order-disorder structural transitions
of the phase-separated domains in the diblock copolymer thin
films. In particular, the liquid crystalline characteristics of the
oligothiophene moiety were found to be directly related to the
structures of the PS-b-POTI diblock copolymer thin films.

Experimental Section

Materials. The semirod-coil diblock copolymer of polystyrene
(PS) and polyisoprene with oligothiophene-modified side chains
(POTI), namely PS400-b-POTI25 was prepared by esterifying a
poly(styrene-b-substituted isoprene) block copolymer with an
oligothiophene derivative.5 The PS-b-POTI product was determined
to have a number average molecular weight Mj n of 55 600 and a
polydispersity index (PDI) of 1.08 by using a gel permeation
chromatography calibrated with polystyrene standards. The dried
PS-b-POTI product was dissolved in toluene and filtered using a
disposable syringe equipped with a poly(tetrafluoroethylene( filter
of pore size 0.2 µm, producing a solution of 1 wt %. This filtered
solution was spin-coated onto precleaned silicon substrates and dried
at 50 °C, followed by annealing at 175 °C for 1 day under vacuum.
The obtained diblock copolymer films were measured to have a
thickness of 25-30 nm, using a spectroscopic ellipsometer (model
M2000, J. A. Woollam, Lincoln, NE) and an R-stepper (model
Tektak3, Veeco, Santa Clara, CA). In addition, the two homopoly-
mers (PS and POTI) were synthesized. The obtained PS homopoly-
mer was determined to have 39 500 Mj n and 1.07 PDI while the
POTI polymer was found to have 15 800 Mj n and 1.12 PDI.

Measurements. GIXS measurements were carried out at the
SAXS beamlines (4C1 and 4C2)6 at the Pohang Accelerator
Laboratory.7 The samples were measured at a sample-to-detector
distance (SDD) of 2214 mm and 146 mm for small angle and wide
angle region, respectively. The GIXS measurements were conducted
on the film samples during heating and subsequent cooling over
the temperature range 30 to 300 °C. Here the heating and subsequent
cooling runs were carried out with a rate of 2.0 °C/min in vacuum.
Scattering data were typically collected for 30 s using an X-ray
radiation source of λ ) 0.154 nm with a two-dimensional (2D)
charge-coupled detector (CCD: Roper Scientific, Trenton, NJ), as
shown in Figure 2. The incidence angle Ri of the X-ray beam was
set at 0.18°, which is between the critical angles of the films and
the silicon substrate (Rc,f and Rc,s). Scattering angles were corrected
according to the positions of the X-ray beams reflected from the
silicon substrate interface with changing incidence angle Ri, and

with respect to a precalibrated silver behenate (TCI, Japan) powder.
Aluminum foil pieces were employed as a semitransparent beam
stop, because the intensity of the specular reflection from the
substrate is much stronger than the intensity of GIXS near the
critical angle.

Atomic force microscopy (AFM) measurements were performed
to observe topography images of the PS-b-POTI thin films. The
spin-coated PS-b-POTI films were imaged using a scanning probe
microscope (model Multimode Nanoscope IIIa, Veeco, Santa Clara,
CA) in tapping mode, which was equipped with a JV-scanner;
noncoated silicon etched probes (model LTESP, Veeco) were used
in the measurements. DSC measurements were carried out at a rate
of 10.0 °C/min under a nitrogen atmosphere by using a calorimeter
(model DSC6200, Seiko Instruments, Japan). Nitrogen was purged
at a flow rate of 50 mL/min.

Results and Discussion

The thermal behaviors of PS-b-POTI were investigated using
DSC. Figure 3 shows typical DSC thermograms of PS-b-POTI,
which were measured during heating followed by cooling at a
rate of 10.0 °C/min. During the heating run, PS-b-POTI
underwent three phase transitions. In comparison, on heating
run PS homopolymer revealed only one transition while POTI
homopolymer exhibited two transitions (Figure 3). On the DSC
thermograms, the glass transition temperatures Tg of PS and
POTI homopolymers were 103 and 166 °C, respectively, and
the phase transition of POTI homopolymer from the smectic-A
mesophase to the isotropic phase was observed at 235 °C.5

Taking these data into account, the first two baseline shifts at
104 and 168 °C in the DSC trace of the block copolymer
correspond to the glass transitions of the PS and POTI blocks
respectively and the third transition at 238 °C is attributed to
the transition of the smectic-A phase to the isotropic liquid
phase.

During the subsequent cooling run, the diblock polymer
sample was also found to exhibit three phase transitions (Figure
3). The exothermic peak in the range 210-190 °C is due to the
transition from the isotropic liquid to the smectic-A phase of
the POTI block, and the baseline shifts observed at 165 and 99
°C correspond to the glass transitions of the POTI and PS blocks,
respectively. These DSC results confirm that the liquid-crystal
transition of the POTI blocks is thermally reversible.

Figure 2. GIXS geometry: Ri is the incident angle at which the X-ray
beam impinges on the film surface; Rf and 2θf are the exit angles of
the X-ray beam with respect to the film surface and to the plane of
incidence, respectively; and qx, qy, and qz are the components of the
scattering vector q.

Figure 3. DSC thermograms of PS-b-POTI and its homopolymers. The
measurements were carried out with a rate of 10.0 °C/min under a
nitrogen atmosphere.
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GIXS measurements were carried out on the diblock copoly-
mer films because GIXS is a versatile tool for obtaining
structural information on the nanostructure in thin films.8-11

To observe both the phase-separated domain structure and
molecular structure in each domain, grazing incidence wide-
angle scattering (GIWAXS) and grazing incidence small-angle
scattering (GISAXS) measurements were performed on PS-b-
POTI thin films.

Figure 4a shows the 2D GIWAXD pattern obtained from a
diblock copolymer film at 25 °C. Parts b and c of Figure 4 show
the in-plane and out-of-plane scattering profiles, which were
extracted along the 2θf direction at Rf ) 0.18° and along the Rf

direction at 2θf ) 0°, respectively, from the diffraction pattern
in Figure 4a. Strong scattering is clearly observed along the Rf

direction at 2θf ) 0 (Figure 4a), with a maximum intensity at
around Rf ) 3.64°. This scattering spot indicates the presence
of layered structures stacked normal to the film plane, in this
case a smectic-A phase. Here, it is noted that this scattering
spot also has a circular scattering ring, which may be a result
of variations in the orientation of the smectic layers arising from
undulation of the smectic layer surface.10 From the location of
the reflection spots, Rf ) 3.64°, the smectic layer spacing was
determined to be 2.42 nm. The molecular dimension of the POTI
block was estimated using a molecular simulation with the
Cerius2 software package (Accelrys, San Diego, CA). As can
be seen in Figure 5a, the lengths of the oligothiophene bristle
unit and the remainder of the cross section of the POTI block
are 1.64 and 0.82 nm, respectively. Thus, we calculated the
length of the fully extended bristle in the POTI block to be
2.05 nm. The layer spacing of 2.42 nm obtained from the
GIWAXD measurement is larger than the length of the fully
extended bristles (2.05 nm) in the POTI block, but much less
than twice the bristle length (4.11 nm). The broad, weak peak
centered at 2θf ) 18.30° corresponds to a d-spacing of 0.484
nm, which is equal to the interdistance between the ordered
bristles of the POTI block. These results indicate that the bristles

of the POTI blocks in one smectic layer are interdigitated with
those of the adjacent smectic layer in the stack. Considering
the molecular dimension of the bristles in the POTI block, we
conclude that the oligothiophene units in the POTI blocks are
fully interdigitated (Figure 5b). In this model, the interchain
distance between the polyisoprene backbone in the layer stacks
is 2.46 nm, which is in good agreement with the layer spacing
of 2.42 nm obtained from the GIWAXD measurement. Since
oligothiophene is known to tend to aggregate through π-π
stacking interactions,12 it is possible to make a stable conforma-
tion with interdigitation between the oligothiophene units in the
POTI blocks.

As can be seen in Figure 4, parts b and c, two additional
broad isotropic scattering peaks appear at 9.51° and 18.5°, which
correspond to d-spacings of 0.928 and 0.484 nm, respectively.
These peaks are due to the amorphous structure of the PS block
at 25 °C.

These results indicate that the POTI blocks in the thin films
form phase-separated domains with a well-ordered layer struc-
ture. The observed layer structure of POTI domains is assigned
as the smectic-A phase. These GIWAXD analysis results
confirm that, at 25 °C, the diblock copolymer film consists of
amorphous PS domains and smectic-A POTI domains.

Figure 4d shows the 2D GISAXS pattern for a diblock
copolymer film at 25 °C. In this figure, some weak scattering
peaks are observed along the 2θf direction, and brightly striped
patterns appear along the 2θf direction at exit angles (Rf)
between the critical angles of the film and silicon substrate.
These striped patterns are intense scatterings formed due to a
combination of a standing wave phenomenon and total reflection
at the interface between the film and the substrate, as is often
observed in specular X-ray reflectivity patterns.13 We also found
that some peaks overlap with the striped patterns along the 2θf

direction, indicating the presence of periodic structures in the
plane of the PS-b-POTI thin film.

Taking this quantitative structural information into account,
we extracted the in-plane and out-of-plane scattering profiles

Figure 4. (a) 2D GIWAXD pattern measured at Ri ) 0.18° for a PS-
b-POTI thin film deposited on a silicon substrate measured at 25 °C.
(b) In-plane scattering profile extracted from the GIWAXD patterns in
(a) along the 2θf direction at Rf ) 0.18°. (c) Out-of-plane scattering
profile extracted from the GIWAXD pattern in (a) along the Rf direction
at 2θf ) 0.0°. (d) 2D GISAXS pattern measured at Ri ) 0.18° for an
PS-b-POTI thin film deposited on a silicon substrate measured at 25
°C. (e) In-plane scattering profile extracted from the GISAXS pattern
in (d) along the 2θf direction at Rf ) 0.18°. (f) out-of-plane scattering
profile extracted from the GISAXS pattern in (d) along the Rf direction
at 2θf ) 0.11°.

Figure 5. (a) Molecular model of the POTI block and its dimension in
the fully extended conformation. The atoms are colored as follows; C,
gray; O, red; S, yellow. (b) Molecular packing model of a layer structure
formed in the POTI domains of a PS-b-POTI thin film. In this model,
the oligothiophene groups in the POTI side chains are fully interdigi-
tated.
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in the GISAXS pattern measured at 25 °C in Figure 4d along
the 2θf direction at Rf ) 0.18°, and along the Rf direction at
2θf ) 0.11°, respectively; these profiles are shown in Figure 4,
parts e and f. Whereas the out-of-plane profile is very weak
and featureless, similar to the 2D GISAXS pattern, the in-plane
scattering profile contains scattering peaks at 0.218 nm-1 and
0.440 nm-1 with relative scattering vector lengths from specular
reflection positions of 1 and 2. These results indicate that the
lamellar layers consisting of PS and POTI blocks are stacked
parallel to the film plane. The scattering peak at 0.218 nm-1

corresponds to a long period of the lamellar stack of 28.8 nm.
However, the broad first- and second-order peaks without higher
order reflections indicate that the lamellae are poorly packed
together.

Collectively the GIWAXD and GISAXS results indicate that
lamellae consisting of amorphous PS and smectic-A POTI
microdomains are alternately stacked perpendicular to the film
plane at 25 °C.

To elucidate the temperature dependence of the nanostructure
of the PS-b-POTI thin film, GIXS measurements were carried
out during a heating run and subsequent cooling run. During
the heating run, the scattering pattern was found to retain its
shape and intensity from 25 °C up to 245 °C. Above 245 °C,
the isotropic transition temperature of the smectic-A phase, the
2D GIWAXD and GISAXS patterns underwent drastic changes.

Figure 6a shows the 2D GIWAXD pattern of a diblock
copolymer film recorded at 245 °C. At this temperature, the
GIWAXS pattern is very weak and featureless except for two
broad isotropic scattering peaks. These broad and weak dif-
fraction rings are attributed to both the PS and POTI blocks
having amorphous structures at 245 °C, as discussed in relation
to the DSC thermogram. Figures 6b and 6c show the in-plane
and out-of-plane scattering profiles, which were extracted along
the 2θf direction at 2θf ) 0.18° and along the Rf direction at

2θf ) 0°, respectively, from the diffraction pattern in Figure
6a. When the temperature of the film reaches 245 °C, the
diffraction peak arising from the mesophase of the POTI
domains has completely disappeared, and only two amorphous
halo rings are present. The first peak at 9.5° (d-spacing ) 0.93
nm) and the second peak at 18.7° (d-spacing ) 0.48 nm) are
assigned to the amorphous halo of the PS block, and the overlap
of the amorphous haloes of PS and POTI blocks, respectively.
These findings indicate that the POTI domains in the diblock
copolymer thin film undergo a mesophase transition from a
smectic-A to an isotropic phase near 245 °C during the heating
run.

Figure 6d shows the 2D GISAXS pattern of a diblock
copolymer film recorded at 245 °C. As can be seen in the figure,
the GISAXS pattern at 245 °C contains several strong specular
reflections along the 2θf and Rf directions, which is quite
different from the pattern obtained below 245 °C. In particular,
three scattering features, marked P1, P2, and P3 (see the GISAXS
pattern in Figure 6d), appear along the 2θf direction with relative
scattering lengths from the specular reflection position of 1, �3,
and �4. Furthermore, some oscillations are observed along the
Rf direction at position P1. These reflections in the GISAXS
pattern are representative of a hexagonal structure of cylinders
oriented perpendicular to the film plane.11

To examine this pattern in detail, the in-plane and out-of-
scattering profiles in the GISAXS pattern measured at 245 °C
in Figure 6d were extracted, as shown in Figures 6e and 6f,
respectively. The in-plane scattering profiles were extracted at
Rf ) 0.18°, and the out-of-plane scattering profiles were
extracted at 2θf ) 0.31°, where the first diffraction spot
appeared. As can be seen in Figure 6e, the in-plane scattering
profile at 245 °C contains three diffraction peaks with relative
scattering vector lengths from the specular reflection position
of 1, �3, and �4; the second spots are much weaker in intensity
than the other spots. These scattering peaks are characteristic
of a hexagonally packed cylinder structure, indicating that the
cylindrical microdomains of the POTI blocks are aligned along
a direction perpendicular to the film plane and are furthermore
packed hexagonally in the film plane. The first order scattering
peak at 2θf ) 0.31° corresponds to a d-spacing of 26.6 nm,
and is assigned to the interdistance between the POTI cylinders
oriented normal to the film plane in the PS matrix. In contrast
to the in-plane scattering profile, the out-of-plane scattering
profile at 245 °C in Figure 6f mainly consists of oscillations.
These profiles resemble the specular X-ray reflectivity profiles
of thin films, which are modulated by Kiessig fringes.13 These
fringes generally appear because of interference between the
X-ray beams reflected from the film surface and those reflected
from the film/substrate interface, namely the standing waves of
the X-ray beam within the thin film. The film thickness can be
estimated from the periodicity of the Kiessig fringes. The
amplitude of the Kiessig fringes is often modulated at a lower
frequency if there is a layer structure within the film. Further-
more, the out-of-plane scattering profiles show that no features
characteristic of hexagonally packed POTI microdomains lie
on the out-of plane axis, whereas such features are observed in
the in-plane scattering profiles. These results indicate that the
POTI microdomains formed in the film are preferentially
oriented normal to the film plane and occupy the whole film
thickness. In other words, the phase-separated POTI micro-
domains are formed in the films with cylindrical shapes and
heights comparable to the film thickness, and are oriented in
the out-of-plane direction.

To quantitatively analyze these profiles, we sought to fit the
profiles measured at 245 °C using a previously derived GIXS
formula with a hexagonal structure factor and a cylinder form
factor.11 As can be seen from the solid fit lines in Figure 6e,

Figure 6. (a) 2D GIWAXD pattern measured at Ri ) 0.18° for an
PS-b-POTI thin film deposited on a silicon substrate at 245 °C. (b)
In-plane scattering profile extracted from the GIWAXD pattern in (a)
along the 2θf direction at Rf ) 0.18°. (c) Out-of-plane scattering profile
extracted from the GIWAXD pattern in (a) along the Rf direction at
2θf ) 0.0°. (d) 2D GISAXS pattern measured at Ri ) 0.18° for an
PS-b-POTI thin film deposited on a silicon substrate measured at 245
°C. (e) In-plane scattering profile extracted from the GISAXS pattern
in (d) along the 2θf direction at Rf ) 0.18°. (f) Out-of-plane scattering
profile extracted from the GISAXS pattern in (d) along the Rf direction
at 2θf ) 0.31°. The symbols are the measured data, and the solid lines
were obtained by fitting the data with the GISAXS formula.
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the calculated scattering profile is in good agreement with the
measured profiles, confirming that the measured GISAXS
patterns were successfully analyzed. From this quantitative
analysis, we obtained the important structural parameters at 245
°C: cylinder shape, radius and radius distribution, center-to-
center distance, and degree of packing order; these parameters
are summarized in Table 1.

Furthermore, by using these structural parameters, we sought
to reconstruct the 2D GISAXS pattern using the GISAXS
formula for a hexagonal paracrystal lattice of cylinders.11 The
reconstructed scattering pattern is presented in Figure 7. As can
be seen in the figure, the calculated 2D GISAXS pattern is in
good agreement with the scattering pattern measured at 245 °C
in Figure 6d, confirming that the measured GISAXS pattern
was successfully analyzed.

The GISAXS analysis therefore confirms that in the diblock
copolymer film, the lamellar structure of the PS and POTI stacks
is converted to a hexagonal cylinder structure when the POTI
domains undergo the smectic-A to isotropic phase transition at
238 °C (Figure 3). This order-order transition of the PS-b-POTI
block copolymer might be made possible by the enhancement
of the mobility of the POTI domains that accompanies the
smectic-A to isotropic phase transition. It was previously
reported that some homopolymers,14 diblock copolymers15 and
triblock copolymers16 show a temperature-dependent order-order
transition from a lamellar to a hexagonal cylinder structure.
However, to the best of our knowledge, the present work
constitutes the first report of an order-order transition of block
copolymer thin films from lamellae to hexagonal cylinders with
a preferred orientation.

To confirm the order-order transition of the PS-b-POTI thin
film, we investigated the surface structure of the diblock
copolymer film using an atomic force microscope. As can be
seen in Figure 8a, the AFM surface image obtained at 25 °C
shows a smooth and featureless surface structure. Thus, even
though the GISAXS pattern for the PS-b-POTI thin film at 25
°C indicates a lamellar structure, no surface structure is evident
in the AFM image. To observe the high-temperature surface
structure of the PS-b-POTI thin film, the film was annealed at
245 °C for 1 h under vacuum and then quenched to room
temperature. As can be seen in Figure 8b, the AFM surface
image clearly shows the hexagonal packing of the cylindrical
POTI domains oriented normal to the film plane. From the

Fourier transform of the AFM phase image in Figure 8b, the
interdistance between the cylindrical POTI domains was esti-
mated to be 29.5 nm. This interdistance value is slightly larger
than the value of 26.6 nm obtained from the analysis of the
GISAXS data at 245 °C. These AFM images indicate that the
PS-b-POTI block copolymer film undergoes an order-order
transition to a hexagonal cylinder structure at 245 °C.

At the higher temperature of 285 °C, the GISAXS pattern
was found to be featureless, while the GIWAXD pattern showed
only amorphous halo peaks similar to those observed at 245
°C (data not shown). Similar featureless patterns were observed
at temperatures up to 300 °C. These results indicate that no
distinctive phase-separated structure is present in the film and
that the diblock copolymer molecules in the film undergo an
order-disorder transition near 285 °C.

Figure 9 shows the GIWAXD and GISAXS patterns obtained
during cooling from 300 °C. As can be seen in Figure 9a, a
featureless GIWAXD pattern except for two isotropic amor-
phous rings was observed. Below 190 °C, the transition
temperature from an isotropic liquid to a smectic-A phase, the

Table 1. Structural Parameters of the PS-b-POTI Thin Film at
245 °C, Which Were Obtained by GISAXS Measurement and

Data Analysis

dsp
a (nm) jRb (nm) σR

c (nm) hd (nm) ge

26.6 5.7 1.95 23.5 0.075
a Center-to-center distance of cylinder (d-spacing of the hexa-

gon). b Average cylinder radius determined from the peak maximum of the
radius r and Gaussian distribution. c Standard deviation of cylinder rad-
ius. d Height of the cylinder. e Paracrystal distortion factor defined by g )
∆a/a, where a and ∆a are the fundamental vector of hexagon axis and its
displacement, respectively.

Figure 7. 2D GISAXS pattern simulated for the diblock copolymer
film at 245 °C using the GISAXS formula with the structural parameters
(listed in Table 1) obtained by analyzing the scattering data in Figure
6d. Figure 8. AFM phase images (500 nm × 500 nm) of the PS-b-POTI

thin film deposited on a silicon substrate at (a) 25 °C or (b) the film
annealed at 245 °C for 1 h under vacuum and quenched to room
temperature.

Figure 9. 2D GIWAXD and GISAXS patterns obtained at Ri ) 0.18°
for the PS-b-POTI thin film on a silicon substrate during cooling.
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GIWAXD pattern contains structural features. As can be seen
in Figure 9b, the reflection peak due to the smectic-A phase
appears at Rf ) 3.61° (d-spacing ) 2.44 nm). The GISAXS
pattern at 180 °C during the cooling run closely resembles that
obtained at the same temperature during the heating run, except
for the weaker intensity of the former pattern. A similar
GIWAXD pattern was obtained during further cooling to near
30 °C. However, as can be seen in Figure 9c, the intensity of
the reflection peak at Rf ) 3.63° (d-spacing ) 2.43 nm)
increased during the cooling run, indicating that the layer
stacking order in the POTI domains was enhanced during
cooling. It might be expected that the smectic A structure of
POTI blocks would be enhanced by an appropriate annealing
process. The d-spacing value of the reflection peak at Rf ) 3.63°
is the same as that of the reflection peak observed at 25 °C
during the heating run, which corresponds to the layer spacing
of the POTI blocks.

Parts d-f of Figure 9 show representative GISAXS patterns
obtained during the cooling run from 300 °C. Featureless
GISAXS patterns were observed during cooling to 280 °C.
Below 280 °C, however, structural features are present in the
GISAXS patterns. The GISAXS pattern at 275 °C (Figure 9d)
closely resembles that obtained at the same temperature during
the heating run, except for the weaker intensity of the former
pattern. In particular, the scattering spot P1 is clear, and P2 and
P3 appear with weak intensities. We also found an oscillation
pattern along the Rf direction at the P1 position. This scattering
pattern is characteristic of hexagonally packed cylinders oriented
normal to the film plane, resulting from a disorder-order
transition of the PS-b-POTI thin film.

Below 190 °C, the transition temperature from an isotropic
liquid to a smectic-A phase, the GISAXS pattern observed at
180 °C during the cooling run still contains very weak peaks
characteristic of hexagonally packed cylinders. In particular, the
scattering spot P1 and oscillation pattern along the Rf direction
appeared with weak intensity, but P2 and P3 were not discern-
ible. Taking into account the above GIWAXD pattern measured
at the same temperature, this GISAXS pattern suggests that the
order-order transition from a hexagonal cylinder structure to a
lamellar structure is incomplete just below 190 °C.

As can be seen in Figure 9f, the scattering pattern obtained
at 30 °C during the cooling run contains reflection spots with
enhanced intensity along the 2θf direction. We also found that
the oscillation pattern along the Rf direction had nearly
disappeared. These changes in the scattering patterns are
attributed to the enhancement of the order-order transition from
a hexagonal cylinder structure to a lamellar structure.

The above in situ GIWAXD and GISAXS results show that
thin films of the PS-b-POTI diblock copolymer undergo
interesting and complicated phase transitions as the temperature
is varied. The phase transition processes observed during the
cooling run were found to be reversible during the heating run.
In particular, during the heating run a lamellar structure of PS
and POTI domains was found to be converted to a hexagonal
cylinder structure. The series of phase transformations in the
film are depicted schematically in Figure 10.

Conclusions

In this study, synchrotron GIWAXD and GISAXS analyses
wereperformedtogetherwithDSCmeasurementsonsemirod-coil
PS-b-POTI diblock copolymer thin films supported on silicon
substrates during heating to 300 °C and subsequent cooling to
30 °C. These analyses provided significant information about
the morphologies of the phase-separated PS and POTI domains
and the molecular structures formed in each domain. Thin films
of the PS-b-POTI diblock copolymer undergo both temperature-
dependent order-order and order-disorder phase transitions.

This study found that the diblock copolymer molecules in the
thin film at 25 °C form an alternately stacked structure of
amorphous PS and smectic-A POTI microdomains whose
stacking direction is parallel to the film plane. During the heating
run, the diblock copolymer undergoes phase separation near 245
°C and then forms a hexagonal cylinder structure oriented
normal to the film plane with cylindrical POTI domains in the
PS matrix, at which point the POTI domains and the PS matrix
are both in amorphous liquid states. This conversion is induced
by the transformation of the POTI domains from the smectic-A
phase to the isotropic phase, where the smectic-A phase is
composed of a laterally ordered structure of interdigitated bristles
in the POTI blocks. The hexagonal cylinder structure that forms
during heating is stable up to 280 °C. These temperature-
dependent order-order and order-disorder phase transitions in
the film are reversed during the cooling run. On the basis of the
observed in situ GISAXS and GIWAXD results, temperature-
dependent molecular structure models were established for the
PS-b-POTI block polymer in thin films.
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