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ABSTRACT: The kinetics and mechanism of morphological transition from nonequilibrium lamella to
cylinder microdomain in a polystyrene-block-poly(ethylene-co-but-1-ene)-block-polystyrene (SEBS) triblock
copolymer were studied by using time-resolved synchrotron small-angle X-ray scattering (SAXS),
transmission electron microscopy (TEM), and rheology. The sample cast from toluene solution formed a
nonequilibrium morphology of the alternating lamellae (LAM) of polystyrene (PS) and poly(ethylene-co-
but-1-ene) (PEB) blocks because toluene is a good solvent for PS chains but a poor solvent for PEB chains.
LAM of PS and PEB blocks was transformed into the hexagonally close packing (HEX) of PS cylinders
in PEB matrix when the as-cast sample was annealed above 140 °C, which is above the glass transition
temperature of the PS block. From the time-resolved SAXS and TEM, the coexistence of the LAM and
HEX microdomains was clearly confirmed during the entire process of the order-to-order transition (OOT)
from LAM to HEX, and the lamellar fraction in the coexisting phase decreased with increase of the
annealing time. It was also found that the storage modulus during the transition linearly decreased with
the lamellar fraction. The temporal change in the LAM fraction in the coexisting phase was fitted by the
Avrami-type exponential decay function. The mechanism of the OOT was discussed on the basis of the
evaluated Avrami exponent (n). We found that the value of n was ∼1 at higher annealing temperatures
(above 160 °C), whereas it was ∼0.5 at lower annealing temperatures. Thus, it is concluded that at higher
temperatures the nucleation and growth of the HEX microdomains from LAM phase result from both
interlayer correlation of the modulation and in-layer modulation of LAM layers (2-dimensional growth).
On the other hand, at lower temperatures, one-dimensional growth from the in-layer modulation induced
the nucleation and growth of HEX microdomains.

I. Introduction

Block copolymers form regularly ordered microdomain
structures at the thermodynamic equilibrium state
because of the repulsive energetic interaction between
constituent block chains.1-4 It is well-known that those
microdomain structures are spheres arranged in a body-
centered-cubic lattice, cylinders in a hexagonal lattice,
double gyroid, or alternating lamellae depending upon
the composition, molecular weight, and temperature.2-4

The control of morphologies of a block copolymer is
important, since mechanical properties of the block
copolymer strongly depend on their morphologies.5
Many experimental and theoretical studies have been
performed on phase behavior of block copolymers.6-35

Phase transitions between ordered microdomain struc-
tures, so-called order-to-order transition (OOT), have
attracted much attention both theoretically6-11 and
experimentally.12-35 It is known that the design of block
copolymers with OOT needs a judicious choice of block

composition and total molecular weight of block copoly-
mer.17-35 Contrary to experiments on the OOT in
equilibrium morphologies, nonequilibrium morphologies
can provide an alternative method to study the OOT.
This is because a nonequilibrium morphology can be
easily formed when block copolymers are cast from
solution with a selective solvent.14,29

One of us studied the kinetics of OOT from nonequi-
librium polybutadiene (PB) cylinders to equilibrium
lamellae in polystyrene-block-polybutadiene-block-poly-
styrene (SBS) triblock copolymers.14 It is of interest to
study whether the kinetics of OOT from nonequilib-
rium lamellae to equilibrium cylinders is described by
the same mechanism of the above. In the present paper,
we report on the kinetics of OOT from nonequilib-
rium lamellae to equilibrium PS cylinders in a polysty-
rene-block-poly(ethylene-co-but-1-ene)-block-polysty-
rene (SEBS) triblock copolymer. The apparent activation
energies and the Avrami exponents for the OOT were
evaluated in order to discuss the mechanism of the OOT.
Furthermore, the rheological change during the OOT
was monitored and compared with SAXS results.
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II. Experimental Section
The sample used in this study was an SEBS triblock

copolymer [Kraton G1652; Shell Development Co.]. The number-
average molecular weight, Mn, the heterogeneity index for
molecular weight distribution, Mw/Mn, and the volume fraction
of polystyrene (PS), φPS, were determined to be 5.4 × 104, 1.10,
and 0.227, which are measured by membrane osmometry, gel
permeation chromatography, and 1H nuclear magnetic reso-
nance spectroscopy (NMR), respectively. The average number
of ethyl side group on the poly(ethylene-co-but-1-ene) (PEB)
block chain was determined by 13C NMR to be 71 per 1000
carbon atoms in the PEB block chain. From this value the
microstructure in the original PB before hydrogenation is
estimated to be 25 and 75 mol % for 1,2- and 1,4-linkages,
respectively. The film samples subjected to the SAXS mea-
surements were prepared by solution-casting at room temper-
ature using toluene, which is a selective solvent for PS block.36

The SAXS measurements with synchrotron radiations were
conducted at the 4C1 beam line in the Pohang Light Source
(PLS), Korea. The primary beam was monochromatized with
double Si(111) crystals at the wavelength of 0.1598 nm, and
then it was focused on a detector plane by a bent cylindrical
mirror. A one-dimensional position-sensitive detector (Diode-
Array PSD; Princeton Instruments Inc.; model ST-120) with
the distance of each diode of 25 µm was used. Typical exposure
time for G1652 samples with 1.2 mm thickness was 30 s. The
sample was settled in such a way that the film normal was
parallel to the incident beam trajectory (through view). The
measured scattering intensities were corrected for air scat-
tering, for absorption due to the sample, and further for the
thermal diffuse scattering (TDS) arising from density fluctua-
tions. Here, the scattering intensity of TDS was conventionally
assumed to be that measured at the highest q region covered
in this study (1.2 nm-1 < q < 1.5 nm-1), where the scattering
intensities reached an almost constant level, irrespective of
the scattering angle.14-16 The magnitude of the scattering
vector (q) is given by

where λ is the wavelength of the X-ray and θ is the scattering
angle.

For the study of the kinetics of the morphological transition,
time-resolved SAXS measurements were performed upon
temperature-jump (T-jump). A copper sample cell containing
the sample preheated at 110 °C for 5 h was put into another
cell holder maintained at specific temperatures (140, 150, 157,
162, and 168 °C), which were above the glass transition
temperature of PS blocks (Tg,PS) of 89 °C measured by a
differential scanning calorimeter (DSC 7 series, Perkin-Elmer)
at a heating rate of 10 °C/min. The temperature was stabilized
at a preset temperature within 1 min after the T-jump.

The temporal storage modulus, G′, was measured by an
Advanced Rheometrics Expanded System (ARES) after the
specimen was jumped from 110 °C to a preset temperature.
The strain amplitude (γ0) and the frequency (ω) are 0.005 and
0.1 rad/s, respectively, which lie in a linear viscoelastic region.

The micodomain structures of the samples were examined
by transmission electron microscopy (JEOL 1200EX) operated
at 120 kV. Cryogenic ultrasectioning was performed with an
RMC (MT-700) microtomer at -100 °C. Then, specimens were
stained with RuO4 for 30 min, which selectively stained the
PS microdomains.

III. Results and Discussion
Figure 1 shows SAXS profiles [intensity (I(q)) vs q]

for the samples with various thermal histories: (a) as-
cast, (b) annealed at 110 °C for 300 min, (c) annealed
at 120 °C for 120 min after annealing at 110 °C for 300
min, (d) annealed at 140 °C for 60 min after annealing
at 110 °C for 300 min, and (e) annealed at 168 °C for
120 min after annealing at 110 °C for 300 min. Diffrac-
tion peaks of the as-cast sample are seen at the relative

q-positions of 1:2:3, reflecting well-ordered lamellar
microdomains (LAM). Such nonequilibrium morphology
in the casting solution is kinetically locked when the
PS domains vitrify as the polymer concentration in-
creases. Namely, the nonequilibrium morphology does
not have a chance to transform into more stable HEX
microdomains during the subsequent casting process
where the remaining solvent was thoroughly evacuated.
For a sample annealed at 110 °C, SAXS peaks were
sharpened, but the first-order peak moved to slightly
higher q (∼4% increase), indicating that LAM ordering
was improved at 110 °C, and the transition to HEX did
not occur at all at this temperature. The slightly
increased q* (or slightly decrease in d spacing) with
annealing at 110 °C was due to the fact that the residual
stress stored during the vitrification of PS block was
relaxed at higher temperatures. In other words, vitrified
PS chains can slowly relax at 110 °C, allowing better
LAM perfection, but this temperature was still insuf-
ficient to achieve the transition to HEX due to the
vicinity of Tg,PS.

On the other hand, for a sample annealed at 168 °C,
three peaks appeared at q positions of 1:x3:x7, typical
of the scattering from hexagonally packed cylinders
(HEX). This SAXS profile indicates thermally induced
morphological transition from nonequilibrium LAM to
equilibrium HEX upon annealing at 168 °C (far above
Tg,PS). It is quite natural that G1652 with φPS ) 0.227
has HEX microdomains at equilibrium condition. The
SAXS profiles (c) and (d) showed the double first-order
peaks arising from LAM and HEX microdomains, sug-
gesting that LAM and HEX phases coexist at these two
annealing conditions.

To investigate in detail the double first-order peaks,
we performed the T-jump from 110 °C to a preset
temperature. Figure 2 shows typical examples of the
change in the SAXS profiles with the annealing time
at two temperatures (140 and 168 °C). For both T-
jumps, a gradual disappearance of higher-order LAM
peaks at the expense of the evolution of HEX peaks was

q ) (4π/λ) sin(θ/2) (1)

Figure 1. SAXS profiles of through view of the film for SEBS
at various thermal histories: (a) as-cast; (b) annealed at 110
°C for 300 min; (c) annealed at 120 °C for 120 min after
annealing at 110 °C for 300 min; (d) annealed at 140 °C for 60
min after annealing at 110 °C for 300 min; and (e) annealed
at 168 °C for 120 min after annealing at 110 °C for 300 min.
To avoid overlap, the SAXS profiles were shifted vertically.
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observed. This tendency was observed in all other
T-jumps, although LAM peaks disappeared earlier with
increasing T-jump temperature. For the T-jump to 168
°C, the LAM peaks completely disappeared at t g 120
min, whereas the LAM peaks were still dominant even
at 160 min for the T-jump to 140 °C.

TEM images after T-jumps to 140 and 168 °C followed
by annealing for 20 min are shown in Figure 3. It is
seen in Figure 3a that HEX microdomains are clearly
generated from LAM layers, although the area of HEX
is small. The boundary between LAM and HEX phases
was distinct. For the specimen annealed at 168 °C for
20 min, the HEX phase becomes dominant over the
LAM phase, as shown in Figure 3b. Interestingly, the
modulation and perforation of LAM, marked by the
arrows in Figure 3b, are visible, even though the area
corresponding to these regions was very small. However,
this kind of the LAM modulation (ML) or perforation
(PL) is barely seen in Figure 3a. This suggests that the
transition mechanism of OOT from LAM to HEX at
lower temperature (or shallow T-jump) is different from
that at higher temperature (deep T-jump). This behavior
will be complemented with different values of the
Avrami exponent at two temperature regimes, which
will be discussed later.

Very recently, Wang and Lodge30 showed that the
OOT from HEX to gyroid for a solution consisting of
polystyrene-block-polyisoprene and dibutyl phthalate
proceeds directly by a nucleation and growth for shallow
quench, but a metastable intermediate structure of
hexagonally perforated layer (HPL) was observed for
deep quenches. Thus, TEM images given in Figure 3
might be consistent with the results given in ref 30,
although the OOT in this study was the transition of
kinetically frozen LAM to equilibrium HEX phase.
However, we did not observe a clear evidence of ML or
PL during the OOT from SAXS or rheology results. This
indicates that even though this kind of intermediate

state might exist during the OOT at higher annealing
temperatures (deep T-jumps), it would be a short-lived
intermediate, or the amount of this intermediate was
small.

Of course, it cannot be completely excluded that SAXS
profiles of ML (or PL) are not much different from LAM
with random grains, and the difference in rheological
properties between ML (or PL) and LAM is not large.
The best way to test the existence of ML (or HPL) is to
use shear-aligned LAM.28 In ref 28, two intermediate
structures (ML and HPL) were clearly observed between
LAM and HEX. According to Wang and Lodge,30 the
transition mechanism between HEX and Gyroid for
aligned sample is similar to unaligned sample. Thus,
we tried to perform macroscopically shear alignment
using a large-amplitude oscillatory shearing (LAOS)
with ω ) 0.08 rad/s and γ0 ) 50% for specimen with
1.2 mm thickness and 50 mm diameter. However, we
found via 2-D SAXS experiment that LAM did not align
even under LAOS at 110 °C for 4 h. This is attributed
to the fact that the temperature was close to the Tg of
PS block. In the meantime, when a specimen was
aligned under LAOS at 140 °C for 1 h, we found, via
2-D SAXS, that both HEX cylinders and LAM layers
were well-aligned toward the flow direction (x-direction).
However, we barely saw any scattering peaks or TEM
images corresponding to HPL (or ML or PL) for this
aligned sample. Namely, both 6-fold diffraction spots in
qx-qz (shear plane) and four additional weak spots in
qx-qy plane, corresponding to the characteristics of
HPL,28 were not observed.

Hajduk et al.29 showed that, during OOT from kineti-
cally frozen state of LAM to equilibrium HEX, there
exists an intermediate state of ML, and this ML would
be a long-lived or pseudo-equilibrium state. Interest-
ingly, they employed PS-PEB diblock copolymer cast
from tetrahydrofuran (THF), which is a selective solvent
to PS block. They also showed that this ML was detected

Figure 2. Changes in the SAXS profiles with the annealing time at two different T-jumps from 110 °C: (a) 140 °C; (b) 168 °C.
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after the sample was cooled from equilibrium HEX
state. These results imply that the stability of the
intermediate state depends on volume fraction of PS
block. The volume fractions of the minor block studied
in refs 28, 29, and 30 are 0.35, 0.29, and 0.30, respec-
tively, which are larger than that (0.23) of SEBS
investigated here. This indicates that the stability of ML
for a block copolymer with higher amount of the minor
block might be better than that with lower amount.

Furthermore, we did not observe any evidence of ML
or PL in SAXS and TEM, when the specimen was cooled
from equilibrium HEX. Therefore, we conclude that
LAM and HEX phases coexisted during the entire
process of this OOT, and that even though an interme-
diate ML or PL might be formed at higher T-jumps, the
amount would be very small or it would be short-lived.

To estimate the conversion (or the amount) of HEX
phase from LAM, SAXS profiles in Figure 2b were
expanded in Figure 4a, where I(q) in the range 0.15 e
q e 0.30 nm-1 for the double first-order peaks are
highlighted. These peaks are easily decomposed by
using a mathematical expression comprising Gaussian
peak function

where Ai, σi, qi, and B are the peak area, standard
deviation, and q position for the ith peak (i ) 1 for LAM
and i ) 2 for HEX), and background, respectively. An
example of the peak decomposition is shown in Figure
4b for the annealing time of 10 min at 168 °C. From
the evaluated peak area of LAM and HEX first-order
peak, the fraction of LAM phase in coexisting phases
(φL) is estimated by φL ) ALAM/(ALAM + AHEX), because
of isotropically or randomly oriented polygrain struc-
tures for both microphases.

Figure 5 gives temporal changes in φL vs the anneal-
ing time at several T-jump temperatures. It is seen that
at temperatures lower than 160 °C the morphological

Figure 3. TEM images after two T-jumps ((a) 140 °C; (b) 168
°C) followed by annealing for 20 min. Before T-jumps, speci-
mens were annealed at 110 °C for 5 h.

Figure 4. (a) Temporal changes in SAXS profiles for the
T-jump to 168 °C, where the scattering intensity I(q) is plotted
against q in the range 0.15 e q e 0.30 nm-1 covering the
double first-order peaks. (b) An example of the computational
peak decomposition for t ) 10 min by using eq 2. The
decomposed peaks are shown as dotted curves.

I(q) ) ∑
i { Ai

x2πσi

exp[-
(q - qi)

2

2σi
2 ]} + B (2)
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transition from LAM to HEX was not completed even
at prolonged annealing times above 200 min, indicating
that the mixture of LAM and HEX phases still exists.
But, as the T-jump was elevated (above 162 °C), the
transition was more accelerated and the HEX formation
seems to be completed within 120 min. The decay of φL
with the annealing time, t, was analyzed by using the
Avrami-type decay function

where φL
∞ is the amount of LAM phase at t ) ∞, τ is a

decay time, and n is the Avrami exponent. The curve
fittings with adjusting τ, n, and φL

∞ shown by solid lines
in Figure 5 give good agreements with experimental
data. The complete transition to the HEX cylinders was
attained at t g 120 min for 162 and 168 °C. Since, the
fitting with eq 3 became far from the experimental data
at t ) 120 min, we neglected SAXS data at 120 min for
both 162 and 168 °C in the fitting shown in Figure 5.
The inset in Figure 5 shows the plot of φL

∞ vs the
annealing temperature, where the values below 157 °C
are evaluated by the fitting, while those for 162 and 168
°C are set as φL

∞ ) 0, which are directly obtained from
the SAXS measurements. The behavior of φL

∞ exhibits a
discontinuity around 160 °C.

Figure 6 gives temporal changes of G′ for two T-jumps
(157 and 168 °C). We also carried out other T-jumps,
although the results are not shown here due to the space
limit. The temperature profiles for this experiment are
shown in the upper panel of Figure 6. At point A,
temperature was jumped up from 90 to 110 °C, at B to
168 °C (or 157 °C), and then finally at C from 168 °C
(or at C′ from 157 °C) to 110 °C. The duration time at

157 °C was longer than that at 168 °C, since the
transition of HEX was slower for lower temperatures,
as shown in Figure 5.

It is seen that during the first heating from 90 to 110
°C G′ increased very rapidly, and then it approached
steady value after ca. 60 min. A sharp increase in G′ is
attributed to the increased perfection of the LAM
ordering, as discussed in Figure 1. Because of the
T-jump at point B, G′ decreased stepwise and then
started to increase and approached their asymptotic
values. G′ at 168 °C starts from a slightly smaller value
than that at 157 °C since higher temperature gives
smaller G′. But, the increasing rate was faster for the
former, suggesting that the transition of HEX was
achieved earlier.

Finally, when we quenched from higher temperatures
to 110 °C at point C (or C′), G′ at point D (or D′) was
larger than G′ at point B. Also, G′ at point D was higher
than that at point D′. The microdomain structures at
point D after quenching are essentially the same as
those at higher temperatures (or point C) because of the
immobilization of PS blocks. Therefore, the difference
in G′ between point D and point B depends on the
fraction of LAM phase and macroscopic grain conditions
such as size, shape, and number. The reason why G′ of
HEX microdomains becomes higher than that of LAM
is not clear. To the best of our knowledge, there has been
no report on the viscoelastic behavior during the direct
transition from LAM to HEX. However, it is considered
that, within the linear viscoelastic region, the modulus
depends mainly upon the interfaces normal to the flow
direction23 and microstructure connectivity.17,32 The
transition from LAM to HEX gives more interfaces;
thus, an increase in newly-generated interfaces normal
to the flow direction results in larger G′. Similar
behavior has been observed for OOTs from HEX to BCC
and from LAM to HPL structure.17-23,28-34

To examine the dependence of G′ on the amount of
LAM phase during the OOT, the changes of G′/G0 with
time during the process B f C are magnified in Figure
7a. Here, G0 is the minimum value of G′ during this
process, which decreases with increasing temperature.
It is seen that with increasing T-jump the value of G′/
G0 increases, and the steady value would be achieved
at earlier times. Since we assume that G′ of HEX state

Figure 5. (a) Temporal changes in the amount of LAM phase,
φL. The solid curves are the fitting by the Avrami-type decay
function as given by eq 3. (b) Plot of φL

∞ (the amount of LAM
phase at t ) ∞) vs the annealing temperature. The values were
evaluated by the fitting below 157 °C, while they were set as
φL

∞ ) 0, which are directly determined by the SAXS results for
162 and 168 °C.

φL(t) ) (1 - φL
∞) exp{(-t/τ)n} + φL

∞ (3)

Figure 6. Temporal changes in G′ measured at a frequency
0.1 rad/s and a strain of 0.005. Temperature profiles are shown
in the upper panel: 157 °C (O); 168 °C (b).
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is larger than that of LAM state, the value of G′/G0 is
directly related to the amount of HEX phase. Since the
amount of HEX (or LAM) phase was already estimated
from SAXS experiments (see Figure 5), we plot G′ vs φL
at two temperatures, as given in Figure 7b. It is seen
that a linear relationship between these two parameters
is valid: G′TOTAL ) φLG′LAM + (1 - φL)G′HEX. Previously,
Floudas et al.25 simply assumed this relationship with-
out showing experimental data. From the results of
Figure 7, we conclude that G′ linearly increases with
increasing amount of HEX phase, and the conversion
to HEX phase from LAM phase increases and the steady
value is achieved faster with increasing T-jump tem-
perature.

The temperature dependence of the Avrami exponent
n can give a primitive idea on the transition mechanism.
Figure 8 displays the Avrami exponent n from SAXS
experiments (open circle) and rheology (solid circle). The
exponents from the two approaches are in good agree-
ment except those of 157 °C T-jump. Quite interestingly,

n of 140 and 150 °C T-jump is ca. 0.43, whereas n of
162 and 168 °C T-jump is ca. 0.8. According to the
Avrami-type crystallization theory,38,39 the exponent (n)
is correlated with the dimensionality of the crystal
growth, for instance, 0.5 for one-dimensional growth
(rodlike crystallite) and 1.0 for two-dimensional growth
(disklike crystallite) when the crystallization is con-
trolled by diffusion of molecules. The discontinuity of
the exponents at 160 °C, as shown in Figure 8, suggests
different dimensionality of growth of HEX cylinders
below and above ca. 160 °C, although OOT is not the
same phenomenon as the crystallization where mol-
ecules migrate from disordered state to ordered state
(crystals).

Peak positions and full width at half-maximum
(fwhm) are valuable information on the temperature
dependence of the transition mechanism. Temporal
changes in the double first-order peak positions are
shown in Figure 9a. Below 157 °C, the LAM peak
position remains almost constant, while it gradually
increases with time above 162 °C. For the temporal
change in the HEX peak position, there seems to be a
general tendency that peak position remains constant
at the early stage, then gradually increases with time,
and finally reaches constant. If we define the threshold
time (tX) as an annealing time after which the HEX peak
position increases, tX was found to decrease with in-
creasing the annealing temperature. It was seen from
Figures 5 and 9a that the value of φL at tX was almost
the same (∼0.73) irrespective of the annealing temper-
atures. It is mentioned, however, that the critical value
of φL (φL,crit ∼ 0.73) was experimentally determined
without any theoretical argument.

Figure 7. (a) Temporal changes in G′/G0 at a frequency of
0.1 rad/s during T-jumping from 110 °C to several tempera-
tures: 140 (4), 150 (0), 157 (O), 162 (]), and 168 °C (b). (b)
Plot of G′ vs φL for two T-jumps: 157 (O) and 168 °C (b). The
φL was evaluated independently from the SAXS results:

Figure 8. Avrami exponent (n) with the annealing temper-
ature, which is evaluated from SAXS (O) and rheology (b).

Figure 9. (a) Temporal changes in the SAXS peak positions
of LAM and HEX phases during the OOT. (b) Plots of
normalized cylinder peak positions (q̂HEX) vs normalized an-
nealing time (t̂). Here, q̂HEX is defined by qHEX divided by the
lamellar peak position (qLAM

0 ) at t ) 0 and t̂ ) t/tX. tX is
defined as an annealing time at which φL reaches φL,crit ()0.73).
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Figure 9b shows plots of normalized cylinder peak
positions (q̂HEX) vs normalized annealing time (t̂). Here,
q̂HEX is defined by qHEX divided by the lamellar peak
position (qLAM

0 ) at t ) 0, and t̂ ) t/tX, in which tX is an
annealing time at which φL reaches φL,crit. It is seen in
Figure 9b that the q̂HEX does not change with time for
t̂ e 1, implying that the generation of the HEX cylinders
from LAM phase is frustrated by the majority phase of
the remaining LAM phase as long as φL is larger than
φL,crit. On the other hand, as shown in Figure 9a, the
LAM first-order peak above 162 °C shifts toward higher
q with time after 10 min at which φL reaches 0.4-0.5
(see Figure 5). Note that the LAM first-order peak below
157 °C does not start to shift even at the same value of
φL (0.4-0.5). This fact indicates that the shift of the
LAM first-order peak cannot be accounted for in terms
of the change in φL, as opposed to the shift of the HEX
first-order peak. It may be therefore suggested that the
morphological change to HEX phase occurring inside the
LAM phase at the T-jump below 157 °C is different from
that for the T-jump above 162 °C. This result is
consistent with the growth mechanism (dimensionality)
based on the Avrami exponent n.

The change in fwhm of the double first-order peaks
with the annealing time at several temperatures is
shown in Figure 10. There seems to be a correlation
between the behaviors of fwhm and the peak position.
Note that the peak width relates to the degree of
regularity of ordered microdomains. Overall, the peak
width for the HEX cylinders monotonically decreases
with time, indicating improvement of the packing
regularity. The only exception is the case of the 140 °C
annealing, where the fwhm stayed constant in the early
stage below about 20 min, which closely coincides with
the behavior of the peak position. As for the LAM phase,
the fwhm stays almost constant below 157 °C, while it
suddenly increases at ca. 10 min for the annealing
temperatures above 162 °C. Namely, the remaining
lamellar phase is unaffected by the ongoing transition
for the former case, while it is significantly affected for

the latter case. These facts again suggest the difference
in the transition mechanism between lower and higher
temperatures.

Wang et al.10,11 theoretically showed that the transi-
tion from weakly segregated LAM to HEX by T-jump
undergoes stepwise processes with modulation and
perforation of LAM. For shallow T-jumps where the
transition occurs slowly, the initial stage of the HEX
evolution is a simple decay of LAM ordering and in-layer
density modulation begins to emerge. However, the
interlayer correlation of the modulations would not be
high, suggesting that in-layer modulation plays a major
role. On the contrary, for deep T-jumps where the
transition occurs fast, the interlayer correlation of the
modulation as well as the in-layer modulation can be
effective. This suggests that the remaining LAM is
strongly affected by the other in-layer fluctuations,
possibly resulting in considerable interlayer correlation.
These two transition mechanisms result in difference
in the dimensionality of the growth of HEX micro-
domains, as inferred from the Avrami exponents. Two-
dimensional fluctuation, corresponding to the fast tran-
sition, may cause perforated structure as an intermediate
state with a periodicity of twice the lamellar spacing
during LAM to HEX transition, although the detection
of this intermediate state depends on its lifetime. On
the other hand, in a transition governed by one-
dimensional fluctuation corresponding to slow transi-
tion, the formation of the intermediate state such as
perforated structure is as little as possible. The TEM
results in Figure 3 are consistent with different transi-
tion mechanisms.

On the basis of the above-mentioned arguments, the
possibility to observe an intermediate state (or meta-
stable state) becomes higher as the dimensionality of
the fluctuation (or transition rate) increases. Then, we
consider that 3-dimensional fluctuation (or spinodal
decomposition) might be expected for a very rapid
transition, namely a very high annealing temperature,
although the detection of an intermediate state by
experiments is not easy due to very short lifetime. On
the other hand, if an as-cast sample has poor ordering
(or regularity) of LAM, the transition to equilibrium
HEX state becomes very rapid. This kind of very rapid
transition might be achieved if the mismatch of the
lattice spacing between LAM in an as-cast sample and
equilibrium HEX is small. In these two cases, the
transition from nonequilibrium LAM to equilibrium
HEX takes place via spinodal-like fluctuation, giving an
intermediate state (or metastable state).9 The validity
of this scenario is currently under investigation. It
should be mentioned that the existence of an intermedi-
ate state is also dependent upon volume fraction of
minor block (φPS). As the difference between φPS and a
volume fraction at which PL (or ML) structure is
expected is smaller, the possibility of the appearance
of PL (or ML) becomes higher during the transition from
nonequilibrium LAM to equilibrium HEX. The volume
fraction of φPS in SEBS studied here was 0.23, which
was smaller than that (φPS ) 0.3-0.35) in refs 28-30
where an intermediate state was confirmed.

Finally, we evaluated the apparent activation ener-
gies for the morphological transitions based on the
temperature dependence of the decay time, τ, which are
obtained from SAXS and rheology. Figure 11 gives the
Arrhenius plot of the decay rate, τ-1, vs the inverse of
the absolute temperature. The apparent activation

Figure 10. Temporal changes in the full width at half-
maximum (fwhm) of double first-order peaks with the anneal-
ing time as a function of the annealing temperature.
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energy obtained from SAXS (open circle) is 42 kcal/mol,
which is close to that (36 kcal/mol) from rheology (solid
circle). Interestingly, this value is quite close to that of
the transition from nonequilibrium PB cylinders to
equilibrium PS-PB lamellae in SBS triblock copolymers
(ca. 40 kcal/mol) studied previously.14 Furthermore, this
value is close to that (38 kcal/mol) of PS homopolymer
in the relevant temperature ranges but much larger
than that (4.8 kcal/mol) of neat polybutadiene or PEB.

Since the rate of the OOT, however, is determined
by the degree of regularity and orientation of micro-
domains,30 it is reasonable to compare the activation
energy for other OOTs. Floudas et al.25 have reported
similar values of the activation energy (ca. 47 kcal/mol)
for epitaxial OOT from cylinder to gyroid in polyiso-
prene-block-poly(ethylene oxide) copolymers based on
the SAXS results. They also found ca. 60 kcal/mol from
rheological measurement with a small strain (γ0 )
0.005). Note that these values are much higher than
that of polyisoprene and poly(ethylene oxide) local
segmental relaxation (typically 5-10 kcal/mol at T -
Tg ) 220 K). They argued that the OOT was controlled
by a collective motion associated with the bicontinuous
cubic phase (gyroid). This argument is also applied to
the OOT studied in this study. For instance, even
though the activation energy for OOT in the SBS
studied previously (from HEX to LAM) and that in the
present SEBS case (from LAM to HEX) was similar, the
transition for the SEBS was much slower. For instance,
the SBS exhibited complete transformation from HEX
to LAM after 170 min annealing even at 127 °C,
whereas for SEBS a slight transition to HEX from LAM
is expected at 127 °C even at very prolonged annealing
time (maybe over 180 min). This also shows that the
collective motion of the interface plays a main role in
the transition; that is, OOT in this study is controlled
by the segregation power and the degree of perfection
(or regularity) of microdomain structure rather than the
motions of PS block chains themselves.

IV. Conclusions

In this study, we have shown, via time-resolved SAXS,
TEM, and rheology, that a nonequilibrium LAM micro-
domains formed during toluene casting was transformed
into HEX microdomains at higher temperatures. During
this transition, the coexistence of the LAM and HEX
microdomains was clearly observed during the entire
process of OOT from LAM to HEX, and the lamellar
fraction in the coexisting phase decreased with anneal-
ing time. Even though a small portion of the intermedi-
ate structure of PL (or ML) was observed only at higher

annealing temperatures, which was confirmed by TEM,
we did not find a clear evidence of this intermediate
structure by SAXS and rheology.

We have also shown that the G′ of the HEX phase
was larger than that of the LAM phase and that G′
increased linearly with the amount of HEX phase in
coexisting phases. The Avrami exponent (n) at higher
annealing temperatures (above 160 °C) was larger than
that at lower annealing temperatures. Thus, at lower
temperatures, one-dimensional growth from the in-layer
modulation induced the nucleation and growth of HEX
microdomains, but at higher temperatures the nucle-
ation and growth resulted from both interlayer correla-
tion of the modulation and in-layer modulation of LAM
layers (2-dimensional growth).
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