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Thermally induced morphological transition from lamella to gyroid
in a binary blend of diblock copolymers
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We report an experimental result of the thermally induced morphological transition from lamellar to
gyroid phase in a binary blend of polystyrene-block-polyisoprene~SI! diblock copolymers. Two SI
copolymers employed in this study have almost the same molecular weights but different volume
fractions of polystyrene~PS! block ~fPS50.26 and 0.65!. The blend was prepared by these two SI
diblock copolymers and the overall volume fraction of PS block in the blend,fPS, was 0.58.
Time-resolved small-angle x-ray scattering~SAXS! experiments were conducted to reveal
morphological structures as a function of temperature from 120 to 205 °C during the heating with
a rate of 2 °C/min. It was observed from SAXS results that the lamellar phase (L) was found below
164 °C, the gyroid phase (G) above 188 °C, and the coexistence ofL andG phases between these
temperatures. The gyroid phase was confirmed by transmission electron micrograph. The transition
from L to G phase is different from a thermally induced transition of kinetically locked morphology
formed by the vitrification of the PS matrix, because it was also found by a separate SAXS
experiment for the specimen annealed for long times in which the lamellar phase was stable up to
140 °C, which is well above the glass transition temperature of the PS block. A temperature sweep
of SAXS experiment with a smaller heating rate was a useful method to roughly estimate the
transition temperature. Moreover, it was found from this experiment that the position of the
first-order peak does not change remarkably upon the transition. Although the thermoreversibility of
the transition betweenL andG phases has not yet been confirmed, it does not necessarily mean that
the lamellar morphology is not stable at lower temperatures. ©1998 American Institute of
Physics.@S0021-9606~98!50610-1#
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I. INTRODUCTION

Thermally induced morphological transition in a bloc
copolymer provides an interesting and important knowled
for control of morphology.1 Although some experimental re
sults were reported recently,2–10only little is revealed for the
morphological transition, even for a neat diblock copolym
Hajduk et al.8 have reported the morphological transitio
from lamella (L) to gyroid (G) phase for a polystyrene
block-polyisoprene~SI! sample with 37 wt. % polystyrene
~PS! block andMw527.43103 ~weight-average molecula
weight!. They conducted careful experiments of small-an
x-ray scattering~SAXS! complementarily with transmissio
electron microscopy~TEM!. Note here that the gyroid is
newly discovered morphology which hasIa3̄d cubic sym-
metry of the space group.8 They further confirmed thermor
eversibility for the transition between 100 and 160 °C.
accord with their result, thermodynamic stability of the g
roid phase is predicted by the self-consistent field theor11

They have also made a survey of the morphological st
with the use of binary blends of this SI diblock with ho

a!Author to whom correspondence should be addressed.
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mopolystyrene or homopolyisoprene in the compositio
range of 30–42 wt. % of PS blocks.8 In this range, the gyroid
morphology was definitely confirmed.

A binary blend of diblock copolymers, (A2B)a1(A
2B)b , is another candidate for the control of morpholo
through control of an overall composition.12 As compared to
anionic polymerization of a neat block copolymer with
desired composition, it is more convenient and accurate
mix two different diblocks if the compositions of these ind
vidual diblocks are well characterized. Needless to say,
simplest way for the control of the overall composition is
blendA and/orB homopolymers withA-B diblock copoly-
mers, as Hajduket al.8 have applied. However, we should b
aware that macrophase separation often occurs in this c
Even if it is not the case, another complicated situation ex
in the blend ofA-B and A ~and/orB!. Segregation of ho-
mopolymers in a lamellar microdomain space may take pl
and in turn the localized homopolymer layers unbindA-B
alternating lamellae.13 For instance,A homopolymer layers
isolate a singleB lamella. This is referred to as the unbindin
transition.14 Such a situation is unfavored to morphologic
control through controlling the overall composition. Ther
fore, we chose binary blend of diblock copolymers as
3 © 1998 American Institute of Physics
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model for the morphological control. It was pointed ou
however, that macroscopic phase separation occurs whe
entire molecular weights ofa and b are very different.15

Moreover, mimesis of the binary blends of diblocks w
found to be imperfect,6,16 even if the entire molecula
weights ofa andb are similar. The morphological states
binary blends of diblocks strongly depend on the molecu
weights and compositions of the respective copolymers
also pointed out by the self-consistent field theory.17,18 Fur-
thermore, anomalous temperature behavior was found
lamellae comprisinga and b diblocks.19 Thus the binary
blends of diblock copolymers are worth to intensively stud
The primary interest of the binary blend of diblock copol
mers is to see a morphological behavior by controlling
overall composition.

In the present paper, the thermally induced morpholo
cal transition fromL to G is reported for the binary blend o
diblock copolymers. The SI diblock copolymers we
blended to prepare the overall composition~volume fraction
of PS!, fPS, 0.58 for which the gyroid morphology wa
found in our previous study.20 Moreover, it was found tha
the lamellar morphology stable at a lower temperature
transformed into the gyroid morphology at a higher tempe
ture. The transition was spontaneous upon heating
sample. This sample enables us to conduct in situ obse
tion of the transition fromL to G. Due to such an advantag
the present system is worth to study for understanding t
mally induced morphological transition.

II. EXPERIMENT

The characteristics of the SI samples used were liste
Table I. Note that SIZ-3 and SIZ-4 have similar molecu
weights~see the value ofZ in Table I!, but different compo-
sition ~volume fraction of PS,fPS!. Z denotes the reduce
value of total degree of polymerization of the copolym
where effects of difference in the segment size for PS an
~polyisoprene! are corrected for.Z is defined as

Z5~vPSNPS1vPINPI!/v0 , ~1!

with v05AvPSvPI. v0 , vPS, and vPI are molar volumes of
the reference cell, PS, and PI segments, respectively. N
here that the values ofvK used were 107.2 and 81.9 cm3/mol
for PS and PI, respectively, which were evaluated from
values of mass density 0.969 g/cm3 for PS and 0.830 g/cm3

TABLE I. Sample characteristics.

Code
name fPS

1
Mn

2

3103 Mw /Mn
3 Z4

Microstructure of PI5

~mol %!

cis-1,4 trans-1,4 3,4

SIZ-3 0.65 26.1 1.06 302 61 33 6
SIZ-4 0.26 24.5 1.05 302 73 20 7

1Volume fraction of polystyrene, analyzed by NMR.
2Number-average molecular weight measured by membrane osmomet
3Polydispersity index of molecular weight, measured by GPC.~Mw denotes
the weight-average molecular weight.!

4Reduced value of total degree of polymerization.
5Analyzed by NMR.
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for PI at 413 K.21 NK designates degree of polymerization f
K block ~K5PS or PI!. Given amounts of two kinds of S
samples were dissolved into toluene with a total polym
concentration of ca. 5 wt. %. The toluene solution w
poured into a petri dish and then the solvent evapora
gradually. The overall composition,fPS, was prepared to be
0.58 ~82 vol % of SIZ-3 and 18 vol % of SIZ-4!.

The SAXS measurements with synchrotron radiatio
were conducted at the BL-10C beam line of the Photon F
tory in the Institute of High Energy Physics, Japan. The lig
source of this beam line is a bending magnet. The prim
beam was monochromatized with a couple of Si~111! crys-
tals at the wavelength of 0.1488 nm~the photon energy of
x-rays is 8.33 keV! and then it was focused on a detect
plane by a Pt-coated bent cylindrical mirror. A on
dimensional position sensitive proportional counter~PSPC!
was used to detect intensities and was set vertically a
position of 1.9-m apart from the sample. Typical exposu
time was chosen to be 5 min for our block copolym
samples of about 1 mm thickness.

The sample holder enables us to keep the sample
high temperatures up to 300 °C. At such a high temperat
leaking out of molten samples from the sample cell sho
be prevented. For this purpose, about 6-mm-thick films of
poly~ethylene terephthalate! ~PET! were used as windows
The cast film of the sample was placed in the sample ho
in such a way that the film normal is parallel to the path
the primary beam~so-called through view!. We subtracted
the scattering intensity of an empty cell with two pieces
thin PET films from that of samples by taking into account
transmittance of x-rays through the samples. A contribut
of the thermal diffuse scattering~TDS! arising from the den-
sity fluctuations was further subtracted. Here, we appro
mated that the intensity at the highq region, where the scat
tering intensity is independent ofq, is identical to the
intensity level of TDS. Here,q stands for the magnitude o
the scattering vector, defined as

q5~4p/l!sin~u/2!, ~2!

with l(50.1488 nm) andu being the wavelength of the in
cident x-rays and the scattering angle, respectively. Note
thus obtained scattering intensities were not converted to
absolute unit, since we do not necessarily need to know
solute intensities.

Some of synchrotron SAXS measurements were c
ducted at the 3C2 beam line at the Pohang Light Sou
~PLS!, Korea.22 The primary beam was monochromatize
with double Si~111! crystals at the wavelength of 0.1598 n
~the photon energy of x-ray is 7.76 keV! and then it was
focused on a detector plane by a bent cylindrical mirror.
one-dimensional position sensitive detector~Diode-Array
PSD; Princeton Instruments Inc.; Model ST-120! with the
distance of each diode of 25mm was used.

III. RESULTS AND DISCUSSION

Figure 1 shows the SAXS profiles@log I(q) vs q# mea-
sured at room temperature for neat block copolymers
SIZ-3 annealed at 150 °C for 2 h and SIZ-4 annealed a
110 °C for 26 h, whereI (q) denotes the scattering intensit
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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To avoid overlap, the profile for SIZ-3 was shifted vertica
by the order of three. It can be seen that for neat SIZ-3
least three peaks are discernible, and theq values marked by
the arrow are assigned to 1:A3:A7, which correspond to dif-
fraction peaks of hexagonally packed cylinders23

(Ah21hk1k2), and for neat SIZ-4, two higher-order peak
although they are tiny, are observed and theseq values are
also assigned to 1:A3:A7. These results are consistent wi
the well-known fact that the SI diblock copolymer with th
volume fraction of PS of either 0.26~SIZ-4! or 0.65~SIZ-3!
has cylindrical microdomains.24,25 Thus it is concluded tha
both SIZ-3 and SIZ-4 have cylindrical morphologies at te
peratures above the glass transition temperature of PS
should be noted here that theA4 peaks are not discernible i
both of the SAXS profiles. The scattering comprises con
butions from inter- and intra-particle interferences and th
are referred to aslattice andparticle scattering, respectively
Since the particle scattering exhibits alternating construc
and destructive interferences depending on size and sha
the particle, the diffraction peak~lattice scattering peak! dis-
appears when its angular position coincides with that of
destructive interference of the particle scattering. Nam
the extinction condition is governed by the volume fracti
of particles in the system. Hashimotoet al.23 calculated
structure factors for hexagonally packed cylinders by tak
into account of paracrystalline distortion. According to th
results, it is found that theA4 peak almost disappears whe
the volume fraction is around 0.274. For SIZ-4 withfPS

50.26, theA4 peak is not observed due to the extincti
condition. On the other hand for SIZ-3 withfPS50.65, the
extinction condition for theA4 peak is not satisfied. TheA3
peak should rather disappear according to the extinction c
dition for this peak at the volume fraction being rough

FIG. 1. SAXS profiles shown in the semi-logarithmic plot of the scatter
intensity I (q) versus the magnitude of the scattering vector,q, for SIZ-3
and SIZ-4 measured at room temperature. To avoid overlap, the profil
SIZ-3 is shifted vertically by the order of three. Note that the SIZ-3 sam
was annealed at 150 °C for 2 h before the SAXS measurement and the SIZ
sample was annealed at 110 °C for 26 h.
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0.326 ~and 0.674 complementarily!, found by Hashimoto
et al.23 The reason why theA4 peak is not observed fo
SIZ-3 is unclear at present.

Figure 2 shows the SAXS profiles measured at ro
temperature for the blend withfPS50.58 prepared from two
diblock copolymers, SIZ-3 and SIZ-4. Before the SAX
measurements, the samples were annealed at four diffe
temperatures~120, 140, 150, and 160 °C! for 20 h and then
quenched into ice/water mixture. These SAXS profiles w
obtained at PLS, Korea, and shifted vertically to avoid ov
laps. For the blend annealed at 120 °C for 20 h, the rela
peak position is expressed by 1:2 which is a clear evide
of a lamellar morphology. While the SIZ-3 and SIZ-4 ne
diblock copolymers have the morphologies with PI cylinde
and PS cylinders, respectively, the blend comprising th
two diblock copolymers turns out to have a lamellar mo
phology. A similar result has been reported previously fo
binary blend of SI diblocks~fPS50.26 and 0.64! with fPS

50.45.25 The lamellar morphology is also found in neat
diblocks when the volume fraction of PS is 0.58.24 This fact
suggests that macroscopic phase separation between S
and SIZ-4 did not occur in this blend, and furthermore, t
morphologies in blends of these two diblocks could be c
trolled with the overall composition.20 On the other hand,
when the blend was annealed at 160 °C for 20 h, the SA
profile dramatically changed. In addition to the disappe
ance of the lamellar second-order peak, a sharp peak nea
the first-order peak was observed. Theq values of these

or
e

FIG. 2. SAXS profiles measured at room temperature for the binary blen
SIZ-3 and SIZ-4 withfPS50.58 ~the overall composition in the unit of
volume fraction of polystyrene!, annealed at 120, 140, 150, and 160 °
As-cast samples were annealed at these temperatures for 20 h,
quenched into ice/water mixture, and were subjected to the respective S
measurement. Note that those SAXS results were obtained at PLS, Kor
is also noted that the profiles were shifted vertically to avoid overlaps.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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peaks can be assigned to 1:1.15(5A6:A8) which are the
reflections of~211! and ~220! planes of a gyroid structure.8

Note here that peak positions for a cubic system are ge
ally expressed byAh21k21 l 2. We also found that the in
tensity ratio of these peaks was 1:0.110. This value is i
better agreement with a theoretical value~1:0.168! for a gy-
roid morphology than a theoretical prediction~1:0.352! for
an ordered bicontinuous double diamond~OBDD! morphol-
ogy. Note that the ratio of the peak positions is 1:1.
(5A2:A3) for OBDD. Here, the ratios of intensities we
calculated by Hajduket al.8 for gyroid and OBDD mor-
phologies with 33 vol % of minority phase. These resu
lead us to conclude that the morphological state of the bl
at 160 °C is a gyroid. For the blend annealed at 150 °C for
h, although the lamellar second-order peak is still distinc
tiny side peak is also found at the relative peak position
1.15, implying that theL and G phases coexist, because
morphological transition fromL to G occurs at this tempera
ture. For the blend annealed at 140 °C for 20 h, a shou
can be observed near the relative position of 1.15 co
sponding to a gyroid although this is not a sharp peak. T
shoulder implies that the annealing time of 20 h was
sufficiently long to observe the side gyroid peak due to v
shallow quench~i.e., 140 °C might be very close to the tra

FIG. 3. TEM micrograph for the blend annealed at 200 °C for 20 h. A d
region corresponds to OsO4-stained PI phase and bright one is unstained
phase. The inset is a two-dimensional image of fast Fourier transforma
~2D-FFT! for the presented TEM image. Approximately six-fold symme
about the origin can be found in the 2D-FFT image. A schematic illustra
of the diffracted spots with assignment of the Miller indices of a gyroid
shown together in the inset.
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sition temperature fromL to G phase!. Therefore, it is con-
cluded that the blend at 140 °C is near the transition fromL
to G phase.

The TEM micrograph for the blend annealed at 200
for 20 h is presented in Fig. 3, from which the gyroid mo
phology is clearly demonstrated. The dark regions cor
spond to OsO4-stained PI phase while the bright ones cor
spond to unstained PS phase. The inset is a two-dimensi
image of fast Fourier transformation~2D-FFT! for the pre-
sented TEM projection. Approximately six-fold symmet
about the origin can be found in the 2D-FFT image. A sch
matic illustration of the diffracted spots with assignment
the Miller indices of gyroid8 is shown together in the inse
Thus the experimental 2D-FFT spots can be approxima
assigned by the Miller indices of gyroid. Since the gyro
morphology cannot be concluded only from this projectio
the result shown in Fig. 3 is a complement to the SAX
results discussed above. From the TEM image with the re
of 2D-FFT, the spacing of~211! could be evaluated to be
17.0–19.6 nm, which agrees approximately with the va
evaluated from the position of the first-order peak obser
for the gyroid phase~see for instance the SAXS profile fo
160 °C in Fig. 2, providing the value 21.460.3 nm!.

In order to study the morphological transition of a spe
men when jumped from one temperature to the other, nam
T-jump experiment,in situ observations of the SAXS pro
files are most needed. However, in this situation the tra
tion temperature must be known in advance. The reaso
that when the destination temperature of theT-jump is far
from the transition temperature, the morphological chan
occurs too fast to be followed up experimentally. On t
other hand, when the temperature is near the transition t
perature, the measurement time becomes too long du
shallow quench. Thus for a sample of which transition te
perature is unknown, it is rather effective to perform a co
ventional temperature sweep with a suitable heating~and/or
cooling! rate. Figure 4 exhibits the change in the SAXS pr
files with temperature during the heating process with

k

n

n

FIG. 4. Change in the SAXS profile with temperature, which is a resul
time-resolved SAXS measurements with heating the blend sample at the
of 2 °C/min.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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rate of 2 °C/min. The evolution of the side peak at the re
tive position of 1.15 corresponding to the gyroid morpholo
was clearly displayed. From the results shown in Fig. 4,
peak areas of the first order and the gyroid~220! plane are
shown in Fig. 5 as a function of temperature. The widthsq

of the first-order peak ~half-width at half-maximum,
HWHM! is also shown in Fig. 5. Here, the peak areas w
obtained after a computational peak decomposition by us
a mathematical expression comprising Gaussian and Lor
zian peak functions with the fraction of the Gaussian co
ponent of 0.5.26

It can be seen in Fig. 5 that three regions can be cla
fied. In regime I at temperatures lower than 164 °C, the p
area of the first-order peak decreases butsq increases with
increasing temperature. Although not shown in Fig. 5,
regime I the areas of the second- and third-order lame
peaks decreased with increasing temperature, and these
peaks disappeared around 135 °C. In regime II at temp
tures between 164 and 188 °C, the peak area of the fi
order peak increase with raising temperature. It is interes
to see thatsq first increases up to ca. 178 °C and then tu
to decrease with further increasing temperature. It is a
noted that in regime II the side peak corresponding to
gyroid phase is more evident and this peak area incre
with increasing temperature. In regime III at temperatu
higher than 188 °C, the peak area of the first-order peak
creases with increasing temperature, while the area of
side peak andsq remain approximately constant.

From these results, the onset and ending temperat
for the transition fromL to G phase during the heating pro
cess are considered as 164 and 188 °C, respectively. In
gime I (T,164 °C) the lamellar phase becomes gradua
distorted with increasing temperature, and thus the inten
of the first-order peak decreases accordingly. The new gy
phase was formed from the distorted lamellar phase in
gime II (164<T<188 °C). The area of the first-order pea
in this regime increases due to the formation and orderin
the gyroid phase under the presence of the distorted lam
phase. Thesq value of the first-order peak first increas
with increasing temperature due to formation of ill-order
gyroid from the distorted lamellae, but this becomes to
crease later because of the ordering of the gyroid in the l
stage of regime II. Namely, it is expected that the lame
first-order peak becomes broader and weaker with increa
temperature and that the gyroid first-order peak beco
contrary sharper and more intense. However, since the fi
order peak for the gyroid overlaps completely to that for
lamellae, the computational peak decomposition was not
plicable for the observed apparent first-order peak. No
ther increase insq of the first-order peak was observed
temperatures higher than 188 °C at which the transition m
be completed. However, the area of the first-order peak
creases steadily with increasing temperature in regime
(T.188 °C). This might be attributed to mismatching of t
experimentalq vector with the direction normal to~211!
planes of the preferentially oriented gyroid structures. Un
this situation, the intensity of the first-order peak decrea
with ordering of the gyroid structures. From the fact that t
intensity of the~220! diffraction peak remains approximate
Downloaded 11 Dec 2002 to 141.223.169.41. Redistribution subject to A
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constant in regime III, the matching of theq vector with the
direction normal to~220! planes is not best but better tha
the situation for the~211! reflection.

The temperature range~24 °C! for regime II seems to be
quite wide. Moreover, the transition temperature obtain
during the heating cycle was 24–48 °C higher than the t
transition temperature of 140 °C which was evaluated fr
the results given in Fig. 2. However, this discrepancy is
striking because of a kinetic effect involved in the differe
experimental techniques, namely a long time annealing t
i.e., the zero heating rate versus a constant heating pro
Similar or even bigger discrepancy due to a kinetic effect
been reported for the phase separation temperature in
nary polymer blend.27 Although the true transition tempera
ture is not quantitatively determined by a conventional te
perature sweep experiment during the heating process,
can estimate roughly the transition temperature by t
method without conducting a time-consuming thermal a
nealing test. For instance, since the onset temperature o
transition for this blend was found to be 164 °C during t
heating process, one can concentrate the annealing ex
ment only at temperatures lower than 164 °C, whose res
are indeed shown in Fig. 2.

The conventional temperature sweep experiments
allow us to discuss the change in the first-order peak p
tion, q1 , with temperature, which is shown in Fig. 6. Both
regimes I and III, a monotonous increase ofq1 with tempera-
ture is found. Moreover, the scaling relationshipq1;Ta with
a50.24 and 0.34 was confirmed in regimes I and III, resp
tively. Since q1 is inversely related to the repeating di

FIG. 5. Peak area and the half-width at half-maximum~HWHM, sq! for the
first-order peak and the area of the side peak from gyroid@~220! reflection#
as a function of temperature. Those values were obtained after com
tional peak decomposition. Since 164 and 188 °C can be considered a
temperatures of onset and ending of the transition, respectively, thre
gimes are conventionally considered in terms of these temperatures.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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tance of the ordered microdomains, these results indicate
the repeating distance decreases with increasing temper
for both lamellar and gyroid morphologies. It is known th
the miscibility between PS and PI blocks increases with te
perature due to UCST~upper critical solution temperature!
behavior. As a result of enhanced miscibility, the chain
mensions of PS and PI blocks are reduced in the direc
normal to the lamellar interface, and hence, the lamellar
peat distance becomes smaller with increasing tempera
The exponent ofa50.24 is approximately consistent wit
that of a51/3 reported for a neat SI block copolymer.28

It should be mentioned that the exponent in regim
obtained from a temperature sweep during the heating
cess may suffer from a nonequilibrium nature of the lame
morphology above the true transition temperature of 140
However, since the transition fromL to G phase takes a long
time even at 150 °C, which is deduced from the results gi
in Fig. 2, theq1 values for temperatures lower than 150
~or logT is less than 2.63 whereT is the absolute tempera
ture! can be adequate enough for the evaluation of the ex
nent a. Therefore, the exponent ofa50.24 can be reason
able for the lamellar structures. Also, we should carefu
examine the reproducibility of the exponenta and the ther-
moreversibility of theq1 values in the successive coolin
process, sincea and q1 can change with the cooling rat
especially for rapid cooling. In regime I, the reverse tran
tion from G to L phase was not found during a coolin
process with a rate of 2 °C/min. Therefore, the reproduci
ity of a50.24 remains unclear. The reproducibility ofa
should be examined during the heating and the cooling p
cesses with a suitable rate, say 2 °C/min, within regime
temperatures less than 150 °C where the morphological t
sition does not take place during temperature sweep w
2 °C/min. On the other hand, it was confirmed by the se
rate SAXS experiments that not only the reproducibility
the a (50.34) but also the thermoreversibility ofq1 were
confirmed in regime III during the heating and the cooli
cycles with the rate of 2 °C/min, suggesting that this rate
be considered to be slow enough to attain an equilibri

FIG. 6. Change in the peak position,q1 , for the apparently single first-orde
peak shown in the double logarithmic plot ofq1 vs. the absolute temperatur
T. Both in regimes I and III, the scaling relationshipq1;Ta is confirmed
with a50.24 and 0.34, respectively.
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state in terms of the repeating distance of the gyroid str
ture.

It can be also seen in Fig. 6 that a crossover was foun
the behavior ofq1 , implying that the peak position of the
lamellar is slightly different from that of the gyroid. How
ever, the difference inq1 indicated by the double-arrowhea
line in Fig. 6 is comparable to an interval of eachq value of
the SAXS profile, hence it is within an experimental erro
Therefore, the change in the peak position during the tra
tion is negligible. This invariance of the peak position up
the transition will be very useful information in order t
consider a transition mechanism betweenL andG phases. It
has been shown theoretically by Matsen and Bates29 that a
gap in the position of the first-order peak depends on a c
position of a diblock copolymer. The gap becomes sma
when the composition (f ) is closer to 0.5. Especially, the
gap is negligibly small atf 50.4 for a transition between
lamellar and gyroid morphologies~and complementarily this
fact holds atf 50.6!. This is consistent with our experimen
tal result. We also experimentally found that there is
change in the first-order peak position upon the transit
from hexagonally-packed cylinders to lamellar structures i
polystyrene-block-polybutadiene-block-polystyrene triblock
copolymer.3

We now discuss the thermoreversibility of the morph
logical transition betweenG and L phases. By the conven
tional temperature sweep experiments, the reverse trans
from G to L phase was not found in regime I during a coo
ing process from ca. 205 °C with a rate of 2 °C/min. It
well known that the transition temperature obtained dur
the heating process is higher than that obtained during
cooling process when the rate for both processes is the s
For instance, by investigating rheological properties of
SIS triblock copolymer, it was found that the transition fro
cylindrical (C) to spherical (S) microdomains obtained dur
ing the heating process with the rate of 0.5 °C/min occur
at 15 °C higher than that fromS to C phases obtained durin
the cooling process with the same sweep rate.30 Koppi
et al.31 also reported that the transition temperature dur
the heating process is ca. 15 °C higher than that during
cooling process. Of course, in some cases, the reverse
sition during the cooling process is not detected.32 The fact
that the blend employed in the present study does not exh
the reverse transition fromG to L phases may be therefor
attributed to the hysteresis effect between the cooling
heating processes. More careful examinations are curre
in progress to check the thermoreversibility of the transit
betweenL andG phases.

IV. CONCLUDING REMARKS

We presented in this paper clear evidence of the m
phological transition from lamella at a lower temperature
gyroid phase at a higher temperature. This transition is
ferent from thermally induced transition of kinetically locke
morphology due to vitrification of PS matrix. It was found b
a separate experiment with conducting a considerably l
time annealing that the lamellar morphology was stable
140 °C which is well above the glass transition temperat
of PS. A very important result with respect to change in t
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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position of the first-order peak upon the transition was
tained from the time-resolved SAXS measurement with
temperature sweep. The fact that the peak position is c
served upon the transition will be useful information in ord
to construct a model of the transition betweenL and G.
Moreover, the result shown in Fig. 6 is also useful to des
T-jump experiments, i.e., to choose initial and final tempe
tures ofT-jump, since a suitable temperature range for
time-resolved SAXS measurements may be restricted
narrow range, as claimed above. An initial temperature in
range of 140<T<160 °C and a final temperature in th
range of 165<T<190 °C presumably deserve good choic
Based on the preliminary results presented here,T-jump ex-
periments are planned as a continuation of this work.

The thermoreversibility of the transition is not yet co
firmed in this study. However, it does not necessarily me
that the lamellar morphology is not stable at a lower te
perature, because the reverse transition fromG to L can be
considered to be kinetically prohibited more than the forw
transition ~L to G! in the binary blends of diblock copoly
mers. Note that the self-consistent field theory predicted
bility of the gyroid phase for a neat diblock copolymer at t
compositional range around 0.58.11
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