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ABSTRACT: We have investigated the ordering processes from the disordered-sphere phase (designated
hereafter disordered sphere), where spherical microdomains exist but they have only a short-range
liquidlike order, to the phase of hexagonally packed cylindrical microdomains (designated hereafter hex-
cylinder), induced by the temperature drop (T-drop). The block copolymer studied is a compositionally
asymmetric polystyrene-block-polyisoprene-block-polystyrene triblock copolymer and forms disordered
sphere above the order—disorder transition temperature involving the lattice disordering—ordering
transition temperature, Topt Or TipoT, Spheres in a body-centered-cubic lattice (designated hereafter bcc-
sphere) below T por but above the order—order transition (OOT) temperature, Toor, and hex-cylinder
below Toot. The ordering processes induced by T-drop were explored in situ and at a real time by using
time-resolved small-angle X-ray scattering, and the transient microdomain structures developed during
the ordering processes were observed by a transmission electron microscope and a polarized optical
microscope for specimens rapidly frozen below the glass transition temperature at particular times in
the ordering processes. We confirmed that the freeze-in process does not change the long-range order of
the system. When the specimen is deeply quenched into the temperature range below Toor, hex-cylinder
is directly formed from disordered sphere. However, when the specimen is shallowly quenched below
Toor, bce-sphere is first formed from disordered sphere and fills the whole sample space. Then bce-sphere
is transformed into hex-cylinder. This striking ordering process first involves the ordering into a metastable
structure followed by the OOT into a stable structure.

I. Introduction

Block copolymers exhibit various phase transitions.
One typical transition is the microphase-separation
transition or the order—disorder transition (ODT),1™*
which is the transition between a phase composed of
microdomains having a long-range order and a disor-
dered phase. Compositionally symmetric or nearly sym-
metric block copolymers having lamellar or hexagonally
packed cylindrical microdomains (hereafter denoted as
hex-cylinder) with long-range order transform directly
into the disordered state, where constituent block chains
are mixed on a molecular basis with only thermally
induced composition fluctuations, on the heating pro-
cess.5~11 However, highly asymmetric block copolymers
having spherical microdomains in a body-centered-cubic
lattice (hereafter denoted as bcc-sphere) first transform
into spheres or micelles with a short-range liquidlike
order, which are referred to as “disordered sphere”,
followed by a transformation into the disordered state
free from spheres (or micelles) as temperature in-
creases.12719 The phase transition between bcc-sphere
and disordered sphere is referred to as the lattice
disordering/ordering transition (LDOT) or ODT involv-
ing the LDOT process.}”1° The order—order transition
(OOT) from one type of ordered microdomain structure
to another is also known as another phase transition
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in block copolymers. In the strong segregation limit, the
morphology basically depends only on the volume frac-
tion of one of constituent block chains, f,420=22 while in
the weak segregation regime, it depends not only on f
but also on yN,12423725 where y and N are the Flory’s
segmental interaction parameter and total degree of
polymerization, respectively. Therefore, the OOT be-
tween different kinds of microdomain structures can
occur by changing temperature in this regime.16:26-46 For
example, some works have been reported on OOT
between lamella and hex-cylinder,26-3046 OOT between
hex-cylinder and bcc-sphere, 1631737 OOT between lamel-
la and gyroid,38—4146 and OOT between gyroid and hex-
cylinder.42—46

It is very important to explore and clarify the pro-
cesses and dynamics of the phase transitions from a
viewpoint of understanding their molecular assemblies
and physical properties. So far, the ordering dynamics
have been studied by using various methods such as
small-angle X-ray scattering (SAXS),4”~55 small-angle
neutron scattering,%® rheology,5’~%° and depolarized light
scattering.6°-%2 Moreover, the real-space observations
on the ordering processes were conducted by using
transmission electron microscopy (TEM) as described
below.

The ordering processes of the lamellar microdomains
induced by a temperature drop (T-drop) from the
disordered state were explored in situ as a function of
time by using time-resolved SAXS.52546364 Eurthermore,
the structures during the ordering processes were
observed under TEM on the specimens frozen at various
times in the ordering processes.53% It was revealed that
the ordering at shallow quenches proceeded via the
nucleation and growth process: Even after the quench
into the ordered state, the system remains in the
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Figure 1. Schematic illustration of the phase behavior for
the SIS triblock copolymer and of the temperature-drop

experiments from the disordered-sphere phase to the hex-
cylinder phase.

disordered state for a certain incubation period. After
this incubation period, the lamellar grains are nucleated
in the disordered state and grow at the expense of the
disordered phase, and finally the system is volume-filled
with the ordered grains. Moreover, the lamellar grains
coexisting with the disordered matrix were elucidated
to have essentially a prolate ellipsoidal shape with a
larger size along lamellar normal than directions per-
pendicular to it.5*

The ordering processes from disordered sphere to hex-
cylinder and from disordered sphere to bcc-sphere have
also been studied for an asymmetric polystyrene-block-
polyisoprene-block-polystyrene (SIS) triblock copoly-
mer.% This triblock copolymer forms hex-cylinder below
the OOT temperature (Toot) of 185 °C and bcc-sphere
above it. The bcc lattice is distorted above the LDOT
temperature (T por) of 215 °C and transformed into
disordered sphere. Disordered sphere was reported to
be stable up to 237 °C, the highest experimental
temperature employed (see Figure 1). The ordering
processes described above were also investigated by
T-drop methods and explored by time-resolved SAXS
and by TEM on frozen samples. It was revealed that
the orderings after the T-drop proceeded via the nucle-
ation and growth process. The system stays at the
disordered-sphere state for a certain incubation period.
After this incubation period, hex-cylinder or bcc-sphere
appears and grows at the expense of the disordered-
sphere phase. The shape of the ordered grains of hex-
cylinder was a lenslike oblate ellipsoid in which the
cylinders were oriented with their axes parallel to the
revolution axis, while that of bcc-sphere was nearly
spherical.

We should note here that effects of the quench depth
from Toot 0n the ordering processes of hex-cylinder were
not explored for the asymmetric SIS triblock copolymer
reported above. It is expected that the ordering pro-
cesses depend on the quench depth from Toot. There-
fore, in this study, we aim to investigate whether there
is a difference in the ordering processes of hex-cylin-
der between a deep quench and a shallow quench. In
particular, we focused our interest on whether or not
the system brought in the shallow quench will form
transiently a bce-sphere during the ordering into hex-
cylinder.

1. Experimental Method

The sample used in this study is a SIS triblock copolymer
(Vector4111, Dexco Polymers Co.). The weight-averaged mo-
lecular weight, My, is 1.4 x 10°, and the polydispersity index,
Muw/My, is 1.11 with M, being the number-averaged molecular
weight. The weight fraction of PS is 0.183. The details of the
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sample’s characterization were presented elsewhere.1%6 The
sample was dissolved in toluene with a small amount of
antioxidant (Irganox 1010, Ciba-Geigy Group) to prepare a 10
wt % solution, and then the solvent was evaporated slowly in
a fume hood for 1 week and annealed at 170 °C in a vacuum
oven for a half day.

Toor and Tipor of the SIS triblock copolymer were deter-
mined to be 185 and 215 °C, respectively, with the static SAXS
experiments.®® The phase behaviors of the SIS triblock copoly-
mer thus obtained are schematically illustrated in Figure 1.

The orderings of hex-cylinder from disordered sphere were
explored by the T-drop experiments. In one experiment, the
specimen was deeply quenched at a temperature, Ty, below
Toor from 237 to 175 °C; i.e., the quench depth from Toor, AT
(= Toor — Tey), is 10 °C, and the thermodynamic driving force,
¢, defined as € (= AT/Toor), is 0.0540. In another one, the
specimen was shallowly quenched below Toor from 227 to
182.5 °C; i.e., AT is 2.5 °C and ¢ is 0.0135. We adopted the
same quenching method as that in ref 65, and the ordering
processes after T-drop were observed with time-resolved SAXS.
First, the specimen placed in the sample holder® was put in
a heater block which was set on the optical path of the incident
X-ray beam and regulated at the initial temperature above
the Tipor, 227 or 237 °C for 10 min, and then the temperature
of the heater block was rapidly changed into T¢,. The time-
resolved SAXS experiments were started, and the starting time
was set zero when the sample temperature reached the
measuring temperature, T¢,. The specimen reached the mea-
suring temperature in ca. 2 min after T-drop. Note that 2 min
delay is not practically important at all, because the delay time
is much shorter than the incubation time as will be clarified
later.

The SAXS apparatus used was described in detail else-
where.f”7% It consists of an 18 kW rotating-anode X-ray
generator (SRAM18XH MAC Science Co. Ltd.) with a graphite
crystal monochromator to obtain Cu Ko beam with a wave-
length of 0.154 nm, a vacuum chamber for the incident-beam
path and scattered beam path, and one-dimensional position-
sensitive proportional counter (PSPC) with line focus optics.

The SAXS profiles were measured with the generator power
of 12 kW (40 kV and 300 mA) and with varying exposure time
to incident X-ray beam in the range of 60—3000 s and corrected
for the absorption of the sample, air scattering, background
scattering arising from thermal diffuse scattering (TDS),’2 and
slit-height and slit-width smearing,6”~% unless otherwise
stated. The absolute SAXS intensity was obtained by using
the nickel-foil method.”* The intensity level of TDS was
assumed to be a constant and was determined from the slope
of 1g* vs g* plot at the high-q region (q > 0.7—1.1 nm™1).72

TEM and POM observations of the structures during the
orderings were also conducted. For this purpose, the specimens
during the orderings at given times after T-drop to T, were
quenched into the ice—water (at 0 °C) to freeze ordering
structures by using the same method as that used in the
previous works.%37% The structures can be frozen because the
glass transition temperature, T, of the matrix PS phase (ca.
100 °C) in the block copolymer is higher than 0 °C. For the
preparation of TEM observations, the frozen specimens at 0
°C were microtomed into the ultrathin sections of ca. 50 nm
thickness at —100 °C with a Reichert-Jung ultracut E together
with a cryogenic unit FC 4E and a diamond knife (DIATOME,
Switzerland). The ultrathin sections were picked up on 400
mesh copper grids and stained by the vapor of 2% OsO4(aq)
for 1 h at room temperature which was still below the T,. The
staining is known to cross-link Pl blocks and to fix PI
domains.”®" The TEM observations were carried out with a
JEOL JEM-2000FXZ transmission electron microscope oper-
ated at 120 kV. For the preparation of the POM observations,
the frozen specimens were cut into the thin sections of less
than 0.2 mm thickness. The POM observations were carried
out with a polarized-light optical microscopy (OPTIPHOT-
POL, Nikon Corp., Tokyo, Japan) equipped with a CCD camera
(XC-711, Sony Corp., Tokyo, Japan) for a detector at room
temperature.
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Figure 2. Time evolution of the SAXS profiles for the SIS triblock copolymer after T-drop (a) from 237 to 175 °C and (b) from
227 to 182.5 °C at which the equilibrium microdomain structure is hex-cylinder (see Figure 1). The profiles without slit corrections
are deliberately shown here to prevent any artifacts that might be induced by the slit corrections.

I11. Experimental Results

I11.1. SAXS Obsevations. (1) Time Evolution of
the SAXS Data. Figure 2 shows the time evolution of
the SAXS profiles after T-drop (a) from 237 to 175 °C
(deep quench) and (b) from 227 to 182.5 °C (shallow
quench) plotted as a function of the scattering vector q,
defined by q = (42/1) sin(6/2) with 1 and 6 being the
wavelength of the incident X-ray and the scattering
angle, respectively. The intensities of the profile shown
at the top of this figure are actual values, and the
intensities of other profiles are shifted down by one
decade relative to the intensities immediately above in
order to avoid overlaps. We deliberately show the
profiles without silt corrections to prevent any artifacts
that might be induced by the corrections and without
the TDS correction. Figure 2a previously reported®s is
shown for comparison of the new profiles of Figure 2b
in this paper.

The following features can be briefly noted in Figure
2a. The profiles obtained at 184 and 432 s have a broad
second-order shoulder at g = 0.35 nm™?, marked by a
thick arrow. And then higher-order peaks appear at
q= x/éqm and \/qu, where gn is the wave vector at
the first-order peak, and are getting sharper as time
goes by after 740 s. On the other hand, the following
features can be noted for new data set shown in Figure
2b. The profile obtained at 618 s have a second-order
shoulder at g = 0.35 nm~1, marked by a thick arrow. In
the profiles obtained at 4890 and 7900 s, higher-order
peaks appear at q = «/§qm and ﬂqm and are getting
sharper as time goes by. Then, in the profile obtained
at 13 312 s, higher-order peaks can be clearly seen at
q= «/Eqm, x/§qm, and \/qu. The higher-order peak at
q= \/Eqm disappears, and the higher-order peaks at
q= «/§qm and \/qu are getting sharper as time goes
by after 19 320 s. Finally, the higher-order peaks can
be seen only at q = «/§qm and \/qu. Comparing these
two figures, it is found that there is a difference in the
time evolution of the SAXS profiles between the two
T-drop experiments.
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Figure 3. Time evolution of the maximum intensity for the
desmeared SAXS profile I, for the SIS triblock copolymer after
T-drop from 237 to 175 °C and from 227 to 182.5 °C. The
specimens are frozen for TEM observations at the time shown
by the arrows numbered (2) to (7). The SAXS profile at the
time shown by the arrow numbered (1) will be compared to
the SAXS profile equilibrium at 220 °C in Figure 8a.

Figure 3 presents the time evolution of the peak
intensity, I, = 1(g=qm), after T-drop to 175 °C (deep
guench) and 182.5 °C (shallow quench). The values of
I were obtained from the SAXS profiles corrected for
the slit smearings. The arrows with the numbers in
parentheses indicate the time when the TEM observa-
tions were done. The following features are found in
Figure 3. The I, stays a constant value for a certain
incubation period after T-drop. After this period, the I
at 175 and 182.5 °C starts to increase at about 500 and
4500 s, respectively.

(2) SAXS Profiles Measured before and after
Freezing. The specimens were frozen with ice—water
at a particular time during the orderings at the shallow
guench to explore the transient ordered structures with
TEM. The profiles were measured before and after
freezing to check whether the freezing process changed
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Figure 4. Comparison of the smeared SAXS profiles mea-
sured for the specimens before (open circles) and after (filled
circles) freezing at (a) 618, (b) 4970, (c) 13 422, and (d) 39 736
s after T-drop to 182.5 °C.

the structure in the system. Figure 4 shows the SAXS
profiles measured before and after freezing at (a) 618,
(b) 4970, (c) 13422, and (d) 39 736 s after T-drop to
182.5 °C (shallow quench), each of which corresponds
to points (4)—(7) in Figure 3. Similar studies were
carried out previously®® for the deep quench at the times
indicated by points (2) and (3) in Figure 3.

In parts a and b of Figure 4, both profiles after and
before freezing have a first-order peak at q = 0.21 and
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0.20 nm™1, respectively, and a broad second-order
shoulder at g = 0.35 nm~1, marked by a thin arrow. In
Figure 4c, both profiles after and before freezing have
a first-order peak at g = 0.20 nm~! and higher-order

peaks at q = x/fqm, ~/§qm, and «/qu. Common to parts
(a)—(c), a broad scattering maximum at g = 0.55 nm™1,
marked by a thick arrow, can be observed in the profile
after freezing but not in that before freezing. In Figure
4d, both profiles after and before freezing have a first-
order peak at g = 0.19 nm~! and higher-order peaks at

q = ~/§qm and «/qu. A broad scattering maximum
that is shifted from g = 0.55 nm~! to g = 0.70 nm™1,
marked by a thick arrow, can be observed in the profile
after freezing but not in that before freezing.

Itis revealed from Figure 4 that the freeze-in process
hardly changes the characteristics of the scattering
profiles at small g (g < 0.4 nm~1) and hence those of
the structure at a large length scale associated with
spatial arrangement of spheres or cylinders. However
the processes affect the scattering profiles at a large q
region (q > 0.4 nm~1) and hence local structures of the
system, as will be discussed in section V.

111.2. Real-Space Observations. TEM and POM
observations were conducted for the specimens frozen
with ice—water at a particular time during the orderings
(see Figure 3). Figure 5 gives the TEM images for the
specimen frozen at (a) 740 s and (b) 14 504 s after T-drop
to 175 °C (deep quench), corresponding to points (2) and
(3) in Figure 3, respectively. The details of the TEM
observations were described elsewhere.®®> The image
given in Figure 5a shows the transient structure for the
specimen frozen just after the ordering started. Ordered
grains are observed in the matrix of the less ordered
phase. The less ordered phase is mainly composed of
disordered sphere, as will be clarified later in section
1V-2, but disordered cylinders also can be seen in some
parts of the less ordered phase, e.g., in the regions
enclosed by white circles. The ordered grains are
composed of hexagonally packed PS cylinders in the Pl
matrix. The shape of the ordered grains in which the
cylindrical axis aligns perpendicular to the cross section
of the specimen is almost isotropic, but that in which

Figure 5. Transmission electron microscope images for the SIS triblock copolymer frozen at (a) 740 s (point (2) in Figure 3) and
(b) 14 504 s (point (3) in Figure 3) after T-drop to 175 °C. The regions where distorted cylinders can be seen are encompassed by

white circles.
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Figure 6. Transmission electron microscope images for the SIS triblock copolymer frozen at (a) 618, (b) 4970, (c) 13 422, and (d)
39 736 s (corresponding to points (4) to (7) in Figure 3, respectively) after T-drop to 182.5 °C. In (b), the white line traces the
boundary between the ordered grain and the matrix phase. The inset enlarges the region encompassed by a small white circle
and highlights the grain boundary, running nearly diagonally in the inset, between the ordered grain (left half) and the disordered-
sphere phase (right half). In (c), the inset shows a magnified image of a center part of the low-magnification image.

the cylindrical axis aligns parallel to surfaces of the
cross section of the specimen is anisotropic, revealing
that the shape of the ordered grains in the matrix of
disordered sphere is a lenslike oblate ellipsoid, where
the cylinder axes are packed parallel to the short axis
(the revolution axis) of the oblate ellipsoid. The details
of the shape of the ordered grains should be referred to
ref 65. The image given in Figure 5b shows the structure
for the specimen frozen at the time when the ordering
is almost completed. Many ordered grains fill whole the
space. The ordered phase is covered with hexagonally
packed PS cylinders in the Pl matrix.

Figure 6 gives the TEM images for the specimen
frozen at (a) 618, (b) 4970, (c) 13 422, and (d) 39 736 s
after T-drop to 182.5 °C (shallow quench), corresponding
to points (4)—(7) in Figure 3. Figure 7 represents the
POM image for the specimen frozen at 39 736 s after
T-drop to 182.5 °C (shallow quench). The POM images

for the specimen frozen at (a) 618, (b) 4970, and (c)
13 422 s are not showed here, but the details of them
will be described later.

The image given in Figure 6a shows the structure in
the incubation period. The microdomain structure is
very similar to that presented in Figure 1d in ref 16
and Figures 7 and 8 in ref 65, showing disordered sphere
at 220 °C (above T pot). The microdomain structure
appears to be composed of small bright PS spheres with
diameter ~ 25 nm and dark Pl matrix. The PS spheres
are arranged in space with only a short-range liquidlike
order. Random displacement of centers of spheres and
overlapping of them in ultrathin sections along the
incident electron beam axis tend to give us an impres-
sion as if they were interconnected. The overlaps tend
to give a contrast variation for the PS domains in the
image. It may be also possible that some of PS domains
are interconnected.
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Figure 7. POM image under crossed polarizers for the SIS
triblock copolymer frozen at 39 736 s (point (7) in Figure 3)
after T-drop to 182.5 °C.

The TEM image given in Figure 6b shows a transient
structure for the specimen frozen just after the ordering
started. An ordered grain is observed in the matrix of
the less ordered phase. The periphery of the ordered
grain is traced by a white line to clarify the grain
boundary between the ordered phase and the less
ordered phase in the low-magnification image. It is
found that the shape of the ordered grain is almost
isotropic, and its size is more than 7 um in diameter.
The inset highlights the boundary between the ordered
grain and the less ordered phase, at the position
enclosed by a bright circle. The bright PS round domains
on the left-hand side in the inset regularly align with
hexagonal symmetry, while the PS domains on the right
side align randomly. The less ordered matrix is similar
to the structure observed in Figure 6a. The POM
observation conducted for this specimen showed the
image uniformly dark and featureless, though the result
is not shown here. This result suggests that the shape
of the microdomains is spherical as will be discussed
later in section IV.

The TEM image in Figure 6¢c shows a transient
structure during the ordering process at point (6) in
Figure 3. The round microdomains with a long-range
order fill the whole sample space. The inset highlights
the microdomain structure. The round microdomains
are packed in a square lattice. The POM observation
was also conducted for this specimen. However, the
image was uniformly dark and featureless. This result
also suggests that the shape of the microdomains is
spherical.

The TEM image given in Figure 6d is a structure for
the specimen frozen at the time when the ordering is
almost completed at point (7) in Figure 3. The ordered
phase fills the whole space. The TEM image is composed
of the alternative dark and bright stripes, which corre-
sponds to the ultrathin section cut parallel to the
cylinder axis. The POM observation was also conducted
for this specimen. The POM image can be seen due to
the form birefringence,”® as shown in Figure 7. The
image is composed of dark and bright grains with an
average grain size of 60 um in diameter, reflecting that
the grains composed of hex-cylinder with their “direc-
tors” (average orientation of cylinder axes in the grains)
changing from a grain to a grain.

IV. Discussion

IV.1. Ordering of Hex-Cylinder Induced by Deep
Quench. The ordering process into hex-cylinder induced
by a deep quench has already been reported.%> However,
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Figure 8. Comparison of the measured SAXS profiles in
equilibrium at 220 °C above T.por (solid line) with transient
SAXS profiles measured (a) at 184 s (point (1) in Figure 3)
after T-drop to 175 °C and (b) at 618 s (point (4) in Figure 3)
after T-drop to 182.5 °C (O).

we will summarize it briefly in order to facilitate
comparisons of the ordering process induced by a
shallow quench.

The ordering induced by the deep quench proceeds
as follows. The system stays at a disordered-sphere state
for a certain incubation period as long as about 500 s
as evidenced by the time-independent I, in Figure 3.
This is also evidenced by the broad second-order shoul-
der in the SAXS profile at 184 s after T-drop (see Figure
2a) and the TEM observation (see Figure 8 in ref 65).
In Figure 8a, the SAXS profile at 184 s after T-drop to
175 °C (corresponding to point (1) in Figure 3) is shown
to compare with that measured at 220 °C above T pot
in a static SAXS experiment,16:65 where disordered
sphere is an equilibrium state. The two SAXS profiles
are essentially identical, though there are some subtle
differences as will be clarified below. Thus, it is clearly
concluded that disordered sphere exists as a metastable
structure in the incubation period. The first-order peak
of the former SAXS profile is sharper than that of the
latter one, and the second-order shoulder, marked by a
thin arrow, of the former one is more distinct than that
of the latter one. These indicate that centers of spheres
in the supercooled disordered-sphere state at 175 °C in
the incubation period are less randomly distributed than
those in the equilibrium disordered-sphere state at 220
°C. Thus, in our system we do not find spinodal
decomposition process for the transformation from
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disordered sphere to hex-cylinder. The spinodal decom-
position mechanism, however, might come into play in
the transformation process at deeper quenches from
Toor.

After the incubation period, the I, starts to increase
at ~500 s, as illuminated by the higher-order peaks at
q= \/§qm and \/qu in the SAXS profiles (Figure 2a).
These indicate that the ordering of hex-cylinder started.
In Figure 5, the TEM image (a) for the specimen just
after the ordering started shows the coexistence of the
ordered grains composed of hex-cylinder and disordered
sphere. The existence of the incubation period together
with the coexistence suggests that the ordering proceeds
via the nucleation and growth process. The TEM image
(b) for the specimen frozen at the time when the
ordering is almost completed shows the volume-filling
grains of hex-cylinder. The results shown in Figure 5
illuminate that the ordered grains grow at the expense
of disordered sphere. Therefore, it is concluded that hex-
cylinder is directly transformed from disordered sphere
via the nucleation and growth process in the ordering
process induced by the deep quench below the Toor.

IV.2. Ordering of Hex-Cylinder Induced by Shal-
low Quench. Now we will discuss the ordering process
induced by a shallow quench into hex-cylinder. In Figure
3, the time evolution of the I, after T-drop to 182.5 °C
shows a similar trend to that after T-drop to 175 °C.
The I, stays at a disordered-sphere state for a certain
incubation period, after which the I, starts to increase
at 4500 s, indicating that the ordering starts. The
existence of the incubation period suggests that this
ordering also proceeds via the nucleation and growth
process.

The SAXS profile at 618 s after T-drop to 182.5 °C in
Figure 2b and that in Figure 4a show a broad second-
order shoulder which is the same as that in the SAXS
profile at 184 s after T-drop to 175 °C. Besides, the
scattering maximum marked by a thick arrow appears
in the SAXS profile after freezing as shown in Figure
4a. This corresponds to the maximum of the particle
scattering from the spheres, i.e., the maximum from the
form factor, which is believed to appear because the
interface between PS spheres and Pl matrix is sharp-
ened by lowering temperature. The microdomain struc-
ture in Figure 6a is similar to that in Figure 8 of ref 65
and that in Figure 1d of ref 16. These pieces of evidence
indicate that the system is in the supercooled disordered-
sphere phase in the incubation period. In Figure 8b, the
SAXS profile at 618 s (corresponding to point (4) in
Figure 3) after T-drop to 182.5 °C is shown to compare
with that measured in situ at 220 °C in the static SAXS
experiment.1665 The same features as Figure 8a can be
seen. Therefore, centers of spheres in the supercooled
disordered-sphere state at 182.5 °C in the incubation
period are also less randomly distributed than those in
the equilibrium disordered-sphere state at 220 °C.

In Figure 2b, higher-order peaks start to appear as
the ordering proceeds. Moreover, the higher-order peaks
can be seen atq = ﬁqm, x/§qm, and \/qu in the SAXS
profile at 13 312 s. As time further elapses, the higher-
order peak at g = ﬁqm disappears, and those at q =
x/§qm and \/qu are getting sharper. Therefore, it is
revealed that the time evolution of the SAXS profiles
at the shallow quench is clearly different from that at
the deep quench, implying a different pathway accord-
ing to which disordered sphere is transformed into an
equilibrium hex-cylinder.
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Let us discuss the results on the real-space observa-
tions in order to understand the ordering process
induced by this shallow quench in detail. Figure 6b
shows the TEM image for the specimen frozen just after
the ordering started (point (5) in Figure 3). The coexist-
ence of the ordered grain existing inside the region
encompassed by the white line and the less ordered
phase (outside the region) are observed in this image.
The less ordered phase is similar to the structure in
Figure 6a (see the right half of the image shown in the
inset of Figure 6b), indicating that it is composed of
disordered sphere. The bright round domains aligned
with hexagonal symmetry and with long-range order
can be seen in the ordered grain (see the left half of the
inset). The higher-order SAXS peak cannot be seen
clearly as shown in Figures 2b and 4b. It reflects that
the volume fraction of the ordered grains is still not
large enough to exhibit the diffraction peaks. The POM
image was uniformly dark and featureless; that is to
say, the form birefringence due to ordered microdomains
did not exist in this system. These indicate that the
round shape of the microdomain structure in the
ordered grains is spherical. Therefore, the image in the
ordered grains shown in the inset is best interpreted
as an image viewed along the [111] direction of bcc-
sphere. The coexistence of the ordered grain and the
disordered spheres also supports that this ordering
proceeds by the nucleation and growth process. This is
a surprise at a first glance because the ordering below
Toot does not nucleate cylindrical domain structures.

Figure 6¢ shows the TEM image for the specimen
frozen at the time when the ordering is going on (point
(6) in Figure 3). From this TEM image together with
the SAXS profile at 13 312 s shown in Figure 2b, we
expect the ordered grains composed of the volume-filled
spherical microdomains. This expectation is supported
by the following two pieces of evidence: The higher-

order peaks can be seen at q = x/iqm, x/gqm, and «/é_lqm
in the SAXS profiles of Figure 4c, and the maximum of
the particle scattering from the spheres can be seen at
g = 055 nm™! in the SAXS profile after freezing
(marked by a thick arrow). The POM image was uni-
formly dark and featureless. All these results together
indicate that bcc-sphere fills whole the space at this time
after T-drop, and its (100) plane is seen in the inset of
this TEM image. Note that some parts of the low-
magnification image in Figure 6¢c are not clear, which
is believed to be due to overlap of bcc-sphere along the
thickness direction of the ultrathin section, and electron
beams propagate along off-symmetry axes.

Figure 6d and Figure 7 show the TEM image and the
POM image for the specimen frozen at the time when
the ordering is almost completed (point (7) in Figure
3). It is observed in Figure 6d that the ordered phase
fills the whole space. The higher-order SAXS peaks can

be seen only at q = ~/§qm and \/qu in Figures 2b and
4d, and the image due to the form birefringence can be
seen in the POM image of Figure 7. Therefore, the
morphology of this ordered phase is concluded to be hex-
cylinder. Moreover, the SAXS profile after freezing
shown in Figure 4d revealed an obvious shift of the form
factor scattering maximum (marked by a thick arrow)
from g = 0.55 nm~1 (in partc) to g = 0.72 nm~1 (in part
d). The scattering maximum corresponds to cylinders
rather than spheres. The average radius of the cylinders
and the spheres evaluated from the form factor peak in
parts d and c are 7.1 and 10.5 nm, respectively.”® These
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values together with the g, values yielded the volume
fraction of the cylinders and the spheres as evaluated
by SAXS76 to be 0.13 and 0.11, respectively, which are
consistent with the stoichiometric volume fraction cal-
culated from the composition of the block copolymer,
0.16. This evidence also supports that hex-cylinder is
formed at this time in the system.

Consequently, we can conclude that the ordering
process induced by the shallow quench below Toot into
hex-cylinder proceeds as follows. First, spherical micro-
domains order into a bce lattice via the nucleation and
growth process after a certain incubation period. The
ordered grains of bcc-sphere grow at the expense of
disordered sphere, and then bcc-sphere fills the whole
sample space, despite the fact that the system exists
below Toot where hex-cylinder is an equilibrium mor-
phology. Subsequently, bcc-sphere is transformed into
hex-cylinder. Finally, hex-cylinder fills the whole space.
It is revealed that the ordering process of hex-cylinder
induced by the shallow quench involves first the forma-
tion of a metastable bcc-sphere followed by the OOT
from bcc-sphere to hex-cylinder. Whether the OOT from
bce-sphere to hex-cylinder occurs via nucleation and
growth3*37 or spinodal decomposition®® is beyond the
scope of this work and deserve future work.

1IV.3. Comments on Kinetic Pathways of the
Ordering in the SIS Triblock Copolymer. As de-
scribed above, we discovered a profound difference in
the ordering processes from disordered sphere to hex-
cylinder at the small and large quench depths with
respect to Toor, AT. The experimental results would
lead us to visualize possible kinetic pathways for these
two cases. Figure 9 represents the pathways at a
shallow quench, AT, and a deep quench, AT, for block
copolymers with a given block composition. It should
be noted that the pathway depends on the composition.
At the deep quench, AT,, the system transforms directly
from disordered sphere with free energy, Gq, to hex-
cylinder with free energy, G, (<Gyg), via a free energy
barrier, AG,, for the observed nucleation process. On
the other hand, at the shallow quench, AT, the system
transforms into hex-cylinder with free energy, G1 (> G»),
through the metastable bcc-sphere with free energy Gim
(G1 < Gim < Gg). The transformation from disordered
sphere to the metastable bcc-sphere involves a free
energy barrier, AGi1, and the transformation from the
metastable bce-sphere to hex-cylinder would also involve
a free energy barrier, AG;2. AGy; should be much larger
than AG,, judging from the much longer incubation time
for the quench with AT; than for that with AT,. AGs,
is expected to exist because the transformation into hex-
cylinder occurs only after the formation of the volume-
filling bcec-sphere phase.

Now we would like to note the reason why nature
selects the two-step phase transformation rather than
a single-step transformation at the shallow quench. The
single-step transformation involves cooperative trans-
formation of the structural units from spheres to
cylinders and transient coexistence of the hex-cylinder
phase with the disordered-sphere phase, as schemati-
cally shown in Figure 10a. The free energy barrier, AGy,
involved in this process is expected to be larger than
AG1; for the system having the transient coexistence of
the bce-sphere phase and the disordered-sphere phase,
as schematically shown in Figure 10b. A crude specula-
tion for this expectation is given as follows. The con-
formational entropy loss associated with packing of Pl
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Figure 9. Schematic diagrams showing possible Kinetic
pathways after T-drop for the phase transformation of the
system with the two quench depths from the OOT. The solid
lines show pathways at AT; (shallow quench) and AT, (deep
quench), and the broken line shows a kinetic pathway expected
for a direct transformation from disordered sphere to hex-
cylinder at AT;. The pathway shown by A—B — C — F is the
one expected for the transformation from disordered sphere
to bee-sphere at the quench depth of —AT; as indicated in the
inset. AG; and AGi; represent the heights of the energy
barriers for nucleation of hex-cylinder and the metastable bcc-
sphere from disordered sphere, respectively. AG, represents
the height of the energy barrier for nucleation of hex-cylinder
in the matrix of the metastable bcc-sphere.

blocks in the SIS, at the boundary between the ordered
phase of hex-cylinder or bcec-sphere and the disordered
phase of disordered sphere (as schematically illustrated
in the inset of part a or b), will make a significant
contribution to the interfacial free energy between the
ordered phase and the mother phase (disordered sphere).
The ordered phase of hex-cylinder is expected to have a
higher interface free energy than the ordered phase of
bce-sphere, simply because the former phase is expected
to encounter a large conformational entropy loss at the
interface with the mother phase than the latter phase.
Moreover, the bulk free energies of bce-sphere and hex-
cylinder are expected to be not much different at a small
AT limit in the hex-cylinder phase. Those two factors
described above may explain AG; > AGjs, thus favoring
the two-step transformation rather than the single-step
transformation. The metastable bcc-sphere is then
transformed into hex-cylinder via deformation of spheres
and interconnection of deformed spheres along the [111]
direction of bcc-sphere as clarified by previous re-
ports,323536

As will be reported in a companion paper,’® the
incubation time for the metastable bcc-sphere at Ty
exists on a point along the extrapolation line of incuba-
tion time vs quench depth for bcc-sphere, ATgpn
(= TLpot — Tsph) With Tspn (Toot = Tsph = TrpoT) being
the temperature where disordered sphere is trans-
formed into the equilibrium bcc-sphere. For the shallow
guench of AT3, the incubation time is nearly equal to
that at —AT: (= Toot — Tspn), as defined in the inset of
Figure 9, where an equilibrium bcc-sphere is formed.
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Figure 10. Schematic illustrations of the coexistence of (a)
the ordered phase composed of hex-cylinder (grey phase) and
the phase composed of disordered sphere (dark phase) and (b)
the phase composed of bcc-sphere (grey phase) and the phase
composed of disordered sphere (dark phase). The spatial
arrangement of spheres with short-range liquidlike order,
which is only partly indicated schematically in the bottom right
corner in the disordered-sphere phase, extends whole the dark
disordered phase. The insets to (a) and (b) respectively
represent local packing interactions of Pl block chains ema-
nating from the disordered spheres and those emanating from
hex-cylinder and bcc-sphere.

Therefore, AGs; is expected to be close to the free energy
barrier for the nucleation process of bce-sphere at —ATjy,
i.e., AG(—AT,). Moreover, Gin, is also expected to be
close to the free energy of the equilibrium bcc-sphere
at —ATy, i.e., G(—AT3). Thus, the kinetic pathway of A
— B — C at AT; may be close to that at —AT;. A clear
difference is seen in the pathway from C to F at —AT;
and from C to D to E at AT;.

Finally, we would like to comment on the Kinetic
pathways of ODTs reported by Qi and Wang.”® They
studied the kinetic pathways of hex-cylinder to disor-
dered state after a sudden temperature-jump (T-jump)
by using the computer simulation based on the time-
dependent Ginzburg—Landau equation. Their analysis
ignores thermal fluctuation effects28%81 on the phase
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transition which should be quite important for any
systems having structures with a small periodicity. For
a large T-jump deep into the disordered state, they find
that hex-cylinder melts uniformly; i.e., hex-cylinder is
directly transformed into the disordered state. However,
when a small T-jump only slightly into the disordered
state is imposed to the system, the melting of hex-
cylinder goes through a transient bcec-sphere; i.e., bce-
sphere is once formed as an intermediate state during
the phase transition from hex-cylinder to the disordered
state. The phase transition process in their study is just
opposite to that in our study, but the processes are
superficially similar. It would be interesting to conduct
computer simulations for the phase transition form a
disordered state to hex-cylinder as a function of AT and
to conduct T-jump experiments from a hex-cylinder to
a disordered-sphere phase as a function of superheating,
ATgis (= T — Tipor).

V. Concluding Remarks

In this work, we presented the ordering processes
induced by the phase transition from disordered sphere
to hex-cylinder for the SIS triblock copolymer by using
time-resolved SAXS, combined with TEM and POM
observations. As reported earlier,® the transformation
process induced by a deep quench into hex-cylinder is
confirmed to proceed as follows: After T-drop, the
system stays in the supercooled disordered-sphere phase
for a certain incubation period. After this incubation
period, the grains composed of hex-cylinder are nucle-
ated in the disordered-sphere phase and grow at the
expense of the disordered-sphere phase; i.e., hex-
cylinder is directly transformed from the disordered
sphere. On the other hand, the transformation process
induced by a shallow quench into hex-cylinder proceeds
as follows: The system stays in the supercooled disor-
dered-sphere phase for a certain incubation period in
this case, too. After this incubation period, the grains
composed of bce-sphere appear in the disordered-sphere
phase and grow at the expense of the disordered-sphere
phase. After bcc-sphere fills the whole sample space,
bce-sphere is transformed into hex-cylinder. In this
process, the system first forms the volume-filling meta-
stable bcc-sphere, followed by OOT into hex-cylinder.
A conjecture for the two-step phase transformation is
presented in section 1V.3 of the text.
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