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ABSTRACT: We have investigated the ordering dynamics and mechanism of a nearly symmetric
polystyrene-block-polyisoprene by quenching the specimen from a temperature above the order—disorder
transition temperature, Topr, to temperatures below Topr, by using time-resolved small-angle X-ray
scattering (SAXS) and transmission electron microscopy (TEM) as a function of quench depths. The
time-resolved SAXS revealed that the ordering at shallow quenches proceeds via nucleation and growth
process as follows: (1) after quenching the specimen, the thermal concentration fluctuations relax rapidly
from the initial state to the disordered state at the temperature very close to Topr within the shortest
time covered in this experiment; (11) the system stays in this disordered state for a certain incubation
period; (I11) after this period, the lamellar microdomains are nucleated and grow. This ordering mechanism
is essentially same at any quench depths covered in this experiments, except for the largest quench depth.
Furthermore the Avrami analysis together with TEM observations revealed that the nucleation occurs
homogeneously and generates a highly anisotropic shape of grains composed of lamellae with their size

parallel to lamellar normals being much greater than that normal to them.

I. Introduction

The order—disorder transition (ODT) of block copoly-
mer melts has been extensively studied?! since Leibler’s
pioneering theory? was proposed. The theory predicts
that the scattered intensity 1(q) at scattering vector q
in the disordered state is given by

[1(a)/N]* ~ F(q) — 2N 1)

where N and y are the total degree of the polymerization
of block copolymers and the Flory—Huggins segmental
interaction parameter, respectively. The quantity q is
defined by

q = (4a/2) sin(6/2) )

where 1 and 0 are the wavelength of incident radiation
and scattering angle in the medium, respectively. The
function F(q) depends on radius of gyration Ry and
composition, f, of a block copolymer. Recently some
important theoretical®* and experimental>° results
were obtained for block copolymer melts having rela-
tively weak segregation power, yN. These results
conclude that the random thermal force neglected in
Leibler’'s mean-field theory plays a very important role
on ODT and the scattering behaviors near the ODT
temperature, TobT.

Figure 1 schematically shows the reciprocal of the
maximum intensity, In~1, the square of half-width at
half-maximum of the first-order peak, o42, and the
characteristic length, D, obtained from small-angle
X-ray scattering (SAXS) or small-angle neutron scat-
tering (SANS) profiles, plotted as a function of the
reciprocal of the absolute temperature, 1/T. The length
D is given by D = 2x/qm,, where g, is magnitude of the
scattering vector at the first-order scattering maximum.
Leibler's mean-field theory predicted that 1! and o4?
decrease linearly with 1/T if y changes linearly with 1/T,
and the temperature dependence of D is equal to that
of an unperturbed chain dimension, Rgo(T), of a block
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Figure 1. Schematic representation of In!, ¢¢?, and D,
obtained by SAXS or SANS, plotted as a function of 1/T in
block copolymer systems with relatively low molecular weight.

copolymer in the disordered state. In Figure 1, D(T)
is defined by D(T) = D(T/)[Rgo(T)/Rgo(Tr)] where T is
a given reference temperature in the disordered state.
D((T) shows the temperature dependence of D predicted
by the mean-field theory.

At sufficiently high temperature, 172, 042, and D have
been found to vary as predicted by the mean-field
theory.®8 However with increasing 1/T close to 1/Topr,
Im~! and o start to deviate from the linear relationship,
showing a downward convex curvature, and the tem-
perature dependence of D becomes larger than Dy(T).
These deviations from the mean-field behavior have
been elucidated to be due to the thermal force effect (the
Brazovskii effectl?), and the upward deviation of 1,71
and o¢? indicates that the random thermal force sup-
presses the concentration fluctuations of the component
polymer segments. We referred to the crossover tem-
perature from the mean-field to the non-mean-field
behavior as Twr for the sake of convenience.? The
values of 1,71 and ¢42 change discontinuously at Topr.
Until recent years D had been considered to show
essentially no change at Topt in a symmetric or nearly
symmetric diblock copolymer system forming lamellar
microdomains in the ordered state,5-8 though it was
found to change discontinuously in an asymmetric block
copolymer system.®11 However very recently it was
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Table 1. Molecular Characteristics of the
Polystyrene-block-polyisoprene Diblock Copolymers

code 1074Mn Mw/Mn fps? TobT (OC)
OSlI-3 15 1.02 0.45 98.5—100.1¢
SS-7 1.9 1.02 0.46 141b—145¢

afps is volume fraction of polystyrene block chains. P Onset
temperature of disordering. ¢ Completion temperature of disorder-
ing.

found that D shows a discontinuity even in the nearly
symmetric block copolymer, though the discontinuity is
very small.2 The discontinuous change in In* and 42
at Topt manifests that the ODT is the first-order phase
transition and that the random thermal force plays an
important role on the phase transition.

Fredrickson and Binder!? proposed the theory of the
ordering dynamics of the ODT. In the context of
Leibler's mean field theory,? the ODT for a symmetric
diblock copolymer belongs to the second-order phase
transition in which the transition takes place by spin-
odal decomposition. However Fredrickson and Binder
theory predicted that the ordering near ODT can
proceed via nucleation and growth process even for a
symmetric diblock copolymer system, when the thermal
noise effect comes into play (thermal-force-induced first-
order phase transition310). Leibler's mean-field theory
predicts that the ODT is the second-order phase transi-
tion only for the exactly symmetric block copolymers.
Hence, strictly speaking, the ODT of the nearly sym-
metric block copolymers, which is not exactly symmetric
such as the ones employed in the present study (see
Table 1), is expected to be the first-order phase transi-
tion even in the context of the mean-field theory.
Nevertheless the random thermal force strongly affects
the ODT and the ordering mechanism near ODT even
for the nearly symmetric block copolymers: the effects
of the thermal force for the nearly symmetric block
copolymers are as important as those for the exactly
symmetric block copolymers. The ODT and the ordering
process of the nearly symmetric block copolymers may
have a theoretical basis essentially identical to that for
the exactly symmetric block copolymer.

Since the Fredrickson and Binder theory was pro-
posed, the dynamics of ODT has been attracted consid-
erable attention and has been experimentally studied
by means of SAXS,1114-17 SANS,!8 low-frequency rhe-
ology,1°~2! and depolarized light scattering.?223 These
experimental results suggested that the ordering of the
block copolymer at temperatures close to Topt proceeds
via nucleation and growth process with an incubation
period.

However the results obtained previously were not
supported by a real-space analysis: there is no attempt
to observe the ordering process of a block copolymer by
microscopic method such as transmission electron mi-
croscopy (TEM). Furthermore the state (or structure)
of the system in the incubation period and that during
the formation of the ordered microdomains are hardly
elucidated. In the previous studies, the time evolution
of the volume fraction of the ordered phase used for
Avrami analysis was obtained by assuming that the
system during the ordering is composed of the disor-
dered phase in the incubation period and the ordered
phase att — o (i.e., at a long time limit) after quenching
the specimen from the disordered state to the ordered
state, but this assumption has not been confirmed at
all. Moreover in all the previous temperature-drop (T-
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drop) experiments for examining the ordering mecha-
nism, the specimens were quenched from the temper-
ature just above TopT; hence, the effects of the initial
temperature on the ordering mechanism are not clari-
fied.

In this series of the study, we performed T-drop
experiments from the temperature T; above the Tyue
(>Topt) where the system is in the mean-field disor-
dered state (see Figure 1) for a nearly symmetric poly-
styrene-block-polyisoprene (Sl1) diblock copolymer hav-
ing a relatively small N. The ordering process after
T-drop was observed by using the combination of time-
resolved SAXS and TEM to make reciprocal- and real-
space analyses on the ordering process. To clarify the
guench-depth dependence of the ordering mechanism,
the specimens were quenched to various temperatures,
Tss (<TODT)-

In this paper we focus mainly on the following three
items: (1) the precise analysis about the states of the
system during the ordering process, with SAXS and
TEM,; (2) the ordering mechanism at different quench
depths; (3) Avrami analysis, in which the volume
fraction of the ordered phase is obtained by SAXS
analysis in item 1.

I1. Experimental Methods

Sl diblock copolymers coded as OSI-3 and SS-7 were
prepared by living anionic polymerization with sec-butyl-
lithium as initiator and cyclohexane as a solvent according to
the standard method. These polymers have a nearly sym-
metric composition and form a lamellar structure in the
ordered state. Their molecular characteristics were listed in
Table 1. Here it should be mentioned that the copolymers
employed in the present experiments are not exactly sym-
metric (fes = 0.45 or 0.46). We believe that the block
copolymers with fps of 0.45 or 0.46 has been experimentally
regarded as symmetric block copolymers.

The Ty of the polystyrene- (PS-) rich phase in the OSI-3 was
measured by DSC. The sample was first brought into a
disordered state by annealing at 120 °C for 20 min and cooled
from 120 to O °C with a cooling rate of 20 °C/min. After
keeping the specimen at 0 °C for 20 min, the DSC measure-
ment was done from 0 to 120 °C with a heating rate of 20 °C/
min. The cooling and heating process may induce ordering of
the specimens to some degree. The T4 thus measured is 61
°C.24

To determine the Topt of OSI-3 and SS-7, we first performed
the static SAXS measurements at each temperature with the
SAXS apparatus,?>~27 which consists of an 18-kW rotating-
anode X-ray generator (MAC Science Co. Ltd., Yokohama,
Japan), a graphite crystal for incident-beam monochromati-
zation, a 1.5 m camera (0.5 m from the source to the sample
and 1.0 m from the sample to the detector), and a one-
dimensional position-sensitive proportional counter (PSPC).
The sample temperature was controlled with accuracy of
+0.003 °C with a temperature enclosure and controller con-
structed in our laboratory. The SAXS was measured during
cooling and heating the specimens between 200 and 30 °C. To
examine the sharpness of the ODT, the high temperature-
resolution measurements (the measurements with a small
temperature increment [0.2—1.0 °C]) were performed at the
temperatures very close to the Topt. At each measuring
temperature, the specimens were hold for about 30 min before
measurements, and SAXS profiles were measured for 30 min.
The sample was put in an evacuated chamber to reduce
thermal degradation as much as possible.

The T-drop measurements for OSI-3 were conducted by
quenching the block copolymer melt from T; = 172 °C which
is above Ty in the mean-field disordered state to Tt which is
below Topr in the ordered state. The T-drop experiment is
schematically illustrated in Figure 2a. Figure 2b shows the
sample holder made of aluminum. The quenching process was
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Figure 2. (a) Schematic illustration for the T-drop experiment
and (b) the sample holder used in this work. The numbers in
(b) indicate the size of the sample holder in unit of mm.
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Figure 3. Time change in the temperature at the center of
the specimen after T-drop from 172 to 100.1 °C. The inset
highlights the temperature change near 100.1 °C.

done as follows: (1) the specimen was placed in the sample
holder shown in Figure 2b, where the both sides of the window
are sealed by Kapton films of 14 um thickness; (2) the sample
holder with the specimen was put in the heater block in which
the temperature was controlled at T; above Topr; (3) the holder
was rapidly transferred manually into the another heater block
which was set on the optical path of incident X-ray beam and
regulated at Ty; (4) the time-resolved SAXS measurements
were started and time t was set to zero at the time when the
specimen was put into the heater block at Tr. The SAXS
profiles were detected by a one-dimensional PSPC. The
profiles obtained were corrected for slit-width and slit-height
smearing, absorption, air scattering, and thermal diffuse
scattering as described elsewhere.?>~?” The absolute SAXS
intensity was obtained using the nickel-foil method.?® The
T-drop measurements for SS-7 were conducted with the same
manner as that for OSI-3, from T; = 187 °C which is above
Topt to Ts = 140 and 121 °C which is below Topr.

To check how long does it take for the specimen to reach
the set temperature, T;, we made the preliminary experiment
in which we embedded the thermocouple in the center of the
specimen and made the T-drop from the T; of 172 °C to the T
of 100.1 °C with the same method as described above. The
time change in the temperature is given in Figure 3. The
temperature of the specimen reaches T; + 1 °C within 33 s
and reaches Tt within 50 s. Thus it is confirmed that the
temperature of the specimen will reach the equilibrium after
T-drop within ca. 50 s.

To conduct a real-space analysis on the ordering process,
we made the TEM observations on the time evolution of the
structures during the ordering for OSI-3. After T-drop from
Ti to Ty, the specimen was rapidly quenched into the ice—water
bath (0 °C) at particular times during the ordering process
(Figure 2). Because the T4 of PS phase in the block copolymer
is higher than 0 °C, we could freeze the structure at the
moment when the specimen was put into the ice—water bath.
Thus we could observe the structures frozen at specified times
during the ordering process with TEM. The frozen specimens
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Figure 4. o4? plotted as a function of 1/T for OSI-3. The inset
highlights the change in 042 near Topr.

were subjected to microtoming into the ultrathin sections of
ca. 50 nm thickness at —85 °C with a Reichert-Jung Ultracut
E together with a cryogenic unit FC 4E and a glass knife. The
ultrathin sections were quickly picked up on 400-mesh copper
grids and stained by osmium tetraoxide vapor at room tem-
perature for about a half day. TEM observation was made
with a Hitachi H-600 transmission microscope at 100 kV. We
confirmed that the SAXS profiles were unchanged before and
after freezing process as well as before and after staining, thus
ensuring no structural changes during the sample preparation
processes for the TEM observations.?®

I11. Experimental Results

I11-1. Determination of Topr and Two-Phase
Coexistence Very near Topt. Figure 4 shows the
square of half-width at half-maximum of the first-order
peak, o4%, obtained from the SAXS profiles of OSI-3
taken in-situ at various temperatures. A sharp and
remarkable change in o4? is clearly discerned at the
temperatures between 98.5 and 100.1 °C. This discon-
tinuous change enables a clear-cut determination of the
Topr in this block copolymer. The Topt thus determined
is 98.5 < Topt < 100.1 °C. It should be mentioned in
this figure that the values ¢4? at the temperatures
between 98.5 and 100.1 °C are between the value of g¢?
at 98.5 and the one at 100.1 °C. Furthermore the SAXS
profiles between 98.5 and 100.1 °C can be approximately
expressed in terms of a weighted average of the profiles
at 100.1 °C, which is the lowest temperature in the
disordered state, and at 98.5 °C, which is the highest
temperature in the ordered state; i.e., the scattered
intensity 1(q) at the temperatures between 98.5 and
100.1 °C is described by

(@) =(@1 Xorder)l(q; T =100.1°C) +

Xoraer1(@; T = 985 °C) (3)

where I(q; T = T,) is the scattered intensity at a given
temperature, T,.

Figure 5 gives the observed SAXS profile at 99.2 °C
(filled circles) and the corresponding calculated profile
by eq 3 with Xyger = 0.62 (solid line). The calculated
profile shows a good agreement with the profile mea-
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Figure 5. Equilibrium SAXS profile at 99.2 °C for OSI-3
(filled circles). The profile drawn by the solid line shows the
profile calculated by eq 3 with Xorger = 0.62. The profiles drawn
by the broken and dotted lines show the SAXS profiles of OSI-3
measured at 100.1 and 98.5 °C which are the lower bound for
the disordered state and the upper bound for the ordered state,
respectively.

sured at 99.2 °C. Thus we conclude that the ordered
and disordered phases coexist between 98.5 and 100.1
°C within the time scale of this experiment (ca. 6 h):
the two-phase coexistence persists over the temperature
interval of 1.6 °C. The Xyrqer is related to the volume
fraction of the ordered phase in the system. The more
precise discussion and complete description about the
behaviors of the SAXS profiles very near Topt Will be
presented elsewhere.12 It should be noted in Figure 4
that the ODT takes place in the same temperature
interval both in the cooling and heating cycle: there is
almost no hysterysis in this system with the time scale
of observation employed here, implying that two-phase
coexistence is an equilibrium phenomenon.

The temperature-variation of the SAXS profiles for
SS-7 shows the similar trends to that for OSI-3 as
shown in Figure 4, though it is not presented here. The
Topt of SS-7 was determined as 141—145 °C.

I11-2. Time-Resolved SAXS Observation for the
Ordering Process. Figure 6 shows the time-evolution
of the SAXS profiles after quenching OSI-3 from T; =
172 °C to T¢ = 97.0 °C just below Topt in the ordered
state. The solid lines through the data points are just
drawn for visual guides. Here we define the quench
depth, AT, as

AT = TODT,H - T 4)

where Topt 1 is the onset temperature of the ordering
from the disordered state, at which the o4? obtained
from the static SAXS experiment in the cooling cycle
decreases drastically. Figure 4 shows that the TopTtn
of OSI-3is 100.1 °C; hence, AT in the case of the T-drop
to 97.0 °C is 3.1 °C.

After the rapid quench of the specimen, the SAXS
intensity increases with time t as follows. The SAXS
profile first changes from that at the initial temperature
172 °C (dashed line) to that at 100.1 °C (dotted line)
within 30 s which is the shortest time covered in this
experiment, though the profile at 30 s is not shown here.
After the profile reaches that at 100.1 °C, almost no
change occurs in the SAXS profile as shown in the
profiles at 90 and 360 s. After this period, the SAXS
profile starts to change with time t. Here it should be
mentioned that there are two characteristic wavenum-
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Figure 6. Time evolution of the SAXS profiles after quenching
OSI-3 to 97.0 °C. The solid lines through the data points are
for visual guides. The profiles drawn by the dash and dotted
lines show those of OSI-3 at 172 °C, which is the initial
temperature, and at 100.1 °C, which is the temperature very
close to the Topr in the disordered state, respectively.
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Figure 7. Time evolution of the values I, and o4 after
quenching OSI-3 from 172 °C far above the Topt to 97.0 °C
just below the Topr. The horizontal dotted lines show the
values I, at 172 and 100.1 °C, and the dashed lines show the
values oy at 172 and 100.1 °C for OSI-3.

bers gcs and qg_ in Figure 6: the intensity increases at
Jes < g < QcL,While it decreases outside the g range.

Figure 7 gives the time-evolution of I, and oqy after
guenching OSI-3 from T; =172 °C to T+=97.0 °C. The
horizontal dotted lines show the equilibrium values of
Imat 172 and 100.1 °C, and the dashed lines show those
of oq at 172 and 100.1 °C. This figure shows that the
values I and oq at 30 s are almost equal to the
equilibrium values at 100.1 °C which is the temperature
just above the Topt (see Figure 4), indicating that the
values I, and oy change from the equilibrium values at
172 °C to those at 100.1 °C within 30 s after T-drop,
though this change could not be observed in our experi-
ments. The value I, increased by six times within 30
s after T-drop. After the values I, and o4 reach the
equilibrium values at 100.1 °C, they remain unchanged
as long as ca. 400 s. After 400 s, the values I, and oq
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Figure 8. Time evolution of the value I, after quenching
OSI-3 from 172 °C above the Ty to 97.0, 96.0, 94.6, 93.5, 92.5,
and 80.0 °C below the Topr. The horizontal dashed line shows
the value I, at 100.1 °C for OSI-3. The solid lines through the
data points are drawn for visual guides.

then start to increase and reach constant values at ca.
3000 s.

Figure 8 gives the time-evolution of the value I, after
quenching OSI-3 from T; = 172 °C to T = 97.0, 96.0,
94.6, 93.5, 92.5, and 80.0 °C. The quench depth, AT,
defined by eq 4 for each Tsis 3.1, 4.1, 5.7, 6.6, 7.6, and
20.1 °C, respectively. The horizontal dashed line shows
the equilibrium value of I, at 100.1 °C. Each solid line
through the data points is drawn for a visual guide. It
is worth noting in Figure 8 that the every time-evolution
curve of the I, in the time region where the I, values
start to increase shows almost same trend, except for
80.0 °C, though there are disparities in the late stage
where the I, at each T approach constant value in a
different manner. Moreover it appears that, after
T-drop, the I, at each T; rapidly increases from the
initial value at T; to the value equilibrium at 100.1 °C,
and remains at that value at 100.1 °C for a certain
period, except for the I, at 80.0 °C. Here it should be
mentioned that it takes ca. 50 s for the specimen to
reach the set temperature as shown in Figure 3. Hence
the ordering at 92.5 and 93.5 °C, which proceeds very
fast, cannot not be regarded as the isothermal ordering.

In Figure 8, the time evolution of the value I, at 80.0
°C, which changes gradually with increasing time, is
quite different from that at the other temperatures. To
compare the ordering of OSI-3 at 80.0 °C to that at 97.0
°C, the time-change in the SAXS profiles after the
T-drop to 80.0 °C is given in Figure 9. In Figure 9, itis
found that the scattered intensity increases only in the
g range close to gm, while it decreases outside this q
range, the trend of which is approximately the same as
that in Figure 6.

Figure 10 gives the time evolution of the I after
qguenching the different SI diblock copolymer, SS-7,
which is also a nearly symmetric block copolymer (see
Table 1), from 187 °C to 140 and 121 °C. The ordering
of SS-7 is so fast that an incubation period could not be
clearly observed before I, starts to increase, but the
trend of the time changes in I, is similar to that at 97.0
°C for OSI-3 rather than that at 80.0 °C.

111-3. TEM Observations for the Ordering Pro-
cess. The TEM micrograph taken at 90 s after quench-
ing OSI-3 to 80.0 °C is given in Figure 11a. The state
when the observation was done is shown by arrow 1 in
Figure 8. To highlight the ordered grains composed of
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Figure 9. Time evolution of the SAXS profiles after quenching
OSI-3 to 80.0 °C. The solid lines through the data points are
drawn for visual guides. The profiles drawn by the dash and
dotted lines show the profiles of OSI-3 at 172 °C, which is the
initial temperature, and at 100.1 °C, which is the temperature
very close to the Topr in the disordered state, respectively.
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Figure 10. Time evolution of the value I, after quenching
SS-7 from 187 °C above the Topr to 140 and 121 °C below the
Toot. The horizontal dotted line shows the value I, at 145 °C
for SS-7 which is the temperature very close to the Topr in
the disordered state. The solid lines through the data points
are drawn for visual guides.

the lamellar microdomain, the outlines of a few large
grains are traced by white lines in the lower panel (b),
although there are many grains which are left without
markings. In Figure 11 it is interesting to note that
the lamellar grains with a more or less sharp interface
exist in the matrix of the less ordered phase; i.e., the
lamellar grains and the less ordered phase coexist in
Figure 11. To compare this micrograph with that
obtained during the ordering at 97.0 °C, the TEM
micrograph taken at 630 s after quenching OSI-3 to 97.0
°C is shown in Figure 12. The state when the observa-
tion was done is shown by arrow 2 in Figure 8. In
Figure 12, it is also found that the lamellar grain with
a sharp interface exists in the matrix of the less ordered
phase, indicating that the ordered phase (grains) having
a lamellar structure with a long-range order and the
less ordered phase coexist at 630 s after quenching to
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Figure 11. Transmission electron micrograph taken at 90 s
after T-drop to 80 °C for OSI-3. The upper and lower panels
show just the same image. To highlight the ordered grains
composed of the lamellar microdomains, the outlines of a few
grains are traced by white lines in the lower panel.

Figure 12. Transmission electron micrograph taken at 630
s after T-drop to 97.0 °C for OSI-3. Insets b and c high-light
the disordered and ordered phases in picture a, respectively.

97.0 °C. Furthermore, Figures 11 and 12 show that the
shape of the lamellar grains is very anisotropic: the size
along the lamellar normals is much larger than that
parallel to the lamellar interfaces. This feature is
consistent with the prediction by Hohenberg and Swift.*
The precise discussion about the shape of the grains will
be presented elsewhere.?®
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It is noted that the anisotropic grains during the
ordering process were found by using depolarized light
scattering by Dai et al.22 However the microdomain
structure in their study is hexagonally packed cylinders
but not lamellar. The shapes of the ordered grains in
the matrix of the disordered phase highly depend on the
type of the microdomains, because the anisotropy of the
interfacial free energy between the grain and matrix,
which is the origin for the anisotropy of the grain shape,
depends on the symmetry of the microdomain struc-
tures.

IV. Discussion

IV-1. Ordering Mechanism at the Temperature
Close to Topt. Figures 6 and 7 show that after T-drop
to 97.0 °C the SAXS profile of OSI-3 first changes
rapidly from that at the initial temperature 172 °C to
that at 100.1 °C which is very close to the Topt in the
disordered state. Although we could not observe this
change in the SAXS profile with time, the SAXS profile
before T-drop should take the one equilibrium at 172
°C and the SAXS profile at 30 s after T-drop to 97.0 °C
is almost same as the one equilibrium at 100.1 °C,
indicating that the SAXS profile had changed from that
at 172 °C to that at 100.1 °C within 30 s. This change
corresponds to the relaxation of the thermal concentra-
tion fluctuations from those at T; in the mean-field
disordered state to those at 100.1 °C which is very close
to the Topt in the disordered state. Thus it is found
that the relaxation of the thermal concentration fluc-
tuations in the disordered state from those at 172 °C to
those at 100.1 °C completed within 30 s. This result
implies that the ordering process is independent of the
initial temperature, because the system changes from
the initial state to the state at the temperature just
above the Topr before the formation of the ordered
grains.

After the profile reaching the one equilibrium at 100.1
°C, almost no change occurs in the time interval of 30
<t < 400 s. Here it should be noted that the temper-
ature in the specimen reaches 97.0 °C within 50 s as
shown in Figure 3. Hence the temperature was already
equilibrated to 97.0 °C in this time region. Thus the
system remains in the disordered state at 100.1 °C until
about 400 s after T-drop, revealing the existence of the
incubation period for the ordering process, and that the
thermal concentration fluctuations in the incubation
period are almost same as that at 100.1 °C. It should
be mentioned that the scattered intensity from the
supercooled disordered melt at 97.0 °C may be very close
to that from the disordered melt at 100.1 °C. Thus the
scattered intensity in the incubation period may be
actually that from the supercooled disordered state at
97.0 °C.

After the incubation period, the SAXS profile starts
to increase and reaches a constant, indicating that the
formation of the lamellae starts and the system is
approaching the steady state. At 7285 s after T-drop
to 97.0 °C, the lamellae filled the whole sample space,
as will be presented elsewhere.?® Moreover in this
stage, the intensity increases at qcs < q < Qo but
decreases at g > Qe Or g < (cs. This mode selection
mechanism cannot be explained on the basis of the
linearized theory of spinodal decomposition in the
context of mean-field approximation and the g depen-
dence of the Onsager transport coefficient.3® This
feature, together with the existence of the incubation
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Figure 13. SAXS profile at 1440 s after quenching OSI-3 to
97.0 °C (filled circle). The profile drawn by the solid line shows
the calculated profile by eq 5 with Xorger(t = 1440 s; T = 97.0
°C) = 0.61. The profiles drawn by dotted and broken lines
show the SAXS profiles of OSI-3 at 97.0 and 100.1 °C obtained
from the static SAXS experiment in the heating cycle, respec-
tively.

period, suggests that this ordering process is nucleation
and growth process which is very much influenced by
the random thermal force.3~17 This conclusion is sup-
ported by the TEM picture in Figure 12. In Figure 12,
the ordered and less ordered phases clearly coexist.
Moreover the less ordered phase is apparently similar
to the disordered phase very close to the ODT as will
be shown in detail elsewhere,'”2° indicating that the
ordered and disordered phases coexist in Figure 12. It
suggests that this ordering proceeds via nucleation and
growth process rather than spinodal decomposition. The
ordering proceeds via a growth of ordered grains at the
expense of the disordered phase.

Thus it is found that the ordering of OSI-3 at 97.0 °C
proceeds via a nucleation and growth process and
consists of the following three stages: (I) The scattered
intensity 1(q) changes rapidly from that at 172 to 100.1
°C within 30 s. The change in stage I corresponds to
the relaxation of the thermal concentration fluctuations
in the disordered state. (1) The profile 1(g) stays equal
to that of the equilibrium value at 100.1 °C between 30
and 400 s. Stage Il corresponds to the incubation period
for the ordering process. (111) The profile 1(g) changes
after 400 s and reaches a constant value at ca. 3000 s.
The change in stage 11l corresponds to the growth of
the lamellar grains at the expense of the disordered
phase.

Furthermore we found that the SAXS profiles during
the ordering of OSI-3 at 97.0 °C can be approximately
expressed by:

10 & T) = [1 = Xorgerlts TYlleq(@; 100.1 °C) +
Xorder(t; Tf)leq(q; Tf) (5)

with T; = 97.0 °C, just like an equilibrium scattering
profile in the order—disorder coexistence region (see
Figure 5), where I(q, t; Ty) is the SAXS profiles during
the ordering of OSI-3 at Ty, and leg(q; 100.1 °C) and leg-
(q; Ty) were estimated from the SAXS profile of OSI-3
at 100.1 °C and T; obtained from the static SAXS
experiment in the heating cycle, respectively. The Xorder-
(t; Ty) is the volume fraction of the ordered lamellar
phase at a given t after quenching OSI-3 to Ts.

Figure 13 demonstrates a typical example of the above
analysis based on eq 5 where the SAXS profile of OSI-3
at 1440 s after T-drop to 97.0 °C (filled circles) is best-
fitted by eq 5 with Xorger(t = 1440 s; T; = 97.0 °C) =
0.61 (solid line). The evidence that the SAXS profile is
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expressed by eq 5 means that the system during the
ordering of OSI-3 is composed of the two phases: the
ordered lamellar grains at 97.0 °C and the disordered
phase at 100.1 °C. Thus we can separate the net
scattering intensity into those from the two phases and
estimate the volume fraction of the ordered phase Xorger
as a function of time during the ordering.

1V-2. Quench-Depth Dependence of the Order-
ing Process. (A) Shallow Quenches. In Figure 8,
we observe that each curve for the time evolution of the
value I, shows an incubation period before an increase
of the value I, and each curve has almost same
behavior during the early stage of the ordering, except
for the curve obtained at 80.0 °C: the ordering at each
Tt proceeds via the three stages described in section IV-
1. However it takes ca. 50 s for the specimen to reach
the equilibrium temperature as shown in Figure 3, and
the ordering process at 92.5 and 93.5 °C is not slow
enough relative to the rate required to reach the
equilibrium temperature so that the ordering at these
temperatures cannot not be regarded as the isothermal
ordering.

Despite the difficulty, we have tried to qualitatively
compare the ordering processes of OSI-3 at 97.0, 96.0,
94.6, 93.5, and 92.5 °C. The time changes in I, after
T-drop to the respective temperatures are plotted as a
function of the reduced time, t/ty;, in Figure 14, where
ti2 is the time at which the value of I, reaches Imi
defined by Imi2 = (Im,100.1°c + Im1)/2, where Iy 100.1°c and
Im 7t are the equilibrium values of I, at 100.1 °C and Tk
obtained by the static SAXS experiment, respectively.
It is found in Figure 14 that all the curves fall onto a
master curve, except for the late stage. This fact
suggests that the mechanism of the ordering at 92.5 <
Ts < 97.0 °C is essentially identical, though the ordering
at 92.5 and 93.5 °C cannot be rigorously regarded as
the isothermal ordering. The inset shows ty;; plotted
as a function of €71, where the quantity ¢ is the ther-
modynamic driving force for the ordering, defined as

Xt — XobT
L a—c el

(6)

XopT

with y; and yopt being the y values at the temperatures
Tr and Topr, respectively. The y values are calculated
by using the following equation obtained for OSI-3:8

y = —0.0237 + 34.1/T ©)

The result reveals that log ty; linearly increases with
e~ 1. This trend is consistent with the results obtained
by Floudas?® for the nearly symmetric Sl diblock
copolymer.

(B) Deep Quenches. In Figure 8, the ordering at
80.0 °C seems to be quite different from the others.
Floudas et al.?® reported that the ordering for the
shallow quenches proceeds via nucleation and growth,
but that for the deep quenches proceeds via spinodal
decomposition. To clarify the ordering mechanism at
80.0 °C, we compare the time-evolution of the SAXS
profiles after T-drop to 80.0 °C with that to 97.0 °C. In
Figure 6, the SAXS profiles of OSI-3 after T-drop to 97.0
°C remain equal to the equilibrium profile in the
disordered state at 100.1 °C for the incubation period,
and after this period the intensity increases at gcs < q
< gc. and decreases outside this g range. The position
of the gm hardly shifted during the ordering. On the
other hand, the SAXS profiles of OSI-3 after T-drop to
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Figure 15. Time evolution of the SAXS profiles after quench-
ing OSI-3 to 80.0 °C plotted as a function of g/gqm. The solid
lines through the data points are drawn for visual guides. The
profiles drawn by the dash and dotted lines show those of
OSI-3 at 172 °C, which is the initial temperature, and at 100.1
°C, which is the temperature very close to the Topr in the
disordered state, respectively.

80.0 °C start to change without an incubation period
as shown in Figures 8 and 9. Nevertheless the scattered
intensity increases only in the g range close to gm, and
it decreases outside this q range (Figure 9), the trend
of which is approximately the same as that found in
Figure 6. After scaling q with the time-dependent gm,
this trend becomes more evident, as shown in Figure
15. In this figure, there are two characteristic scaled
wavenumbers, (0/gm)cs and (a/gm)cL: the intensity in-
creases at (4/Qm)es < a/qm < (9/gm)c.. and decreases
outside this region. The decrease of qm with time is a
phenomenon relevant to ordering at deep quenches and
is a consequence of stretching of chains in ordered
lamellae. As mentioned in section IV-1, this mode
selection mechanism cannot be explained on the basis
of the mean-field linearized theory of spinodal decom-
position. Moreover the lamellar grains exist in the
matrix of the less ordered phase; i.e., the lamellar grains
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and the less ordered phase coexist during the ordering
at 80.0 °C as shown in Figure 11. Thus the ordering of
OSI-3 at 80.0 °C, as well as that at the other temper-
atures, is anticipated to proceed via nucleation and
growth over the time scale covered in this study,
contrary to the report by Floudas et al.?°

At this moment, we cannot answer why the time
evolution of I, at 80.0 °C is quite different from that at
the other temperatures.3 However, there is a possibil-
ity that the difference in the time-evolution of I, at 80.0
°C and the other temperatures results from the vitrifi-
cation of the PS-rich phase in the ordering process.
Figure 10 shows the time-evolution of I, for SS-7 after
T-drop to 140 and 121 °C. The Topt of SS-7 is higher
than that of OSI-3 (see Table 1). The ¢ values expressed
by eq 6 for the ordering of SS-7 at 140 and 121 °C are
0.0170 and 0.0859, respectively, which are very close
to those for the ordering of OSI-3 at 97.0 and 80.0 °C
(0.0113 and 0.0768, respectively). Thus the ordering of
OSI-3 at 97.0 and 80.0 °C should be thermodynamically
almost identical with that of SS-7 at 140 and 121 °C,
respectively. In Figure 10 it is easily found that the
time evolution of Iy, for SS-7 at 121 and 140 °C, are
similar to that for OSI-3 at 97.0 °C: the I, values of
SS-7 at 121 °C do not show the linear relationship with
log t, as shown in the ordering of OSI-3 at 80.0 °C. This
evidence may indicate that the ordering of OSI-3 at 80.0
°C is strongly affected by mobility and hence seemingly
by the vitrification. Here it should be mentioned that
the T, of OSI-3 estimated by the DSC measurement is
61 °C as shown in section 11, which is lower than 80 °C.
However Ty highly depends on the state of the system,?*
and the vitrification may come into play even in the
ordering process at 80.0 °C.

The SAXS profiles in the course of the ordering at 80.0
°C cannot be expressed in terms of a weighted average
of the static profiles at 100.1 and 80.0 °C, contrary to
the fact that the SAXS profiles during the ordering at
97.0 °C can be expressed by eq 5. It means that the
system is not composed of the lamellar grains that
develop at t — o at 80.0 °C and the disordered phase at
100.1 °C. Moreover the less ordered phase in Figure
11 appears to be slightly different from the disordered
phase at the temperature very close to TopT: it is more
likely to be the “distorted ordered” phase which is
the ordered phase but not grown into lamellar grains
with a substantial long-range order, though it is diffi-
cult to unequivocally identify whether the less ordered
phase in Figure 11 corresponds to the disordered phase
or the distorted ordered phase. Thus it might be
conceivable that the ordering mechanism at 80.0 °C is
different from that at the other temperatures: at
temperatures between 97.0 and 92.5 °C the lamellar
grains appear in the disordered phase and develop with
time by a nucleation and growth process, while at
80.0 °C the ordering takes place via a two-step mech-
anism; the first-step ordering very rapidly forms the
“distorted ordered” phase from the disordered phase,
and the second-step ordering slowly develops grains of
lamellae with a long-range order. The second ordering
may correspond to the slow time-evolution of I, for
OSI-3 at 80.0 °C.

Koppi et al.®2 and Tepe et al.3® estimated that the
stability limit temperature, below which the spontane-
ous ordering or the exceedingly rapid nucleation takes
place, exists 11 and 16 °C lower than Topt for the poly-
(ethylene—propylene) (PEP)-block-poly(ethylethylene)
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Figure 16. Avrami plots of the quantity Xorger for OSI-3,
obtained by fitting eq 5 with the time-resolved SAXS profiles.

(PEE) diblock and the PEP-block-PEE-block-PEP tri-
block copolymer, respectively. This temperature (16 °C)
is smaller than the quench depth, AT (20.1 °C), for the
ordering at 80.0 °C. The ordering in the first-step from
the disordered phase to the “distorted ordered” phase
may proceed via the spontaneous ordering or the
exceedingly rapid nucleation, as predicted by them.

Thus we cannot make a definite conclusion in this
case. More analyses will be needed in future work.
However, we must remember that the lamellar grains
and the less ordered phase coexist during the ordering
at 80.0 °C as shown in Figure 11. Thus we can clearly
state that the lamellar grains are developed from the
disordered state or the “distorted ordered” state by
nucleation and growth process: the lamellar micro-
domains do not appear directly from the disordered state
by the spinodal decomposition.

IV-3. Avrami Analysis. As described in section IV-
1, the SAXS profiles during the ordering of OSI-3 at 97.0
°C were able to be expressed in terms of a weighted
average of the equilibrium profile at 100.1 and 97.0 °C.
The other profiles during ordering at 96.0, 94.6, 93.5,
and 92.5 °C can be also well-expressed by eq 5. The
quantity Xorger(t; Tg) thus obtained were analyzed by the
Avrami equation3*

Xorder =1- exp(—zt”) (8)

where z is constant and n is the Avrami exponent. The
Avrami exponent is related to the dimensionality and
the type of the nucleation (homogeneous or heteroge-
neous).

Figure 16 gives the Avrami plot (In[—In(1 — Xorder)]
vs In(t) plot) for the ordering of OSI-3 at 97.0, 96.0, 94.6,
93.5, and, 92.5 °C. If the ordering process obeys eq 8,
In[—IN(1 — Xorger)] shows a linear relationship with In-
(t), and the Avrami exponent can be obtained from the
slope. In Figure 16 it is easily found that in every case,
In[—INn(1 — Xorder)] change linearly with In(t) except for
the late stage. Moreover the slope of the each curve is
almost same, revealing that the mechanism of the
ordering process of OSI-3 at 925 < Tf < 97.0 °C is
essentially identical, though the time scale of the
ordering is quite different. Thus the Avrami exponent,
n, for the ordering process of OSI-3 at 92.5 < Tf < 97.0
°C is determined as the value between 3 and 4, though
we could not determine the precise value of n because
of the limited data points. This value of n is consistent
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with the result obtained by Floudas et al.2! in the T-drop
experiments for the nearly symmetric Sl diblock copoly-
mer at shallow quenches.

If n =4 is adopted as the Avrami exponent, one might
conclude that the ordering proceeds via the three-
dimensional growth with homogeneous nucleation, and
if n = 3, one might conclude that it proceeds via the
two-dimensional growth with homogeneous nucleation
or the three-dimensional growth with heterogeneous
nucleation. Here it should be mentioned that, in the
heterogeneous nucleation process, the nucleation is
induced by impurities in the system, and the number
density of the nuclei should be constant for all the
T-drop measurements, if the number density of the
impurities is independent of temperature. On the
contrary, the number density of the lamellar grains at
97.0 °C in Figure 12 is quite different from that at the
other temperatures, as shown in Figure 11 and as will
be presented elsewhere.?° At a given Ty, the number
density of the grains should be independent of time if
the nucleation process is heterogeneous. On the con-
trary, our TEM observation indicates that it tends to
increase with time. Thus the nucleation process en-
countered in OSI-3 is expected to be homogeneous
nucleation.

Moreover it should be noted that the interpretation
of the Avrami exponent in the previous work?! was
based on the assumption that the ordered grains grow
isotropically. However, the shape of the lamellar grains
in the matrix of the disordered phase are very aniso-
tropic as shown in Figures 11 or 12, and the growth rate
is expected to be anisotropic; i.e., the growth rate
parallel to the lamellar normal should be different from
that perpendicular to it. If the anisotropy is not too
large, the relationship between the Avrami exponent
and the type of the nucleation or the dimensionality of
the grain growth mentioned above can be appropriate.3®
However when the ordered grains are highly anisotro-
pic, such as is the case in the present study, the Avrami
exponent changes with time and the value of Avrami
exponent is smaller than that for isotropic growth:36:37
the Avrami exponent for homogeneous nucleation in
three-dimensional space with anisotropic growth rate
becomes smaller than 4. Thus the TEM pictures and
the Avrami exponent of between 3 and 4 in the present
study at 97.0 < Tf < 92.5 °C reveal that the ordering of
a nearly symmetric diblock copolymer proceeds via
anisotropic three-dimensional growth with homogeneous
nucleation.

Here it should be noted that Floudas et al.?! and
Rosedale et al.l® conclude that the ordering of the
symmetric diblock copolymers proceeds via heteroge-
neous nucleation and isotropic three-dimensional growth
by using the Avrami analysis and Fredrickson and
Binder theory.’® However Fredrickson and Binder
theory also assumes that the interfacial tension of the
grains of lamellae in the matrix of the disordered phase
is directionally independent and hence the grains are
spherically symmetric. On the contrary, the actual
shape of the lamellar grains in the matrix of the dis-
ordered phase is highly anisotropic,161729 and the
growth rates parallel and perpendicular to the lamellar
normal should be different. Thus the prediction of
Fredrickson and Binder theory involves some problems.
From experimental viewpoints we need further quan-
titative information on the aspect ratio of the lamellar
grain parallel and perpendicular to the lamellar normal
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and the ratio of the growth rates in the two principal
directions. These features should be studied in future
works.

V. Concluding Remarks

We have investigated the ordering dynamics of a
nearly symmetric diblock copolymer of a polystyrene-
block-polyisoprene, having a lamellar microdomain
structure in the ordered state, by quenching the speci-
mens from the mean-field disordered state to the
ordered state at various quench depths. The ordering
process was observed by the time-resolved SAXS and
TEM. It is found that the ordering of a nearly sym-
metric block copolymer at shallow quenches proceeds
via nucleation and growth process with the three stages.
The scattering behaviors and the states of the system
in the each stage of the ordering are as follows: (I) the
scattered intensity increases rapidly from the initial one
to the one at equilibrium at 100.1 °C in the disordered
state very close to TopT, within the shortest time covered
in this experiment, during which the thermal concen-
tration fluctuations relax rapidly from the initial state
to the equilibrium disordered state at the temperature
very close to Topr; (11) the scattered intensity does not
change for a certain incubation period, during which the
system stays in the disordered state at the temperature
very close to Topr; (111) the scattered intensity increases
at qcs < q < Qe but decreases at g > qc. or 4 < (s,
during which the formation of the lamellar micro-
domains starts and the system eventually approaches
a steady state. Moreover the SAXS profiles in stage 111
can be approximately expressed in terms of a weighted
average of the equilibrium profile at 100.1 °C and that
steady at Ty, indicating that the system during the
ordering of OSI-3 is composed of the two phases: the
ordered lamellar grains at T and the disordered phase
at 100.1 °C.

On the other hand, the time evolution of the value I,
after quenching OSI-3 to 80.0 °C (corresponding to a
relatively deep quench) showed a trend different from
that found at the shallow quenches. However the
scattered intensity after T-drop to 80.0 °C increases in
the g range close to gm, but decreases outside the q
range, the trend of which is essentially same as that in
stage Il at the shallow quenches. These evidences and
the TEM image in Figure 11 imply that the ordering of
the lamellar microdomains at 80.0 °C also proceeds via
a nucleation and growth process.

The Avrami analysis on the time-change in the
volume fraction of the ordered phase after quenching
OSI-3 to the temperatures between 92.5 and 97.0 °C
showed that the Avrami exponent gives the almost same
value, 3 < n < 4, meaning that the ordering mechanism
at these quenches is essentially same. This value of the
Avrami exponent together with the TEM pictures dur-
ing the ordering suggest that the ordering proceeds via
the anisotropic three-dimensional growth with homo-
geneous nucleation.
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