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ABSTRACT: Small-angle X-ray scattering (SAXS) was employed to investigate the order—disorder
transition of low molecular weight polystyrene-block-polyisoprene (SI diblock) copolymers with widely
varying composition. The Sl diblock copolymers investigated in the present study have molecular weight
varying from 15 000 to 41 000 and the volume fraction of PS block varying from 0.186 to 0.811. Low-
temperature resolution SAXS experiments, which involved a temperature increment of =10 °C, did not
allow us to accurately determine the order—disorder transition temperatures (Topt) of the Sl diblock
copolymers, but high-temperature resolution SAXS experiments, which involved measurements of the
scattering profiles across Topt with a small temperature increment of <1 °C, enabled us to determine
the values of Topr With accuracy to within £1 °C. Topr was determined to be the temperature at which
the reciprocal of the maximum intensity and the square of the half-width at half-maximum of the first-
order scattering maximum change discontinuously with the reciprocal of absolute temperature. We
compared the values of Topt determined from SAXS experiments with those determined from rheological

measurements reported in part 1 of this series.

Introduction

In recent years there has been a rather extensive
experimental investigation, via small-angle X-ray scat-
tering (SAXS), reported on the order—disorder transi-
tion (ODT) of block copolymers. There are too many to
cite here, and the interested readers are referred to two
recent review articles.!2 When reviewing the liter-
ature®~10 which reported on the SAXS measurements
of styrene-based block copolymers, specifically polysty-
rene-block-polyisoprene (Sl diblock) and polystyrene-
block-polybutadiene (SB diblock) copolymers, we find
that the temperature resolution employed in some SAXS
experiments35910 was not sufficiently high, and thus
accurate determination of order—disorder transition
temperatures (Topt) was difficult, if not impossible. As
pointed out in our previous paper,!! accurate determi-
nation of Topt via SAXS of low molecular weight SI
diblock copolymers requires high-temperature resolution
scattering experiments. The same will equally be appli-
cable to low molecular weight SB diblock copolymers.

In a recent paper!? we discussed the results of our
rheological investigation on the ODT of low molecular
weight Sl diblock copolymers, which were synthesized
in our laboratory. In the present study, by employing
the same block copolymers, we continued our investiga-
tion on their ODTs using SAXS. The primary purpose
of this study was to compare the values of Topt Obtained
from SAXS measurements with those obtained previ-
ously from rheological measurements.'? In this paper,
as a sequel of the series, we shall report on the
highlights of our SAXS measurements for a series of
low molecular weight Sl diblock copolymers.
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The organization of this paper is as follows. First,
we shall present the SAXS profiles obtained for seven
Sl diblock copolymers synthesized in this study. In
doing so, we will discuss the microdomain structures
expected from the SAXS profiles and then compare them
with those determined independently by transmission
electron microscopy (TEM). Next, using the overall
SAXS profiles obtained over a wide range of tempera-
tures, we shall discuss the ODT of the Sl diblock
copolymers. For this, we will use the conventional
analyses, namely, (i) plots of the reciprocal of the
maximum scattered intensity (1/ly) versus the recipro-
cal of absolute temperature (1/T), (ii) plots of the
reciprocal of the scattered intensity (1/1(g*)) at a fixed
scattering vector g* versus 1/T, where q* = (4x/A)sin-
(6*/12), 6* and A being the particular scattering angle
near the scattering maximum and the wavelength of the
incident beam, respectively, and (iii) plots of wavelength
(D) of a dominant mode of concentration fluctuations
versus 1/T. Then, we will employ plots of the square of
half-width at half-maximum (hwhm) (o4?) of the first-
order scattering maximum versus 1/T, which was first
introduced by Stiihn et al.” and Ehlich et al.1® Finally,
we shall discuss the results of high-temperature resolu-
tion scattering experiments, which involve measure-
ments of the SAXS scattering profiles across Topt with
a small temperature increment (as small as <1 °C). We
will point out that the SAXS experiments with a low-
temperature resolution (e.g., a temperature increment
of 210 °C) may overlook the sharpness of the ODT,
leading to inaccurate determination of Topr of block
copolymers.

Experimental Section

In this study, seven Sl diblock copolymers were synthesized
via anionic polymerization, and they were used to investigate
via SAXS their ODTs. The details of the procedures employed

© 1996 American Chemical Society
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Table 1. Molecular Characteristics of the Sl Diblock
Copolymers Synthesized in This Study

sample Mw Mn wt %
code (x10™) (x10™%) Mu/M, PS  fes®  morphology

SI-Q 2.80 2.64 1.06 21.2 0.186 PScylinder
SI-Z 1.93 1.77 1.09 33.6 0.303 PScylinder
SI-S 1.76 1.66 1.06 40.9 0.372 bicontinuous
SI-X 1.79 1.67 1.07 50.0 0.461 lamella

SI-R 1.50 1.40 1.07 545 0.508 lamella
SI-0 2.64 2.49 1.06 78.8 0.760 PIcylinder
SI-L 4.10 3.90 1.05 83.3 0.811 PIcylinder

afps is the volume fraction of PS block in the Sl diblock
copolymer at 25 °C, which is defined by fps = vpsNps/(VpsNps +
vpiNpi), where Nps and Np are the average degrees of polymeri-
zation of the PS and PI blocks, respectively, in the Sl diblock
copolymer, vps is the volume per mole of styrene monomer, and
vpy is the volume per mole of isoprene monomer.

for the synthesis of Sl diblock copolymers are described
elsewhere.’* Table 1 gives a summary of the molecular
characteristics and the volume fraction of the PS phase in each
Sl block copolymer synthesized. Nuclear magnetic resonance
spectroscopy indicated that the microstructure of polyisoprene
had 94 wt % 1,4-linkage, 6 wt % 3,4-linkage, and no detectable
amount of 1,2-linkage in the Sl diblock copolymers.

Samples were prepared by first dissolving a predetermined
amount of Sl block copolymer (10 wt %) in toluene in the
presence of an antioxidant (irganox 1010; Ciba-Geigy Group)
and then slowly evaporating the solvent. The evaporation of
solvent was carried out slowly at room temperature for 1 week
and then in a vacuum oven at 40 °C for 3 days. The last trace
of solvent was removed by drying the samples in a vacuum
oven at an elevated temperature by gradually raising the oven
temperature to 10 °C above the glass transition temperature
of the component PS in each block copolymer. The drying of
the samples was continued until there was no further change
in weight. Finally, the samples were annealed for 10 h at a
temperature which was about 20 °C above the glass transition
temperature of the component PS.

SAXS experiments were conducted with an apparatus,
described in detail elsewhere,'® which consisted of a 12-kW
rotating-anode X-ray generator, a graphite crystal for incident-
beam monochromatization, 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 propor-
tional counter. The Cu Ka line (0.154 nm) was used. The
SAXS profiles were measured in situ as a function of temper-
ature and were corrected for absorption, air scattering, and
background scattering arising from thermal diffuse scattering
and slit-height and slit-width smearing.'® The absolute SAXS
intensity was obtained using the nickel-foil method.’

Results and Discussion

Morphology of the Microdomains of Sl Diblock
Copolymers Determined from SAXS Profiles. The
temperature dependence of SAXS profiles are given in
Figure 1 for all the Sl diblock copolymers synthesized
in this study except for SI-O. The profiles for SI-O are
not shown here because they are almost the same as
those for SI-L. It should be mentioned that these SAXS
profiles were obtained during the slow heating cycle,
and the thermal histories of the specimens employed
during the SAXS experiment are summarized in Table
2. Note that the SAXS profiles are ones which were
desmeared and corrected for air scattering, slit-height
and slit-width smearings, and absorption. As will be
clarified later, these profiles represent those for the
ordered state, except for profiles 4 and 5 for SI-S (Figure
1c) which represent those in the disordered state. From
these SAXS profiles, we can deduce the microdomain
structure in each block copolymer sample. The follow-
ing observations are worth noting in Figure 1.
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The SAXS profiles for SI-Q in Figure la indicate that
this block copolymer forms either spherical or hexago-
nally packed cylindrical microdomains of PS phase in
PI matrix, as judged from the positions of higher order
scattering maximum at the scattering vectors q of 1

and +/3 relative to the position of first-order scattering
maximum. An independent experiment with TEM
suggests that SI-Q has hexagonally packed cylindrical
microdomains of PS in Pl matrix as shown in Figure 2.
The sample preparation condition was described in
detail elsewhere.’2 A close look at Figure 1a indicates
further that as the temperature is increased, the peak
broadens. Although not shown here, the higher order
maximum first disappears at temperatures of 99 °C and
above in which the system attains the disordered state,
and only the first-order peak is clearly seen. A broad
peak appearing at g = gmp = 0.87 nm~! at temperatures
lower than 91 °C in Figure 1a (see the thick arrow on
curve 1) is believed to be due to the form factor of
isolated particles. Figure 2 shows the TEM for SI-Q
ultrathin sectioned and stained with OsO4.

The average radius (R) of the cylinders can be
estimated from gmp by using the following formula,

OmpR = 4.98, 8.364, 11.46... forp =1, 2, 3... (1)

where p is the order of the maxima from the isolated
cylinders. The value of R thus estimated is 5.7 nm. The
intercylinder distance (Do) can be calculated from qn
for the first-order peak by assuming hexagonal packing
of the cylinders,

D, = (4/3)°D )
where D is the Bragg spacing estimated from
D = 27/q,, 3)

where gm is the scattering vector at the first-order
scattering maximum which exists below and above
ODT. The value gm was directly determined from the
peak position of the scattering profile measured at a
given direction in g-space. Using eqs 2 and 3, we
estimate Do to be 24.6 nm and D to be 21.3 nm. Thus
the volume fraction of the PS cylinders as estimated
from the SAXS data, fpssaxs, by using the following
formula

_ 27
fPS,SAXS - ﬁ

is 0.195. The volume fraction of the PS block chain, fps,
can also be calculated from the block copolymer com-
position and the specific volumes of the PS and PI block
chains by assuming that the specific volumes are those
for the corresponding pure homopolymer phases. The
value of fps is 0.186 as listed in Table 1, which is very
close, within experimental uncertainties, to the value
of fpssaxs.

If we assume that the broad peak at gqmp is due to the
form factor of the PS spherical microdomains, we can
estimate the average radius (R) from

(R/Dy)* (4)

OmpR = 5.765,9.10,12.3...forp=1,2,3... (5)

The value of R thus estimated is 6.6 nm. If the spheres
are packed in face-centered cubic lattice (fcc) or in body-
centered cubic lattice (bcc), the nearest neighbor dis-
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Figure 1. Temperature dependence of the SAXS profiles: (a) SI-Q near the first-order maximum at various temperatures (1) 22,
(2) 41, (3) 57, (4) 74, (5) 82, and (6) 91 °C; (b) SI-Z near the first-order maximum at various temperatures (1) 30, (2) 50, (3) 60, (4)
70, (5) 80, and (6) 90 °C; (c) SI-S near the first-order maximum at various temperatures (1) 25, (2) 50, (3) 70, (4) 90, and (5) 100
°C; (d) SI-X near the first-order maximum at various temperatures (1) 25, (2) 50, (3) 70, (4) 90, (5) 100, and (6) 110 °C; (e) SI-R
near the first-order maximum at various temperatures (1) 24, (2) 41, (3) 57, (4) 74, and (5) 91, (f) SI-L near the first-order maximum
at various temperatures (1) 26, (2) 50, (3) 70, (4) 90, (5) 110, and (6) 130 °C. Each curve in parts a—c and f was shifted by a factor
of 10 to avoid overlap, whereas it was shifted by a factor of 20 and 40 in parts d and e, respectively.

tance (Do) between spheres can be estimated from
D, =+3/2D (6)

where D is the Bragg spacing given by eq 3. The volume
fraction of the PS spheres from the SAXS data, fps saxs,
can be calculated from

42
fossaxs = 3 —n(R/ Do)3 (7)

if the spheres are packed in fcc, or
fps.saxs = @ﬂ(R/ Do)3 (8)

if the spheres are packed in bcc. The value of fpssaxs
thus estimated is 0.0958 for fcc and 0.0880 for bcc, which
are much smaller than fps = 0.186 (see Table 1),
indicating that the hexagonal packing of the cylinders
is more reasonable than the fcc or bce spheres. Needless
to say, the value of fpssaxs becomes even smaller for
the spheres in simple cubic lattice than for the spheres
in fcc and bcc.

The SAXS profiles for SI-Z in Figure 1b show that as
the temperature is increased from 30 to 90 °C the first-

order peak becomes sharp, and at 90 °C (profile 6) the
higher order scattering maximum appears at the scat-

tering vectors q of 1, +/3, and /7 relative to the
position of first-order scattering maximum, indicating
that this block copolymer forms hexagonally packed
cylindrical microdomains of PS in Pl matrix. This
observation is consistent with the results of TEM.1? It
should be noted that the sharpening of the first-order
peak, observed in Figure 1b,'® as the temperature
increased from 30 to 90 °C is due to the annealing effect.

The SAXS profiles for SI-S in Figure 1c indicate that
this block copolymer appears to form lamellar micro-
domain structure, as judged from the positions of higher
order scattering maximum at the scattering vectors q
of integer multiples relative to the position of first-order
scattering maximum. An independent study from TEM
indicates that SI-S does not show well-defined lamellar
morphology. TEM tends to show rather bicontinuous
microdomains with a considerable distortion, giving the
appearance locally of lamellar catenoids.’? It is not clear
at this moment whether or not the bicontinuous struc-
ture will show the profiles as shown in Figure 1c.
Additional scattering maxima due to the intercatenoidal
channels may not necessarily be seen, if their spatial
arrangement is considerably distorted. Notice in Figure
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Table 2. Thermal History of the Specimen Employed during the SAXS Experiment

sample code

thermal history of the specimen employed during the SAXS experiment?

SI-Q heating began at 22 °C (0 h/0.5 h) — 41 °C (0.5 h/0.5 h) — 57 °C (0.5 h/0.5 h)
— 74 °C (0.5 h/0.5 h) — 82 °C (0.5 h/0.83 h) — 91 °C (0.5 h/1 h) — 99 °C
(0.5 h/1 h)— 107 °C (0.5 h/1.5 h) — 116 °C (0.5 h/2 h) — 124 °C (0.5 h/2 h) —
132 °C (0.5 h/1 h) — 141 °C (0.5 h/1 h)

SlI-Z heating began at 30 °C (0 h/2 h) — 50 °C (0.5 h/2 h) — 60 °C (2 h/2 h) —
70 °C (0.5 h/2 h) — 80 °C (0.5 h/2 h) — 90 °C (0.5 h/1 h) — 100 °C (0.5 h/1 h)
— 110 °C (0.5 h/1 h) — 120 °C (0.5 h/1 h) — 130 °C (0.5 h/1 h) — 140 °C
(0.5 h/1 h) — 150 °C (0.5 h/1 h)

SI-S heating began at 25 °C (0 h/1 h) — 50 °C (0.5 h/1 h) — 70 °C (0.5 h/1 h) —
90 °C (0.5 h/1 h) — 100 °C (0.5 h/1 h) — 110 °C (0.5 h/1 h) — 120 °C
(0.5 h/1 h) — 130 °C (0.5 h/1 h) — 140 °C (0.5 h/1 h)

SI-X heating began at 25 °C (0 h/0.5 h) — 50 °C (0.5 h/0.5 h) — 70 °C (0.5 h/0.5 h)
— 90 °C (0.5 h/0.5) — 100 °C (L h/1 h) — 110 °C (0.5 h/1 h) — 120 °C
(0.5 h/1 h) — 130 °C (0.5 h/1 h) — 140 °C (0.5 h/1 h) — 150 °C (0.5 h/1 h) —
160 °C (0.5 h/1 h) — 170 °C (0.5 h/1 h)

SI-R heating began at 24 °C (0 h/0.67 h) — 41 °C (0.5 h/0.67 h) — 57 °C (0.5 h/0.67
h) — 74 °C (0.5 h/0.67 h) — 91 °C (0.5 h/1.33 h) — 99 °C (0.5 h/1.33 h) —
107 °C (0.5 h/1.33 h) — 116 °C (0.5 h/2 h) — 124 °C (0.5 h/2 h) — 132 °C
(0.5 h/2 h) — 141 °C (0.5 h/2.67 h) — 149 °C (0.5 h/2.67 h) — 157 °C

(0.5 h/2.67 h)

SI-0 heating began at 30 °C (0 h/2 h) — 60 °C (0.5 h/2 h) — 90 °C (1 h/2 h) —
100 °C (0.6 h/1 h) — 105 °C (0.5 h/1 h) — 110 °C (0.5 h/1 h) — 120 °C
(0.5 h/1 h)— 130 °C (0.5 h/1 h) — 135 °C (0.5 h/21 h) — 140 °C (0.5 h/1 h) —
150 °C (0.5 h/1 h) — 160 °C (0.5 h/1 h)

SI-L heating began at 25 °C (0 h/2 h) — 50 °C (0.5 h/2 h) — 70 °C (0.5 h/2 h) —
90 °C (0.5 h/2 h) — 110 °C (0.5 h/2 h) — 130 °C (0.5 h/2 h) — 150 °C
(0.5 h/2 h) — 170 °C (0.5 h/2 h) — 180 °C (0.5 h/2 h) — 190 °C (0.5 h/2 h) —
200 °C (0.5 h/2 h) — 210 °C (0.5 h/4 h)

a Inside the parentheses after the temperature, the first number refers to the preheating period before SAXS measurement began and
the second number refers to the actual period during which SAXS measurements were taken.

3 L o

Figure 2. Transmission electron micrograph for SI-Q. The
ultrathin sections of ca. 50-nm thickness were obtained by
microtoming at —85 °C with a Reichert-Jung Ultracut E
instrument together with a cryogenic unit FC4E and a
diamond knife. They were picked up on 400-mesh copper grids
and then stained by exposure to osmium tetraoxide vapor for
a few hours.

1c that the third peak disappears at 70 °C, and only
the first-order peak was observed at temperatures of
90 °C and higher (see profiles 4 and 5). The block
copolymer is expected to be in the disordered state at
the high temperatures as will be clarified later. The
detailed SAXS analysis on the microdomain morphology
is beyond the scope of the present study and is left for
future investigation.

The SAXS profiles for SI-X in Figure 1d!8 indicate
that this block copolymer forms lamellar microdomains,
as judged from the positions of higher order scattering
maximum at the scattering vectors q of integer mul-
tiples relative to the position of first-order scattering
maximum. An independent study from TEM indicates
that SI-X has lamellae in most areas, but in some areas
it has imperfect lamellae having the appearance of a
distorted, chaotic microdomain morphology.1? The co-
existence of two such regions is believed to be attribut-
able to a nonequilibrium effect on microdomain forma-
tion. It should be noted that the scattering peaks in
Figure 1d for SI-X are sharper than those in Figure 1c
for SI-S, suggesting that the lamellae in SI-X have an
order higher than the microdomain structure in SI-S.
Notice in Figure 1d that the second scattering peak is
missing or weak at 25 °C (profile 1), which is attribut-
able to the fact that the PS and PI lamellae have almost
identical volume fractions. The appearance of the
second scattering peak at temperatures 50 < T < 100
°C is attributable to an offset in the volume fraction of
the microdomains from a 50/50 ratio, consistent with
the value of fps = 0.461 given in Table 1.

The SAXS profiles for SI-R in Figure 1e!8 indicate that
this block copolymer, SI-R, appears to form lamellar
microdomains, as judged from the positions of higher
order scattering maximum at the scattering vectors q
of integer multiples relative to the position of first-order
scattering maximum. An independent study from TEM
indicates that SI-R has the coexistence of well-developed
lamellae and bicontinuous microdomains,'2 which may
be attributable to a nonequilibrium effect. The bicon-
tinuous microdomains with the distortion may give rise
to only the first-order peak at the scattering vector close
to the first-order peak of lamellae. This may be the
origin of why we do not observe the two sets of the
scattering maxima corresponding to the coexisting mor-
phologies observed in TEM. It is of interest to observe
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in Figure le that the second scattering peak is sup-
pressed with increasing temperature from 24 to 74 °C,
which is believed to be due to the equal volumes of the
PS and PI lamellae in SI-R, fps = 0.508 (see Table 1).
The annealing effects observed in Figure 1d,e show that
the PS lamellae in the as-cast film may have an excess
volume, due to vitrification during the solvent evapora-
tion process. This excess volume is relaxed upon
annealing. The same argument can be applied to
explain the temperature dependence of the second-order
peak for SI-X in Figure 1d.

The SAXS profiles for SI-L in Figure 1f indicate that
this block copolymer forms either spherical or hexago-
nally packed cylindrical microdomains of Pl in PS
matrix, as judged from the positions of higher order
scattering maximum at the scattering vectors q of 1 and

V3 relative to the position of first-order scattering
maximum. An independent study with TEM indicates
that SI-L has cylindrical microdomains.'?> The broad
scattering peak at g = gmp = 0.77 nm~! appearing in
Figure 1f is believed to be due to the form factor of
isolated particles.

The average radius (R) of the PI cylinders in SI-L,
estimated from eq 1, is 6.5 nm, the intercylinder
distance (Do) estimated from eq 2 is 27.7 nm, and the
volume fraction of the PI cylinders, fp; saxs, estimated
from eq 4 (in which fps saxs must be replaced by fp; saxs),
is 0.200. Thus the volume fraction of the PS phase in
SI-L can be estimated from fPS,SAXS =1 - fp|’3Axs,
yielding fpssaxs = 0.800, which is very close to fps =
0.811 on the basis of the block copolymer composition
(see Table 1). In reference to Figure 1f, if the broad
scattering maximum at gmp is assumed to have the
origin in the form factor of the PI spheres, (i) R
estimated from eq 5 is 7.5 nm, (ii) Do in the bcc or fcc
lattice estimated from eq 6 is 28.5 nm, and (iii) fp| saxs
calculated from eqs 7 and 8 is 0.0983 and 0.0903 for fcc
and bcc, respectively. Thus fps saxs = 0.902 for fcc and
0.910 for bcc, which are much larger than fps = 0.811.
Thus we conclude that the hexagonally packed cylindri-
cal microdomains in SI-L are more likely than the
spherical microdomains in the cubic symmetries.

Conventional Analyses of SAXS Profiles for
Determination of Topr. There are three different
ways, based on mean-field theory, of analyzing SAXS
experimental results to investigate the ODT of block
copolymers. They are use of the plot of (i) the recip-
rocal of the maximum scattered intensity (1/ly,) ver-
sus the reciprocal of absolute temperature (1/T), (ii) the
reciprocal of the scattered intensity (1/1(g*)) at a fixed
scattering vector g* versus 1/T, and (iii) wavelength
(D) of a dominant mode of concentration fluctuations
versus 1/T. The value of D can be determined from
eq 3.

g* was set equal to the scattering vector gm(T,) at the
scattering maximum at a particular temperature Ty,
much higher than the Topt of the block copolymer.
Table 3 summarizes the values of g* and, also, the
values of T, chosen for the seven Sl diblock copolymers
investigated in this study.

It should be mentioned that the Leibler theory,®
which is based on the Landau-type mean-field theory,
predicts that 1/1, or 1/1(g*) decreases linearly with 1/T
in the disordered state, i.e.,

U1, or 1/I(g*) ~a— b/T 9)

where a and b are positive constants. Equation 9

Order—Disorder Transition Temperature via SAXS 2117

Table 3. Values of g* Used in the Plots of 1/1(g*)

versus 1/T
sample code g* (nm=1)3 T, (°C)
SI-Q 0.319 141
SlI-z 0.370 150
SI-S 0.418 140
SI-X 0.390 170
SI-R 0.445 157
SI-0 0.357 160
SI-L 0.260 210

a2 These values of g* correspond to the scattering vector qm(Ty)
at the scattering maximum at a particular temperature T,
indicated in this table. Note that the experimental values of gm
shift with temperature.

assumes that the temperature dependence of the Flory—
Huggins segmental interaction parameter between the
block chains is given by

y=A+B/T (10)

where A and B are constants. Further, the Leibler
theory®® predicts that D or gn in disordered state is
independent of temperature T, except for a small
temperature variation, which originates from the tem-
perature dependence of the radius of gyration of block
copolymer chain Rgy(T), i.e.,

D/Ry(T) or g, Ry(T) ~ T° (11)

Thus, in the context of the mean-field theory, the
deviations in the temperature dependence of 1/l or
1/1(g*) from eq 9, and the deviations in the temperature
dependence of D from eq 11, are ascribed to an onset of
the ordering process and hence may be utilized for
determination of the Topt of a block copolymer. In this
paper we will check the mean-field theory and devia-
tions from the mean-field behavior due to thermal
concentration fluctuations.?°

For a block copolymer in the disordered state, gm(Ty)
is nearly equal to gm(T) because qm(T) does not vary
much with temperature (T). Therefore it is reasonable
to expect that plots of 1/1, versus 1/T would provide the
same information as plots of 1/1(g*) versus 1/T. How-
ever in the ordered state of a block copolymer, qm(T)
usually exhibits a shift (in fact, qm(T) decreases) with
T, and the peak width also changes with T, making plots
of 1/1(g*) versus 1/T look quite different from plots of
1/1m versus 1/T, as will be shown below in Figures 3—6.
This is simply because 1/1(g*) is very sensitive to a small
shift of gm(T) with increasing T, as compared to 1/Ip,.
Thus, comparison of plots of 1/l versus 1/T with plots
of 1/1(g*) versus 1/T is very useful to judge whether a
block copolymer under consideration is in the ordered
state or the disordered state.

Plots of 1/l versus 1/T, plots of 1/1(q*) versus 1/T,
and plots of D versus 1/T are given in Figures 3—6 for
some of the seven Sl diblock copolymers synthesized in
this study. In Figures 3 and 4 we observe a discontinu-
ity in 1/l in the vicinity of a certain critical temperature
for SI-Q and SI-S, as shown by the vertical broken lines,
but not for SI-O and SI-L. In the beginning of this
study, we were skeptical about the existence of discon-
tinuity in the plot of 1/, versus 1/T and 1/1(g*) versus
1/T at or near a certain critical temperature. However,
after analyzing the high-temperature resolution SAXS
data for SI-Z, SI-X, and SI-R, the results of which will
be presented below, we have become convinced that the
discontinuity in the plots of 1/1, versus 1/T and 1/1(g*)
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versus 1/T, which are observed in Figures 3 and 4 for
the block copolymers SI-Q and SI-S, is real. As a matter
of fact, this observation was first noted by Bates et
al.2122 and subsequently confirmed by Stiuhn et al.,”
Wolff et al.,® Hashimoto et al.,!* Floudas et al.,?® and
Sakamoto et al.?*

In reference to Figures 5 and 6, we speculate that the
absence of a discontinuity in 1/ly in the vicinity of a
certain critical temperature for SI-O and SI-L is at-
tributable to the kinetic effects, as will be described
immediately below. It should be remembered that both
SI1-O and SI-L have cylindrical microdomains of Pl in
PS matrix (see Table 1) and that they have molecular
weights higher than the rest of the block copolymers
(SI-Q, Sl-z, SI-S, SI-X, and SI-R). Also, the glass
transition temperatures of the PS phase in SI-O and
SI-L are much higher than those in the rest of the block
copolymers (SI-Q, SI-Z, SI-S, SI-X, and SI-R).12 It seems
then reasonable to speculate that the ordering process
into the hexagonally packed Pl cylinders in the PS
matrix for SI-O and SI-L would be much slower than
the ordering process into the hexagonally packed PS
cylinders in the Pl matrix for SI-Q and SI-Z. Thus the
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samples of SI-O and SI-L used in the SAXS experiments
might have had a significant distortion in the long range
order, which consequently obscured the existence of
discontinuity in the plots of 1/1,, versus 1/T and 1/1(g*)
versus 1/T at or near a certain critical temperature. This
subject deserves further investigation.

In reference to Figures 3 and 4, the upturn of 1/1(g*)
through the discontinuity with increasing 1/T (i.e., as
the temperature decreases) reflects a shift of the peak
scattering vector toward smaller values of g and hence
an increase of D. The upturn thus clearly demonstrates
an onset of the ordering process and the growth of the
microdomains which invoke chain stretching.

It is of interest to observe in Figure 3 that in the plots
of D versus 1/T for SI-Q, which has cylindrical micro-
domains of PS in Pl matrix, the slope dD/d(1/T) also
shows a discontinuity at the same temperature interval
where plots of 1/l versus 1/T show a discontinuity. The
slope on the higher temperature side of ODT is always
smaller than that on the lower temperature side. Note
that the slope on the lower temperature side represents
both the increase in order and the growth of micro-
domains as the temperature is decreased, and the slope
on the higher temperature side represents a change in
D in the disordered state. On the other hand, we
observe in Figure 4 that a discontinuous change of slope
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in the plot of D versus 1/T at or near a certain critical
temperature is not conspicuous for SI-S which has
bicontinuous microdomains. Earlier, similar observa-
tions!1:21.23.24 were noted for nearly symmetric block
copolymers having lamellar microdomains. In Figures
5 and 6 a discontinuous change of slope in the plot of D
versus 1/T at or near a certain critical temperature is
not discernible for SI-O and SI-L. We already pointed
out that the determination of Topr for SI-O and SI-L
was very difficult, if not impossible, in the present study.
A rather unusual temperature dependence of D, ob-
served in Figure 5 for SI-O and in Figure 6 for SI-L, is
attributable to a nonequilibrium effect in the change of
the domain structure with temperature. In order to
unambiguously determine the Topts for SI-O and SI-L,
we must begin with cylindrical microdomains with the
long range order higher than the one used in the present
study. This, however, would require a prolonged an-
nealing at temperatures lower than the Topr.

It is worth noting in Figures 3—6 that the tempera-
ture dependence of D appears to level off as the
temperature decreases below a certain critical value, say
for /T = 3.0 x 1073 K~1. It turns out that the leveling
off of D in the plots of D versus 1/T takes place at
temperatures below the glass transition temperature of
the PS phase (Tgyps) in the Sl diblock copolymers, the
values of which are given in ref 12.

Let us now discuss the slope of the plots of D versus
1/T at temperatures above Topt. It is important to note
that the slope of the D versus 1/T plot at the higher
temperature side is definitely larger than that expected
from the temperature dependence of the radius of
gyration, Ry(T), i.e.,

D(T) = [Ry(T)/Ry(TID(T,) (12)

(solid line in Figures 3—6), where T, is a reference
temperature.?* This implies that the scattering from
this region cannot be strictly described by the mean-
field theory.1® The temperature range where the mean-
field random phase approximation (RPA) theory is
applicable may exist at even higher temperatures. Thus
the disordered state attained in the present investiga-
tion for the seven Sl diblock copolymers is, by and large,
affected by thermal fluctuations and hence should be
described in the context of non-mean-field theory.?° The
crossover temperature from the mean-field to non-mean-
field disordered state?* must exist at temperatures
higher than those covered in the present investigation.
Below we show this crossover for SI-X by adding a small
amount of dioctylphthalate (DOP).

New Analysis of SAXS Profiles for Determina-
tion of Topt. Let us now use plots of the square of
hwhm (o4?) of the first-order scattering maximum versus
1/T, which was first introduced by Stuhn et al.” and
Ehlich et al.,»® to investigate the ODT of Sl diblock
copolymers. Such plots have a theoretical basis of
mean-field theory (see Appendix). Figures 7 and 8 give
plots of o4 versus 1/T for the seven Sl diblock copoly-
mers synthesized in this study. The general trend of
the temperature dependence of o42 that can be observed
in Figures 7 and 8 is very similar to that observed from
the plots of 1/l versus 1/T, given in Figures 3—6,
namely, except for SI-O and SI-L, a discontinuity in o4?
is seen in the vicinity of a certain critical temperature.
Although there is no clear discontinuity in the plots of
oq? versus 1/T and 1/1y, versus 1/T for SI-O and SI-L,
from the changes of the temperature dependence of o¢?,
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1/1m, and 1/1(g*), we assign tentatively the Topt for SI-O
to be 90—100 °C and the Topt for SI-L to be 130—150
°C because above these temperatures the values of g¢2,
1/1m, and 1/1(g*) increase sharply. It should be men-
tioned that 1/I,, and o042 have the same physical mean-
ing, but 042 is more sensitive and, also, more reliable
than 1/l,. The sharpness of discontinuity in the plots
of 1/1, versus 1/T and o4? versus 1/T is described in the
next section.

Analysis of ODT from High-Temperature Reso-
lution SAXS Profiles. Having encountered some
difficulties with determining accurate values of Topr
from the SAXS profiles given in Figures 3—8, which
were obtained with a temperature increment of ca. 10
°C or greater, we repeated SAXS experiments with a
temperature increment of 1 or 2 °C. Naturally the
thermal history of the specimen is different from that
given in Table 2 for the conventional SAXS analysis.

Desmeared SAXS profiles for SI-X obtained from such
experiments are given in Figure 9,8 from which we
observe a very sharp change in SAXS profile at a
temperature between 111 and 112 °C, i.e., between
profiles 2 and 3, which can reasonably be assumed to
reflect ODT without further analyses using plots of 1/l
versus 1/T, 1/I(g*) versus 1/T, and o4? versus 1/T.
Figure 10 gives plots of 1/1, versus 1/T and o4? versus
1/T, for SI-X, showing a sharp discontinuous change at
temperatures between 111 and 112 °C, i.e., at Topt =
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Figure 11. High-temperature resolution SAXS profiles for
SI-R at various temperatures near the ODT: (1) 88, (2) 89,
(3) 90, and (4) 100 °C.

111 £ 0.5 °C. Note that the previous high-temperature
resolution analysis for SI-X was done on the smeared
SAXS profiles (see Figures 5 and 6 of ref 11). De-
smeared SAXS profiles obtained from SI-R with a
temperature increment of 1 or 2 °C are given in Figure
11,8 from which we observe a very sharp change in
SAXS profile at a temperature between 89 and 90 °C,
i.e., between profiles 2 and 3, which can reasonably be
assumed to reflect ODT. Figure 12 gives plots of 1/l
versus 1/T and a4? versus U/T, for SI-R, with each curve
showing a sharp discontinuous change at temperatures
between 89 and 90 °C, i.e., at Topt = 89.5 £+ 0.5 °C.
From Figures 10 and 12 we can conclude that the
measurements of the SAXS profiles at small tempera-
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ture increments near ODT allow a precise determina-
tion of Topt with an accuracy to within 1 °C. The sharp
discontinuous changes in the plots of o4> and 1/Im
observed in Figures 10 and 12 confirm the nature of
ODT as being a thermal-fluctuation-induced first-order
phase transition. It should be mentioned that we
observe a relatively small change of D with T over a
narrow range of temperatures covered for both SI-X and
SI-R, simply because the segregation power, N (N being
the total degree of polymerization of the block copoly-
mer), changes little with temperature.

Figure 13 shows high-temperature resolution SAXS
results for SI-Z having cylindrical microdomains. Al-
though not included in this paper, the desmeared SAXS
profiles for SI-Z showed a discontinuous change in SAXS
profile over a narrow range of temperatures between
89 and 91 °C, as found for SI-X (Figure 9) and SI-R
(Figure 11). The results shown in Figure 13 indicate
the presence of a sharp discontinuity in the plots of
/1, versus LT and g4? versus 1/T, even for the block
copolymer having cylindrical microdomains, enabling
us to have an accurate determination of Topr =
90 £ 1 °C.
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Table 4. Comparison of the Topt Determined from SAXS
with That Determined from a Rheological Method for
the Sl Diblock Copolymer Synthesized in This Study

Topor (°C)

sample code SAXS rheology? morphology
SI-Q 82-91 95 PS cylinder
SI-Z 89—-91b 90 PS cylinder
SI-S 70-90 80 bicontinuous
SI-X 111-112° 120 lamella
SI-R 89-90° 100 lamella
SI-0 90—100°¢ 130 Pl cylinder
SI-L 130—150¢ 170 Pl cylinder

a Reference 12. ® High-temperature resolution SAXS analysis.
¢ No discontinuity in the plots of 1/Im, 1/1(q*), and o4® versus 1/T
was observed, and thus the Topr was determined to be the
temperature above which the values of 1/1y,, 1/1(g*), and o4
increase sharply with temperature.

Comparison of SI-Z with SI-X or SI-R shows one
striking difference in the temperature dependence of D.
Specifically, in SlI-Z, which forms cylindrical micro-
domains in the ordered state, D increases discontinu-
ously upon raising the temperature across ODT (Figure
13b). Detailed interpretation of this discontinuity is
beyond the scope of the present paper and deserves
further investigation. However we tentatively suggest,
as a possible model, a symmetry break from a super-
position of plane wave fluctuations (in the disordered
state) to hexagonal symmetry of the cylinders (in the
ordered state). To the best of our knowledge, a discon-
tinuous increase of D upon disordering has never
been reported for SI and SB diblock copolymers. Note
that Stihn et al.” reported a discontinuous decrease
of D, contrary to our observation, upon ordering for an
SI diblock copolymer forming lamellar microdomains.
Using Sl diblock copolymers forming lamellar micro-
domains, we have not been able to confirm the obser-
vation made by Stuhn et al.” It should be mentioned
that a discontinuous change of D, similar to that
observed by us for SI-Z, was reported earlier by
Floudas et al.?®> who employed a rather complicated
block copolymer, referred to as 3-miktoarm star co-
polymer.

The sharp discontinuity observed in the temperature
dependence of SAXS profiles and, also, in the plots of
oq? versus 1T and 1/1, versus 1/T, for S1-Z, SI-X, and
SI-R, with high-temperature resolution experiments
assures us that the discontinuous changes of the cor-
responding quantities observed with low-temperature
resolution experiments are real. It is then reasonable
to conclude that SI-Q and SI-S would also have discon-
tinuous changes in the plots of 042 versus 1/T and 1/I,
versus 1/T.

From the above discussion, it is worth making the
following two remarks on identifying or investigating
discontinuous changes in the SAXS data for SI-O and
SI-L at ODT: (i) we must use the specimens having
well-ordered microdomain structure as an initial condi-
tion, which would require a prolonged annealing in an
ordered state, and (ii) we must employ a sufficiently
slow heating or cooling rate.

The values of Topt determined in the present study,
which employed SAXS, are summarized in Table 4 in
which, for comparison, the values of Topt determined
from rheological measurements!? are also given. It can
be seen in Table 4 that the values of Topr determined
from SAXS measurements for the Sl diblock copolymers,
which exhibit a sharp discontinuity in the plots of 1/1,
versus 1/T, 1/1(q*) versus 1/T, or o4 versus 1/T, are
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about 10 °C lower than those determined from rheo-
logical measurements.

Crossover from Non-Mean-Field to Mean-Field
Disordered State. We discuss here the crossover
behavior in the disordered state, as seen in the plots of
11y, versus LT, o4? versus 1/T, and D versus 1/T for
SI-X. To expand the temperature range where SI-X
exists in the disordered state, we added a small amount
of DOP (dioctyl phthalate) to SI-X in order to lower its
Toprt and expand the temperature range. Figure 14
shows plots of 1/l versus 1/T, o4 versus 1/T, and D
versus 1/T for the SI-X/DOP system with the composi-
tion of 89.2/10.8 (by wt). In Figure 14 a discontinuity
in the plots of I, versus 1/T and o4 versus 1/T occurs
at temperatures between 62 and 65 °C or for values of
1/T between 2.99 x 1073 and 2.96 x 1073 K~ (see
vertical broken lines). Thus the small amount of DOP
added lowered the Topt by 48 °C and thus expanded
the temperature range for the disordered state.

In Figure 14 we find that at temperatures sufficiently
high (i.e., higher than Tyr = 130 °C indicated by a
vertical line), the temperature dependence of D is
approximately the same as that of D((T) (see eq 12), in
accord with the mean-field theory (see eq 11). At
temperatures below Tyg, the temperature dependence
of D is much larger than that of D.(T), implying a
deviation from the mean-field theory. Here Tyg is
defined by the temperature at which mean-field behav-
ior crosses over non-mean-field behavior. At T > Tug,
both 1/1, and o4? decrease with increasing 1/T ap-
proximately in accord with the mean-field theory (eqs 9
and A7). At T < Twg, both 1/lm and 042 have values
which exceed those expected from the mean-field theory.
This implies that at T < Tyug, the maximum scattered
intensity () is lower than the mean-field value and
the width of the scattering maximum (oq) is broader
than the mean-field value. This indicates thermal
fluctuation effects,? i.e., the thermal noise suppresses
or washes out concentration fluctuations in the disor-
dered state near ODT. The details of this crossover
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behavior will be reported elsewhere.?* The crossover
behavior was also inferred in previous papers.”11.23

Concluding Remarks

From the results presented above, we draw the
following conclusions. (1) Except for SI-O and SI-L, all
the low molecular weight Sl diblock copolymers inves-
tigated in the present study exhibit clear discontinuities
in the plots of o4 versus 1T and 1/l versus 1/T at
temperatures close to the ODT found by the rheological
method. Thus we can conclude that the SAXS method
itself can unequivocally determine Topt. Thus our
results confirm the observation of the weak discontinu-
ity of 1,71 at Topt by Bates et al.2* It should be noted
that their SANS studies involve primarily PEP—PEE
diblock copolymers which have lamellar microdomains
in almost all cases and very high molecular weights, as
compared to the Sl diblock copolymer investigated in
our study. Since the results of Bates et al. are not
necessarily directly translatable to our low molecular
weight SI diblock copolymers and for the copolymers
having compositions biased from fps = 0.5, our results
may offer a generalized view of the ODT phenomenon.
(2) The high-temperature resolution SAXS experiments
conducted in this study reveal that ODT is very sharp,
occurring over the temperature range of ca. 1 °C for Sl-
X, SI-R, and SI-Z. Other Sl diblock copolymers inves-
tigated in this study are also expected to have a sharp
ODT. (3) The sharp discontinuities observed in the plots
of 042 versus 1/T and 1/l versus 1/T support the
prediction that ODT is a fluctuation-induced first-order
phase transition. (4) The curvatures observed in the
plots of o4? versus 1/T and 1/I, versus 1/T, on the higher
temperature side of the ODT, where a block copolymer
is in the disordered state, suggest that this state cannot
be described by the mean-field RPA theory of Leibler.1°
This conclusion is also consistent with the experimental
evidence that the temperature dependence of D is much
greater than that predicted from the temperature
dependence of Ryg(T). We speculate that the mean-field
theory may be applicable at temperatures higher than
that covered in the present SAXS experiments. (5) A
possible reason why discontinuous changes in the plots
of 04?2 versus 1/T and 1/l versus 1/T, for SI-O and SI-
L, were not observed at or near a certain critical
temperature may lie in that the ordering process may
take place very slowly in such block copolymers in which
the microdomains of PI with a long range order are to
be formed in the PS matrix which has a high glass
transition temperature. Therefore it is reasonable to
speculate that under an ordinary thermal treatment of
specimen, the ordered state may have considerable
defects, causing an increase of g4? and an increase of
1/1, which will then decrease the extent of discontinuity
in the plots of 042 versus 1/T and 1/1,, versus 1/T when
the specimen is brought to a temperature above its Topr.
(6) The curvatures in the plots of o? versus 1/T and 1/1m
versus 1/T in the disordered state cannot be explained
in terms of the 3-D kinetic Ising model, i.e., (04?)Y” and
(1/1)Y (with v = 1.24) do not show linear behavior with
1/T. This may reflect the presence of thermal concen-
tration fluctuations which belong to Brazovskii univer-
sality class, as proposed by Helfand and Fredrickson?®
and Bates et al.?! and inferred by Leibler.1°

Appendix

Below, we show that in the context of Landau-type
mean-field theory, the square of hwhm (o4?) is propor-
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tional to 1/Ts — 1/T, where Ts is the mean-field spinodal
temperature. Using a random phase approximation,
Leibler’® has shown that for an AB-type diblock copoly-
mer the intensity, 1(g), in small-angle X-ray (or neutron)
scattering is given by the following expression

1(q) ~ V[F(X)/N — 2y] (A1)

where x = (qRy)?, x is the Flory—Huggins interaction
parameter, and F(x) is given by eq IV-6 in ref 19.
According to Leibler, the spinodal temperature (Ts) can
be determined by I, — o, where I, is I(q) at g = g* or
X* = (q*Rg)? and x* (or g*) is x (or g) that makes 1(q),
defined by eq Al, a maximum. By expanding eq Al
around g* or x*, we obtain

1(9*)
14 (g —g*)°&

where & is the correlation length for thermal concentra-
tion fluctuations, and it is given by

1(q) = (A2)

) _ (9°F19X%) e A3)
4(%5 - X)
If we define g+ and g- such that
1 1(9*)
SHg*) = (A4)
2 1+ (q, — g%’

then it follows that
(@ — o*)° = Vg (A5)
Note that hwhm o4 is given by

o =, —q)2P = (@, — 9% = (q_ — g*)* = V&

(A6)
Thus use of eq A3 in eq A6 gives
2_1 1 1w
04 —E’Vli—$| (A7)

where v is a critical exponent (v = 1 for mean-field
theory and 1.24 for 3-D kinetic Ising model).
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