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ABSTRACT: Thermoreversible morphological transition (MT) of a poly(styrene-block-isoprene) diblock
copolymer was studied by small-angle X-ray scattering (SAXS) and transmission electron microscopy (TEM).
The cylindrical and spherical microdomains of polystyrene (PS) which are embedded in the polyisoprene
matrix were thermoreversibly observed at 150 and 200 °C, respectively. As far as we know, this work may
be the first to show that the cylindrical and spherical morphologies can reversibly change with temperature.
Using experimentally determined interaction parameters x, we compared SAXS and TEM results with the
theory in the weak segregation limit presented by Leibler, which predicts the thermoreversible MT between
spheres and cylinders. Consequently, (xN); < (xM)a00 «c < (xN)s < (xN)1 < (xN)150 °c was obtained, where
(XN, (XxN),, and (xN); denote the theoretical values of product xN at the microphase separation transition
(MST), at the spinodal point of the MST, and at the MT between spheres and cylinders, respectively, and

N is the degree of polymerization of the copolymer.

1. Introduction

Thermally induced morphological transition (MT) in a
block copolymer has the potentiality to promote kinetic
control of the morphology in various ways. Thisis a similar
concept to the kinetic control of the morphology of polymer
blends via spinodal decomposition.l-* Although the phase-
separated structure in the block copolymers is considerably
smaller than that in the polymer blends, physical prop-
erties of the block copolymers also strongly depend on
their morphologies.*® The use of a selective solvent for
the solution casting of the block copolymer promotes
morphology control®!! and the thermally induced mor-
phology transition.!®!! In this case a kinetically locked
morphology can be formed in the as-cast specimen and
the thermally induced transition from the kinetically
Iocked morphology to an equilibrium morphology in melts
has been definitely elucidated.!%!!

Control of thermodynamically equilibrium morphology
is another important aspect. The recent theories!*¢ in
the weak segregation limit (WSL) predict that the mor-
phology reversibly changes with segregation power and
therefore with temperature. InFigure 1 the phase diagram
by Leibler's WSL theory,!? in which the so-called finite
size effect'®-16 was not included, is schematically presented
for molten A-B diblock copolymers havinga UCST (upper
critical solution temperature) type temperature depen-
dence of the interaction parameter. The quantity f denotes
the fraction of one of the block chains in the copolymer.
According to this phase diagram based upon Landau type
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Figure 1. Schematic representation of the phase diagram by
Leibler’s weak segregation limit theory with UCST (upper critical
solution temperature) type temperature dependence of the
interaction parameter. According to this, it is possible to see
equilibrium morphology changes from lamellar morphology to
the disordered state via cylinders in the hexagonal lattice (hex)
and spheres in the body-centered-cubic lattice (bee) with
increasing temperature, except f = 0.5.

mean-field theory, with increasing temperature the equi-
librium morphology changes from the lamellae to disor-
dered state via cylinders and spheres, except for f = 0.5;
this morphological change should be thermoreversible. As
fapproaches 0 or 1, the possible morphology is cylindrical
or spherical. In the case of cylinders, the transition from
cylinders to spheres should be necessarily detected with
increasing temperature, prior to observation of the dis-
ordered state. However, the thermoreversible MT has
not yet been experimentally confirmed. Difficulty in
observing the thermoreversible MT may be because the
narrow temperature range for the spherical phase causes
the formation of the microdomains to be technically
difficult.

In this study, a poly(styrene-block-isoprene) (SI) diblock
copolymer was used in order to elucidate the thermore-
versible MT by small-angle X-ray scattering (SAXS) and
transmission electron microscopy (TEM). Since the
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Figure 2. Temperature diagrams used for heat treatment for
samples A-D.

copolymer was required to have sufficient mobility and
the biased composition f, the SI with the small weight
fraction of polystyrene (PS) (0.16) was utilized. Moreover,
the specimens were sufficiently heat-treated at 150 and
200 °C so as to improve regularity in the ordering of the
microdomains. The ultrathin sectioning was performed
by cryoultramicrotomy at —85 °C so as to prevent the
microdomain structure from deformation by the section-
ing. The cylindrical and spherical microdomains of PS in
the polyisoprene (PI) matrix were thermoreversibly ob-
served at 150 and 200 °C, respectively. A short paper was
reported on this thermoreversible MT as observed by
TEM.!" In the current paper we will describe full details
of this thermoreversible MT.

II. Experimental Section

The SIspecimen coded as SI-16/82 was anionically synthesized
in cyclohexane/benzene (30 °C) with sec-butyllithium as the
catalyst. The details of the synthesis are described elsewhere.1®
The number-average molecular weight, My, and the heterogeneity
index, My/M,, were determined to be 8.2 X 10* and 1.05 by
membrane osmometry and size exclusion chromatography,
respectively, where M,, designates the weight-average molecular
weight. The weight fraction of PS, wps, was analyzed by 'TH NMR
to be 0.16. The volume fraction of PS, fps, was calculated to be
0.15 using the densities 0.970 and 0.899 g/cm® for PS at 373 K
(>Tgps) and for 1,4-PI at 298 K, respectively.’? The micro-
structures in the PI blocks characterized by 'H NMR were 93
and 7% for 1,4- and 3,4-linkages, respectively. The filmspecimens
were obtained from a toluene solution of ca. 5 wt % polymer
concentration by evaporating the solvent. Since the solubility
parameter values? are 7.9-8.4, 8.6-9.7, and 8.9 (cal/cm®!/2 for
PI, PS, and toluene, respectively, toluene can be approximated
as a neutral solvent for SI.

The as-cast specimen was subjected to thermal annealing at
150 and 200 °C under vacuum. The temperature diagrams used
for the heat treatments are shown in Figure 2. First, the as-cast
specimen was heated up to 150 °C and then held at this
temperature for 30 min. Then the specimen designated assample
A was obtained by immediately quenching it in an ice/water
mixture. For the other specimens, the temperature was further
raised to 200 °C and kept there for 30 min. Then the specimen
designated as sample B was obtained by immediately quenching
the sample in the ice/water mixture. For sample C, temperature
was cooled down again to 150 °C, kept there for 40 h, and then
quenched in the ice/water mixture. Sample D has a thermal
history similar to that of sample B. The difference between
samples B and D lies in the holding times at 200 °C, i.e., 30 and
60 min for samples B and D, respectively. These specimens were
subjected to SAXS and TEM experiments. It is noted here that
the kinetically locked morphology in the as-cast specimen,®!! if
any, may be erased by the first thermal annealing at 150 °C for
30 min.
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Figure 3. Semilogarithmic plots of the desmeared absolute
scattered intensity I(g) vs g for throughviews of the heat-treated
S1-16/82 specimens, samples A-D,

SAXS measurements were performed at room temperature
with an apparatus® consisting of a 12-kW rotating-anode X-ray
generator, a graphite crystal for the incident beam monochro-
matization, a 1.5-m camera, and a one-dimensional position-
sensitive proportional counter (PSPC). Cu Ka radiation with a
wavelength, A, of 0.154 nm was used. The incident beam with
a line-shaped cross-section was irradiated, and the scattered
X-rays were collected with the one-dimensional PSPC which
was horizontally set. The film normal was parallel to the
propagation direction of the incident beam, i.e., the throughview
geometry. The measured scattered intensities were further
corrected for absorption due to the specimen, air scattering,
thickness of the specimen, and thermal diffuse scattering arising
from density fluctuations. The absolute scattered intensity was
obtained by the nickel-foil method.2? The measured scattered
intensity as a function of a scattering angle, which is called
hereafter the SAXS profile, is subjected to desmearing by the
method described elsewhere? to eliminate the collimation error.

TEM was conducted in order to confirm the morphology
analyzed by SAXS. The ultrathin sectioning was performed by
cryoultramicrotomy at -85 °C, below T of PI (T; = —68 °C19),
to attain the rigidity of the specimen, using a Reichert Ultracut
E low-temperature sectioning system. A Hitachi H-600 trans-
mission electron microscope operated at 100 kV was used for the
TEM of ultrathin sections of the specimens stained with osmium
tetraoxide (0s0,).

II1. Results

InFigure 3, the desmeared SAXS profiles are presented
in asemilogarithmic plot of the absolute scattered intensity
vs the magnitude of the scattering vector, ¢, which is given
by

q = |q| = (47/)) sin(6/2) ¢}

with § and A being the scattering angle and the wavelength
of X-rays, respectively. These profiles were obtained at
room temperature. For samples A and C, the profiles are
almost the same and the scattering maxima can be detected
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Table I. Results of SAXS and Fraction of Particle
Calculated Assuming the Respective Morphology

interdomain
distance® R
morphology (nm) (nm) ¢¢

36.5 7.16 0.140

temp spacing
sample (°C) d°(am)

A 150  31.6 cylinders in
hexagonal lattice

spheres in sc lattice 28.6 106 0.213
B,D 200 28.6 spheres in bee lattice 35.0 10.6 0.151
spheres in fcc lattice 35.0 106 0.164
cylinders in 33.0 9.12 0.277
hexagonal lattice
C 150 32,7 cylindersin 37.8 747 0.142
hexagonal lattice

a d is evaluated from the position of the first-order lattice scattering
peak. d = dyoo for hexagonal, d = d;q for simple cubic (sc), d = dyo
for body-centered-cubic (bee), and d = dyq1 for face-centered-cubic
(fcc) symmetry. ® The interdomain distance is given by (4/3)1/2 dyoo
for hexagonal, dio for sc, (3/2)1/2 dyyo for bee and (8/2)1/2 dyy; for fec
symmetry. ¢ R = radius for cylinder or sphere. ¢ ¢ = volume fraction
of cylinder or sphere.

at relative q values of 1, V3, and V4. These are the
diffraction peaks from hexagonally packed cylinders. The
values of Bragg’s spacing d, which are evaluated from the
positions of the first-order lattice scattering peak, were
31.6 and 32.7 nm, respectively, for samples A and C. On
the other hand, the maxima at the relative g values of 1,

v/2, and V'3 are detected with d = 28.6 nm for both
samples B and D. These may be ascribed to the spheres
arranged in a cubic lattice. Note here that d = djo for
hexagonal, d = dyg for simple cubic (sc), d = d110 for body-
centered-cubic (bee), and d = di1; for face-centered-cubic
(fcc) symmetry, where dpg; is the spacing for (hk!l) planes.
It should be noted here that the v/2 and V'3 peaks are
better defined for sample D than for sample B, implying
that the spherical microdomains can have a higher order
with the longer annealing time at 200 °C. This will be
confirmed by TEM later on.

In Figure 3, at least one scattering maximum due to the
isolated particle can be clearly seen for every sample at
the position indicated by an arrow labeled with a number
1 in the square symbol. In some cases even the second-
order maximum of the particlescattering can be discerned
atthe position indicated by an arrow labeled with a number
2in the square symbol. From its g value the average value
of the radii of the cylinders or spheres, R, is estimated
using the following equations for the scattering maxima
from the isolated particle:11:24

g2 = 4.98, 8.364, 11.46, ... for cylinder; i =

1,2,3,.. (2)
g, & = 5.765,9.10,12.3, ... for sphere; i =
1,2,3,.. (3)

where ¢p; denotes the g value of the ith-order particle
scattering peak. The values of d calculated from the
position of the first-order diffraction maximum and R from
gp1 are summarized in Table I. Assuming perfect hex-
agonal packing of the cylinders and noting that d = djo,
the volume fraction of the cylindrical microdomains, ¢, is
given as:!!

V3 [ R\2
6=5() @

For the spherical microdomains the following three types
of lattices can be considered, i.e., sc¢, bee, and fce sym-
metries, for which d = di0, d110, and di11, respectively.
Assuming perfect packing, the volume fraction of the
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spherical microdomains, ¢, is derived as:

¢ = %w(fé)s for sc 5)
¢ = [&”(_E_y for bee (6)
3 dllO
=162 ( R )3
o= 27(3) W(dlll) for fce N

The values ¢ estimated by assuming a respective mor-
phology are summarized in Table I. It is needless to say
that the values ¢ calculated assuming the hexagonally
packed cylinders for samples A and C are consistent with
the fps value (0.15). The bec lattice gives the best result
among the four types of morphology for samples B and D.
Thus SAXS definitely revealed the thermoreversible MT
between cylinders at 150 °C and spheres at 200 °C.

In order to visually confirm the thermoreversible MT
revealed by SAXS, we conducted TEM observations.
Figures 4~-7 show TEM photographs for samples A-D
where the dark domains correspond to the PI micro-
domains stained with OsO, and the bright ones to the
unstained PS microdomains. Generally speaking, the
cylindrical microdomains of PS in the PI matrix phase
were observed for samples A and C in Figures 4 and 6,
respectively, while PS spheres in the PI matrix were seen
forsamples B and D in Figures 5 and 7, respectively. These
results are well consistent with the SAXS results.

Let us examine the TEM micrographs in more detail.
The hexagonally packed PS cylinders are observed for
sample A, as shown in Figure 4. In some regions, the
orientation direction of the cylinder axes is approximately
parallel to the thin section. For sample B, PS spheres in
the P matrix are clearly seen in Figure 5. Figure 6 clearly
shows hexagonally packed PS cylinders for sample C which
was annealed at 150 °C for 40 h (see Figure 2). Owing to
the long annealing time, the degree of ordering of the
cylinders seems to be better than that of sample A. The
micrograph shows a grain structure, within which the
cylinder axes are oriented nearly parallel to each other.
The grain boundary is formed at the place where the grains
having different orientations of the cylinder axes meet
each other. The cylinders in sample C seem to be packed
in larger grains than those in sample A. Highly ordered
PSspheres with large grains are also successfully obtained
for sample D as shown in Figure 7. Upper (about 2/3) and
lower parts of the micrograph in part a are the bee lattices
having different orientations. Thus the grain boundary
appears to run horizontally in this micrograph. A similar
grainstructure is alsoseenin part b. Comparison between
Figures 5 and 7 may indicate that sample D has a higher
order than sample B. The higher degree of ordering in
sample D was manifested itself in the SAXS profiles, and
this is due to a slightly longer annealing time for sample
D as compared to sample B. It is interesting to note that
the projection of the ordered PS spheres onto (100) and
(111) planes of the becc lattice can be unambiguously
observed in parts a and b of Figure 7, respectively.

IV. Discussion

The thermoreversible MT between cylinders and spheres
was complementarily observed by SAXS and TEM. As
far as we know, this work may be the first to show that
the cylindrical and spherical morphologies can be revers-
ibly changed by changing temperature. There are some
theoretical works concerning a phase diagram of the
microphase structure of block copolymers in the strong
segregation limit (SSL) and the WSL. In general, the
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Figure 4. Transmission electron micrograph of sample A.

(—

Figure 5. Transmission electron micrograph of sample B.

SSL theories?>-2" do not predict the morphological change logical change with temperature at a fixed f, if the value
with temperature for any given composition f. On the of f is not one of the exceptional values. Developments
other hand, the WSL theories'?>-'¢ predict the morpho- of the WSL theory have been done by Leibler.l> He has
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—
200 nm

Figure 6. Transmission electron micrograph of sample C.

constructed a Landau expansion of the free energy in terms
of a compositional order parameter. Random phase
approximation (RPA) has been employed to compute the
coefficients of the Landau expansion. He discussed the
most favorable morphology of the microphase structure
that appeared upon the microphase-separation transition
(MST) by assuming that the structure may have spatial
periodicity identical to 2x/g* of the g Fourier mode, g*,
at which the correlation function diverges upon the MST.
Fredrickson and Helfand have applied Brazovskii’s Har-
tree analysis?® to Leibler’s mean-field theory. Namely, a
Hartree approximation was used to demonstrate a fluc-
tuation-induced first-order phase transition, instead of a
second-order transition predicted by Leibler’s theory, for
the finite values of degree of polymerization N (so-called
finite size effect). However, the Hartree approximation
was found to be inapplicable to N < 104, as pointed out
in their paper. Another important correction mentioned
by Leibler is that for the polydispersity effect, which has
recently been considered by Burger et al.!® by averaging
the response functions of the Gaussian copolymer chains
assuming the Schultz—Zimm molecular weight distribution.
Although they have also taken into account the finite size
effect based on Brazovskii’s Hartree analysis, their result
of a computation cannot be used for comparison with our
experimental results because N of the SI-16/82 used in
our experiment is less than 10% (N = 1139). As a matter
of fact, Figure 12 in their corrected issue'® clearly shows
that there are no bee (sphere) regions for N = 10° and
(Nw/Nu)k < 1.1 (K = A or B). Here, Ny and N, denote
the weight- and number-average degrees of polymerization,
respectively.

Let us compare the experimental results with Leibler’s
theory because this is the only one that predicts the
thermoreversible MT between the spheres (bee) and the
cylinders (hex) for our copolymer. For f = 0.15, the
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computation according to his theory gave (xIV), = 36.41,
(xN)s = 38.04, and (xN); = 38.94 where (xN)s, (xN)s, and
(xNN)1 denote the values of product x N at the MST, at the
spinodal point of the MST, and at the MT between bcc
and hex, respectively. For quantitative comparison, we
employ here the temperature dependence of the interaction
parameter xsi values for SI-16/82.

Xs1 = —0.0258 + 27.9/T C)

This relationship was obtained experimentally from
analyses of scattering profiles in the disordered state
according to the method reported previously,?3° which
includes corrections for polydispersity, composition dis-
tribution, and asymmetric effects on the scattering profile.
The SAXS measurements were done with (SI-16/82)/DOP
solutions at ¢pay = 0.72 and 0.82. Here, DOP and ¢y
stand for dioctyl phthalate and the volume fraction of
polymer in the solution, respectively. Inorder toevaluate
bulk xs1 values from the effective values, xefr, which were
obtained for the solutions, the dilution approximation as
expressed by xs1 = Xeft/ $poly Was used. Fredrickson and
Leibler showed that even in the WSL there is a tendency
for a neutral, good solvent to accumulate at the interface
of the microdomains and concluded that the dilution
approximation is irrelevant.!* Moreover, in a rigorous
sense, technically this dilution approximation is only valid
when the solution of the block copolymer meets the optical
O condition.?! Note that the relationship given by eq 8 is
only an approximation obtained by assuming the dilution
approximation, although (SI1-16/82)/DOP solutions do not
meet rigorously the optical © condition. Since eq 8 is the
only result available to x for this copolymer at present, we
attempt to use this result for the following discussion.
Equation 8 gives (xN)150 «.c = 45.71 and (xN)a0o oc = 37.78
which leads to (xN): < (xN)a00 o.c < (xN)s < (xN)1 <
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(b)

Figure 7. Transmission electron micrographs of sample D. The projections of the ordered PS spheres onto (100) and (I11) planes

of the bee lattice can be seen in parts a and b, respectively.

(xN)150 ec.?2 This indicates that the most favorable
morphologies are spheres at 200 °C and cylinders at 150
°Caccording to Leibler’s theory. These are in good accord
with the experimental results.

Although we showed above that Leibler’s WSL theory
works well to describe the thermoreversible MT of the
current study, there is crucial disagreement between the
WSL theory and the experimental findings. The WSL
theory assumes that the spatial periodicity does not change
with xN even if the system goes far away from the MST.
In other words, the WSL theory does not deal with
copolymer chains stretched in the microdomain space.
However, an increase of the spatial periodicity with a
decrease of temperature (i.e., with an increase of x) was
observed in thisstudy. Furthermore, it has generally been
recognized that the block chain in the microdomain is
more or less stretched in the direction normal to the
interface owing to the segregation between the different
types of block chains.?¥36 Therefore, a new theory that
describes the crossover from the WSL to the SSL by
including effects of a chain stretching is definitely required
for the explanation of the thermoreversible MT relevant
to the current study. Since this kind of theory is not

_available at present, let us present below a qualitative
picture of possible models about the thermoreversible MT.

Figure 8 schematically presents chain conformations in
two morphologies of cylinders and spheres for a molten
A-B diblock copolymer with a large asymmetry in block
chain lengths, i.e., No >> Ny, where N and Ng denote the
degrees of polymerization for A and B block chains,
respectively. The asymmetry in N4 and Np involves an
asymmetry in the radii of gyration Rga and R.p as well

Rg,,
RgAJi

small Xap
high temperature

large %5
low temperature

Figure 8. Schematic representation showing chain conforma-
tions in two morphologies of (a) spheres and (b) cylinders for a
molten A-B diblock copolymer with a large asymmetry in block
chainlengths, i.e., Ny >> Ng, where N and N denote the degrees
of polymerization for A and B block chains, respectively.

as an asymmetry in the overall radii of gyration Rg4 and
R.p where Rgx denotes the radius of gyration of K block
chains (K = A or B) parallel to the interface between A
and B microdomains. Due tothe requirement that K block
chains must be uniformly placed in the K microdomains
while satisfying the demand of incompressibility (ps =
pao and pp = pgy), the conformations of K block chains
may be like those as shown in Figure 8. Here px and px
are the segmental densities of the K component in a
microdomain space and a free space, respectively. Inthe
model shown in part a as in the case of the spherical
morphology, the requirement of the spatial placement of
the asymmetric block chains is realized by introducing a
curvature in theinterface. On the other hand,in the model
shown in part b for the cylindrical morphology, the
requirement is realized by further stretching the A block
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chains normal to the interface and hence by further
reducing the average asymmetry in Rgs) and Rgp. This
model in part b for cylindrical microdomains invokes a
reduction of mean curvature of the interface compared to
that of the spherical microdomains shown in part a.

The extra stretching of the A block chains, however,
invokes shrinking of the average area occupied by the
copolymer chain at the interface from a;2 to a,? in order
to satisfy the demand of incompressibility. The model in
part a has a greater conformational entropy and a larger
interfacial area per block chain (comparing a;2to as?) than
the model in part b. Thus the spheres are less favorable
than the cylinders when the free energy associated with
the energetic interaction between A and B plays a dominant
role on the microdomain formation. On the other hand,
if the free energy associated with the conformational
entropy is dominant in the microdomain formation, the
spheres are more favorable than the cylinders.

Forthe UCST type A-Binteraction (in which interaction
decreases with increasing temperature) as in our SI diblock
copolymer, as temperature is raised, the energetic inter-
action contribution is outweighed by the conformational
entropy contribution and hence the spheres shown in part
a become more favorable than the cylinders shown in part
b. However, as temperature is lowered, the energetic
contribution outweighs the conformational entropy con-
tribution, and hence the cylinders become more favorable
than the spheres.

V. Concluding Remarks

The thermoreversible morphology transition between
cylinders and spheres was complementarily observed by
SAXS and TEM. As far as we know, this work may be
the first to show that the cylindrical and spherical
morphologies can be reversibly changed by changing
temperature. Recently, Almdal et al.3” have reported
order-order transitions with temperature in a poly-
(ethylenepropylene-block-ethylethylene) (PEP-PEE)
diblock copolymer studied using small-angle neutron
scattering (SANS) and rheological measurements. The
multiple ordered phases that they have determined by
SANS using shear-oriented samples are lamellar and two
unidentified new morphologies other than either cylinders
or spheres. Note that we applied no such special external
field as shear to identify the morphology in the current
study. Moreover, we have explored a stronger segregation
regime using the SI diblock copolymer, as compared to
using the PEP-PEE. Thus the MT observed by us seems
to be quite different from that observed by Almdal et al.

Although Leibler’s WSL theory agreed with the exper-
imental results in this particular case of the thermore-
versible MT of the current study, there is a crucial fault
in the WSL theory such that it does not include the chain
stretching in the microdomains. Therefore, the theory
which describes the crossover from the WSL to the SSL
is definitely required for the explanation of the thermor-
eversible MT relevant to the current study. More ex-
perimental studies are also necessary to make a quanti-
tative comparison between experiments and theories.
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