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SYNOPSIS

The formation process of the microphase separation and crystallization of a crystalline-
amorphous type diblock copolymer [poly(tetrahydrofuran-b-isoprene)] in solution were
studied by transmission electron microscope and wide-angle X-ray diffraction measurements.
The morphologies formed from three kinds of solvent systems are discussed in relation to
the crystallization of poly (tetrahydrofuran) sequence. © 1993 John Wiley & Sons, Inc.

INTRODUCTION

It is well known that diblock copolymers consisting
of both amorphous sequences generally form mi-
celles in solutions exceeding the critical micelle con-
centration (CMC). As the solvent is evaporated, the
micelles are deformed, and finally various types of
microdomain structures are retained in the film.
These have been classified into five types of mor-
phologies.! The thermodynamics of formation have
been treated theoretically.??

Studies on crystalline-amorphous type diblock
copolymers are rather limited. For poly|[ethyrene
oxide (EQ) -b-styrene (ST)]* and poly (EO-b-a-
methylstyrene),® crystal domains of poly (ethyrene
oxide) (PEO) appeared at the initial observation
during the solvent evaporation, and the phase sep-
aration occurred macroscopically. The models and
theories for this structure were proposed.®”’

The microstructure of poly [ EO-b-isoprene (IP)]?
depended on the kinds of solvents; when benzene
(good for PEO) was used, a microphase separation
appeared, while a macrophase separation with crys-
tal domains appeared with ethylbenzene (poor for
PEQO). This has been explained in terms of critical
concentration for crystallization (CC); a microphase
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separation may occur for the case of CC > CMC
while a macrophase separation for CC < CMC. The
PEO is crystalline and hydrophilic, whereas poly-
styrene, poly («-methylstyrene), and polyisoprene
(PIP) are amorphous and hydrophobic. The PEO
is not compatible with the latter polymers, and any
kind of solvent is somehow selective for such a pair
of polymers. Therefore, the crystallization may pro-
ceed before the micelle formation (i.e., CC < CMC),
and this leads to the macrophase separation.

Recently, poly [tetrahydrofuran ( THF) -b-ST]°
and poly (2-methyl-2-oxazoline-b-ST)° were syn-
thesized, both of which are crystalline, hydrophobic-
amorphous, hydrophobic type. With a good solvent
for both sequences, the CC can be higher than CMC.
In fact, crystallization after the micelle formation
and the microphase separation were observed. The
domain surface was disordered and it was suggested
that the phenomenon was due to the crystallization.
However, the formation process, microphase sepa-
ration and crystallization, have not been clarified
for this complicating structure. The micro-multi-
phase structure with crystalline domains may have
an application for high functional materials. In order
to control the structure, it is important to clarify
the formation process of microphase separation and
crystallization during evaporation of solvent.

In this work, the structure and behavior of a di-
block copolymer of crystalline-amorphous type
(both hydrophobic), poly (THF-b-IP), were inves-
tigated by using three solvent systems. One was good
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Table I Characters of poly(THF-b-IP)s

M, Composition (wt %)
Sample
No. PTHF PIP PTHF PIP
TI-1 118000 110000 52 48
TI-2 118000 42000 74 26

for both sequences, and the other two were good for
either of them.

EXPERIMENTAL

Poly (THF-b-IP)s were synthesized by a coupling
reaction between living poly(tetrahydrofuran)
(PTHF) and living PIP." The characteristics of the
block copolymers are listed in Table 1.

The 3 wt % solution was prepared for each solvent
system. The composition and the selectivity for
PTHEF and PIP sequences are listed in Table II. In
TI-2, only benzene was used for the solvent. The
solution was continuously stirred very slowly, and
the solvent was allowed to evaporate at room tem-
perature. The compositions of the solvent systems
were about constant during the evaporation. At the
prescribed concentrations, small amounts of the so-
lutions were sampled for transmission electron mi-
croscopy { TEM) and X-ray diffraction.

The observation technique of polymer micelle was
established in our preceding paper.!? The method is
the following. The sampled solution was quickly di-
luted with the same solvent and the solution was
cast onto a carbon-coated copper mesh. Then, the
sample was quickly dried in vacuum at room tem-
perature and stained with osmium tetraoxide. The
polymer micelle in solution can be observed as it is
by this method. The TEM observations were carried
out by Hitachi H-500 model with an acceleration
voltage of 100 kV.

Table II Composition and Selectivity of Solvents

X-ray diffraction patterns of the solutions sealed
in glass-capillary tubes were taken with Ni-filtered
Cu K « radiation by using a flat-plate camera.

RESULTS

Morphology and Crystallization From
Benzene Solution

Figure 1 shows the TEM photographs of TI-1 spec-
imens prepared by rapid dilution and dryings at var-
ious concentrations. The white parts are the PTHF
domains. In 15 and 25 wt % solutions, spherical and
cylindrical domains of PTHF were formed, respec-
tively. The shape changed from defective spheres to
imperfect cylinders with the increase of the concen-
tration. The disordered structure formed in 30 wt
% solution was intermediate between cylinder and
lamellar. In the 35 wt % solution, lamellar structure
was observed. The domain sizes of PTHF and PIP
were about 50 and 70 nm, respectively. Above 40 wt
%, the domains were deformed irregularly: the do-
main size of PTHF was not uniform for one PTHF
lamellar. This is considered to be associated with
the structural change in the domains of PTHF. Fig-
ure 2 shows the X-ray diffraction patterns at various
concentrations. No sharp diffraction pattern is ob-
served for the solutions with the concentration less
than 40 wt %. For the 40 wt % solution, however,
two sharp rings appeared and these were identical
to those from homo-PTHF. In this system, the CC
of PTHF was 40 wt %. The deformation of the

Solubility
Solvent
System Composition PIP PTHF
1 Benzene only good good
11 Benzene/n-hexane/n-heptane (50/25/25) good poor
III Benzene/ethanol (80/20) poor good
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PTHF domains may arise from the crystallization
of PTHF. For Takahashi and Yamashita® and Ish-
izu, et al.!° the similar deformation of the domains
(the heterogeneity of domain sizes) were also ob-
served in the thin block copolymer films.

Figure 3 shows the TEM photographs of TI-2
specimens. Spherical domains with PIP cores were
observed in all concentrations. The domain defor-
mation observed in Figure 1 was not observed. Con-
sidering the block copolymer composition and sol-
vent, this result is reasonable. Figure 4 shows the
X-ray diffraction patterns at the various concentra-
tions. For the 50 wt % solution, diffraction rings

were observed. In this system, the CC of PTHF was
50 wt % and higher than the case of TI-1.

The CC of homo-PTHF could not be determined
by this method (more than 50 wt %).

The Case of Solvent System Il

Since this system is poor for PTHF, it was expected
that the crystallization of PTHF may occur at the
lower concentration and the shape of the PTHF do-
main changes with the decrease of volume fraction
of the PTHF domain. In the TEM photographs (Fig.
5), spherical domains with PTHF cores were ob-

500nm

AO wi 0/°

b[oc coplmer
film

Figure 3 TEM photographs of the domain structures of TI-3 formed in solutions (Solvent
System 1) in various concentrations. Dark areas are PIP domains.
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25wt o

50wt %o

served at all concentrations. The radii of PTHF do-
mains enlarged and the fraction of the PTHF parts
recognized in the photograph approached 50 wt %
with the increase of polymer concentration. The de-
formation of the domain surfaces by the crystalli-
zation was not observed.

Figure 6 shows the X-ray diffraction patterns at
the various concentrations. No sharp patterns were
observed for the solutions up to 50 wt %. The CC
of PTHF was 50 wt % and higher than the case of
TI-1-benzene system. This was different from our
expect.

40wt %

block copolymer
film

Figure 4 Wide angle X-ray patterns of the solutions (Solvent System I) of TI-3 in
various concentrations.

The Case of Solvent System IlI

Since this system is good for PTHF and poor for
PIP, it is expected that the domain shape is only
changed by the decrease of the volume fraction of
PIP domain. In the TEM photographs (Fig. 7),
spherical domains with PIP cores were observed at
all concentrations. The deformation of the domain
surface was not observed. Figure 8 shows the X-ray
diffraction patterns at the various concentrations.
As in the case of Solvent System III, two vague dif-
fractions appeared for the 50 wt % solution. The CC
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Figure 5 TEM photographs of the domain structures of TI-1 formed in solutions (Solvent
System II) in various concentrations. Dark areas are PIP domains.

of PTHF was 50 wt % and higher than the case of
TI-1-benzene system.

DISCUSSION

The weight fraction of PTHF in TI-1 is 0.52, that
is to say, the volume fraction is about 1 : 1, the mi-
crostructure (solid-state) predicted by Molau’s rule?!
should be lamellar structure in the case of benzene.
It was found that the spherical domain was formed
at first and the domain structure changed to cylin-
drical and finally to lamellar with the increase of
the concentration. This is explained by the follow-

ing. Benzene is a better solvent for PIP than PTHF.
At the low concentration, the volume fraction of PIP
domain (containing solvent) was higher than that
of PTHF, so the spherical domain with a core of
PTHF was formed. The polymer-polymer interac-
tion began to play a more important role than the
solvent-polymer interaction with the increase of
polymer concentration. Then the domain structure
changed from sphere to lamellar. The difference be-
tween theoretical and experimental microstructure
was also reported by some workers.'**

According to the deformation of the domain, it is
suggested that the crystallization of PTHF sequence
occurs near the surface of the PTHF domains first.
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25wt 7o

50 wt %o

If the crystallization occurs at the inner part of the
PTHF domain first, the deformation is not appre-
ciable because the stress caused by the rearrange-
ment of the PTHF chain during the crystallization
should be relaxed by the outside liquid PTHF (T,
of PTHF = —78°C) ! and the interface between the
PTHF and PIP is not deformed. But the deforma-
tion and crystallization occurred simultaneously.
This means that the stress by the crystallization
was relaxed by liquid PIP domain (T, of PIP
= —73°C) !5 straightly and the interface was de-
formed. When a micelle is formed, a junction of both
sequences of a block copolymer is placed on the in-

40wt %,

block copolymer
film

Figure 6 Wide angle X-ray patterns of the solutions (Solvent System II) of TI-1 in
various concentrations.

terface of the domains. The PTHF chains are apt
to be arranged easily at this part because chain ends
of PTHF are fixed and the chains are directed to
the opposite direction of the PIP domain by the re-
pulsion force for PIP.

DiMarzio et al.® and Whitmore and Noolandi”’
proposed the models of the crystalline-amorphous
type block copolymer (in the case of lamellar struc-
ture) and studied the thermodynamics of formation
theoretically. In those models, the crystalline do-
main consisted of one or two crystallite layers and
the crystallite core size was about constant. How-
ever, in this experiment, the domain size of PTHF
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Figure 7 TEM photographs of the domain structures of TI-1 formed in solutions (Solvent
System III) in various concentrations. Dark areas are PIP domains.

was not uniform. In other reports,*!° the deforma-
tion of crystalline domain were observed. Therefore,
those models cannot be adapted to these systems:
crystallization occurs after micelle formation (CMC
< CC). Those models are adapted to the case: crys-
tallization occurs first (CMC > CC). The detail
structures and the discussion of solid-state for
poly (THF-b-IP) were reported in preceding pa-
pers.1617

In the case of Solvent System II, the CC was
higher than the benzene though the poor solvent for
crystalline sequence was used. Considering the the-
ory by Kawai et al.,® the CC should be lower than
the benzene. Then, it is found that the theory is

insufficient and the CC is affected by some other
factor except for solvent—polymer interaction. In the
case of Solvent System III, the CC was higher than
the benzene. From these results, it is suggested that
the domain shape affects the CC. In the case of the
lamellar domain, the crystallization is apt to occur
easily because the crystalline chains are arranged
easily by the straight interface. On the other hand,
in the case of the interface with the radius, the TI-
2-benzene system and TI-1-Solvent Systems II and
I11, the crystalline chains are not arranged easily in
comparison with the case of the TI-1-benzene sys-
tem. The CC of the TI-1-benzene system was lower
than that of the TI-2-benzene system. This result
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Figure 8 Wide angle X-ray patterns of the solutions (Solvent System III) of TI-1 in

various concentrations.

proved that the CC was not affected by the solvent
but by the domain shape. In our preceding paper, ¢
it was found that the PTHF domain with compli-
cating domain shape is apt to be amorphous. That
report agrees with these result. The CC of homo-
PTHEF was very high (more than 50 wt %, could not
be determined by this method). The CC of PTHF
in the block copolymer is lower than that of homo-
PTHEF. Then, especially, when the domain shape is
lamellar, the CC is lower.

Thus, the CC is affected on not only polymer-
solvent interaction but also the domain shape in the
case of CMC < CC.
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