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ABSTRACT: The nonisothermal crystallization and mor-
phology of three oxyethylene—oxybutylene block copoly-
mers with different architectures (EsoB;o, BgsE;sBgs, and
E;sBi14Ess) were compared with those of three blends
(EseB27/B1s, BazE77Bs;/Byy, and EsgBsgHss/Byy) with the
same composition and morphology (E and B represent oxy-
ethylene and oxybutylene units, respectively, and the sub-
scripts denote the degree of polymerization), and the effect
of the amorphous block was examined. The neat block co-
polymers had larger d-spacings and higher melting temper-
atures than the corresponding blends. In nonisothermal
crystallization, the neat block copolymers had lower crystal-
lization temperatures at high cooling rates. The difference in
the crystallization temperatures became smaller at low cool-
ing rates, and some of the neat block copolymers could have

higher crystallization temperatures. Polarized optical mi-
croscopy showed that the neat block copolymers had
smaller dimensions of crystal growth and smaller size of
spherulites than the blends. The lower crystallization tem-
peratures and less perfect morphology were attributed to
the slower rate of conformational rearrangement of the
amorphous block, which was required by the chain folding
of the crystallizable block. This effect was more evident in
the E;5B;44E35 triblock copolymer, in which both ends of the
amorphous B block were immobilized at the interface. © 2004
Wiley Periodicals, Inc. ] Appl Polym Sci 93: 870-876, 2004
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INTRODUCTION

In semicrystalline block copolymers, crystallization
not only depends on the crystallizable block but also is
greatly influenced by the amorphous block because
the blocks, having different properties, are chemically
linked and a microphase-separated morphology is
formed. First, chain folding of the crystallizable block
is affected by the amorphous block. The amorphous
block tends to adopt a random coil conformation,
which requires a larger interface area and thus larger
chain folds of the crystallizable block. However, an
extended chain conformation is most stable for the
crystallizable block and leads to a smaller interface
area and larger deformation of the amorphous block.
The final conformation of the semicrystalline block
copolymer is determined by the balance of the crys-
tallizable block and the amorphous block."* As a re-
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sult, the crystallizable block adopts a chain-folded
conformation, and there is deformation to some extent
for the amorphous block as well.” Moreover, the crys-
tallization mechanism and morphology after the crys-
tallization of the block copolymer may be different
from those of the corresponding homopolymer. Some
particular phenomena have been observed in the crys-
tallization of block copolymers. For example, crystal-
lization can occur in confined nanoscale domains,*~°
and crystallization can be initiated by heterogeneous
nucleation, homogeneous nucleation, or mixed mech-
anisms.””’

To account for the effect of the amorphous block,
the crystallization behavior and morphology of semi-
crystalline block copolymers are usually compared
with those of homopolymers or blends.'® However,
microphase separation is a unique morphology in
block copolymers and cannot be obtained in ho-
mopolymers or blends. As a result, both the amor-
phous block and microphase-separated morphology
affect the crystallization of block copolymers. It is
difficult to distinguish these two effects. In this work,
we used oxyethylene—oxybutylene block copolymers
containing shorter amorphous oxybutylene blocks for
blending with the amorphous oxybutylene homopoly-
mer. The crystallization behavior and morphology of
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the blends were compared with those of neat block
copolymers having crystallizable blocks of similar
length and the same composition. Because both the
blends and the neat block copolymers were mi-
crophase-separated and had the same morphology,
the effect of the morphology could be ignored, and the
effect of the amorphous block on the crystallization of
block copolymers could be examined well.

EXPERIMENTAL
Materials

The synthesis, characterization, and properties of oxy-
ethylene-oxybutylene copolymers with various archi-
tectures (Es¢B,7, E5oB7o, Ba7E77B37, BesE7sBes, EagBssEas,
and E35B,14E35, where E and B represent oxyethylene
and oxybutylene units, respectively, and the sub-
scripts denote the degree of polymerization), have
been described elsewhere.'’ These block copolymers
had narrow molecular weight distributions. The other
poly(oxybutylene) (PBO) homopolymer, with a num-
ber-average molecular weight of 1000 (B,,), was spe-
cially synthesized by anionic polymerization with a
narrow molecular weight distribution.

Preparation of the blends

Es¢B,y, Bs E,-Bs,, and E;gBsgEss were used to blend
with By,. The volume fractions of the E block in the
blends were set the same as in Eg,B,, (¢ = 0.270),
BesE7sBes (¢ = 0.237), and E3sBiq,Ess (¢ = 0.245),
respectively. The blends of the block copolymers with
PBO were prepared by a solution-blending method
with dicholoromethane as a solvent. To ensure that the
PBO homopolymer was miscible with the PBO seg-
ments in the block copolymers and that the condition
of the wet brush was met, the molecular weight of the
PBO homopolymer was half that of the PBO block.'*'?
The blends were dried in vacuo for 24 h at 60°C after
the solvent was evaporated, and then they were
cooled to room temperature slowly and stored below
0°C until they were used.

Nonisothermal crystallization

The nonisothermal crystallization of the pure block
copolymers and blends was performed on a
PerkinElmer Pyris-1 calorimeter (Boston, MA). Sam-
ples sealed in aluminum pans were heated to 70°C,
held for 5 min, and then cooled at a prescribed cooling
rate until the crystallization was completed. The ther-
mal lag was ignored and not corrected.

Small-angle X-ray scattering (SAXS)

The SAXS experiments were carried out for the crys-
tallized samples at room temperature on Beam Line
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Figure1 SAXS profiles of E5,B,,/B,, and E5,B,, after crys-
tallization.

8.2 of the Synchrontron Radiation Facility (SRS, Dares-
bury, UK). The samples were held at 70°C for 5 min
and then cooled to crystallize at a rate of 10°C/min.
Details of the instrument and data processing are de-
scribed elsewhere.!#1°

Polarized optical microscopy

Polarized optical microscopy experiments were con-
ducted on an Olympus BX50 microscope (Tokyo, Ja-
pan) connected to a Panasonic NV-HD660 video re-
corder (Osaka, Japan). Samples approximately 1 um
thick were heated to 70°C and held for 5 min with a
Linkam hot stage equipped with a liquid N, cooling
system (Surrey, UK). Afterward, the samples were
cooled at a rate of 5°C/min, and the texture of the
samples during crystallization was recorded.

RESULTS AND DISCUSSION
d-Spacing

The SAXS patterns of the neat block copolymers and
the blends after crystallization from the melts at a rate
of 10°C/min are shown in Figures 1-3. A lamellar
morphology was formed for all the samples after crys-
tallization despite the cylinder morphology in the
melt. The SAXS higher order peaks were not obvious
in E;gBsgEag/Byy and EgsB,4E55 because of the slightly
broad molecular weight distribution, but after shear-
ing they became evident (this is not shown here).
Another common feature in Figures 1-3 is that the
neat block copolymers had larger d-spacings and thus
larger lamellar thicknesses of the E crystals than the
corresponding blends, although the neat block copol-
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Figure 2 SAXS profiles of B,,E,,B;,/B,, and BgsE,sBgs af-
ter crystallization.

ymers and the blends had the same composition. Be-
cause all the E blocks in the blends were slightly
longer than those in the neat block copolymers, such a
difference would have been larger if the E blocks in
the blends and the neat block copolymers had the
same length. In the semicrystalline block copolymers,
chain folding of the crystallizable block was deter-
mined by the balance of the conformation entropy of
the amorphous block, the fusion enthalpy of the crys-
talline block, and the interfacial free energy.'® In the
blends, parts of the amorphous component were not
connected to the E block and thus had a larger number
of conformation; this led to a larger contribution to the
total free energy. As a result, the amorphous block
underwent less deformation in the blends, and this
resulted in a smaller thickness of the amorphous and
crystalline layers.

Nonisothermal and melting behavior

Figure 4 shows the differential scanning calorimetry
(DSC) traces of E5¢B,,/B,4 and Eg,B,, cooled at vari-
ous rates. Two crystallization peaks can be observed
for the Es¢B,,/B, blend. With an increasing cooling
rate, the crystallization peak at higher temperatures
became larger. At a cooling rate of 2°C/min, the crys-
tallization peak at higher temperatures was very
small. As expected, the crystallization temperature de-
creased as the cooling rate increased. In contrast, only
a single crystallization peak appeared in E5,B;,. Com-
paring the crystallization temperatures of these two
samples, we can see that E5,B;, had a lower crystalli-
zation temperature at a higher cooling rate (10°C/
min), but at cooling rates of 2 and 5°C/min, the crys-
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tallization peak of E5,B,, appeared at higher temper-
atures than the major peak of the E5¢B,,/B, blend.

The nonisothermal crystallization curves of
Bs,E;;Bs; /By, and BgsE;sBgs are illustrated in Figure
5(a,b), respectively. The B;,E;,B;,/B,, exhibited single
crystallization at a cooling rate of 2°C/min, and the
crystallization became broader at the cooling rate of
5°C/min; then, double crystallization peaks appeared
at very low temperatures, which may have fallen into
the temperature range of homogeneous crystalliza-
tion. Figure 5(b) shows that BgsE,5B4s had broad crys-
tallization at a cooling rate of 2°C/min, double crys-
tallization peaks at a cooling rate of 5°C/min, and
single narrow peaks at a cooling rate of 10°C/min. The
crystallization temperatures of the major peak at cool-
ing rates of 5 and 10°C/min were also far below the
normal. Comparing the crystallization temperatures
of BsE;,B;,/By, and BgsE sBgs, we can see that
BgsE;5Bgs had a lower crystallization temperature than
the blend at 5 and 10°C/min, but it exhibited a slightly
higher crystallization temperature at 2°C/min.

Figure 6(a) shows the nonisothermal crystallization
curves of EzgBagEsq/Byy. A single crystallization peak
can be observed at all the cooling rates studied. Com-
paratively, double crystallization peaks—one at a
very low temperature—can be observed for E;5B;1,E35
at cooling rates of 5 and 10°C/min [Fig. 6(b)]. More-
over, E;sB14E35 had a lower crystallization tempera-
ture than the E;gB;sEss/By, blend at all the cooling
rates studied, but the difference became smaller as the
cooling rate decreased.

When comparing the nonisothermal crystallization
behavior of the neat block copolymers and the corre-

E,,B..E,./B

3873838 T4

log(l(g))(a.u.)

E.B,,E

35 114

35

0.00 0.05 0.10 0.15
g(A"

Figure 3 SAXS profiles of E;3BssEs5/By, and E;sB,4E5s
after crystallization.
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Figure 4 Nonisothermal crystallization DSC traces of (a)
Es¢B,, /B4 and (b) E5,B,, at various cooling rates.

sponding blends, we can see that homogeneous nu-
cleation tended to be more likely to occur for the neat
block copolymers, and the crystallization temperature
of the neat block copolymers was more easily affected
by the cooling rate.

The melting temperatures for the neat block copol-
ymers and the blends at various cooling rates are
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listed in Table I. The neat block copolymers always
exhibited higher melting temperatures than the corre-
sponding blends, and this agreed with the results of
SAXS. Because the melting temperature and crystalli-
zation temperature of a polymer are related, a poly-
mer with a higher melting temperature usually has a
higher crystallization temperature. As shown in Fig-
ures 4 and 5, the neat block copolymers E5,B,, and
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Figure 5 Nonisothermal crystallization DSC traces of (a)
B;,E;;Bs,/B, and (b) BesE;sBgs at various cooling rates.
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Figure 6 Nonisothermal crystallization DSC traces of (a)
E;sB3sEss/Bys and (b) Ej5B,14E55 at various cooling rates.

BgsE;5Bgs had higher crystallization temperatures than
the corresponding blends Es¢B,,/B,, and B;,E;;B;,/
B,, at the cooling rate of 2°C/min. We believe that the
lower crystallization temperatures of the neat block
copolymers at higher cooling rates arose from the
connected longer amorphous block. Chain folding of
the crystallizable segment in the block copolymers
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also led to the deformation of the amorphous block to
some extent, which required the conformational rear-
rangement of the amorphous block during crystalliza-
tion. In the neat block copolymers, all the amorphous
segments were connected to the crystallizable block
and had a slower rate of adjusting conformation than
those in the blends containing some nonconnected
amorphous segments. At a higher cooling rate, the
slower conformational rearrangement of the amor-
phous block retarded crystallization of the E block,
and this led to a lower crystallization temperature,
whereas there was enough time for the amorphous
block to adjust its conformation at a slower cooling
rate, and thus the amorphous block had little effect on
the crystallization temperature.

The block copolymer Ej;sB;i4E;s also exhibited a
lower crystallization temperature than the E;gBagEsg/
B,, blend at a cooling rate of 2°C/min, but we could
expect E35B,14E35 to have a higher crystallization tem-
perature at an extremely slow cooling rate because the
difference in the crystallization temperatures of
E;sBi14Ess and EjqBsgEsg/By, became smaller and
smaller as the cooling rate decreased. This also shows
that the amorphous B block had a more important
influence on the crystallization of the E block in the
EBE triblock copolymer than in the EB diblock and
BEB triblock copolymers. In our previous work,'” we
compared the crystallization behavior of two triblock
copolymers, Eq;Bs¢Eq; and B,gE5,B,5, which had ex-
actly the same composition and morphology. These
two block copolymers had the same d-spacing and

TABLE I
Crystallization Temperature and Melting (T,)
Temperature (T,,) of the Neat Block Copolymers
and the Blends

Cooling
rate T,
Sample (°C/min) T. (°C) °O)
EsoByo/B1a -2 27.3 (m)*/33.9 42.8
(¢ = 0.270) =5 23.0 (m)/35.1 428
-10 19.2 (m)/33.3 42.8
Es¢Boy -2 31.6 44.5
(¢ = 0.270) =5 25.7 44.0
-10 15.3 43.1
B4,E;Bs, /By -2 9.3 35.8
(¢ = 0.237) =5 33 35.8
=10 -16.9 (m)/—-10.3 35.5
BesEsBgs -2 10.3 42.1
(¢ = 0.237) =5 —17.1 (m)/0.9 42.1
-10 —21.0 41.7
E3gBsgEss/ By -2 23.3 40.5
(¢ = 0.245) =5 19.2 40.5
=10 —9.3/6.9 (m) 35.5
Es5B114E5s -2 18.8 45.3
(¢ = 0.245) =5 —29.8 (m)/4.0 44.6
-10 —31.7 (m)/4.0 442

@ The major crystallization peak.
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Figure 7 Polarized optical micrographs of (a) EsB,,/B.4, (b) E5oB;q, (¢) Bs,E,;Bs,/B4, (d) BesE;sBes, (€) EsgBsgEss/ By, and

(f) E35B114Es5 during nonisothermal crystallization.

melting temperature, but Eq;BssEq; had a lower crys-
tallization temperature in nonisothermal crystalliza-
tion and a slower crystallization rate in isothermal
crystallization. We speculate that in the EBE triblock
copolymer, both ends of the amorphous B block were
immobilized at the interface, and it was difficult for
the B block to proceed with conformational rearrange-
ment during crystallization.

Polarized optical microscopy

Polarized optical micrographs of the block copolymers
and blends are shown in Figure 7. Figure 7(a) reveals

that spherulites of large dimensions (ca. 300 um) with
Maltese crosses were formed in Es.B,,/B,,, and there
were lots of branches inside the spherulites. In con-
trast, plate crystals instead of spherulites were ob-
served in the neat block copolymer EzB,,. In
Bs,E;;B3,/B14, the spherulites were approximately 100
um with no evident Maltese crosses. The neat block
copolymer BgsE;sBgs showed spherulite morphology
with obvious Maltese crosses, but the dimensions of
the spherulites were smaller, about 20-30 um. Well-
defined spherulites were also observed in E;gBsgEsg/
B,,, but E35B,1,E35 showed double models of morphol-
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ogy. Some spherulites were observed, and nonspheru-
lite domains appeared as well [both are indicated by
arrows in Fig. 7(f)]. The spherulites and nonspherulite
domains may have been produced by heterogeneous
nucleation and homogeneous nucleation, respectively.
Comparing the macroscopic morphology of the neat
block copolymers and the corresponding blends, we
can see that the neat block copolymers had smaller
dimensions of crystal growth and smaller spherulites.
This can also be attributed to the low mobility caused
by the connected amorphous block.

CONCLUSIONS

The neat block copolymers had larger d-spacings and
higher melting temperatures than the corresponding
blends because the amorphous segments made greater
contributions to the total free energy, and this led to
larger chain folds of the crystallizable block. However,
the neat block copolymers exhibited lower crystalliza-
tion temperatures at high cooling rates because the
connection between the two blocks reduced the rate of
conformational rearrangement of the amorphous
block; this was required by the chain folding of the
crystallizable block. Polarized optical microscopy
showed that the neat block copolymers had compar-
atively less perfect morphology than the blends, such
as smaller dimensions of crystal growth and smaller
spherulites.

C. Booth of the University of Manchester is acknowledged
for providing the block copolymers.
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