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Abstract

The effect of the microphase separation structure in the melt on crystallizability and crystallization kinetics was studied for
poly(tetrahydrofuran)–polystyrene diblock copolymers (PTHF–PS) which has a glassy amorphous component. Four kinds of copolymers,
Block 1, Block 2, Block 3 and Block 4 with PTHF compositions of 59, 51, 38 and 29 vol%, respectively, were employed and their
crystallization behavior was compared with the PTHF/PS blends as well as the PTHF homopolymers. Crystallization of Block 2, Block 3
and Block 4 was much suppressed, in particular no crystallization was detected for Block 4 even in a long crystallization time and at a high
supercooling degree. The blends of Block 4 with the PTHF homopolymer also did not crystallize in the total PTHF content less than about
40%. It was concluded from these results that crystallization from the semidiscontinuous microdomain such as lamellar and cylindrical ones
was much suppressed and that crystallization did not occur inside the discontinuous or spherical microdomain surrounded by the glassy
matrix. The Avrami exponent was extremely small for Block 2 and Block 3, which suggested that their crystallization occurred under a high
spatial constraint. The linear overall rate constant of crystallization for Block 1 was smaller than the blends and homopolymers, but the
apparent activation energy of crystallization of Block 1 was not so different from that of the blends and homopolymers. For Block 2 and
Block 3, on the other hand, the rate constant was small and the apparent activation energy was much high. The interfacial free energy of
Block 2 and Block 3 estimated using the Lauritzen–Hoffman theory was also large.q 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Crystallization and higher-order structure formation of
crystalline block copolymers have been extensively studied.
Since the block copolymers crystallize from unique melt
with microphase separation structure, the crystallization
itself and resulting higher order structure are expected to
be much affected by the microdomain structure in the
melt. For the system with weakly segregated microphase
structure [1–3] which is realized for the block copolymer
whose order–disorder transition temperatureTODT is not
so higher than the melting temperatureTm, higher-order
structure is restructured by crystallization to be alternating
structure consisting of the crystal lamella and amorphous
layer as seen in usual crystalline polymers, that is, the
microphase separation structure in the melt is easily
destroyed by crystallization. In the strongly segregated
microphase separation [4–8] in whichTODT is much higher

thanTm, on the other hand, crystallization occurs within the
microdomain, its structure being kept.

For the copolymers having a glassy amorphous compo-
nent, the microphase separation is in the strong segregation
limit except for the case that the structure of the glassy
domain is discontinuous or island-like, because the amor-
phous microdomain is in the frozen state. Therefore, it is
expected that the crystalline segments are forced to crystal-
lize in a limited space when its domain is spherical, cylind-
rical and lamellar, while to do with drawing the glassy
domain when the amorphous domain is island-like. The
crystallization of such block copolymers has been investi-
gated for poly(e-caprolactone)–polystyrene (PCL–PS)
[9–13], poly(ethylene oxide)–PS [14] and poly(tetrahydro-
furan)–PMMA (PTHF–PMMA) [15–18]. It was found for
the neat copolymers and their blends with the homopolymer
that the degree of crystallinity (DC) was depressed in the
content of the crystalline component less than ca. 50% and
that crystallization was not detected in less than around
30%. However, most of these studies are on static crystal-
lization properties and morphology, and there are few

Polymer 42 (2001) 4997–5004

0032-3861/01/$ - see front matterq 2001 Elsevier Science Ltd. All rights reserved.
PII: S0032-3861(00)00894-6

www.elsevier.nl/locate/polymer

* Corresponding author. Tel.:181-258-47-9304; fax:181-258-47-9300.
E-mail address:shiomi@vos.nagaokaut.ac.jp (T. Shiomi).



reports on crystallization kinetics such as crystallization
rates [10,11]. Balsam et al. [11] obtained somewhat small
but not so different values of the Avrami exponent, compared
with those of the PCL homopolymer, for the PCL–PS–
poly(butadiene) triblock copolymers with PCL contents
more than 58%. The most interesting point on crystalli-
zation kinetics is in crystallization from restricted space
such as lamellar, cylindrical and spherical microdomains.

In this paper we will present kinetics in crystallization of
the block copolymers having a glassy amorphous com-
ponent, PTHF–PS diblock copolymers, together with
crystallizability from restricted microdomains.

2. Experimental

2.1. Synthesis

PTHF–PS block copolymers were prepared by the
coupling reaction between anion and cation chain ends of
PTHF and PS which were obtained by living cationic open-
ing and living anionic polymerizations, respectively. The
living polymerization of the PTHF precursor was carried
out in bulk at 208C using CF3SO3CH3 as an initiator. In
a desired polymerization time, a portion of the reaction
solution was moved to 10% CH3ONa solution so that the
polymerization was terminated, and simultaneously the
remaining solutions was also moved to a reaction mixture
containing living polystyrene to be supplied to the coupling
reaction. Styrene was polymerized in the mixed solvent of
THF and benzene (2:1 in volume) withn-butyl lithium for
15 min at 2458C, and the coupling reaction of PS with
PTHF was conducted by adding the above PTHF solution
to the polystyrene solution. A portion of the polymerization
solution of PS was moved to the solution containing a termi-
nator of methanol just before the addition of the PTHF
solution. The termination of the coupling reaction was
confirmed by disappearance of red color characteristic of
the polystyryl anion. After the coupling reaction an excess
amount of living PTHF was treated with CH3ONa. The
resulting copolymer was purified by repeated precipitation
in the THF/cold methanol system, followed by freeze-
drying from the benzene solution.

The polymer product thus obtained contained the homo-
polymers of PS and PTHF as well as the block copolymer.
The PTHF homopolymer was removed by treatment at 458C
with ethanol which is a solvent to PTHF but a nonsolvent to
PS, and then fractional precipitation was carried out by
adding ethanol dropwise to 3 wt% cyclohexane solution.
Finally the PTHF–PS block copolymer was isolated by
the GPC column fractionation. Fig. 1 shows an example
of GPC traces for the samples obtained in each step of the
above fractionations.

Molecular weights of components PTHF and PS of the
block copolymers were determined from GPC measure-
ments for the respective precursor polymers removed just

before the coupling reaction. Here the molecular weights of
PTHF were determined with the conversion factor 0.556 for
those evaluated in relative to standard polystyrene. The
composition of the block copolymer estimated from the
molecular weights was consistent with that obtained from
400 MHz 1H NMR spectra in CDCl3 at 408C.

2.2. Sample preparation and measurements

The block copolymer was dissolved in a good solvent
common to both components, chloroform, to be 1 wt% solu-
tion, and then the solvent was evaporated slowly in a desi-
ccator for 3 days at room temperature, followed by keeping
in the desiccator degassed with an aspirator. Finally the
samples were dried in a vacuum oven for 3 days. Further-
more, the sample was annealed under vacuum at 1208C
which is higher than glass transition temperature of PS.
The blend samples were prepared by the same method.

Isothermal crystallization and melting behavior were
analyzed with a SEIKO I&E DSC20 differential calorimeter.
In a series of thermal analyses the temperature was never
raised above 608C so that the microphase separation struc-
ture formed first could be kept. The sample was kept in a
DSC apparatus for 30 min at 608C and then rapidly cooled
to a desired crystallization temperatureTc. Isothermal

T. Shiomi et al. / Polymer 42 (2001) 4997–50044998

Fig. 1. GPC traces of Block 1 in each step of fractionations: (A) after
treatment with ethanol; (B) after the fractional precipitation with ethanol/
cyclohexane system; (C) after the GPC column fractionation.



crystallization was analyzed from an exothermal peak.
After the isothermal crystallization, melting behavior was
observed by heating it fromTc to 608C at 108C/min. The
PTHF homopolymer was annealed at 608C first, and then
behavior of isothermal crystallization and melting was
observed. For the block copolymers except Block 1 shown
in Table 1 the isothermal crystallization was analyzed from
the melting peak in various crystallization times, because
crystallizaton rates for these block copolymers were so slow
that the exothermal peak in crystallization could not be
detected clearly.

Spherulites were observed with an optical polarizing
microscope (OLYMPUS BHS-705-P) equipped with a cali-
brated hot stage.

3. Results and discussion

PTHF–PS block copolymers (Block 1, Block 2, Block 3
and Block 4), PTHF homopolymers (Homo 1, Homo 2 and
Homo 3) and PTHF/PS blends (Blend 1, Blend 2 and Blend
3) employed for crystallization are listed in Table 1. The
precursors of the respective copolymers were used for the
samples of a series of homopolymers and blends. The mol-
ecular weights and compositions of the constituent homo-
polymers in Blend 1, Blend 2 and Blend 3 are the same as
those of the corresponding block copolymers. The samples
were crystallized in the range ofTc indicated in Table 1.
Since discrepancy in the DC, for each sample was within
3% in the range ofTc studied here, the average values of DC
are shown in Table 1. Apparent equilibrium melting
temperaturesT0

m were obtained from the Hoffman–Weeks
plots shown in Fig. 2.

Formation of spherulites was observed for Block 1 as well
as a series of homopolymers and blends, while not done for

Block 2 and Block 3, but it is not clear whether no observa-
tion of spherulites for Block 2 and 3 is due to very small DC
or not.

3.1. Crystallizability

As shown in Table 1, the values of DC are smaller in
order of homopolymer.blend. block copolymer. In par-
ticular, DC of Block 2 and Block 3 is very small, and no
melting peak of Block 4 was detected by DSC even in both
the crystallization conditions of 38C, 20 days and2208C,
7 days, while DC of Block 1 is not so small compared with
that of the blends. The behavior of DC in the block copoly-
mers may be due to microphase structure in the melt
containing the glassy PS domains. Taking account of the
copolymer composition, the PTHF component of Block 1
exists as a matrix while PTHF in Block 2 and Block 3 may
be located in the lamellar or cylindrical domain, that is, in
the semidiscontinuous domain. The PTHF domain of Block
4 may be spherical, i.e. discontinuous.

Further investigations on crystallizability of Block 4 were
carried out for its blends with the PTHF homopolymer
whose molecular weights were 2:7 × 103

; 4:0 × 103 and
1:0 × 104

; respectively. Degrees of crystallinity on the
same crystallization condition as that for Homo 1–3 were
about 50% for all the pure PTHF homopolymers added. As
shown in Table 2, crystallizability can be classified into
three types: (1) the blends do not crystallize in the total
PTHF content less than about 40%; while (2) the blends
crystallize a little in 40–50% contents; and (3) in the content
more than 50% the blends crystallize as much as the homo-
polymer blends shown in Table 1. This tendency is parallel
to that of the neat block copolymers. The increase of DC in
case (3) may be due to macrophase separation caused by
addition of the homopolymer. Cases (1) and (2), which
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Table 1
Characteristics of samples and their crystallization properties

Sample �Mn × 1024 PTHF cont. Tc (8C) T0
m �8C� DC (%)a

PS PTHF (Wt%) (Vol%)b

Homo 1 1.7 100 100 5.5–14.1 33.8 47
Homo 2 1.58 100 100 4.7–13.5 31.3 49
Homo 3 1.36 100 100 3.3–11.8 31.8 47

Blend 1 1.3 1.7 57 59 21.0–7.2 30.0 34
Blend 2 1.65 1.58 49 51 21.5–6.5 29.3 32
Blend 3 2.4 1.36 36 38 28.3–0.0 25.7 17

Block 1 1.3 1.7 57 59 213.3–1.3 26.8 21
Block 2 1.65 1.58 49 51 218.1–13.4 25.1 8.4
Block 3 2.4 1.36 36 38 221.4–13.4 25.2 3.8
Block 4 2.7 1.02 27 29 38C/20 days –c –c

2208C/7 days –c –c

a Determined from the heat of fusion detected by DSC using the enthalpy of fusion of PTHF,DHf � 12:4 kJ mol21 [21].
b Estimated using specific volumes (cm3 g21) at 608C; 0.9615 for glassy PS [19] and 1.044 for melt PTHF [20].
c No melting peak was detected by DSC.



correspond to crystallizability of neat Block 4 and Block 2,
3, respectively, may come from the fact that crystallization
is restricted by the microphase separation structure kept
even in blending. Here it should be noted that crystallization
did not occur in case (1). This suggests that even the homo-
polymer cannot crystallize in the situation that the polymer
is dissolved in the island-like microdomain.

In both Block 4 and the above case (1) the PTHF
segments are located in the island-like microdomain
surrounded by the glassy PS matrix. Nojima et al. [22]
found that poly(e-caprolactone) (PCL) segments in the
block copolymer composed of PCL and cross-linked poly
(butadiene) could crystallize even within the island-like

domain. It has been reported so far that the weekly segre-
gated microphase separation structure is easily destroyed by
crystallization [1–3]. Although PCL-block-poly(butadiene)
is such a kind of copolymer, the microphase structure is
fixed by cross-linking. The different point between the
copolymers employed by Nojima et al. and us is whether
the island-like domain is surrounded by the rubbery or
glassy matrix, namely whether the shape of the domain is
flexibly changeable or not. Therefore, it is concluded from
both ours, and their results, that it is very difficult to crystal-
lize inside a rigid island-like microdomain. Kaji and
coworkers [23–26] demonstrated that spinodal decomposi-
tion occurred in the induction period of crystallization and
that the wave length of the density fluctuation was 20–
30 nm in the glass crystallization of poly(ethylene tele-
phtalate) (PET) and poly(ethylene naphthalate) (PEN) and
the order of microns in the melt crystallization of PET. Even
if the wave length of the fluctuation of PTHF is shorter than
that of PET and PEN, it may be very difficult that such
fluctuation occurs within the rigid spherical microdomain.
Alternatively, noncrystallizability in the rigid microdomain
may be attributed to another reason, as discussed later, that
higher activation energy in crystallization may be required.

3.2. Crystallization kinetics

The Avrami formulation at small degrees of crystallinity
is given by [27]

Xt � Kntn �1�
where Xt is the crystallinity at crystallization timet, Kn

the overall crystallization rate constant andn the Avrami
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Fig. 2. Hoffman–Weeks plots.

Table 2
Degree of crystallinity in the blends of Block 4 with PTHF homopolymer

Samplea PTHF cont. DC (%)b

(vol%)c (Homo%)d 38C/20 days 2 208C/7 days

2.7-Bld 33 9 – –
35 17 – –
38 23 – –
41 33 3 0.5
48 50 4 0.2

4-Bld 38 23 – –
41 33 – –
48 50 2 0.3
58 67 32 33

10-Bld 33 9 – –
41 33 – –
48 50 5 5
58 67 18 25

a “n“ in sample namen-Bld indicatesn × 103 for the molecular weight of
the PTHF homopolymer added to Block 4.

b “–” indicates that the melting peak was not detected by DSC.
c The total content of PTHF in the blend.
d The fraction of the PTHF homopolymer in the total amount of PTHF.



exponent. Fig. 3 shows plots of logarithms of crystallinity
against crystallization time. The exponentsn obtained from
the initial slope of the plots are summarized in Table 3. The
values ofn for the blends are not different from those for the
homopolymers. Block 1 also has the almost samen value.
On the other hand,n for Block 2 and Block 3 is extremely
small. Sakurai et al. [28] also found a smalln value for
diblock copolymer/homopolymer blends with a small
composition of the crystalline component. Their discussion
about such a smalln is as follows: “a lower geometric
dimensionality in the microdomain should give a higher
spatial constraint, which means a lower dimensionality in
the crystallization growth and therefore a lower value of the
Avrami exponent”. In our block copolymers Block 2 and
Block 3 the microdomain structure may be lamellar and/or
cylindrical, respectively, and the microdomains are
surrounded by glassy PS. Therefore, PTHF in Block 2 and

Block 3 must crystallize under a high spatial constraint,
which leads to a smallern value. In Block 1, on the other
hand, crystallization is not constrained because the PTHF
component is located as a matrix in the melt, and thereforen
is not different from that of the homopolymers and blends.

Another striking feature in crystallization kinetics of the
block copolymers is shown in Fig. 4. The linear overall rate
constant is expressed asK1=n

n : Fig. 4 shows Arrhenius-type
plots of K1=n

n against the reciprocal of supercooling degree
DT, whereKn was estimated at 3% crystallinity using the
following equation derived from Eq. (1):

�1=n� ln Kn � �1=n� ln Xt 1 ln�1=t� �2�
As shown in Fig. 4, the linear rate constants of the block
copolymers, in particular Block 2 and Block 3, are much
smaller than those of the homopolymers, while those of the
blends are almost the same as those of the homopolymers.
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Fig. 3. Crystallization isotherms at the indicated temperatures for: (a) PTHF homopolymers; (b) PTHF/PS blends; and (c) PTHF–PS block copolymers.



Furthermore, the slope of the plots are much steeper for
Block 2 and 3 than for Block 1 whose slope is almost the
same as that for the blends and homopolymers. The slope
corresponds to apparent activation energy of crystallization.
The high activation energy of Block 2 and Block 3 may be
caused by the fact that the crystallization must occur inside a
restricted rigid space such as cylindrical or lamellar micro-
domain surrounded by glassy PS. This effect is larger for
Block 4 in which no crystallization was observed, than for
Block 2 and Block 3, because the cylindrical and lamellar
domains are open toward one and two dimensional direc-
tions, respectively, while the spherical domain is closed to
any direction. In Block 1, on the other hand, the island-like
PS domain can move in the process of the crystallization of
PTHF, which leads to a slower crystallization rate but not
higher activation energy.

The temperature dependence of activation energy in
crystallization can be expressed by the Lauritzen–Hoffman
theory [29–31]. According to the theory, the crystallization
rateG can be written as

G� G0exp�2DE=RTc� exp�2DF=RTc� �3�
whereG0 is a constant,DE the activation energy of transport
andDF the free energy for nucleation which is expressed as

DF � kib0sessT
0
m=DHfDT �4�

in which ki is the constant to be taken as 4, 2 and 4 for
Regimes I, II and III, respectively,b0 is the distance between
two adjacent fold planes,s s andse are the lateral and end
surface free energies, respectively, andDHf is the enthalpy
of fusion per unit volume.G is related to the rate constantKn
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Fig. 3. (continued)

Table 3
Avrami index and overall rate constant

Sample Tc (8C) n Kn (min2n)

Homo 1 7.0 2.3 2.00
9.5 2.2 6.17× 1021

11.9 2.2 1.76× 1021

14.1 2.0 4.06× 1022

Homo 2 4.7 2.4 2.08
6.6 2.1 6.47× 1021

8.7 2.1 1.57× 1021

10.6 1.8 1.24× 1021

13.5 2.0 2.40× 1022

Homo 3 3.3 2.3 1.04
4.3 2.3 7.38× 1021

5.9 2.1 4.78× 1021

8.5 2.0 1.96× 1021

11.8 1.9 4.66× 1022

Blend 1 21.0 2.3 2.65
1.0 2.2 5.68× 1021

3.1 2.0 3.76× 1021

5.3 2.1 2.30× 1021

7.2 2.0 6.81× 1022

Blend 2 0.2 2.3 3.17
2.4 2.1 1.86
4.4 2.0 7.69× 1021

6.5 1.9 2.05× 1021

Blend 3 28.3 2.3 3.02
26.0 2.0 3.06
24.1 2.2 1.49

0.0 1.9 2.07× 1021

Block 1 213.3 2.2 1.19× 1024

26.3 2.2 2.53× 1025

21.3 2.4 6.54× 1026

Block 2 218.1 0.56 2.08× 1022

215.8 0.52 1.62× 1022

213.4 0.47 5.91× 1023

Block 3 221.4 0.53 1.83× 1022

217.7 0.47 1.18× 1022

215.4 0.44 5.89× 1023

213.1 0.47 1.90× 1023



as follows:

ln G , �1=n� ln Kn �5�
Putting f �Kn� as

f �Kn� � �1=n� ln Kn 1 DE=RTc �6�
the following equation can be obtained from Eqs. (3)–(5):

f �Kn� , kib0sessT
0
m=�DHfDTRTc� �7�

Then, the plots off �Kn� against 1=�TcDT� give the tempera-
ture dependence of the nucleation term. Here the WLF type
was assumed for the transport energy, i.e.

DE � C1Tc=�C2 1 Tc 2 Tg� �8�
whereC1 andC2 was taken as 4120 cal mol21 and 51.6 K,
respectively.

Fig. 5 shows the plots thus obtained. The slope can be
related to both the surface free energy and the index depend-
ent on Regime as seen in Eq. (7). Taking into account that
the spherulites were observed for the homopolymers, blends
and Block 1, their Regimes may be II, while it is not clear
for Block 2 and 3 whether their Regime is II or III because
the supercooling degrees are significantly large. In Table 4
are shown the values of the surface free energy estimated
from relation (7) usingb0 � 8:90× 1028 cm [32] and
DHf � 1:91× 109 erg cm23 [21]. The surface free energy
is much larger for Block 2 and 3 than for Homo’s, Blend’s
and Block 1. The ratios of the square root ofs s se for
(Block 2, 3) to (Homo, Blend) and Block 1 are 3.1 and
2.4, respectively.

One of the reasons for such large surface free energy
for Block 2 and 3 may be that the segment density in the
amorphous region of PTHF is lowered by volume shrinkage
occurring with crystallization inside the restricted rigid
space, which leads to high free energy at the interface
between the crystal and melt. The relation between the
surface tensiong and densityr has been expressed by

MacLeod’s equation [33]:

g / r n �9�
wheren is a constant independent of temperature and has
been estimated to be 3.3 for the melt of PTHF [20]. An
example of lowering ofg obtained from Eq. (9) is as
follows. The extrapolations of the surface tensionga and
density ra measured in the melt state [20] givesga1�
33 dyn=cm and ra1� 1:002 g=cm3

; respectively, at 08C,
while ga2 is 25 dyn/cm at a lower density,ra2� 0:912;
when 50 wt% PTHF crystallizes inside the restricted
space, wherera2 of the melt at a crystallinity ofx under a
constant volume was estimated using

x=rc 1 �1 2 x�=ra2� 1=ra1 �10�
in which r c is the density of the crystal and taken asrc �
1:112 [32]. Such a decrease inra2 of the melt may bring
higher interfacial free energy between the crystal and melt.
Simultaneously, free energy at the interface between the
glassy PS and melt PTHF may be increased, and also lower-
ing of the density in a local portion leads to higher potential
energy of the system, although these effects are not included
explicitly in Eq. (3). In Block 2 and 3, however, the lower-
ing of the melt density does not appear so much at least from
a static point of view, because the final DC is less than 10%
as shown in Table 1. Therefore, if the high interfacial free
energy is caused by the density lowering, it may be attribu-
ted to the lowering of the density occurring locally in the
vicinity of the interface in the process of nucleation.

If the high surface free energy or activation energy is
brought from another fact such as the density fluctuation
in the induction period of crystallization as discussed in
the previous subsection, then the high free energy obtained
from Eq. (7) is just an apparent one, and the specific situa-
tion in crystallization of these block copolymers is out of the
theory which expresses the activation energy of nucleation
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Fig. 4. Arrhenius type plots of the linear overall rate constant of crystal-
lization vs. the reciprocal of the supercooling degree. The symbols are the
same as those in Fig. 2.

Fig. 5. Plots of the quantityf �Kn� versus 1/(TcDT). The symbols are the
same as those in Fig. 2.



only in Eq. (4). Further investigations and consideration on
the crystallization inside the restricted space will be desired.
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Surface free energy
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