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Abstract

We have investigated the size dependence of crystallization within spherical microdomains formed in various poly(e-caprolactone)-block-
polybutadiene diblock copolymers (PCL-b-PB). The crystallinity (y) and melting temperature (7}, of the PCL block are considerably lower
than those of PCL homopolymer, and y decreases steadily and T;, decreases only slightly with decreasing radius of PCL spheres (R) for a
series of PCL-b-PB with a same molecular weight (M,). When PCL-b-PB is compared with the similar R but different M,,, y is significantly
different, suggesting that the sphere size is not the unique factor to control crystallization within spherical microdomains. © 2002 Elsevier

Science Ltd. All rights reserved.
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1. Introduction

The interplay between crystallization and microphase
separation has a possibility to provide a wide variety of
morphologies in polymer systems. That is, the pre-existing
microdomain structure affects intimately the subsequent
crystallization to result in extremely different morphologies
such as crystallized microdomain structure or lamellar
morphology, an alternating structure consisting of lamellar
crystals and amorphous layers. This difference depends
critically both on the stability (or segregation strength) of
microdomain structures in the melt and the mobility of
constituent copolymers [1].

Recently, much attention has been paid to the crystalliza-
tion within spherical or cylindrical microdomains because
the curved interface of microdomains seems to be incompa-
tible with the crystal structure. In addition, spherically
or cylindrically confined nanophase may change the
crystallization behavior and eventually final morphology
compared with the case of homopolymer crystallization.
Crystallization within nanosize spheres was recently
confirmed by Loo et al. [2] with a polyethylene-block-
poly(styrene-ran-ethylene-ran-butene) copolymer, where
the crystallization behavior was extremely different from
that of homopolymer. Chen et al. [3] showed that the degree
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of supercooling necessary for crystallization depends
significantly on the type of microdomain structures existing
in the melt.

In this communication, we report the size dependence
of crystallization within spherical microdomains. That is,
the crystallinity and melting temperature of spherically
confined crystalline blocks were measured as a function of
the radius of spherical microdomains to understand the char-
acteristics of crystallization within nanosize spheres. The
samples employed here are poly(e-caprolactone)-block-
polybutadiene copolymers (PCL-b-PB) which have spheri-
cal microdomain structures in the melt with the PCL block
inside. The crystallization of PCL blocks was confirmed by
wide-angle X-ray diffraction (WAXD) and differential scan-
ning calorimetry (DSC), the morphology before and after
crystallization was probed by small-angle X-ray scattering
(SAXS), and the crystallinity (x) and melting temperature
(T,,) of PCL blocks were evaluated by DSC. From these
results, we discuss the size dependence of crystallization
confined within spherical microdomains.

2. Experimental

PCL-b-PB copolymers were synthesized by a successive
anionic polymerization under vacuum. Details of the synth-
esis and purification are described elsewhere [4,5]. The
molecular characteristics of PCL-b-PB are shown in
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Table 1

Molecular characteristics of PCL-b-PB copolymers used in this study

Notation Total M,* M, (PCL)" M, IM,* PCL/PB (vol%)® R, (nm)® R, (nm)"
B100-3 100,000 4000 1.09 3:97 10.3 -
B100-8 100,000 10,000 1.13 8:92 15.1 145
B100-17 100,000 20,000 1.12 17:83 17.4 17.3
B62-6 62,000 5000 1.13 6:94 11.1 11.6
PCL® 6500 6500 1.20 100:0 - -

* Determined by membrane osmometer.

® Calculated from the values of total M, and PB block M,.

¢ Determined by GPC.

¢ Determined by '"H-NMR.

¢ Calculated from the SAXS peak position and PCL volume fraction.

Calculated from the angular position of the particle scattering maximum.

Obtained from Polymer Source Inc. and molecular parameters are provided by the manufacturer.

f

g

Table 1, where the first number in ‘notation’ represents the by two methods: WAXD from PCL crystals and the exother-
total molecular weight (M,, kg/mol) and the second one mic heat by DSC when the sample was gradually cooled.
represents volume percent of PCL blocks in the copolymer. WAXD was performed with Rigaku diffractometer (RAXIS

The volume fraction of PCL blocks is suppressed to less 200IIC) using Ni-filtered Cu Ka radiation supplied by a
than 0.17 in order to get spherical microdomains in the Rigaku RU300 generator operating at 40 kV and 100 mA.

melt. We investigate mainly the size dependence of crystal- Details of the apparatus are described elsewhere [7]. The
lization for the same molecular weight samples (B100-3, DSC experiment was carried out with Perkin Elmer Pyris 1
B100-8, and B100-17), and we use B62-6 to investigate DSC with a cooling rate of 5 °C/min.
the M, dependence of crystallization with the similar size The melting temperature T, and the crystallinity of PCL
of PCL spheres. PCL homopolymer, which was used to chains y were evaluated by DSC. The sample was first kept
compare the crystallization behavior with PCL-b-PB, was at approximately 65 °C for 30 min and followed by quench-
purchased from Polymer Source Inc. and the molecular ing into various crystallization temperatures 7, ranging from
parameters are provided by the manufacturer. —40 to —60 °C for PCL-b-PB and from 30 to 45 °C for
The morphology formed in the melt and after crystalliza- PCL, and then heated at a rate of 5°C/min to get the
tion was investigated by SAXS. Details of the apparatus and endothermic peak by the melting of PCL chains. T, was
measurement conditions are described elsewhere [6]. The defined by the maximum temperature of the endothermic
scattered intensity was corrected for the background peak and y was calculated from the peak area AH (J/g) by

scattering and the absorption by the sample, and relative
intensities are obtained as a function of wave number s

defined as s = (2/A) sin 0, where A is the wavelength of — \pere f, is the weight fraction of PCL blocks in PCL-b-PB
X-ray (=0.1542 nm) and 26 is the scattering angle. and AH" is the heat of fusion for perfect PCL crystals

The radius of PCL spheres in the microdomain structure (AH* = 135.44 J/g [8]). Though x and T,, of PCL were
was calculated by two independent methods (denoted as R
and R,); Ry was calculated from the volume fraction of PCL increasing crystallization time t, and those of PCL-b-PB
blocks in the copolymer and the angular position of the became constant after a relatively short # (<100 min) in
SAXS intensity maximum arising from a regular micro- the 7, range employed (—60 =< T, = —40 °C). The constant
domain structure with a body-centered cubic (BCC) lattice, values of y and T,, were evaluated by plotting x (and T,,)
and R, from the angular position of the broad scattering against ¢ at each T, for individual sample. Therefore y and

appearing from the form factor of isolated spheres by T,, reported here are final values which do not change any
using the following equation more with increasing .

x = AH/(AH'f,)) X 100 3)

slightly increased at a later stage of crystallization with

T 2
I(s) = [ 3(5"”—3)“30”) ] with x = 2msR, (1
X 3. Results and discussion
and . . .. .
In Fig. 1, the scattered intensities from the microphase-

2 max Ry = 5.76, .. ) separated melt of B100-3, B100-8, and B100-17 at approxi-

mately 65 °C are logarithmically plotted against s (closed
where s, is the angular position of the broad intensity circles). A couple of intensity maxima from the micro-
maximum from isolated spheres. domain structure were observed, whose ratio exactly corre-

Crystallization in spherical microdomains was confirmed sponds to 1 : +/3 for B100-3 and B100-8, which suggest the
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Fig. 1. Scattered intensity logarithmically plotted against s for the molten
B100-3, B100-8, and B100-17 (closed circles) at approximately 65 °C and
B100-8 crystallized at —45 °C (open circles). The dotted and solid curves
are the best fit of Eq. (1) (only with respect to the peak position) for B100-8
and B100-17, respectively.

spherical microdomain structure considering the extremely
small PCL fraction in the system. In addition, the scattered
intensity curve has a broad scattering at an intermediate
angle, which arises from the form factor of isolated PCL
spheres in the system. The values of R, and R, can be inde-
pendently evaluated by the methods described in Section 2.
The scattering curves from isolated spheres reproduced by
Eq. (1) are presented by dotted (for B100-8) and solid (for
B100-17) curves in Fig. 1, where the arrow indicates the
position used for fitting. The radii estimated by both
methods are shown in Table 1, which agree satisfactorily
with each other except for the case of B100-3, where the
broad scattering is vague and the fitting procedure cannot be
carried out. The agreement between R, and R, also suggests
that the systems take spherical microdomain structures in
the melt.

The SAXS curves for B100-8 in the melt (closed circles)
and after crystallization at —45 °C (open circles) are similar
in shape except that at intermediate angles; the angular posi-
tions of small-angle peaks for the crystallized B100-8 are
identical with those for the molten B100-8 (indicated by
vertical dotted lines), suggesting that the spherical micro-
domain structure is completely preserved after crystalliza-
tion and therefore the PCL block crystallizes within the
spherical microdomain. The change in SAXS curves at the
intermediate angle will arise from the deformation of PCL
spheres by crystallization, as pointed out by our group [7]
and Loo et al. [2].

The crystallization of PCL blocks was confirmed by two
methods: (1) observation of the exothermic peak by DSC
when the sample is cooled from the microphase separated
melt and (2) detection of characteristic reflections from PCL
crystals. Fig. 2a shows the DSC curves when each sample is
cooled from the melt at a rate of 5 °C/min. The curves for
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Fig. 2. (a) DSC exothermic curve when each sample is cooled at a rate of
5 °C/min. The DSC curve for PCL is reduced by a factor of 10 for clarity.
(b) WAXD curve of each sample after crystallization. The bottom curve
exhibits amorphous halo arising from the molten B100-7.

B100-3, B100-8, and B100-17 have an exothermic peak at
—45 to —50 °C while that for PCL at 35 °C. The exothermic
peak for PCL-b-PB indicates that PCL blocks certainly
crystallize in the spherical microdomains. A large difference
in the peak temperature between PCL and PCL-b-PB
(80-85 °C) is already reported by Chen et al. [3] for the
crystallization process starting from spherical or cylindrical
microdomains formed in a poly(ethylene oxide)-block-poly-
butadiene copolymer. The large supercooling necessary for
crystallization will be ascribed to the lack of nucleation
opportunity, as discussed by Chen et al. [3,9]. Fig. 2b
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Fig. 3. T}, (open circle) and y (open square) plotted against R; for a series of
PCL-b-PB with M, = 100,000 crystallized at —45 °C. The closed symbols
correspond to Ty, and y for B62-6 crystallized at —45 °C and the arrows
represent those for PCL crystallized at 40 °C.

shows WAXD curves for the samples crystallized at 40 °C
for PCL and —45 °C for PCL-b-PB. The bottom curve is
from the molten B100-17 showing an amorphous halo with-
out any reflection from PCL crystals. The WAXD curves for
PCL-b-PB are the superposition of this amorphous halo
mainly arising from amorphous PB blocks and the small
crystallographic reflections from PCL crystals. These
reflections can be successfully indexed as shown in Fig.
2b because the angular positions of reflections are exactly
the same as those for PCL [10]. This indicates clearly that
the PCL block crystallizes within spherical microdomains
existing in the melt.

Fig. 3 shows the R, dependence of T}, and y for a series of
PCL-b-PB with a same M, (open symbols) and those for
B62-6 (closed symbols) when they are crystallized at
—45 °C. The arrows indicate T}, and y for PCL crystallized
at 40 °C. Though T, and y for PCL depend moderately on
T, those for PCL-b-PB are hardly influenced by T ranging
from —40 to —60 °C. This phenomenon is unique to the
crystallization within microdomain structures. T;, decreases
only slightly with decreasing R, suggesting that the lamella
thickness within microdomains, which is fairly thinner than
that of PCL, is almost constant irrespective of R,. On the
other hand, y for PCL-b-PB is considerably lower than that
of PCL () for B100-3 is, for example, about half of that for
PCL) and decreases significantly with decreasing R,. Intui-
tively, we can consider that y for PCL is higher than that for
PCL-b-PB because there is no specific restriction against the
crystallization of PCL, while the curved interface of PCL
spheres will extremely disturb the crystallization of PCL
blocks. The volume fraction of curved interface regions
that are not available for crystallization increases with
decreasing R; and eventually y decreases steadily with
decreasing R, as shown in Fig. 3.

We find another fact by comparing the results of B62-6
with those of B100-3. Both have a similar R, of PCL spheres
(11.1 nm for B62-6 and 10.3 nm for B100-3), but y for B62-
6 is significantly higher than that for B100-3 though any
significant difference in 7}, cannot be found. This fact
suggests that the crystallization in the spherical microdo-
main is not controlled only by the spherical size, but also
by other factors such as the total molecular weight or the
distance between neighboring spheres. This finding repre-
sents the complexity of crystallization of polymer chains
confined within the nanospace. At present, we are studying
the crystallization behavior of various PCL-b-PB to under-
stand this complexity and the results will soon appear.

In summary, we studied the crystallization of PCL-b-PB
which had spherical microdomain structures in the melt, and
found that the PCL block certainly crystallized without
destroying the existing microdomains. T}, decreased slightly
but x decreased significantly with decreasing R, which is
intuitively understood by the difficulty of crystallization
within the curved nanospace. However, we found that y
was significantly higher when the total molecular weight
was reduced with R, being constant. This fact suggests
that the sphere size is not the unique factor to control crys-
tallization. Other factors, combined with the sphere size,
will cooperatively drive crystallization within the spheri-
cally confined nanospace.
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