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The morphology, formed by the crystallization of c-caprolactone blocks in a crosslinked microdomain 
structure of poly(e-caprolactone)-block-polybutadiene (PCL-b-PB), has been investigated by wide-angle 
X-ray diffraction (WAXD), small-angle X-ray scattering (SAXS), and differential scanning calorimetry 
(d.s.c.). The WAXD results showed that even in the crosslinked PCL-b-PB, PCL blocks crystallized in the 
same crystal form as PCL homopolymers. The SAXS measurements revealed that the microdomain 
structure in the melt remained unchanged by the subsequent crystallization, indicating that the PCL blocks 
crystallized within this structure. This point is extremely different from the case of the uncrosslinked 
PCL-b-PB, where a dramatic morphological reorganization takes place by the crystallization; a micro- 
domain structure is completely replaced by an alternating structure of lamellae and amorphous layers. The 
melting temperature and crystallinity of the PCL blocks in the crosslinked PCL-b-PB were significantly 
reduced compared with those of the uncrosslinked PCL-b-PB, suggesting that the fixed microdomain 
structure affected significantly the crystallization of the PCL blocks to yield imperfect crystals within this 
structure. © 1997 Elsevier Science Ltd. 
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I N T R O D U C T I O N  

The morphology formed in crystalline-amorphous diblock 
copolymers is complicated by a combined effect of crys- 
tallization of  the constituent block and microphase sepa- 
ration between different blocks. In recent years, there 
have been several theoretical and experimental studies 
on the morphology and morphology formation of  such 
block copolymers 1 15. In the case of relatively low 
molecular weight copolymers 3-1°, where the temperature 
of microphase separation is close to the melting tem- 
perature of  the crystallizable block, the microdomain 
structure is completely destroyed by the subsequent crys- 
tallization, as demonstrated in the systems of poly(c- 
caprolactone )-bloek-polybutadienes 4'7 and polyethylene- 
block-poly(ethylethylene)s °. This is because the free 
energy reduction due to the microphase separation is 
not large enough and the crystallization can easily over- 
come the free energy barrier necessary to destroy this 
structure. In the case of  high molecular weight copoly- 
mers, on the other hand, an extreme reduction in free 
energy due to the microphase separation leads to freez- 
ing of  the resultant structure and the crystallization takes 

l l  15 place substantially within this structure . To examine 
the crystallization behaviour and final morphology within 
the microdomain structure, it is a convincing method to 

* To w h o m  cor respondence  should  be addressed  

fix the structure completely by the chemical crosslinks of 
the constituent block in order to prevent further reor- 
ganization of  the microdomain structure. 

There are several experimental studies on the cross- 
linked polymer systems 1w23, where the influence of cross- 
links on the crystallization mechanism, final morphology, 
or miscibility is discussed as compared with the case of 
uncrosslinked systems. Shibayama et al. 22'23, for example, 
investigated the crystallization behaviour of  end-linked 
poly(tetrahydrofuran)s (PTHF) and showed that P T H F  
segments restricted in the network could crystallize to 
result in immature spherulites. This fact suggests that the 
subsequent morphology formation occurs even within 
the crosslinked systems although the mode of  this mor- 
phology formation is significantly altered. 

In this study, we try to crystallize the e-caprolactone 
blocks within a crosslinked microdomain structure of 
poly(E-caprolactone)-block-polybutadiene. It is possible 
to fix the microdomain structure completely by introdu- 
cing chemical crosslinks to the PB blocks at the molten 
state. By this method, we can get the crosslinked samples 
with a definite structure. The final morphology on the 
subsequent crystallization is examined by WAXD and 
SAXS, and the melting behaviour is also investigated by 
d.s.c. The results obtained are compared with those of 
the uncrosslinked PCL-b-PB and we elucidate the influ- 
ences of the fixed microdomain structure on the crystal- 
lization and final morphology. 
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EXP ER I MENTAL 

Materials 

The poly(c-caprolactone)-bloek-polybutadiene (PCL- 
b-PB) used in this study (denoted B I7 in our recent 
study 9) was synthesized by successive anionic polymer- 
izations under vacuum with n-butyllithium as an initi- 
ator. Details of the synthesis were described elsewhere 4'7. 
The molecular characteristics of this copolymer are as 
follows: the number-average molecular weight (Mn) 
evaluated by vapour pressure osmometry is 18 000, the 
polydispersity index (Mw/Mn) by gel permeation chro- 
matography is 1.38, the PCL content in the copolymer 
by rH n.m.r, is 26vo1%, and the microstructure of the 
PB block by 1H n.m.r, is 34, 49 and 17mo1% for eis- 
1,4, trans-1,4, and 1,2-linkage, respectively. This copoly- 
mer has a hexagonally-packed cylindrical structure in 
the melt judging from the PCL content and the angular 
position of small-angle X-ray intensity peaks (Figure 
7a) 24. 

The poly(e-caprolactone) homopolymer (PCL), used 
for comparison purposes of the crystal structure, was 
supplied from Scientific Polymer Products Inc., and M n 
and Mw/M~ were stated to be 10 700 and 3.1, respectively. 

Method oJcrosslinks 
The microdomain structure in the melt was fixed by 

a crosslink reaction between the double bond of the 
PB block and peroxide, 1,l-bis(tert-butylperoxy)-3,3,5- 
trimethylcyclohexane. This peroxide is known to react 
only with PB blocks at high temperatures (~ 150C) to 
introduce • • z5 . crosshnks m the system . Actually, PCL did 
not react at all with the peroxide at 150°C. 

The peroxide was first dissolved homogeneously with a 
PCL-b-PB/benzene solution, and the benzene solution 
was subsequently cast on a glass plate to get homo- 
geneous thin films of PCL-b-PB and peroxide. The mole 
number of the peroxide against that of PCL-b-PB, n, was 
changed in the range between 0.3 and 3.0 to check the 
influence of the crosslink density on the final morphol- 
ogy and melting behaviour after crystallization. The 
film was then annealed at ca. 60'~C for 30 rain to destroy 
the previous morphology at room temperature and to 
develop the cylindrical microdomain structure, and fol- 
lowed by the heat treatment at 150C for 30 min to intro- 
duce crosslinks in the PB region, where PCL-b-PB still 
had the cylindrical microdomain structure judging from 
the SAXS curve at 150"~C. Finally the film was washed 
with benzene several times to remove the uncrosslinked 
PCL-b-PB. The macroscopic degree of PCL-B-PB cross- 
linked by this reaction,.[~ was estimated from a weight 
ratio of remaining films and initial copolymers. We 
denote hereafter the un-crosslinked PCL-b-PB as PCL-h- 
PB(U) and the crosslinked PCL-h-PB as PCL-b-PB(C). 

WAXD measurements 
The WAXD measurement was performed with Rigaku 

diffractometer (RAXIS 200 IIC) using Ni-filtered CuK, 
radiation supplied by a Rigaku RU300 generator oper- 
ating at 40 kV and 100 mA. The detector was an imaging 
plate with 512 x 512 pixels. The two-dimensional data 
were reduced to one-dimensional data through a circular 
average and then the background and amorphous halo 
were subtracted from the WAXD pattern to evaluate 
the characteristic diffractions from the PCL crystal. The 
samples were about 1 mm in thickness and crystallized at 

room temperature for 3 days to ensure the complete 
crystallization. 

SA XS measurements 
The SAXS measurement was performed with a point 

focusing optics and a one-dimensional position sensitive 
proportional counter (PSPC) with an effective length of 
10 cm. The SAXS optics has a toroidal mirror and a two- 
crystal monochromator  to focus the scattered intensity 
on the PSPC. The CuK, radiation supplied by a MAC 
Science M18X generator operating at 40kV and 30mA 
was used throughout. The distance between the sample 
and PSPC was about 40 cm. The geometry was further 
checked by a chicken tendon collagen, which gives a set 
of sharp diffractions corresponding to 65.3 nm. 

The sample was kept for a long time before measure- 
ments at a measuring temperature 7~, by circulating 
temperature-controlled water to the sample holder. The 
fluctuation of T, was less than I 'C throughout. When T~ 
was lower than room temperature, the sample was crys- 
tallized at another place and moved to the sample holder. 
The time necessary for each SAXS measurement was 
3000 s. 

The SAXS intensity measured was corrected for back- 
ground scattering and absorption by the sample. The 
angular position of the intensity peak and the full width 
at half maximum (FWHM) were evaluated as a function 
of T, for PCL-b-PB(U) and PCL-b-PB(C). 

D.s.c. measurements 
A Perkin Elmer Model 7 DSC was used to deter- 

mine the melting temperature Tm of the PCL block and 
block crystallinity ~, i.e., wt% of crystallized PCL blocks 
against existing PCL blocks in the system. The sample, 
first annealed at 6 5 C  for 1 h, was quenched by a maxi- 
mum quenching rate (=500 Cmin  ~) to the crystal- 
lization temperature T~. ranging fi'om 15c'C to 45'C for 
PCL-h-PB(U) and from 2 0 C  to 30°C for PCL-b-PB(C), 
followed by heating at a rate of 3 C m i n  i. Tm was 
evaluated from the endothermic peak position and X was 
calculated from the peak area assuming that the heat of 
fusion for the perfect PCL crystal is 135.44J g-I 26 

RESULTS AND DISCUSSION 

Influence o/crosslink density on the final morphology 

In this study, the concentration of peroxide was changed 
to examine the influence of the crosslink density on the 
final morphology after crystallization of the PCL block. 
We did not, however, try to estimate the actual crosslink 
density because the difference in this density did not 
affect the following results at all. The density might affect 
significantly, for example, the kinetics of crystallization 
and mechanical properties of the system 23. 

The PCL-b-PB(C) obtained was macroscopically char- 
acterized by the wt% fraction, f, of crosslinked speci- 
mens against initial copolymers, which is defined by the 
equation, 

t(wt~X) = 100 × (w/w0) 

where w 0 and w are the weights of PCL-b-PB before and 
after the crosslink reaction, respectively. Note tha t fdoes  
not represent directly the crosslink density in the system, 
but it is likely that increasing n means the increase of the 
crosslink density. Figure 1 shows the n dependence of/"  
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for PCL-b-PB(C), where n denotes the number of perox- 
ide against each PCL-b-PB molecule. The value o f f  is 
about 60 wt% irrespective of n. Even when the peroxide 
was absent in the system (n = 0 in Figure 1), we could 
obtain the crosslinked gel (f-,~ 40wt%) insoluble to 
benzene only by the heat treatment at 150°C for 30 min, 
although this gel was more flexible and hence weakly 
crosslinked compared to PCL-b-PB(C). 

The n dependences of the melting temperature T m and 
block crystallinity X for PCL-b-PB(C) are shown in 
Figure 2. The data on the ordinate correspond to those 
for PCL-b-PB(U). Although Tm and X for PCL-b-PB(C) 
are significantly lower than the values for PCL-b-PB(U), 
they are independent of n as long as n is in the range 
between 0.3 and 3.0. This means that the final mor- 
phology and melting behaviour described below are not 
affected by the crosslink density, while they are extremely 
dependent on whether the crosslinks exist or not in the 
system. We used PCL-b-PB(C) with n = 1 for the fol- 
lowing WAXD, d.s.c., and SAXS measurements. 
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Figure l Plot of  the wt% fraction of  PCL-b-PB(C), J~ against the 
concentration of  peroxide n. n represents the number of peroxide 
against each PCL-b-PB molecule 

W A X D  measurements 

In order to check the crystallizability and crystal 
structure of the PCL block in PCL-b-PB(C), we exam- 
ined WAXD patterns of PCL, PCL-b-PB(U), and PCL- 
b-PB(C) (Figure 3). Each WAXD pattern has a couple of 
crystallographic reflections, which can be indexed satis- 
factorily to the crystal structure of PCL 27. This indicates 
that the PCL blocks certainly crystallize even in PCL-b- 
PB(C) in the ordinary crystal form. A significant broaden- 
ing of the reflections, however, cannot be detected among 
the WAXD patterns shown in Figure 3 and we cannot 
extract information about the difference in crystal per- 
fection between PCL-b-PB(U) and PCL-b-PB(C). 

Lovinger et al. 6 examined the crystal structure of PCL 
blocks in PCL-poly(dimethyl siloxane)-PCL triblock 
copolymers and obtained the diffraction patterns iden- 
tical to PCL to confirm the presence of PCL crystals in 
their triblock copolymers. Register et al. 5 observed dif- 
fraction patterns of polyethylene in a series ofpolyethylene- 
block-poly(ethylene-alt-propylene)s to get the crystallinity 
of polyethylene blocks. These facts lead us to conclude 
that the crystal structure of the constituent block in the 
copolymer is identical with the corresponding homo- 
polymer. In addition, we feel that crystallization is a 
strong factor to bring about the morphology formation 
even in the systems where the molecular motion is 
extremely restricted, as demonstrated in the crystalliza- 

19 21 tion of crosslinked polyethylenes - and end-linked 
22 23 poly(tetrahydrofuran)s ' . 

D.s.c. measurements 

Figure 4a shows the melting curves for PCL-b-PB(U) 
crystallized at each temperature indicated. At Tc = 42, 
40, and 37°C, the curves are bimodal with both peak 
temperatures decreasing with decreasing T¢. At T¢ = 35 
and 30°C, on the other hand, there is a single endo- 
thermic peak, although a faint shoulder can be detected 
at T¢ = 35°C. These melting curves were strongly depend- 
ent on the crystallization time tc at each T¢; the lower 
temperature peak decreased and the higher temperature 
peak (and also block crystallinity) increased with increas- 
ing tc. 

The multiple melting peaks are sometimes observed in 
crystalline homopolymers where recrystallization occurs 
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Figure 2 Plots of the melting temperature T m and block crystallinity X 
against n. The symbols on the ordinate correspond to the results of 
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Figure 3 WAXD patterns for (a) PCL, (b) PCL-b-PB(U), and (c) 
PCL-b-PB(C) after crystallization of  the PCL block 
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on heating, that is, thinner lamellae melt at a lower 
temperature to yield thicker lamellae with higher Tm 28. 
The bimodal thermogram, therefore, depends signifi- 
cantly on the heating rate. In the present PCL-b-PB, 
there is another possibility to yield such bimodal melting 
curves, because the PCL homopolymer, identical to the 
crystallizable block in PCL-b-PB, did not show the 
definite bimodal melting behaviour at any T~. That is. 
the system might have two morphologies, microdomain 
structure and lamellar morphology, at the beginning of 
crystallization, in which the crystallization mechanism 
and hence final morphology should be different giving 
d i f f e r e n t  Trn. If this is the case, this bimodal melting 
curve is characteristic of the crystallization of block 
copolymers, as discussed later. 

The melting curves for PCL-b-PB(C) crystallized at 
each temperature are shown in Figure 4b, where the 
ordinate is enlarged by a factor of 3 to be compared with 
Figure 4a. The crystallization did not occur substantially 
in the temperature range where PCL-b-PB(U) crystallized, 

and it was necessary to lower T~ extremely. One endo- 
thermic peak was detected at each T~ although it was 
small and broad compared to that of PCL-b-PB(U). 
Figure 4 indicates clearly that the introduction of cross- 
links in the system changes dramatically the melting 
behaviour of the PCL block and hence final morphology 
in the system. Particularly, the low T m and low crystal- 
linity arise from the decelerated crystallization within the 
crosslinked morphology. 

Melting temperature and crystallinity 
The T~ dependence of Tm for PCL-b-PB(C) and PCL- 

b-PB(U) is shown in Figure 5. The higher T m for PCL-b- 
PB(U) decreases with decreasing T c and levels off below 
T~, = 37~'C, which is usually observed for the melting 
behaviour of crystalline homopolymers. The lower Tin, 
on the other hand, decreases steeply with decreasing T c 
and seems to connect smoothly with Tm for PCL-b- 
PB(C). This fact makes us speculate that the lower Tm 
corresponds to the melting of the PCL blocks crystallized 
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within the existing microdomain structure. That is, the 
PCL blocks crystallize within the microdomain structure 
(crystallized microdomain structure) and simultaneously 
the morphological reorganization occurs from the micro- 
domain structure into the alternating structure of lamel- 
lae and amorphous layers (lamellar morphology). The 
system, therefore, has two morphologies at the beginning 
of crystallization. The crystallized microdomain struc- 
ture will show a lower Tm than the lamellar morphology, 
because the crystallization in the microdomain structure 
is more restricted to give the imperfect PCL crystals. 
Detailed analysis of the crystallization and melting behav- 
iours of PCL-b-PB(U) will appear in the forthcoming 
paper 29 . 

Figure 6 shows the Tc dependence of X for PCL-b- 
PB(C) and PCL-b-PB(U). The value X for PCL-b-PB(C) 
is ca. 1/3 of that for PCL-b-PB(U) and is almost constant 
irrespective of Tc. Figure 6 also suggests our speculation 
mentioned above, that is, the PCL crystals within the 

microdomain structure are immature to yield a large 
reduction of the block crystallinity. The constant X 
against Tc is not usually observed in crystalline homo- 
polymers, suggesting that the sub-morphology on crys- 
tallization within the microdomain structure will be 
specific although a definite picture cannot be presented 
here. 

SAXS measurements 
The SAXS intensity curves for PCL-b-PB(U) at vari- 

ous temperatures are shown in Figure 7a. At 69.5°C 
(> Tm), a cylindrical microdomain structure appears in 
the system and we can get a set of diffractions (shown by 
arrows in Figure 7a) from this structure. At tempera- 
tures below Tm, on the other hand, the PCL blocks 
crystallize by destroying the existing microdomain struc- 
ture to result in the formation of lamellar morphology 
and hence the SAXS curves change dramatically. That 
is, the angular position of the intensity peak shifts 
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significantly to the lower angle with the peak width being 
broad. In addition, the peak position is strongly depend- 
ent on Tc as previously reported for various PCL-b- 
PB copolymers 4'7'9. This morphological transition has 
been confirmed by electron microscopy in our recent study 9. 

The SAXS intensity curves for PCL-b-PB(C) at vari- 
ous temperatures are shown in Figure 7b. From the d.s.c. 
results, the PCL blocks crystallize at 0"C and 18.5°C, 
while it is amorphous at 50°C and 66.5°C. The SAXS 
curves shown in Figure 7b are similar in shape irrespec- 
tive of T a, which is quite different from the case of PCL- 
b-PB(U) shown in Figure 7a. That is, the microdomain 
structure in PCL-b-PB(C) is preserved by the subsequent 
crystallization. An additional scattering reflecting the 
inside of the microdomain structure (sub-morphology) 
is, however, not observed in Figure 7b. 

Figure 8 shows the T a dependence of spacings evalu- 
ated from the angular position of the intensity peak 
for PCL-b-PB(U) and PCL-b-PB(C). As expected from 
Figure 7, the spacing changes dramatically for PCL-b- 
PB(U) at around Tin, while it is almost constant for 

PCL-b-PB(C). This is the most different point in mor- 
phology between PCL-b-PB(U) and PCL-b-PB(C). The 
spacing of the microdomain structure reduces by ca. 10% 
before and after the crosslink reaction, indicating that 
the microdomain structure shrinks slightly. This small 
shrinking in morphology was also reported in the cross- 
linked polystyrene-block-polybutadiene-block-polystyrene 
copolymers 18 . 

Figure 9 shows the Ta dependence of the full width at 
half maximum (FWHM) of the intensity peak, Aw, for 
PCL-b-PB(U) and PCL-b-PB(C). At above Tin, Aw is 
identical for both samples. Below Tin, on the other hand, 
the temperature dependence of Aw is quite different: 
for PCL-b-PB(C), Aw increases slightly, indicating that 
the microdomain structure existing above Tm distorts 
slightly by the crystallization to produce the distribution 
in the regular arrangement of this structure. That is, the 
crosslinked microdomain structure is not tight enough 
but transformable depending on the conformation of the 
constituent blocks. The value of Aw for PCL-b-PB(U), 
on the other hand, increases suddenly at Tm, reflecting 
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the development of a new lamellar morphology in the 
system. 

Morphological consideration 
The results described above clearly show that the 

PCL blocks in PCL-b-PB(C) crystallize within the fixed 
microdomain structure to yield imperfect crystals with a 
low Tm and a low X, which is contrary to the case of 
PCL-b-PB(U), where the crystallization brings about a 
dramatic change in morphology from the microdomain 
structure into the lamellar morphology. Figure 9, how- 
ever, shows that the fixed microdomain structure distorts 
slightly by the subsequent crystallization of the PCL 
block. 

The morphological change on crystallization both for 
PCL-b-PB(U) and PCL-b-PB(C) is schematically shown 
in Figure 10 on the basis of the present results. In the case 
of PCL-b-PB(U) (Figure lOa), the microdomain struc- 
ture is completely replaced into the lamellar morphology 
after a long time and details of this morphology (lamellar 
thickness, amorphous layer thickness, and so on) are 
determined by a delicate balance of free energies between 
the amorphous and crystalline blocks, as theoretically 
predicted by DiMarzio et al. ~ and Whitmore and 
Noolandi 2. In the case of PCL-b-PB(C) (Figure lOb), 
on the other hand, the microdomain structure is substan- 
tially frozen and the PCL blocks have to crystallize within 
this structure. Therefore, the crystallization mechanism 
and the resultant PCL crystals should be extremely dif- 
ferent from the case of PCL-b-PB(U). 

The crystallization of the PCL blocks will produce 
the volume contraction of the cylindrical microdomain 
structure; a 25% block crystallinity (Figure 6) corre- 
sponds to ca. 2.4% contraction of the cylinder volume at 
20°C 26'27. This volume contraction is considered to yield 
the distortion of the microdomain structure (Figure 9). In 
other words, the volume contraction may restrict the 
crystallinity of the PCL blocks, because a high crystal- 
linity will produce a large volume contraction and hence 
a large deformation of the microdomain structure. The 
crystallization behaviour of PCL-b-PB(C) is, therefore, 
complicated compared to that of PCL-b-PB(U) and 
crystalline homopolymers. 

CONCLUSIONS 

In this study, the morphology and melting behaviour of 
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Figure 10 Schematic illustration of the morphological change on 
crystallization of the PCL blocks for (a) PCL-b-PB(U) and (b) PCL-b- 
PB(C). The thick lines connecting broken chains in (b) represent the 
crosslinks introduced in the system 

the crosslinked PCL-b-PB were investigated by WAXS, 
SAXS, and d.s.c. The WAXD and SAXS results showed 
that (1) the PCL blocks crystallized in the same crystal 
form as PCL homopolymers and (2) the microdomain 
structure in the melt was essentially unchanged on crys- 
tallization. These two facts indicated that the PCL blocks 
crystallized within the fixed microdomain structure to 
result in the imperfect PCL crystals with a low Tm and a 
low X, as examined by d.s.c, measurements. The mor- 
phology was, therefore, quite different from that of the 
uncrosslinked PCL-b-PB, where a dramatic morpho- 
logical reorganization took place by the crystallization. 
This morphological difference is schematically illustrated 
in Figure 10 for the crosslinked and uncrosslinked samples. 
It is noteworthy that the crosslink introduced in the 
system changes extremely the morphology after crystal- 
lization, so that the crosslink reaction is one of the 
powerful methods to control the morphology formed in 
polymer systems containing crystalline chains. 
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