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Introduction. Spatially confined crystallization observed in
crystalline block copolymers provides an interesting research
subject from the viewpoint of nanostructural control in polymer
materials.1 It is well-known that isolated nanodomains (i.e.,
spheres or cylinders) affect the crystallization of constituent
blocks to yield a considerable decrease in the crystallization
temperature and crystallinity,2-7 where we can consider two
principal factors which simultaneously affect the crystallization
process: (1) spatial confinement by nanodomains surrounding
the crystalline blocks and (2) chain confinement by tethering
at the nanodomain interface (Figure 1a). In order to understand
the effects of these factors separately on the crystallization
behavior, it is necessary to prepare such a system where
crystalline homopolymersare confined within spherical or
cylindrical nanodomains (Figure 1b) and to investigate the
differences in crystallization behavior between two systems (a/b
or b/c in Figure 1).

It is not easy to prepare such a system, and new ideas are
necessary to do it. Ho et al.8 studied the crystallization behavior
of poly(ε-caprolactone) (PCL, [-(CH2)5-CO-O-]n) homopoly-
mers in a binary blend of PCL and polystyrene-block-poly-
(ethylene-propylene) (PS-b-PEP), where PCL was localized
between microphase-separated PS-b-PEP layers and eventually
confined within lamellar nanodomains consisting of PS and PEP
layers. They concluded that the melting temperature, crystal-
linity, and crystallization rate of confined PCL were significantly
different from those of bulk PCL without any spatial confine-
ment. Recently some research groups studied the crystallization
of homopolymers confined in nanoporous alumina and reported
the interesting relationship between the crystallization behavior
and the properties of nanorods.9-11 Some computer simulations
have also been performed for homopolymer crystallization in
isolated nanodomains.12,13

In this Communication, we report the crystallization behavior
of poly(δ-valerolactone) (PVL) homopolymers ([-(CH2)4-
CO-O-]n) spherically or cylindrically confined within PS
matrices and emphasize differences in crystallization between
PVL blocks (Figure 1a) and PVL homopolymers (Figure 1b).
The systems were prepared by the microphase separation of
PVL-b-PS copolymers followed by photocleavage at block
junctions to yield PVL homopolymers confined within PS
nanodomains.

Experimental Section. a. Samples.We prepared two PVL-
b-PS copolymers with a photocleavableo-nitrobenzyl group14

between PVL and PS blocks. The glass transition temperature
of PS is ca. 100°C, and the melting temperature of PVL is ca.
45 °C (Figure 3a), so that the vitrification of PS chains prevents
macrophase separation between PS and PVL homopolymers
after photocleavage at temperatures where PVL crystallizes, and
eventually we can observe the crystallization of PVL homopoly-
mers confined within the PS nanodomain originally formed by
the microphase separation of PVL-b-PS copolymers. The
methods of sample synthesis and characterization will soon
appear. Table 1 shows the molecular characteristics of samples
used in this study. The number after V (or S) in the sample
code represents the molecular weight of PVL (or PS) chains in
kg/mol, and “-” stands for samples before photocleavage, i.e.,
normal diblock copolymers, while “/” for those after photo-
cleavage, i.e., PVL homopolymers confined within PS matrices.

The crystal structure of PVL was recently reported by
Furuhashi et al.,15 and it is very close to that of PCL. For
example, the specific volume of PVL crystals is 0.840 cm3/g
and that of PCL crystals 0.833 cm3/g.16 However, the specific
volume of amorphous PVL is not found in the literature, so we
used the specific volume of amorphous PCL17 to obtain the
volume fraction of PVL in the system. For the specific volume
of PS we used the value reported by Richardson and Savill.18

b. Photocleavage.UV with 1000 mW/cm2 in intensity and
wavelength longer than 300 nm was irradiated for 3 min to thin
films with ca. 50µm in thickness to cleave the block junction.
This photocleaving process is completely irreversible; i.e., once
the junction is broken it never recombines into copolymers,
which is advantageous for our crystallization experiments.19 The
samples before and after UV irradiation were examined by gel
permeation chromatography (GPC), and the photocleavage yield
was evaluated from the ratio of peak areas of PVL-b-PS
copolymers and PS homopolymers. The yield was 72% for V8/
S21 and 88% for V6/S42, and therefore a small amount of PVL
blocks remained in the system after photocleavage. This fact
does not imply that the system has two nanodomains, one
consisting of PVL homopolymers and the other PVL blocks,
but the PVL blocks will be distributed uniformly in every
nanodomain because the DSC curve showed a single endother-
mic peak during heating. Therefore, we can expect the effect
of chain confinement on the crystallization behavior even for
72% or 88% photocleaved systems.

c. Small-Angle X-ray Scattering (SAXS).The microdomain
structures before and after photocleavage at selected tempera-
tures were investigated by SAXS using synchrotron radiation,
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Figure 1. Schematic illustration showing crystalline blocks and
crystalline homopolymers confined within a spherical nanodomain (a
and b) and crystalline homopolymers without any spatial confinement
(c).
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which was performed at Photon Factory in high energy
accelerator research organization, Tsukuba Japan, with a small-
angle X-ray equipment for solution (SAXES) installed at
beamline BL-10C. Details of the equipment and the instrumen-
tation are described in our previous publications.20-23 The
scattered intensity was recorded with a one-dimensional posi-
tion-sensitive proportional counter (PSPC), by which isotropic
scattering from the sample was obtained as a function ofs ()
(2/λ) sin θ, λ is the X-ray wavelength () 0.1488 nm) and 2θ
the scattering angle). The spacing, an alternating period of the
structure, was evaluated from the angular position of the primary
intensity peak.

d. Differential Scanning Calorimetry (DSC). A Perkin-
Elmer DSC Diamond was employed with a heating rate of 20
°C/min to obtain the melting temperature and crystallinity of
PVL chains crystallized at selected temperatures for a long time.
Actually the heat of fusion for PVL chains was used instead of
crystallinity because that for perfect PVL crystals was not found
in the literature. We also investigated the crystallization behavior
of each sample by DSC. The samples crystallized at selected
crystallization temperatureTc (-52 °C e Tc e -48 °C for V8-
S21 and V8/S21 and-67 °C e Tc e -61 °C for V6-S42 and
V6/S42) for prescribed timestc were quickly transferred to a
higher temperature (∼15 °C), where further crystallization of
PVL did not occur, and then heated at 20°C/min until PVL
melted completely. The endothermic heat of melting was
evaluated as a function oftc to compare the crystallization
behavior among each sample.

Results and Discussion.Figure 2 shows SAXS curves for
V8-S21 and V8/S21 at room temperature (where PVL is
crystallized) and those at 70°C (PVL is amorphous). The SAXS
curves at room temperature have a few scattering peaks, and
the angular positions of these peaks exactly correspond to the

ratio of 1:x3:x4, indicating that the PVL cylindrical micro-
domain is formed in PS matrices. On the basis of the composi-
tion, the specific volume of each block, and the primary peak
position of SAXS curves, the diameter of this cylinder is
estimated to be 15.7 nm. Similar consideration leads that V6-
S42 and V6/S42 have a spherical microdomain structure with
a 17.6 nm diameter. The SAXS curves at 70°C, where PVL is
amorphous, show a similar pattern with the primary peak
position being unchanged though the higher order peaks are
unclear because of small difference in electron density between
amorphous PVL () 344 e/nm3 at 70 °C, estimated from the
specific volume of amorphous PCL) and amorphous PS () 338
e/nm3 at 70°C). This fact indicates clearly that the cylindrical
or spherical microdomains are completely preserved in V8/S21
and V6/S42 even after the melting of PVL homopolymers. In
addition, the samples remained transparent after photocleavage,
suggesting no macroscopic phase separation between PVL and
PS homopolymers due to the vitrification of PS matrices.
Therefore, we can investigate differences in crystallization
behavior between PVL blocks and PVL homopolymers on
identical crystallization conditions.

The melting temperatureTm and heat of fusion∆H (propor-
tional to crystallinity) of PVL chains are plotted againstTc in
Figure 3 for V8-S21 and V8/S21.Tm and∆H for V8/S21 are
significantly higher than those for V8-S21, indicating that the
PVL homopolymer has a higher crystallizability than the PVL
block in the same nanodomain. This fact is recently predicted
by Monte Carlo simulations for a cylindrically confined
system,12 where crystal orientations are perpendicular to the
cylinder axis for tethered blocks while they are parallel for
homopolymers resulting in large differences in the crystal
thickness and crystallinity. Figure 3 also shows thatTm and∆H
are almost independent ofTc. In crystalline homopolymers both
values usually increase steadily with increasingTc.24 The spatial
restriction does not permit more favorable crystallization or
relaxation on a long time scale, for example lamella thickening,
with increasingTc.

Table 1. Characterization of Samples Used in This Study

Mn × 10-3
sample
code PVL PS

φPVL

(wt %) Mw/Mn fpc
a (%) morphologyb

V8-S21 8.5 21 29 1.04 0 cylinder
V8/S21 8.5 21 29 1.04 72 cylinder
V6-S42 6.4 42 12 1.02 0 sphere
V6/S42 6.4 42 12 1.02 88 sphere

a Photocleavage yield obtained by GPC.b Determined by SAXS.

Figure 2. SAXS curves for V8-S21 (before photocleavage, open
circles) and V8/S21 (after photocleavage, closed circles) at room
temperature (top two curves) and 70°C (>Tm, bottom two curves).
The plots of the data for V8-S21(RT), V8/S21(RT), and V8-S21(70
°C) are shifted upward successively for legibility.

Figure 3. Tm (a) and∆H per 1 g PVL (b) (proportional to crystallinity)
plotted againstTc for PVL homopolymers in V8/S21 (open circles)
and PVL blocks in V8-S21 (closed circles).
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We pursued isothermal crystallization of PVL blocks and PVL
homopolymers by DSC as the time evolution of∆H. Figures
4a,b are the plots of∆H vs tc and show differences in the
crystallization behavior between PVL blocks and PVL homo-
polymers in cylindrical or spherical nanodomains on identical
crystallization conditions, where the plots show a steep increase
at early stage crystallization followed by an asymptotic increase
at late stage. This time evolution is extremely different from
that usually observed in crystalline homopolymers, where we
can observesigmoid-shaped time evolution. Figures 4a,b
resemble the crystallization behavior (for example, time evolu-
tion of primary peak intensity in SAXS curves) of constituent
blocks confined in self-assembled spherical nanodomains formed
in rubbery crystalline diblocks,3-5,25,26where total crystallization
shows the nucleation-controlled process or first-order process.
That is, the crystallization rate attc is proportional to the volume
fraction of uncrystallized domains remaining attc. Therefore,
the plot of ln{1 - ø(tc)} vs tc (ø(tc): normalized crystallinity at

tc) should give a straight line, and the slope is a measure for
the crystallization rate of this process.27 Note that this plot
exactly corresponds ton ) 1 in Avrami equation. Figure 4c
shows such plots for all samples investigated, where the
crystallization rate (or the slope in Figure 4c) of cylindrically
confined chains (homopolymers or blocks) are extremely larger
than that of spherically confined polymers. In addition, the
crystallization rate of PVL blocks is ca. 2.4 or 3.4 times larger
than that of PVL homopolymers in cylindrical or spherical
nanodomains, respectively. In summary, the total crystallization
of cylindrically or spherically confined PVL homopolymers as
well as PVL blocks can be described by the first-order process,
and we can observe the significant differences in crystallization
rate between them.

We pursued the nucleation rate in Figures 4a,b since the
growth rate should be extremely fast owing to small domains.
Therefore, these figures indicate clearly that the crystallization
occurs predominantly at the nanodomain interface because the
only difference in crystallization between PVL blocks and PVL
homopolymers is whether one end of PVL chains is tethered at
the domain interface or not. This difference yields the difference
in the thermal motion of the chain end; tethered chains have
slower thermal motion than free chains, leading to a larger
possibility to form a nucleus. This kind of interfacial nucleation
is reported in various systems such as homopolymers confined
in micrometer domains,27 immiscible polymer blends,28 and
spherically or cylindrically confined block copolymers.3-5,25,26

Predominant nucleation at microdomain interfaces is also
confirmed by molecular dynamics simulations. Miura and
Mikami,13 for example, showed that the domain interface
accelerated the crystallization rate of semiflexible homopolymers
confined in isolated nanodomains because of the activated
nucleation process at domain interfaces. These simulation results
as well as other experimental results strongly support our
conclusion; i.e., nucleation occurs predominantly at the domain
interface.

In this Communication, we mainly described differences in
crystallization between PVL homopolymers and PVL blocks
confined in isolated nanodomains (Figures 1a,b). Differences
in crystallization between spatially confined homopolymers and
bulk homopolymers (Figures 1b,c), on the other hand, will
provide fundamental effects of isolated nanodomains on the
crystallization of flexible homopolymers. The difference in
crystallization behavior between these systems is, however,
extremely large compared to that between confined blocks and
homopolymers. For example, the crystallization temperature of
confined homopolymers (and also blocks) is considerably lower
than that of bulk homopolymers (ca. 80° difference), and the
crystallinity is significantly small.5 These facts indicate that the
isolated nanodomains (sphere or cylinder) strongly restrict the
crystallization of polymer chains inside. The effect of chain
tethering at domain interfaces is smaller, but it is not negligible
when we consider the crystallization behavior of flexible chains
confined within isolated nanodomains.
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