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Introduction. Various microphase separation struc-
tures have been observed in the solid state of block
copolymers.! Since most of the block copolymers studied
thus far are made of noncrystalline segments, a repul-
sive force between the block segments is the main
driving force in the phase separation. Another class of
block copolymers, consisting of semicrystalline seg-
ments, can also form a microphase separation structure,
which is quite different from that of the amorphous
block copolymers because of segment crystallization in
addition to microphase separation.2=> However, few
analyses have been conducted on the latter structure
or its formation process because of its complexity.

Recently, various types of block copolymers have been
prepared by a combination of poly(L-lactide) (PLLA) and
poly(oxyethylene) (PEG) as the hydrophobic and hydro-
philic blocks, respectively. Characteristics of these
copolymers are their ease of sequence control and
particle preparation as well as their wide range of
applications.5~8 However, little research has been done
on their microstructure in the solid state. Since both
PLLA and PEG are crystalline, the block copolymer
system affords an interesting opportunity to analyze the
segment-crystallization/phase-separation processes dur-
ing the macromolecular aggregation of crystalline block
copolymers. In the present study, nanoparticles of a
poly(L-lactide)-block-poly(oxyethylene) (PLLA—PEG) were
prepared (Scheme 1) and developed on a substrate
surface to allow the occurrence of particle destruction
and aggregation until a stable morphology was con-
structed on the surface. The dynamic process of macro-
molecular dissociation, aggregation, and ordering ob-
served during the morphological changes promotes the
understanding of the mechanism of phase separation
and segment crystallization of block copolymers.

Experimental Section. Poly(L-lactide)-block-poly-
(oxyethylene) monomethyl ether (PLLA—PEGMe) was
synthesized by ring-opening polymerization of L-lactide
(Purac Biochem, The Netherlands) in the presence of
monomethoxy-terminal poly(ethylene glycol) (PEGMe:
Mp = 5000 Da, M/Mp = 1.05, Aldrich)8° and tin octoate
as the catalyst (10 mol % relative to PEGMe). PLLA—
PEGMe (96% vyield): M, = 9500 Da, My/M, = 1.14
(relative to polystyrene standard by GPC with CHCI3
as eluent), PLLA/PEGMe = 52/48 (wt/wt) in a segment
ratio or 40/60 (mol/mol) in a lactate/oxyethylene unit
ratio.l® Its DSC curve showed two endothermic peaks
at 46—57 and 140—160 °C, corresponding to the crystal
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Scheme 1. Synthetic Route of a PLLA-PEGMe
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fusions of the phase-separated PEG and PLLA seg-
ments, respectively.

A suspension containing PLLA—PEGMe particles was
prepared by dropwise addition of a polymer solution in
tetrahydrofuran (THF) (0.25 g/5.0 mL) into water (50
mL) at 0 °C followed by sonication and evaporation of
THF. The resulting aqueous suspension was filtered
through a 5 um pore filter (Fuji, FM-500). The particle
concentration was then adjusted to 0.005—0.5 wt % by
dilution.

Each of the suspensions prepared was cast on a
freshly carved mica plate (15 x 16 mm?) or a surface-
polished Ge plate (10 x 10 mm?) and dried up in air at
4 °C to prepare a thin film of the PLLA—PEGMe
particles. Each sample thus prepared was then sub-
jected to atomic force microscopy (AFM) conducted on
a Digital Instruments Nanoscope-llla instrument oper-
ated in the tapping mode in air using a silicon canti-
lever. FT-IR spectra were measured for the samples
prepared on the Ge plate on a JASCO FT/IR-5300
spectrometer.

Results and Discussion. The 'H NMR spectrum of
the copolymer suspension prepared in D,O showed no
PLLA signal despite showing a large PEG signal at 6
= 3.6—3.7 ppm and a small methoxy signal at 6 = 3.37
ppm. This result provides strong support for the forma-
tion of core—shell particles in an aqueous medium with
hydrophobic PLLA and hydrophilic PEG blocks placed
in the core and shell, respectively. Dynamic light
scattering (DLS; Otsuka Electronics DLS-7100) revealed
that the average hydrodynamic diameter of the particles
was 86—90 nm (by the cumulant method) in suspensions
with concentrations of 0.005—0.5 wt %. The apparent
molecular weight of the nanoparticles was determined
to be 1 x 107 Da by static light scattering (SLS; Otsuka
Electronics DLS-7100). From these values, the average
aggregation number of the block copolymer was calcu-
lated to be ca. 1 x 108 per particle.

Each of the above suspensions was cast on a mica
plate and slowly dried. Figure 1a shows a typical AFM
image of the particles deposited from a concentrated (0.2
wt %) suspension. A large number of particles of a
similar size agglomerate on the whole surface of the
substrate. The contour of a cross section of this particle
film revealed that the thickness of these particles was
5—10 nm. Therefore, the particles have a discoid shape
and a dimension of 30—50 nm in diameter and 5—10
nm in thickness. Casting of those suspensions having
concentrations higher than 0.1 wt % gave an identical
image.
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Figure 1. AFM images of the PLLA—PEG nanoparticles spread on a mica surface. Samples prepared from the 0.2 wt %
suspension: (a) as-cast, (c) annealed at 60 °C for 2 h, and (c') the same as (c) recorded at higher magnification. Samples prepared
from the 0.01 wt % suspension: (b) as-cast, (d) annealed at 60 °C for 2 h, and (e) kept in air for 1 week after annealing.

Figure 1b shows an AFM image of the particles
deposited from a dilute suspension (0.01 wt %). It shows
small particles with a diameter of 10—15 nm together
with a number of large aggregates 100—500 nm in
diameter. The former particles, having also a discoid
shape with a thickness of ca. 2—3 nm, seem to align in
a characteristic chain form. This feature suggests that
the particles could not preserve their original shape on
the surface if their surface density was low. Similar
aggregation and collapse of the particles was also
observed when a more dilute suspension (0.005 wt %)
was cast. On the other hand, after the casting of a
suspension with an intermediate concentration of 0.05
wt %, both the particle agglomeration state and the
collapse/aggregation state were shown together in dif-
ferent parts of the substrate surface. On the edge of an
agglomerate, several particles were found to touch the
substrate surface. This observation suggests that little
collapse was induced in the particles touching the
substrate side of the agglomerates.

The above morphological difference should be at-
tributed to the difference in the drying process of the
suspensions. When the concentrated suspensions were
loaded on the surface, they were dried up homoge-
neously without any water droplet forming on the
surface. On the other hand, when the diluted suspen-
sions were loaded, they were scattered in spots on the
surface during drying. In this case, the deposited
particles are probably subjected to biased interparticle
interactions to induce collapse and aggregation.
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The cast samples prepared above were annealed at
60 °C for 2 h and subjected to AFM again. Figure 1c,d
shows the typical images observed after the annealing.
In the sample prepared from the concentrated suspen-
sion (0.2 wt %), numerous band structures are detected
together with very small fragments with a size of 5—10
nm (Figure 1c). Magnification of one region occupied by
the small particles revealed that the small particles
were arranged in a concentric circle with a little larger
particle located in the center (Figure 1c'). This feature
was observed in other regions between the bands. In
the sample prepared from the dilute suspension (0.01
wt %), much longer and thicker bands were formed
between the large aggregates (Figure 1d). These bands
were found to grow thicker by aggregation after the
sample had been kept at room temperature for a week
(Figure le). The width of the finally obtained bands
reached 100 nm, while its thickness remained 5 nm at
the highest point.

The particles of a similar block copolymer of racemic
poly(pL-lactide) (PDLLA: amorphous in nature) and
PEG showed no band formation on the surface even
after their annealing. This fact suggested that the
crystallization behavior of the PLLA blocks should be
closely related to the band formation. Therefore, the
crystallinity was analyzed by FT-IR spectroscopy of the
same particles deposited on a Ge plate. Although the
surface of the Ge plate was slightly rougher than that
of mica on a nanometer scale, essentially identical
structures were observed for both the as-cast and
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Figure 2. FT-IR spectra of the PLLA—PEG nanoparticles
spread on a germanium surface: (a) as-cast and (b) annealed
at 60 °C for 2 h. The peak resolving and curve fitting are shown
in the enlarged spectra on the right-hand side; the bands
shown by the arrows are the crystal bands of PLLA.
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annealed samples. As shown in Figure 2, the helical
band of PLLA was detected around 916 cm™t. Its
absorbance was analyzed by the curve fitting method
(see the enlarged spectra in Figure 2)11 and used for
estimation of crystallinity of PLLA blocks.12 The degrees
of crystallinity thus determined were 0.11 and 0.24 for
the (a) as-cast and (b) annealed samples, respectively.
Therefore, after the heat treatment, the crystallinity of
the PLLA blocks became over twice that of the original.
Since the small particles involved in the annealed
sample should be amorphous, the band structures
themselves should have a much higher degree of crys-
tallinity than 0.24. On the other hand, PEG-derived
absorption bands were observed only in the crystal
regions, suggesting a fast crystallization of the PEG
blocks.
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Particles of a PLLA homopolymer having a diameter
of ca. 100 nm were also prepared and deposited on a
mica substrate by a similar method. Their AFM obser-
vation, however, revealed that the spherical shape of
the particles was maintained without structural changes
even after the heat treatment. This result suggested
that not only the crystallization of the PLLA blocks but
also the microphase separation behavior of both blocks
is responsible for the reorganization of the block copoly-
mers.

Although the whole mechanism of the above morpho-
logical changes has not yet been clarified, the formation
process of the band structures can be explained as
schematized in Figure 3. The core—shell particles
formed in the suspension shrink into the disks of
nanometer size when they are deposited on a substrate
surface in high density. The PEG blocks in the particle
shell quickly crystallize in the dry state to stabilize the
particles. Judging from the crystallinity of the PLLA
blocks (X = 0.11), most of the particles contain an
amorphous PLLA core, being unstable in nature, al-
though they should contain crystal lamellae.

These disklike particles in the agglomeration state
are allowed to collapse by heat treatment to form both
bands and small fragments. The band formation is
guided by the crystal growth of the PLLA blocks around
the PLLA lamellae that have been preformed in the
particles. The X-ray crystal analysis of the PLLA—
PEGMe in the solid state revealed that the orthorhom-
bic crystals of PLLA?3 can grow in the stacking direction
of the (200) or (110) plane, i.e., the a or b axis that is
perpendicular to the helical macromolecular chain (c
axis). Therefore, this crystal growth is induced in the
thermally perturbed particles to guide the bands to
extend in one direction (Figure 3c). When the helical

(c) (d)
| | ]

o R HEJERJIREE
(60°C,2h) | e e )
, JE ng rr'g_: d rJgg; ;

T

g

-t -« L
5-15 nm

Xc (PLLA) =0.24

Figure 3. A schematic illustration of the morphological change of the PLLA—PEG nanoparticles: (a) in aqueous medium, (b)
as-cast, (c) annealed, (d) kept in air, and (e) crystal growths of PLLA on a surface (they proceed in the direction of the a axis).
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chains of PLLA are stacked parallel to the surface, the
bandwidth is ca. 10 nm, corresponding to the block
length of PLLA. This crystal dimension was really
observed in the bands first formed and in the PLLA
crystals primarily formed in the solid state of PLLA—
PEGMe. In the following stage, these bands can further
aggregate with each other to form larger bands of ca.
100 nm in width, probably through the crystal growth
of the PEG segments placed around the PLLA lamellae
(Figure 3d). The thickness of these bands remains 1—3
nm in order. Although the inner structure of these
larger bands has not yet been clarified, we think that
they should retain a phase-separation structure in
which the PLLA and PEG bands are sandwiched
alternately. Further studies will be needed to analyze
their microstructure.

The concomitant formation of the small fragments is
allowed by the collapse of the unstable particles that
contain the amorphous PLLA core. The collapse hap-
pens as indicated in Figure 1c’, in which several
fragments are emitted around the particle center as if
an explosion had occurred. This collapse is driven by
the melting of the PEG crystals and the glass-to-rubber
transition of the amorphous PLLA blocks (T4 ~ 55 °C).
The unstable particles deposited on the surface in low
concentration are directly exposed to the collapse and
aggregation during the drying process. In this case, the
process of lamella formation of the PLLA blocks helps
the formation of the band structure as well as the
alignment of the small fragments in line (Figure 1b)
despite the premature state of the crystalline lamellae.
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