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Abstract

We report on anomalous structural organization from core—shell nanoparticles of a hydrophobic/hydrophilic diblock copolymer consisting
of semi-crystalline polyi(-lactide) (PLLA) and poly(oxyethylene) (PEG). The copolymer was synthesized and suspended in an aqueous
medium to prepare its core—shell particles. The resultant nanoparticles were spread on a germanium substrate to trace the particle aggregatiol
by atomic force microscopy (AFM) and FT-IR spectroscopy. On the substrate surface, the core—shell particles were found to change their
shape into disks, with the PLLA blocks being slightly crystallized. When heated 0, @Bese disk-like aggregations burst into small
fragments and then turned to band structures. On the other hand, any ordered structure was not observed when a solution of PLLA-PEG was
cast on the surface. In the freeze-dried sample of the suspension, it was found that a lamellar microphase-separated structure was created witl
crystallization of the PLLA blocks by annealing. The lamella thickness analyzed by the small- and wide-angle X-ray scatterings of this
sample was reasonably correlated with the width of the band structures formed on the germanium surface. It is therefore concluded that the
formation of the regular band structures can be guided by both the phase separation and crystallization behaviors of the semicrystalline block
chains of PLLA-PEG®© 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction lene) (PEG) as hydrophobic and hydrophilic blocks,
respectively, because of their wide applications in the
Various types of microphase-separated structures havebiomedical field. For example, versatile drug-delivery
been observed in the solid state of block copolymers, systems [6,7] and temperature-dependent sol—gel systems
where two or more polymer chains are covalently linked [8] have been developed with these PLLA-PEG copolymers
at the molecular level [1]. Most of the copolymers exten- having different block lengths. In addition to their impor-
sively studied are made of non-crystalline segments, and thetance in applications, the PLLA-PEG copolymers inherent
driving force for their phase separation is mainly ascribed to dual nature as crystalline and amphiphilic copolymers
the repulsive force between the block segments. Anotherprovide a great opportunity to investigate the structural
class of block copolymers, consisting of semi-crystalline organization of semicrystalline block copolymers.
segments, can also form a microphase-separated structure. In the present study, a typical A-B diblock copolymer
The morphological behavior in the latter case is very differ- comprising PLLA (A) and PEG (B) was prepared, and its
ent from that of the amorphous block copolymers because of core—shell nanoparticles were made in an aqueous medium.
segment crystallization in addition to micro phase separa- The resultant particle dispersion was then developed on a
tion [2-5]. In spite of the importance of crystalline block germanium substrate to follow the particle aggregation on
copolymers, few analyses have been done on the structure oBurface by atomic force microscopy (AFM) and fourier-
the latter or its formation process because of its complexity. transform infrared spectroscopy (FT-IR). Additionally, the
Recently, much attention has been paid to the block copo- particles were coagulated into a bulk material in order to
lymers involving polyt-lactide (PLLA) and poly(oxyethy-  analyze the solid state structure by small- and wide-angle X-
ray scattering techniques. These analyses revealed the
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mechanism of anomalous structural organization from the 20 mA. Film specimens were exposed to the Cu K =
core—shell nanopatrticles reported previously [9] and in the 0.154 nm) radiation and the scattering intensity was
present paper. measured in the Bragg angled 2from 10 to 50.

The sample-to-detector distance was 33.7 mm. Small-angle
X-ray scattering (SAXS) was conducted using a synchrotron
radiation as the X-ray source at the BL-10C beamline in the
Photon Factory of the National Organization for High
Energy Accelerator, (Tsukuba, Japan). The incident beam
was focused with a bent cylindrical mirror and monochro-
matized with a pair of Si (111) crystals. The wavelength

of the incident beam was 0.1488 nm. A 1D potion-sensitive
proportional counter (PSPC) was used to detect intensities
and was set vertically at a position of 1.9 m behind the
sample. The measured SAXS data were corrected for the
air scattering and the absorption due to the specimen. The
data were further corrected for thermal diffuse scattering
arising from density fluctuations.

2. Experimental
2.1. Materials

L-Lactide was supplied by Purac Biochem (Netherlands)
and purified by recrystallization from ethyl acetate. Mono-
methoxy-terminated poly(oxyethylene) (PEGMe) with a
number average molecular weigh¥l{) of 5000 Da and a
polydispersity oM,,/M,, (weight/number average molecular
weight)= 1.05 was purchased from Aldrich Chemical Co.,
Inc., and lyophilized from benzene before use. Stannous 4-
ethylhexanoate (Sn(Og})was supplied by Nacalai Tesque
Co. (Japan) and distilled under high vacuum. It was
dissolved in distilled toluene to have a concentration of
0.1 g/ml. Tetrahydrofuran (THF), chloroform, and diethyl 2.3. Polymer synthesis

ether were commercially supplied and distilled before use. ) )
A transparent polymer film (thickness: 2p@n) of PLLA The diblock copolymer poly(lactide)block-poly(oxy-

(M,: 140,000, DaM,/M, = 1.9) was supplied by Mitsui ethylen_e)—monomethyl ether (PLLA-PEG) was prepared
Chemical Corp. (Japan). according to tht_a methods repprted by _Langer and_the.present
authors [6,10], in which the ring-opening polymerization of
2.2 Measurements L-lactide was driven from the hydroxy tail of PEGMe
(Scheme 1: synthetic route of PLLA-PEG). Ten grams of
500 MHz *H NMR spectra were measured on a Bruker 1-lactide and 10 g of PEGMe were charged into a 300-ml
ARX-500 spectrometer in CDglor D,O, respectively, flask. After the mixture was dried in vacuo for 3 h, 0.73 ml
containing 0.03 vol% of tetramethylsilane (TMS) or sodium of the toluene solution of Sn(Ogt(10 mol% relative to
3-(trimethylsilyl)propanesulfonate (DSS) as the internal PEGMe) was added to the mixture under a nitrogen atomo-
reference. Transmission FT-IR spectra were recorded on asphere. The mixture was heated and stirred at@26r 7 h.
JASCO FT/IR-5300 spectrometer in the wavenumber range At the end of the polymerization the product was cooled,
4600-400 cm*. M, and M,/M, were determined by gel- dissolved in 100 ml of chloroform, and poured into a large
permeation chromatography (GPC). The analyzer was excess of diethyl ether for reprecipitation of the polymeric
composed of a Shimadzu LC-10A pump, a Shimadzu refrac- product. The precipitate was filtered and vacuum-dried at
tive-index detector, and a Shimadzu C-R7A Chromatopac 60°C overnight to obtain the copolymer as powders in 96%
data processor. A combination of two polystyrene gel yield. Fig. 1a shows it4H NMR spectrum in CDGL 6
columns of Tosoh TSK gel G4000H8 and G2500H8 was 1.56—1.6 (d, CHfor PLLA), 3.37 (s, OCH for PEGMe),
used with chloroform as an eluent at°85 The molecular  3.6-3.7 (m, CHCH,O for PEG), 4.3-4.4 (m, COOCH
weight was calibrated according to polystyrene standards.connecting PEG with PLLA), and 5.1-5.2 (q, CH for
Dynamic light scattering (DLS) and static light scattering PLLA). Detection of a singlet signal due to the methoxy
(SLS) were measured on an Otsuka Electronics DLS-7100group and a multiplet signal of the -COOgHgroup at
instrument, and the data were analyzed according to thethe connection point suggest that one PLLA sequence has
cummulant method. Atomic force microscopy (AFM) was propagated from the hydroxy tail of PEGMe. From the
conducted on a Digital Instruments Nanoscope-llla oper- lactate/oxyethylene unit ratio, the weight ratio of PLLA/
ated in the tapping mode in air using a silicon cantilever. PEG was calculated to be 52/48, which was similar to the
Wide-angle X-ray scattering (WAXS) was carried out using feed ratio of L-lactide/PEG= 50/50. TheM, value was
a Shimadzu GX3 diffractometer operated at 40 kV and 10,500 Da calculated from th#d NMR spectrum. TheM,
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o 2.4. Preparation of particle suspensions
b” A solution of 0.1 g of PLLA-PEG in 5.0 ml of THF was
H—OCHC)7~ OCH,CH2(OCH,CH,),_,0CH3 added dropwise into 50 ml of water &Dwith an ultrasonic
l ¢ l—'d——J e wave applied from a dipped sonic probe to obtain a sus-
CHg pension of PLLA-PEG. Then, THF was evaporated from
a d the suspension under reduced pressure &t,@nd the
(a) [ agueous suspension was filtered throughpenbpore filter
a (Fuji, FM-500). The particle concentration in the finally
obtained suspension was 0.2 wt%. This suspension was
lyophilized. The PLLA-PEG obtained as dried particles is
referred to as “particle sample”. It was melt-quenched and
c annealed at 12€ for 10 min to obtain an “annealed particle

ﬂ sample”.

° I 2.5. Casting of the particles

J N ¢ N The suspension thus prepared was cast on a surface-

Fr—————— |LLITL| polished Ge plate (18 10 mnt) and dried in air at 4 to

6 5 4 3 2 1 prepare a thin film of the PLLA-PEG particles. The thick-
ppm ness of the resultant particle film was estimated to be ca.

() DQH d 400 nm. This film was then annealed at’@0for 2 h, to

study the structural organization.

2.6. Estimation of degree of crystallinity of PLLA

c To consider a mechanism of the structural organiza-
J\ tion from PLLA-PEG nanoparticles, it is important to
figure out change in degree of crystallinity of PLLA
upon the structural organization. However, quantitative
estimation of the crystallinity is impossible by the
e ordinary WAXS method, because of trace amount of
L JL the samples. To overcome the difficulty, we utilized trans-
mission FT-IR measurement for a thin layered sample,
which is cast onto the Ge plate where the Ge plate is
transparent. Note that the sample cast onto the Ge plate is
Fig. 1. The 500 MHZH NMR spectra of PLLA-PEG in: (a) solution state ~ US€d for AFM observations. Here, the combined method of
in CDCly; and (b) suspension state in@. FT-IR with WAXS is presented, in order to quantitatively
estimate the crystallinity of PLLA for samples in trace
value as revealed by GPC was ca. 12,000 Da with a narrowamount.
polydispersity ofM,,/M, = 1.14. Two endothermic peaks A PLLA film supplied was hot-pressed at T'@ and
were detected at 46—-82Z and 140-16T in the DSC guenched in liquid nitrogen to obtain an amorphous film
curve of this PLLA-PEG, corresponding to the crystal sample of PLLA. This film was annealed at 2@0for 2 h
fusions of the PEG and PLLA chains, respectively. Both to obtain a semi-crystalline sample. Fig. 2a and b show
peak temperatures were slightly lower than the melting typical WAXS profiles of the amorphous and semi-crystal-
points of their corresponding homopolymers (PEG?®G4 line films, respectively. The former shows an amorphous
and PLLA: 175C). The melting point depletion may be halo, whereas the latter shows two sharp diffraction peaks.
ascribed to imperfect crystallization in microdomain space The peak at 8 = 17 is attributed to reflection from (200) or
and in turn may suggest microphase separation in the melt(110) plane and that observed a1 2 19° from (203) or
state of this diblock copolymer. (113) plane of thex-crystals of PLLA, which consist of
The PLLA-PEG thus obtained as powders is hereafter 10/3 helical chains [11,12]. Here, the areas of the crystal
referred to as “powder sample”. It was melt-quenched, peaks [¢) and the amorphous halb)in the curve (b) were
and annealed at 120 for 10 min to obtain an “annealed evaluated by the peak-resolving method, and the apparent
powder sample”. degree of crystallinity X) of PLLA was estimated by the

1
ppm
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Fig. 3. A typical WAXS profile of: (a) PEGMe, and FT-IR spectra of: (b)
amorphous (melt) and (c) semi-crystalline (quenched at room temperature)
PEGMe. All the data were obtained at room temperature.

Intensity
Absorbance

2030 40 50 9'50:960 850 800 PLLA samples in trace amount can be estimated quantita-
20 (deg) Wavenumber (cm™) tively by FT-IR measurements through the relationship
given by Eg. (2).

Fig. 2. WAXS profiles and FT-IR spectra of: (a, ¢) amorphous (melt-
quenched) and (b, d) semi-crystalline (annealed at@¥6r 2 h) PLLA 2.7. Crystallization of PEG blocks
films. All the data were obtained at room temperature.
Fig. 3a shows a typical WAXS profile of PEGMM, =
5000 Da. The sharp peak ate= 23 is attributed to the

following equation [13]:
geq [13] reflection of the (112) plane of the monoclinic PEG crystal

26=50° lattice consisting of 7/2 helical chains. Since it shows almost
_ Jze:m’ les™ ds _ 2sin6 no amorphous halo, PEGMe is found to be highly crystal-
X= —iso ’ $= P @ lized with a degree of crystallinity close to unity at room
120710"00 + 18 ds temperature.

The FT-IR spectra of PEGMe in melt and solid states
whereA and 0 are wavelengths of the X-ray and half the were quite different from each other. When the molten
scattering angle, respectively, asdenotes the magnitude PEGMe was cooled, many band-shifts were observed
of the scattering vector. Th& value obtained for the  suggesting immediate crystallization. Judging from the
annealed PLLA film was 0.40. band-shifts, the crystallization was completed within 30 s
Fig. 2c and d show typical transmission FT-IR spectra of at room temperature.

the amorphous and semi-crystalline PLLA films, respec-
tively. Peak assignment can be done by referring to the
literature [14-16]. It is noted here that the absorption
peak at 922 cm' is a crystal band characteristic of the

helical backbone of PLLA, and that the neighboring band
at 957 cm %, which decreases with crystallization, is attrib-

uted to the CHrocking modes. Since both bands were over- was prepared by mixing a THF solution of the copolymer
lapped, the real absorbance of the crystal band wasini, an aqueous medium with ultrasonic wave applied.
evaluated by the peak—resolvmg method. The relative absor'Although the method employed in the present study is
banceR; of the crystal band with respect to the carbonyl iarent from that reported by other researchers [6—8], the
band at 1759 v can be correlated t as follows: particle formation of the copolymer has been established.
R = AgpslAy7s0 = CX, %) Fig. 1b shgws théH_ NMR spectrum of a similar suspension
prepared in RO. Different from Fig. 1a, only the PEGMe
where Ag,, and A;759 are absorbances at the wavenumbers signals are shown because the aggregation of the PLLA
shown by the subscripts, amds a constant. The carbonyl blocks in the core prevents their signal from appearing.
band was used as the internal reference, because its absohen a small portion of 2N NaOH was added to this
bance was independent of the crystallinity and simply sample, the signals of sodium lactate showed up in the spec-
proportional to the film thickness. THe value thus calcu-  trum. These facts support the idea that the copolymer
lated for the annealed sample was 0.0173. SincXthadue formed the core—shell type particles in an agueous medium
determined for this sample by WAXS was 0.40, the value of comprising the hydrophobic PLLA blocks in the core and
c was evaluated to be 0.0435. Thus, the crystallinity of the hydrophilic PEG blocks in the shell. The detection of the

3. Results and discussion
3.1. Characterization of nanoparticles

The suspension of the PLLA-PEG diblock copolymer
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0 1000 nm

Fig. 4. AFM topological images of PLLA-PEG samples spread on a germanium surface. Samples prepared from the 0.2 wt% aqueous suspension: (a) as-cast at
4°C, (b) as-heated to 8@, (c) after annealing at 6G for 2 h, and () the phase image corresponding to the topological image of (c). Samples prepared from
the 0.2 wt% THF solution: (d) as-cast &Cland (e) after annealing at ®Dfor 2 h.

small methoxy signak in Fig. 1b may indicate that the change and shrinkage of the particles are reasonable because
terminal methoxy groups of the PEG blocks are localized the density changed from 0.04 g/¢mf the original parti-
in a surface of the shell to have high mobility. cles in the suspension to ca. 1.0 gfcwf the ordinary

The suspension of the copolymer particle was analyzed organic solids on the surface.
by DLS and SLS. The average hydrodynamic diameter of Once this suspension-cast sample was heated’ @, 6e
the particles calculated by the cumulant method was 90 nmAFM image changed drastically as shown in Fig. 4b.
in the suspension containing 0.2 wt% of the particles. The Considerably small fragments having a diameter of 5—
apparent molecular weight of the nanoparticles was deter-10 nm are agglomerated. They also have a discoid shape
mined to be 2 10’ Da by SLS. From this value, the aver- with a thickness of 2-3 nm. This particle size corresponds
age aggregation number of the block copolymer was reasonablytoaunimolecular size. Magnification of one region
calculated to be ca.xt 10° per particle. revealed a feature of particle fragmentation in which a number
of small particles are emitted from a central particle with a
slightly larger size. The same results were observed on a
mica surface, which should be referred to a former paper [9].
These data support fragmentation of the particles.

The suspension of PLLA-PEG (0.2 wt%) was cast on a  After further annealing at 6C for 2 h, the AFM image
Ge substrate and air-dried atG} Fig. 4a shows a typical  turned to that shown in Fig. 4c, where a mesh-like pattern is
AFM image of the particle film on the Ge surface. Here, a seen. The mesh consists of thin bands of ca. 10 nm in width.
large number of particles with similar nanometer-size The band structures can be more clearly visualized by the
agglomerate closely, to cover the whole surface of the 2D phase-image shown in Fig. ‘4¢vide infra.). It is
substrate. As verified by the contour of a cross-section, suggested that the small fragments shown in Fig. 4b aggre-
the shape of the particles is discoid, having an averagegated into the thin band structures, which were arranged
diameter of 30—50 nm and a thickness of 5—10 nm. There- parallel to each other in parts.
fore, the spherical core—shell particles in the suspension The structural organization upon the thermal annealing,
shrank into the smaller disks with evaporation of water mentioned above, can be observed only when the suspen-
during the casting on the substrate. These morphologicalsion of PLLA-PEG particles were cast on the substrate.

3.2. Aggregation behavior of PLLA-PEG on a substrate
surface
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Fig. 5. FT-IR spectra of the PLLA-PEG nanoparticles spread on a germa-
nium surface: (a) as-cast and (b) after annealing &€ 66r 2 h.

When a THF solution of PLLA-PEG (0.2 wt%) was cast on

a Ge substrate, no specific structural organization was

detected by AFM (Fig. 4d). Even after this solution-cast
sample was annealed at°@0for 2 h, the AFM image
(Fig. 4e) showed little change. Moreover, no band structure
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Fig. 6. WAXS profiles of the particle sample of PLLA-PEG: (a) as-lyophi-
lized and (b) after annealing at 1ZDfor 10 min.
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was observed. When a suspension of PLLA homopolymer
and a suspension of a similar block copolymer comprising a
racemic polypr-lactide) (not crystallizable in nature) were
cast in a similar manner, the band structure was not
observed, either. These results suggest that the crystalliza-
tion of the PLLA block chain plays an important role in the
formation of band structures. Furthermore, it is expected
that the band structures can be formed only through the
burst of nanoparticles into small fragments, as seen in
Fig. 4b.

3.3. Change in crystallinity of the particles cast on the
substrate upon the annealing

To confirm the significant role of crystallization in the
structural organization, the change in crystallinity of the
PLLA block chains upon the annealing was examined by
the combined method of FT-IR with WAXS. The as-cast
and annealed samples of the particles were subjected to the
transmission FT-IR measurement, subsequently to the AFM
observations (Fig. 4a and c). Fig. 5shows the spectra
observed in the range 1000—880 chwith the decomposed
individual peaks. The helical band of the PLLA chain
appears around 916 ¢rh which is slightly shifted towards
the lower wavenumber as compared to that for the PLLA
homopolymer. From the relative absorbancgyd
A5 = R.), the degree of crystallinity of the PLLA blocks
was calculated using Eq. (2) to be 0.11 and 0.24, for the (a)
as-cast and (b) annealed samples, respectively. Thus, the
crystallinity of the PLLA blocks was found to increase
upon the annealing. In Fig. 4c the band structures coexist
with the small particles whose diameters are less than 10 nm
and in which the PLLA chains was not crystallized, so that
the crystallinity of the PLLA chains in the band structures is
larger than 0.24. On the other hand, the PEG-derived
absorption bands were observed only in the crystal regions.
This result also supported the fact that the PEG blocks can
crystallize very fast.

3.4. Crystallization of the PLLA block chains

In addition to the increase in the crystallinity, it is parti-
cularly interesting to examine the growth mechanism of
PLLA crystallites upon annealing. For this purpose
WAXS measurements are required. However, it is impossi-
ble to conduct WAXS measurements on the particle sample
in trace amounts. To the first approximation, we assume that
the growth mechanism of PLLA crystallites in large
amounts of the particle sample is similar and applicable to
the case of trace amounts. Thus, we conducted WAXS
measurement on large amounts of the particle sample.

Fig. 6a and b show, respectively, the WAXS profile of the
particle sample which was freeze-dried and that of its
annealed sample (at 1ZDfor 10 min) with the decomposed
individual peaks. Both curves show two intense reflections
at 20 = 17 and 19, which are ascribed to the (200) or (110)
plane and the (203) or (113) plane of the PLLA crystal
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) : sample, respectively. Accordingly, the degree of crystalli-
' nity of the PLLA blocks were found to be 0.20 and 0.85,
(a) respectively.

1
1 ‘ 1 3.5. Microphase-separated structure of the PLLA-PEG

\jf\ diblock copolymer

ok A The band structures found by AFM (Fig. 4c anf c
remind us of lamellar microphase-separated structures. To
¢ . confirm, the SAXS measurements were conducted on large
1k 2 %qﬁ,; i amounts of the particle sample, where the assumption simi-

"V ORI lar to the case of the WAXS study was made.

3 T Both the powder and particle samples were melted at

» % * TS o f’": e & 160°C for 10 min in vacuum. After the samples became
“r % 2 T e LT transparent, they were quenched at room temperature,
\L . e et annealed again at 120 for 10 min, and then subjected to

Y % T the SAXS measurement at 13#21°C. The SAXS profiles
3r % T ° . obtained are shown in Fig. 7. The profile (a) of the powder

log [I(g)/a.u.]

sample exhibits only a first-order peak, lacking the higher-
o %5 e order peaks which afford an important information of the
-41 e 0 qd . morphology. The Bragg spacing was calculated to be 19 nm
.°°:°°’}a, from theq value of the first-order peak through the Bragg'’s
equation (2r/q"). Since the PEG blocks are melted while the
-5 1 L PLLA blocks are crystallized at 112, the crystallites of

0 0.5 1.0 1.5 the PLLA blocks give rise to the contrast for X-rays against

q (nm‘l) the melt phase of the PEG blocks and amorphous phase of the
PLLA blocks.

Fig. 7. SAXS profiles of: (a) the powder and (b) particle samples measured ~ The profile (b) of the particle sample clearly shows the
at 111-113C after annealing at 12Q for 10 min. higher-order peaks in addition to the first-order peak. Since
the first- and second-order scattering maxima are observed
at the relativeg-values represented by 1:2, formation of
lamellar microdomain structures can be considered. More-
over, the broad peak labeled with is due to so-called
particle scattering (contribution of the intra particle inter-
ference). They value of the first-order peak gives interdo-
main distancgD = 2mwr/q") of 21 nm while theq value of
the particle scatteringgf) gives the average thickness of
Hamellar particlesI€) through the relationship reported in

lattice, respectively, together with another sharp reflection
at 23, which is a diffraction peak from the (112) plane of the

PEG crystal lattice. The broad peak located &t218’ can

be assigned to an amorphous halo of the PLLA chains
because the crystallinity of PEG is close to unity. As a
matter of fact, the (112) reflection for the PEG crystallinity

at 20 = 23 did not increase in its intensity upon the anneal-

ing. Peak-resolving enabled us to calculate the degrees Ofhe iterature(clc  8.76) of 9.5 nm [18]. The ratidc/D

crystallinity of the P_LLA block chains in the particle sample can be considered to be a volume fraction of the PLLA
and annealed particle sample to be 0.18 and 0.74, respec-

tivelv. In the annealed sample. a verv hiah crvstallinity of crystallites in the sample, which leads to 0.45. Since the
y . Pie, y hg y y volume fraction of the PLLA blocks is 0.50 in the PLLA-
the PLLA blocks was attained.

By using Scherrer’s equation [17], the average crystallite PEG diblock copolymer, the degree of crystallinity of PLLA

thickness normal to the (200) or (110) plane and that normal wﬁﬁiﬁgizsbjtejf“\?ﬁ;g to be 0.9, which is roughly in accord
to the (203) or (113) plane of the PLLA crystals were calcu- y

lated. In the particle sample the thicknesses were 12 and Cpmpanng the SAXS results, it can t.)e stated'that the
20 nm, respectively, whereas in the annealed particle particle sample can form the lamellar microdomain struc-

i ture more easily than the powder sample. The white arrows
sample, the thickness normal to the (200) or (110) plane . . TN
grew to 22 nm, while that normal to the (203) or (113) in the AFM image (Fig. 49 indicate the length of 100 nm,

plane remained constant. This finding indicates that the In wh|ch five bands are !nvolved. This value is well corre-
crystal growth of the PLLA blocks is 1D in the (200) or lated with thelc value estimated above. Therefore, the band

(110) direction that is perpendicular to the chain axis of structures formed by the annealing of the particles reason-
PLLA, as shown by the diagram in the inset of Fig. 6 ably correspond to these lamellar structures of PLLA-PEG.

The WAXS profiles of the powder sample and the 3 g Mechanism of the structural organization
annealed powder sample (at 220for 10 min) were similar
to those of the particle sample and the annealed particle Let us consider a mechanism of the structural organization
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(b) 20 nm

-

e, i
PLLA PEG 5 150 100 nm

Fig. 8. Schematic illustration of the structural organization for the PLLA-PEG nanoparticles. The PEG and PLLA block chains are representeahih black
gray, respectively.

for the particle sample on the basis of the results presentedconsistent with the findings by AFM shown in Fig. 4c and
above, especially taking into account the PLLA crystallization ¢’, and previously reported in Ref. [9]. Note that the width of
and development of the lamellar microdomain structures upon10 nm for the PLLA band structure and its repeating
annealing. The whole process of the structural organization for distance of 20 nm are based on the results of AFM (Fig.
the particle sample is illustrated in Fig. 8. The nanoparticles 4c and ¢) and SAXS (Fig. 7b). Here, the helical macromo-
formed in the aqueous suspension have a stable core—shelecular chains of PLLA can be stacked parallel to the surface
structure with a spherical shape, having an average diametein which the crystal growth is guided in one direction to
of 90 nm. In these nanoparticles, the PLLA blocks weakly form the band structure. Ding and Liu have recently
aggregate to have an amorphous state. When cast on aeported several types of stable aggregates of the nanopar-
substrate surface, the particles shrink by loss of water andticles of amorphous block copolymers, e.g. polystyrene-
change their morphology into disks having a diameter of blockpoly(2-cinnamoylethyl methacrylate) [19,20]. The
30-50nm and a thickness of ca. 5-10 nm (Fig. 8a). morphology transformation on the mica substrate, however,
Although the particles are not so stable and are likely to was quite different from that of the present nanoparticles.
burst during the drying process, they can retain their particle This difference is also attributed to the crystalline nature of
form in a dense agglomeration state. The crystallization of the blocks of the copolymers.
the PEG blocks may prevent the particles from collapsing.  Generally, amorphous block copolymers form a micro-
In the core of the particles, the PLLA blocks are only partly phase-separated structure due to the segregation between
crystallized. Judging from the relatively low degree of crys- the blocks [21,22]. On the other hand, block copolymers
tallinity (0.11) of the PLLA blocks, the particles may consist comprising crystallizable components exhibit complexity
of micro-crystallites, which are not so stable. in morphological behaviors due to the competition of micro-
These particles in the agglomerate immediately burst into phase separation and crystallization. As a matter of fact, in
smaller fragments with a diameter of less than 10 nm and athe present powder sample and its solvent-cast sample, the
thickness of 1-3 nm, by heat treatment (Fig. 8b). This burst microphase separation proceeds but is not well developed
may be caused by the melting of the PEG crystals that havedue to the fast crystallization of PEG blocks (Fig. 7a).
stabilized the particles. The aggregation of the PLLA Nevertheless, the final morphology from the particle sample
blocks, being mostly amorphous, can also be relaxed andexhibits highly ordered microdomain structures (Figs. 4c, ¢

crystallize above its glass transition temperatur&%’C). and 7b). From the particle sample, a non-equilibrium state
Therefore, even the PLLA blocks in a microcrystalline state consisting of the fragments of unimolecular size can be formed
can be stripped off the particle center. by annealing, inducing the crystallization-mediated segment

These fragments re-aggregate into the band structuresegregation and organization. This process can give a well-
(Fig. 8c). In this case, the crystal growth of PLLA may organized phase separation structure with a highly ordered
govern the organization from (b) to (c). The growth is direc- lamellar structure. It is particularly interesting to note that
ted perpendicular to the chain axis of PLLA, i.e. alongaéhe the initial nanoparticle form can provide a seed for the well-
or b axes, as speculated from the result of WAXS. In Fig. 8c developed or organized microdomain structures.
the c axis of the PLLA crystallites is considered to orient
perpendicularly to the microdomain interface, which
enables the PLLA crystallites to grow along thkeaxis, 4. Conclusions
keeping the width of the PLLA lamellar microdomain (in
other words, the band structure) constant at ca. 10 nm. Core—shell nanoparticles of PLLA-PEG were prepared in
According to this model, the length of the PLLA band struc- an aqueous medium. When the particles were cast and heat-
tures increases with the growth of PLLA crystallites. Thisis treated on a germanium substrate, the particles burst into
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small fragments, which then aggregated into the band struc- [2] Wunderlich B. Macromolecular physics, vol. 1. New York: Academic

tures. Since the crystallinity of the PLLA blocks signifi-
cantly increased with the band formation (from 0.11 to

Press, 1973.
[3] Rangarajan P, Register RA, Adamson DH, Fetters LJ, Bras W, Naylor
S, Ryan AJ. Macromolecules 1995;28:1422.

0.24), the band structures were considered to be guided by (4 ryan AJ, Hamley W, Bras W, Bates FS. Macromolecules

the formation of crystalline lamellae. Any ordered structure
was not observed when the same PLLA-PEG was solution-

cast on the Ge substrate and treated likewise. SAXS and

WAXS analyses of the particle sample, which was melt-

quenched and annealed, revealed that a lamellar structure 7,

was formed with crystallization of the PLLA blocks, being
more regular than that formed in a solid prepared from the
powder sample. These results suggest that the initial
morphology of the copolymers can control the competition
between the segment segregation and crystallization and ca
govern the final morphology.
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