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ABSTRACT: Polystyrene-b-poly(L-lactide) (PS-PLLA) diblock copolymers with high and low molecular weights
were synthesized to form strongly and weakly segregated thin-film morphologies, respectively (i.e., ordered lamellar
and disordered textures). Large-sized, well-oriented lamellar microstructures of PS-PLLA thin films were produced
for both samples by using the crystallizable solvents: benzoic acid (BA) and hexamethylbenzene (HMB). In
strongly segregated (highMn) PS-PLLA, the oriented microstructures were obtained through the PS-PLLA
microphase separation due to directional crystallization of crystallizable solvents at the eutectic point (directional
eutectic solidification) regardless of the PLLA crystallization. Lattice matching between crystalline substrates
and PLLA was found to be nonessential for inducing microstructure orientation although it may improve its
orientation order. In weakly segregated (lowMn) PS-PLLA, the oriented microstructures were formed through
the directional crystallization of PLLA on the substrates (crystallization-induced orientation) regardless of the
directional eutectic solidification and lattice matching. Two mechanisms: of directional eutectic solidification
and of crystallization-induced oriented microstructure have thus been identified. Oriented, defined lamellar trenches
can be prepared by hydrolysis of PLLA component, providing a possible path to prepare nanopatterned templates
with lamellar nanochannels.

Introduction

Nanopatterning, the creation of patterns with nanoscale
features, has drawn great attention in recent years due to its
promising applications in nanotechnologies. Large-sized, well-
oriented periodic arrays would be needed for practical applica-
tions. A variety of new patterning technologies (including top-
down and bottom-up methods, in particular, nanopatterning from
the self-assembly of block copolymers) have been developed,
which try to create well-defined nanopatterns over large areas.1

Different approaches to control the orientation of microphase-
separated microstructures in block copolymers have been
used: solution casting,2-10 shear fields,11-15 electric fields,16,17

surface effect,18-20 patterned substrates,21-23 temperature gra-
dients,24 graphoepitaxy,25,26 and crystallizable solvents.27-31

Strategies for the orientation control of microphase-separated
microdomains depend strongly upon the intrinsic microstructures
of block copolymers and the sample thickness. Oriented
cylindrical microdomains in large area were induced by shear
fields14 in bulk (thickness> 100 nm) and by solution cast-
ing2,4,5,8,10 and electric fields15,16 in the thin-film samples
(thickness< 100 nm). By contrast, the orientation of lamellar
microdomains can be achieved in bulk by methods such as shear
fields and temperature gradients. Different oriented textures, with
the lamellar normal vertical, parallel, and transverse to the
substrate, respectively, have been obtained in bulk by adjusting
strain and frequency during shearing.14 Parallel orientation could

be obtained by roller casting,15 temperature gradients24 and
rimming coating.32 For lamellar thin-film samples, parallel
lamellar orientation can be formed by preferential substrates
whereas perpendicular orientation can be created by using
neutral substrates but lack long-range lateral orientation or-
der.18,19

Recently, an easy way to create large-sized, well-oriented
cylindrical and lamellar microdomains of semicrystalline block
copolymers in thin films has been proposed by De Rosa and
co-workers.27-29 The induced microstructure orientation of
strongly segregated block copolymers is described in full as
directional eutectic solidification, the directional solidification
of microphase separation induced by directional crystallization
of crystallizable solvents at eutectic point. The aspects of the
directional eutectic solidification can be realized by dividing
the process into three stages using a hypothetical solvent-
polymer phase diagram (Figure 3 in ref 27). An important
feature of the phase diagram is the presence of a eutectic due
to the intersection of the melting-point depression liquidus curve
of the crystallizable solvent with the microphase-separation-
transition depression liquidus curve of the block copolymer.
First, the block copolymer and the crystallizable solvent form
a homogeneous liquid above the melting temperature of the
crystallizable solvent. Second, when the temperature is dropped
below the melting-point depression liquidus curve of the
crystallizable solvent, the directional crystallization growth of
crystallizable solvent is initiated by which increases the
copolymer content of the remaining liquid toward the eutectic
liquid. Further cooling to the eutectic temperature, the eutectic
liquid is eventually directionally solidified by thickening the
preexisting crystalline substrate and transforms into crystalline
substrate and an ordered, microphase-separated block copolymer
(directional eutectic solidification). This mechanism differs from
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epitaxial crystallization that induces specific molecular chain
orientation due to lattice matching.27,28,31,33-35 In our previous
studies,30 large-sized, well-oriented lamellar microstructure of
weakly segregated poly(L-lactide)-b-poly(ε-caprolactone) (PLLA-
PCL) thin films were also obtained by using different crystalline
substrates (benzoic acid (BA) and hexamethylbenzene (HMB))
whereas disordered textures are formed on amorphous substrates
due to the weak segregation strength in the studied temperature
range.30 We hypothesize that the lamellar microstructure
orientation in weakly segregated block copolymers is mainly
due to directional crystallization of PLLA on the crystalline
substrates (crystallization-induced orientation) rather than di-
rectional eutectic solidification. In fact, the microstructure
orientation of crystalline block copolymers is the consequence
of both block copolymer microphase separation and crystal-
lization of the crystallizable block interacting with the crystalline
substrate.

The objective of this study is to clarify the origins of the
induced microstructure orientation and better differentiate the
mechanisms of directional eutectic solidification and crystal-
lization-induced orientation. Weakly and strongly segregated
samples of polystyrene-b-poly(L-lactide) (PS-PLLA) diblock
copolymers with different molecular weights were used. PS-
PLLAs in the presence of crystallizable solvent were isother-
mally treated and quenched (see Experimental section for
details). Crystallizable solvents including BA and HMB (that
is crystalline substrates with and without lattice matching to
crystalline PLLA, respectively) were used to examine the role
of lattice matching in microstructure orientation.

Block copolymers such as PS-PLLA are a new family for
the preparation of nanopatterned templates because polyester
blocks (i.e., PLLA) can be selectively degraded by hydrolysis
treatment.36-38 Recently, ordered cylindrical nanoporous poly-
mers from poly(styrene)-b-poly(D,L-lactide) (PS-PLA) block
copolymers was produced in bulk by simple chemical etching
of PLA.37 In contrast, we produced cylindrical nanoporous thin
films from spin-coated PS-PLLA.10 In this study, large-sized,
well-oriented lamellar microstructures of PS-PLLA are formed
with the help of crystalline substrates. Selective degradation of
the PLLA component yields nanopatterned templates with
lamellar nanochannels or trenches.

Experimental Section
Materials. A two-step polymerization was used to synthesize

the PS-PLLA copolymer. A hydroxyl-terminated polystyrene was
formed by free radical polymerization of styrene by using 4-hy-
droxy-2,2,6,6-tetramethylpiperidine-N-oxyl, 4-hydroxy-TEMPO (4-
OH-TEMPO), as initiator in the presence of dibenzoylperoxide
(BPO). The PS-TEMPO-4-OH was further reacted with [(µ3-
EDBP)Li2]2[(µ3-nBu)Li(0.5Et2O)]2, giving a macroinitiator. The
[(µ3-EDBP)Li2]2 [(µ3-nBu)Li(0.5Et2O)]2 was prepared according to
the method described previously.39 PS-PLLA was then prepared
by the control led ring-opening polymerization ofL-lactide in the
presence of the macroinitiator. The detailed synthetic routes and
conditions were reported in our previous paper.40

Gel permeation chromatography (GPC) measurements were
performed on a Hitachi L-7100 system equipped with a differential
Bischoff 8120 RI detector using THF (HPLC grade) as an eluent.
Molecular weight and molecular weight distributions were calcu-
lated using polystyrene as standard. The number-average molecular
weight (Mn) of 4-hydrolysis-TEMPO terminated PS and polydis-
persity (PDI) of PS-PLLA block copolymer were measured by
GPC. The molecular weights of PLLA blocks and PS-PLLA block
copolymers were measured by1H NMR. The volume fraction of
PLLA was calculated by assuming densities of PS and PLLA to
be 1.02 and 1.248 g/cm3. The details of samples are listed in Table
1.

Sample Preparation. Two major procedures were used to
investigate the mechanisms of induced orientation in the PS-PLLA
thin-film microstructures: isothermal crystallization and quenching.
For isothermally treated samples, the procedure described by De
Rosa and co-workers was followed.27 PS-PLLA films were first
formed on carbon-coated microscope glass slides by spin-coating
from chlorobenzene (C6H5Cl) solution (1.5 wt % of PS-PLLA) at
room temperature. The film thickness was ca. 50 nm, as determined
by scanning probe microscopy (SPM). The crystallizable solvents
in powder form were spread on a glass coverslip. The glass slide
with polymer-side down was placed on the glass coverslip. The
assembly was heated and the polymer dissolved at 150 and 170°C
in the presence of BA (Tm ) 123 °C) and HMB (Tm ) 168 °C),
respectively. The assembly was cooled at 80°C on a hot plate.
Crystallization of the solvents produced large, elongated crystals
with the b axis parallel to the growth-front, with concomitant
crystallization of the PS-PLLA. After cooling to room temperature,
the glass slide and coverslip were separated, and the crystalline
substrates were dissolved in ethyl alcohol at 50°C (BA) and in
acetone at room temperature (HMB). Quenching was used to avoid
PLLA crystallization. The procedure was as above, but the assembly
of sandwiched thin films was quenched in the liquid nitrogen,
instead isothermally annealed at a hot plate. In all cases, the
composite polymer-carbon film was floated onto water and picked
on TEM copper grids.

Differential Scanning Calorimetry (DSC). Perkin-Elmer DSC
7 instrument was used for the DSC investigation. The S03L05 and
S14L15 samples have melting temperature of 152 and 149°C,
respectively. The maximum crystallization temperatures of S03L05
and S14L15 under 10°C/min cooling rate are 110 and 82°C,
respectively.Tg of PLLA and PS for S03L05 are 52 and 81°C,
respectively, whereasTg of PLLA and PS for S14L15 are 50 and
92 °C, respectively.

Transmission Electron Microscopy (TEM). Bright field TEM
images and selected area electron diffraction (SAED) were per-
formed with a JEOL TEM-1200x transmission electron microscopy,
at an accelerating voltage of 120 kV. The PS-PLLA thin films
were stained by exposure to the vapors of a 4% aqueous RuO4

solution for 2 h.
Scanning Probe Microscopy (SPM).SPM images by tapping

mode were obtained at room temperature by a Seiko SPA-400 AFM
with a SEIKO SPI-3800N probe station. A rectangle-shaped silicon
tip was applied in dynamic force mode (DFM) experiments (spring
force contact of 14 N m-1 and scan rates of 1 Hz). The thin-film
thickness was determined either by SPM by scratching the film
and simply scanning the sample surface from center to the edge of
spin-coated samples41 or with a surface profiler (Dektak II A).
Consistent results were obtained by using different methods.

Field-Emission Scanning Electron Microscopy (FESEM).
PS-PLLA thin-film samples were examined after hydrolysis by
FESEM with a JEOL JSM-6700F using accelerating voltages of
1.5 keV. The samples were first sputter-coated with 2-3 nm of
platinum.

Results and Discussion

Morphologies of PS)PLLA Thin Films. PS-PLLA thin
films were prepared by spin-coating from chlorobenzene (C6H5-
Cl) solution (1.5 wt % of PS-PLLA) on carbon-coated glass
slides. Upon quenching by liquid nitrogen from the melt state
at 180°C, the thermally treated samples were identified by TEM
at ambient condition. Because of the staining, the PS micro-
domains are darker and the PLLA microdomains are lighter.

Table 1. Characteristic of the PS-PLLA Block Copolymers

entry Mn,PS[g/mol]a Mn,PLLA [g/mol]b PDIc fPS
V

S03-L05 3800 4650 1.20 0.51
S14-L15 13 600 15 300 1.16 0.52

a Measured from GPC analysis.b Obtained from integration of1H NMR
measurement.c Measured from GPC analysis.
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As expected from the composition, a lamellar microstructure is
observed for the quenched high-molecular-weight sample
(S14L15 (fPS

V ) 0.52)) (Figure 1a). The lamellae are randomly
distributed so that the fast Fourier transforms (FFTs) show only
a ring pattern (inset of Figure 1a). In contrast, a disordered
morphology (Figure 1b) is observed for the quenched low-
molecular-weight sample (S03L05 (fPS

V ) 0.51)) which yields
a diffuse FFTs pattern (inset of Figure 1b). The formation of
disordered morphology indicates significantly lower segregation
strength for this lowMn PS-PLLA. Also, both high and low
Mn quenched samples are amorphous, as evidenced by electron
diffraction experiments. As a result, the disordered morphology
of S03L05 is therefore intrinsic textures due to the weak
segregation of phase separation, and is not a consequence of
PLLA crystallization. Different morphologies (i.e., ordered
lamellar and disordered textures) can thus be obtained in strongly
segregated highMn and weakly segregated lowMn PS-PLLA
thin films, respectively, in the temperature range studied.

Oriented S14L15 Microstructures from BA. Crystallization
of PLLA blocks on the BA crystalline substrate yields large-
scale, well-oriented lamellar microstructures. The TEM images
of stained samples (Figure 2a) show well-ordered arrays of light,
unstained PLLA microdomains alternated with dark, stained PS
microdomains. The oriented single-crystal-like oriented lamellar
microstructures may be several hundred square micrometers.
So, the FFTs pattern exhibits a spotlike first reflection. Figure
2b shows an electron diffraction pattern from the stained thin-
film samples. It is anhk0 single-crystal diffraction pattern with
(200) and (110) spots (PLLAR form with unit cell parameter
of a ) 1.07 nm,b ) 0.595 nm,c ) 2.78 nm, andR ) â ) γ
) 90°).42 As for the PLLA-PCL copolymers,30 this pattern

indicates that the PLLA chain axis is normal to the substrate
surface. In addition, PLLAa axis is normal to the lamellar
microdomains. The crystallographic relationship between the
oriented lamellar microdomains and the substrate can be
determined by combining this structural information and the
examination of thin films by polarized light microscopy. A
stripelike texture corresponds to the regions of thicker polymeric
material which are formed between elongated crystals of the
substrate. The fast growth direction of both substrates is theb
axis of BA and HMB. The{020} reflections of BA parallel the
{200} reflections of crystalline PLLA; the microstructure is
indeed oriented along theb-axis of BA, suggesting an epitaxial
relationship. As for the previous studies on PLLA-PCL (see
Figure 6 of ref 30), the (001) PLLA plane and (001) BA plane
are in contact, and theb-anda-axes of PLLA parallel to thea-
andb-axes of BA, respectively. This analysis indicates a lattice
matching between PLLA and BA crystals. The structure of BA
is known (monoclinic cell witha ) 0.552 nm,b ) 0.514 nm,
c ) 2.19 nm,R ) 90°, â ) 97.3°, and γ ) 90°).43,44 The
dimension of PLLAa-axis is nearly double that of BAb-axis,
and PLLA b-axis is nearly equal to that of BAa-axis; the
corresponding mismatches are 4% and 7%, respectively. The
ordering mechanism for strongly segregated PS-PLLA micro-
structures may therefore involve three driving forces: (1) a
lattice matching that generates oriented microstructures through
the crystallographic epitaxial matching of the PLLA block and
organic substrate, (2) a directional eutectic solidification whereby
PS-PLLA is directionally solidified via crystallization of the
solvent at the eutectic point, and (3) a crystallization-induced
orientation via directional crystallization of PLLA on the
substrates. As discussed below, these ordering mechanisms were
tested by various experiments.

Lattice Matching Effect for Oriented S14L15 Microstruc-
tures. Involvement of lattice matching in microstructure orienta-
tion was tested by resorting to another substrate, namely HMB.
Oriented S14L15 microstructures induced by HMB are obtained
over large domains (Figure 3a). The FFTs diffraction pattern
(inset of Figure 3a) still displays a spotlike first reflection
perpendicular to theb axis of HMB crystals, but the reflection
is more scattered than for BA, indicating that HMB induces a
lower microstructure orientation than BA. The ED pattern
(Figure 3b) indicates that the chain axis is perpendicular to the
substrate surface. The HMB unit cell parameters area ) 0.892
nm, b ) 0.886 nm,c ) 0.53 nm,R ) 44.3°, â ) 116.4°, and
γ ) 119.3°.45 No obvious lattice matching between the ab PLLA
plane and the HMBab plane is apparent, although large-scale
microstructure orientation has been obtained. Lattice matching

Figure 1. TEM micrographs of (a) S14-L15 (fPS
V ) 0.52) and (b) S03-

L05 (fPS
V ) 0.51) thin films quenched from 180°C to 25 °C. In all

following figures, the insets show the corresponding Fast Fourier
transforms.

Figure 2. (a) TEM micrograph of oriented S14-L15(fPS
V ) 0.52)

microstructure formed on BA; (b) ED pattern obtained from the central
area of the micrograph and shown in correct relative orientation.

Figure 3. (a) TEM micrograph of oriented S14-L15(fPS
V ) 0.52)

microstructure formed on HMB; (b) ED pattern from the central area
of the micrograph and shown in correct orientation.
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can improve the microstructure orientation but is not critical in
the ordering mechanism of strongly segregated PS-PLLA block
copolymers.

S14L15 Morphology via Directional Eutectic Solidifica-
tion. To test the directional eutectic solidification effect in
strongly segregated PS-PPLA, the S14L15 thin films were
quenched while BA was still molten. Crystalline BA powders
were spread on a cover slide. The polymer-coated glass slide
was placed side down on the BA and melted at 150°C. After
dissolution of the block copolymer in molten BA, the preparation
was quenched in liquid nitrogen. No significant crystalline
diffraction was observed by SAED. The PS-PLLA thin film
dose not crystallizes during the directional eutectic solidification
of BA even though the temperatures are below Tm of PLLA.
The time scales involved in directional eutectic solidification
appear to be much shorter than the time required for nucleation
and growth of PLLA crystals. Bright-filed images of the RuO4-
stained films indicate a large-scale orientation of the S14L15
microstructures (Figure 4). Also, a bright streak perpendicular
to the BA b axis is observed in the FFTs (inset of Figure 4).
The interface of the oriented S14L15 microstructure is blurred
in the quenching process. Nevertheless, large-scale orientation
of S14L15 microstructure is induced by eutectic solidification
even in the absence of PLLA crystallization. Similar results are
obtained when using HMB, further confirming that directional
eutectic solidification alone can induce orientation in strongly
segregated PS-PLLA. Park and co-workers have already made
similar analysis to explain the orientation of PS-PMMA by
BAsnote that in this case both blocks are noncrystallizable.29

S03L05 Morphology via Directional Eutectic Solidifica-
tion. Is strong segregation of PS-PLLA copolymers (S14L15)
needed in order to induce large-scale microstructure orientation
through directional eutectic solidification? As a test, the above
procedure by quenching in liquid nitrogen was repeated, but
for a weakly segregated, lowMn S03L05 sample. Again, no
significant crystalline diffraction was obtained by SAED. Figure
5a shows a bright-field TEM image of the PS-PLLA thin films
stained with RuO4. In contrast to the oriented lamellar micro-
structures observed in S14L15 thin films (e.g., Figure 4), the
S03L05 thin film from BA substrate displays a disordered
morphology with randomly distributed dark PS and bright PLLA

microdomains, and thus a diffused FFTs pattern (inset of Figure
5a). Again, a comparable morphology is obtained when using
HMB (Figure 6a). These morphological observations thus
indicate that the segregation strength is critical to induce
microstructure orientation of PS-PLLA by directional eutectic
solidification.

Crystallization-Induced Oriented S03L05 Microstruc-
tures. As just demonstrated, large-scale oriented microstructures
of S03L05 cannot be obtained by directional eutectic solidifica-
tion. What driving force can govern crystallization-induced
oriented microstructures in S03L05 system? The spin-coated
S03L05 thin-film samples first dissolved in BA at 150°C, and
they were rapidly placed on a hot plate at 80°C for 30 min.
BA crystallized first directionally as large single crystals
elongated in theb direction. Crystallization of PLLA blocks
on the BA substrate took place later, and resulted in large-sized
oriented domains of S03L05 (Figure 5b). The microstructure
orientation is simply induced by crystallization irrespective of
strong or weak segregation strength. An arced pattern is obtained
by FFTs (inset of Figure 5b). In contrast to the S14L15 (e.g.,
Figure 2a), the oriented S03L05 microstructure displays some
noncontinuous segments. The origin of this unusual morphology
will be discussed below. HMB was also used to induce the
oriented crystallization of S03L05 to test the impact of lattice
matching. The oriented S03L05 microstructure is similar from
HMB (Figure 6c) and BA, and yields similar arced patterns
(FFTs, inset of Figure 6c). Apparently, lattice matching does
not help improve the crystallization-induced microstructure
orientation in S03L05.

The genesis and development of crystallization-induced
oriented microstructures on HMB at 80°C can be followed by
quenching the samples after different crystallization times.
Initially, a disordered morphology was obtained through direc-
tional crystallization of HMB (Figure 6a). After 3 min PLLA
crystallization, the S03L05 lamellar microstructures appear and

Figure 4. TEM micrograph of S14-L15 (fPS
V ) 0.52) thin film after

directional eutectic solidification with BA.

Figure 5. TEM micrographs of S03-L05 (fPS
V ) 0.51) thin films (a)

solidified from eutectic BA-polymer solution and (b) PLLA direc-
tionally crystallized on BA substrate at 80°C for 30 min.

Figure 6. TEM micrographs of S03-L05 (fPS
V ) 0.51) thin films (a)

solidified from eutectic HMB-polymer solution and (b, c) PLLA
directionally crystallized on HMB substrate at 80°C for (b) 3 min and
(c) 30 min.
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exhibit some orientation even though the microdomains are
noncontinuous (Figure 6b). After 30 min, however, the non-
continuous S03L05 microdomains begin to link, and then
connect to a significant extent (Figure 6c). The evolution of
the FFTs insets in Figure 6. Note that this morphological
evolution takes place at 80°C, below theTg of bulk PS. It is
thus likely that theTg of PS decreases significantly in the PS-
PLLA thin films. This phenomenon was also observed by De
Rosa and co-workers.27 The formation of oriented S03L05
microstructure follows complex scenario. It is induced by
nucleation of PLLA taking place randomly in the disordered
PLLA domains. With increasing PLLA crystallinity, the indi-
vidual PLLA microdomains gradually interconnect to form the
lamellae. Meanwhile, the PS microdomains are rejected on both
sides of the PLLA lamellae, thus creating the alternating PLLA
and PS layers. Thus, crystallization-induced oriented S03L05

microstructure results mainly from directional crystallization of
PLLA on crystalline substrates, with limited impact of direc-
tional eutectic solidification and lattice matching effect.

Origins of Induced Orientation. The induction of oriented
microstructures in strongly segregated block copolymers has
been clearly analyzed by De Rosa and co-workers in term of
the directional eutectic solidification concept.27 The overall
phase transformation has been divided in three stages as shown
in a hypothetical solvent-polymer phase diagram (Figure 3 in
ref 27). A similar solvent-polymer phase diagram for strongly
segregated PS-PLLA thin films (S14L15) is shown in Figure
7a. The corresponding morphological evolution, following the
stages 1f 2 f 3 f 4 of Figure 7a, is indicated in Figure 8.
The eutectic point is intrinsically the intersection of melting-
point depression liquidus curve of crystallizable solvent with
order-disorder temperature depression liquidus (that is the

Figure 7. Suggested phase diagrams of crystallizable solvent-polymer systems for (a) strongly segregated highMn and (b) weakly segregated low
Mn PS-PLLA.

Figure 8. Illustration of morphological evolution for the oriented microstructures in PS-PLLA.
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microphase separation) curve of PS-PLLA. At high tempera-
ture, the solvent-polymer solution system is a homogeneous
liquid (stage 1). When decreasing the temperature below the
melting-point depression liquidus curve, solvent starts to crystal-
lize and forms an oriented crystalline substrate. Upon further
decreasing of the temperature, and as growth of the substrate
precedes, the polymer concentration in the remaining solution
increases (stage 2). When temperature reaches the eutectic
temperature, the solution with eutectic composition begins to
directionally solidify on the preexisting crystalline substrate.
Large-scale lamellar PS-PLLA microstructures are formed
(stage 3); the strongly segregated PS-PLLA (S14L15) from
directional eutectic solidification shown in Figure 4. After
directional eutectic solidification, well-oriented lamellar micro-
structures with an alternation of flat-on single layers of
crystalline PLLA lamellae and of amorphous layers of PS is
formed (stage 4). In this scenario, the formation of large-sized,
oriented PS-PLLA microstructures results mainly from direc-
tional eutectic solidification, with a more limited contribution
on lattice matching to improve the orientation order of the
microdomains.

For the weakly segregated PS-PLLA thin films (S03L05),
the order-disorder transition temperature (TODT) of PS-PLLA
is below the crystallization window of the PLLA component.
Therefore, the ordered microstructures are not formed before
crystallization of PLLA. The hypothetical phase diagram and
the morphological evolution must differ from the strongly
segregated PS-PLLA. A modified solvent-polymer phase
diagram is thus proposed as shown in Figure 7b, and the
corresponding morphological evolution, following the stages 1
f 2 f 5 f 6 of Figure 7b, is indicated in Figure 8. Here, the
eutectic point is the intersection of the melting-point depression
liquidus curve of crystallizable solvent with liquidus curve of
PLLA. At high temperature (stage 1), the solvent-polymer
system is liquid. Crystallization of the solvent takes place on
cooling below melting-point depression liquidus curve. Upon
cooling, depletion of solvent due to crystallization increases the
polymer concentration in the remaining solution toward eutectic
composition (stage 2). When reaching the eutectic temperature,
the eutectic liquid solidifies and transforms into an oriented
crystalline substrate; the amorphous PS-PLLA thin film forms
a disordered morphology (stage 5). This stage is illustrated in
Figures 5a and 6a for BA and HMB solvents, respectively. At
this stage, no significant crystallinity is detected by SAED.
Because of the nucleation barrier for PLLA crystallization, the
PS-PLLA thin film dose not crystallizes during directional

eutectic solidification even though the eutectic temperature is
below the melting temperature of PLLA. The PLLA crystal-
lization delays and takes place randomly on the solidified
disordered microdomains (Figure 6b) while holding temperature
at low enough temperature and with enough time to allow PLLA
homogeneous nucleation. In this process, the individual PLLA
microdomains gradually interconnect to form, ultimately fully
develop PLLA lamellae (stage 6) (Figure 5b and Figure 6c for
the case of BA and HMB, respectively). Consequently, direc-
tional crystallization of PLLA on crystalline substrate is mainly
involved in the formation of oriented microstructures for weakly
segregated PS-PLLA thin-film system.

Nanopatterned Templates by Hydrolysis.For practical
applications, the PLLA component in the oriented microdomains
can be selectively degraded by hydrolysis to form trenchlike
patterned topographic surfaces. Hillmyer and co-workers37

dissolved 2g of sodium hydroxide in a 40/60 (by volume)
solution of methanol/water at 60°C to degrade amorphous
PLLA. Hydrolysis of well-oriented PS-PLLA thin film is
shown in Figure 9a. After hydrolysis of amorphous PLLA, the
oriented S14L15 (fPS

V ) 0.52) thin-film samples from BA form
trenchlike nanochannel arrays, as imaged by FESEM (Figures
9b). By contrast to the FFTs of oriented S14L15 (fPS

V ) 0.52)
thin-film samples from BA (inset of Figure 2a), the correspond-
ing FFTs diffraction pattern (inset of Figure 9b) displays only
a bandlike reflection, less well resolved than for the original,
nondegraded sample (inset of Figure 2a). This loss is attributed
to the presence of many local defects on the oriented nano-
channels, possibly linked with the difficulty to hydrolyze
crystalline PLLA portion as opposed to amorphous PLLA. Using
harsher hydrolyzing conditions at higher temperature may be
required to improve the quality of the nanopattern. This approach
is still in progress. Periodic nanochannel thin films are very
useful for lithography. After degradation of PLLA, the nano-
patterns may be transferred to the substrate by reactive etch-
ing.46,47 Additionally, the patterns can be used for thermal
evaporation of a component into the previously removed regions
so as to create nanoscale objects from templation.48 Neverthe-
less, these preliminary experiments suggest a possible way to
prepare large-scale trenchlike microdomains from PS-PLLA
diblock copolymer thin films by exploiting the hydrolysis
character of the polyester. The formation of such lamellar
nanochannels arrays provides a simple path to prepare nano-
patterned templates.

Figure 9. (a) Illustration and (b) FESEM image of oriented S14L15 (fPS
V ) 0.52) lamellar thin films induced by a crystallizable solvent after

hydrolysis of PLLA.
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Conclusions

A unique morphology of PS-PLLA copolymers with large-
sized, well-oriented microstructures was formed from different
crystallizable solvents. The orientation mechanisms were studied
in details. The directional eutectic solidification induces oriented
microstructures in strongly segregated PS-PLLA thin films
through the eutectic behavior of microphase separation and
directional crystallization of crystallizable solvents. In contrast,
oriented microstructures of the weakly segregated PS-PLLA
thin films were formed by directional crystallization of PLLA
on the crystalline substrate. Moreover, since the PLLA block
can be removed by hydrolysis, we present a convenient way to
prepare trenchlike nanochannels from PS-PLLA thin films.
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