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Abstract

A series of degradable block copolymers, polystyrene-b-poly(L-lactide) (PS—-PLLA), with PLLA hexagonal cylinder (HC) morphology has
been synthesized in this study. Well-oriented, perpendicular PLLA cylinders of PS—PLLA thin films were efficiently achieved by spin
coating using appropriate solvents regardless of the use of substrates. After hydrolysis of PLLA, well-oriented HC nanochannel arrays over
large area in addition to uniform surface with controlled thickness and domain size were obtained; providing a simple and efficient path to
prepare nanopatterned templates for applications. The induced orientation of PS-PLLA microdomains was strongly dependent upon the
evaporation rate of solvent and its solubility between constituted blocks. The origins for the formed perpendicular HC morphology were
systematically studied. The primary concern of controlled morphology for nanopatterning is to develop ordered microphase-separated
morphology by considering the time scale for segregation, namely segregation strength during solvent evaporation. The induced orientation
is attributed to the permeation discrepancy between phase-separated microdomains. The perpendicular morphology is initiated from the air
surface, and formed in order to create an optimized condition (i.e. the fastest path) for solvent evaporation whereas parallel morphology may
impede the evaporation of solvent molecules. Following the nucleation of microphase separation, the perpendicular morphology can be

kinetically induced by solvent evaporation.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Recently, a variety of new patterning technologies have
been developed, which try to create nanometer scale
periodic patterns over large areas. Different methods for
nanopatterning such as photolithography, soft lithography,
scanning probe lithography, electron lithography (i.e. top-
down methods) and self-assembly of living cells, surfac-
tants, dendrimers and block copolymers (i.e. bottom-up
methods) have been proposed and examined [1]. Among
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them, self-assembled block copolymers driven by the
immiscibility between the constituted blocks possess
inherently rich morphologies such as lamellae, cylinders,
spheres and gyroids [2]. In contrast to the lithographic
methods, the formation of nanopatterns from the self-
assembly of block copolymers can be efficiently, economi-
cally achieved due to the ease of processing. For such
nanopatterns to prove useful in applications, it is necessary
to generate thin-film samples with well-oriented periodic
arrays over large area. Different approaches to control over
the orientation of phase-separated microdomains have been
achieved by using solution casting [3-9], shear fields [10—
14], electric fields [15,16], surface effect [17-19], patterned
substrates [20-22], temperature gradients [23], graphoepi-
taxy [24,25] and epitaxial crystallization [26-28]. To fulfill
the prerequisites of practical applications, the methods for
orientation control are required to generate uniform, thin
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enough films with oriented microdomains. Furthermore, the
controlled thin films are expected being able to form onto
different substrates. Hexagonal cylinder (HC) morphology
is the most used microstructure for nanopatterning.
Recently, a very rapid route to generate oriented HC
microdomains by spin coating for poly(styrene)-b-poly(-
ethyleneoxide) (PS-PEO) has been reported; within
seconds, arrays of mesoscopic cylindrical microdomains
of PEO were produced in a glassy PS matrix to open a novel
route towards water permeable membranes with well-
defined channel size [29]. In addition to the control of
microdomain orientation, lateral ordering of the mesoscopic
domains can also be achieved by solvent annealing [30].
Block copolymers containing aliphatic polyesters draw
extensive attention in the preparation of mesoporous
polymers attributed to the ease degradation of ester groups.
The polyesters can be selectively degraded, particularly by
hydrolysis [31]. Ordered mesoporous polymers from
poly(styrene)-b-poly(p,L-lactide) (PS—PLA) block copoly-
mers has been successfully achieved by hydrolysis of the
PLA in the bulk [32]. In this study, a series of degradable
block copolymers, poly(styrene)-b-poly(L-lactide) (PS—
PLLA), with PLLA HC morphology has been synthesized.
By selecting appropriate solvents for spin coating, the
formation of large-size, oriented microdomains of PS-—
PLLA thin films where the axis of HC morphology is
perpendicular to the substrate (i.e. perpendicular mor-
phology) was successfully achieved. Nanopatterned thin
films with uniform surface and controlled thickness can be
simply obtained by spin coating onto different substrates.
Nanopatterned templates can thus be prepared after
hydrolysis. Systematical studies with respect to the
formation of perpendicular morphology were carried out
to examine the possible origins for the induced orientation.
As observed, the formed morphology by spin coating was
strongly dependent upon the use of solvents attributed to the
effect of solvent evaporation rate and solvent miscibility
between constituted blocks. Selective and neutral solvents
with different evaporation rates were thus used to examine
the true origins for the formation of perpendicular
morphology. The present studies relate generally to an

Table 1

Varieties of synthesized PS-PLLA block copolymers having HC microstructures

efficient way for producing large-scale, well-oriented
nanochannel arrays in the form of thin films by using
degradable block copolymers.

2. Experimental
2.1. Materials

A series of PS-PLLA copolymers with PLLA volume
fraction ranging from 0.25 to 0.35 were prepared by using
two-step polymerization sequence. Free radical polymeriz-
ation of styrene using 4-hydroxy-2,2,6,6-tetramethylpiper-
idine-N-oxyl, 4-Hydroxy-TEMPO (4-OH-TEMPO), as
initiator in the presence of dibenzoylperoxide (BPO)
resulted in a hydroxyl-terminated polystyrene. The PS-
TEMPO-4-OH further reacts with [(u3-EDBP)Li,],
[(u3-"Bu)Li(0.5Et,0)], giving a macroinitiator. The [(ps3-
EDBP)Li>], [(13-"Bu)Li(0.5Et,0)], was prepared accord-
ing to the method described previously [33]. Followed by
the control ring-opening polymerization of L-lactide in the
presence of the macroinitiator, PS-PLLA was then
prepared. The detailed synthetic routes and conditions
were reported in our previous paper [34].

The gel permeation chromatography (GPC) measure-
ments 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 calculated using
polystyrene as standard. The number average molecular
weight (M) of 4-hydrolysis-TEMPO terminated PS and
polydispersity (PDI) of PS-PLLA block copolymer were
obtained by GPC analysis. The molecular weight of PLLA
blocks was measured by 'H NMR analysis. On the basis of
molecular weight and volume ratio, these PS—-PLLAs
(Table 1) are designated as PSx—PLLAy (fpija=2). x
and y represent the numbers of repeating units for PS
and PLLA blocks measured by NMR, respectively, and
z indicates the volume fraction of PLLA calculated
by assuming densities of PS and PLLA are 1.02 and
1.248 g/cm®.

Entry M, ps M, pria PDI Jps d-Spacing (nm) Diameter (nm)

(g/mol) (g/mol)

[a] [b] [c] [d] [e] [c] [d] [e]
PS83— 8900 5900 1.15 0.65 12.7 16.8 20.8 7.2 12.2 10.1
PLLA41
PS198- 20,700 10,200 1.17 0.71 25.8 28.4 329 13.8 18.9 19.7
PLLA71
PS280- 29,400 14,000 1.21 0.72 314 37.2 35.5 16.7 23.5 20.0
PLLA97
PS365- 38,200 15,700 1.21 0.75 34.1 39.7 44.2 17.0 24.6 20.9
PLLA109

[a], Measured from GPC analysis; [b], obtained from integration of '"H NMR measurement; [c], obtained from calculation of TEM micrographs; [d],
determined from first scattering peak of SAXS; [e], obtained from surface analysis of SPM.
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The block copolymers of polystyrene-b-poly(p,L-lactide)
(PS-PLA) were also prepared by using two-step polym-
erization sequence. The detailed synthetic routes were
similar to the methods by Pan and co-workers [35], and
briefly described below. A double-headed initiator, HOCH,_
CH(CH3;),CH,0-C(=0)CHCI(CH3) (DHI4-Cl), was first
prepared. Hydroxyl-terminated polystyrene (PS—OH), was
then prepared by the bulk atom transfer radical polymeriz-
ation (ATRP) of styrene with DHI4—CI as an initiator and
CuBr/HMTETA as the catalyst/ligand. The PS-PLA was
synthesized using the PS—OH as macroinitiator, and
Sn(OCt), as catalyst. The M, of the PS-PLA synthesized
were determined by NMR analysis as 53,000 g/mol whereas
the PDI was determined by GPC as 1.26. The volume
fraction of PLA was calculated as 0.27 by assuming
densities of PS and PLA are 1.02 and 1.18 g/cm®.

2.2. Sample preparation

Bulk samples of block copolymers were prepared by
solution casting from dichloromethane (CH,Cl,) solution
(10 wt% of PS—PLLA or PS-PLA) at room temperature.
Thin films of the block copolymer were first formed on
different substrates by solution casting and spin coating
from dilute solution (1.5 wt% of PS-PLLA) at room
temperature. All the samples prepared by spin coating
were carried out at spin rate of 1500 rpm unless specified.
Small amount of PS—-PLLA or PS-PLA solution (ca.
0.075 ml) was directly delivered onto target substrate on
spin coater during spinning. Thin-film sample on target
substrate was formed within seconds, and then the sample
was observed by microscopes without further treatment.

2.3. Differential scanning calorimetry (DSC)

DSC experiments were carried out in a Perkin—Elmer
DSC 7 for the measurements of thermal behavior of PS—
PLLA and PS—PLA. For instance, PLLA blocks of PS365—
PLLA109 (fp; 14 = 0.25) melt at around 157 °C. The glass
transition temperatures of PLLA and PS are approximately
45 and 95 °C, respectively. Similar measurements have also
been carried out for various PS-PLLA and PS-PLA samples
synthesized in this study. It is interesting to observe that the
crystallization rate is extremely low for the PLLA blocks in
phase-separated PS-PLLA microdomains. No significant
exothermic response was observed under fast cooling. The
significant decrease in crystallization rate is attributed to the
confinement effect for crystallization. By contrast to the
crystallizable PS—PLLA, the PS-PLA samples were
identified as non-crystallizable polymers.

2.4. X-ray experiments
Small-angle X-ray scattering (SAXS) experiments were

conducted at the synchrotron X-ray beam-line X27C at the
National Synchrotron Light Source in Brookhaven National

Laboratory. The wavelength of the X-ray beam is
0.1366 nm. The zero pixel of the SAXS patter was
calibrated using silver behenate, with the first-order
scattering vector ¢* (g*=42""sin 6, where 20 is the
scattering angle) being 1.076 nm~'. Time-resolved
SAXS experiments were carried out in a heating
chamber with step temperature increasing. Degradation
temperature was identified by the disappearance of
scattering peaks.

A Siemens D5000 1.2kW tube X-ray generator
(Cu K,, radiation) with a diffractometer was used for
wide-angle X-ray diffraction (WAXD) powder exper-
iments. The scanning 26 angle ranged between 5 and
40° with a step scanning of 0.05° for 3 s. The diffraction
peak positions and widths observed from WAXD
experiments were carefully calibrated with silicon
crystals with known crystal size.

2.5. Transmission electron microscopy (TEM)

Thin sections of solution-cast PS-PLLA bulk samples
having thickness about 50 nm were obtained by ultra-
cryomicrotomy using a Reichert Ultracut microtome.
Bright field TEM images were obtained by mass-
thickness contrast on a JEOL TEM-1200X transmission
electron microscopy, at an accelerating voltage of 120 kV.
Staining was accomplished by exposure the samples to
the vapor of a 4% aqueous RuQy solution for 2 h. Spin-
coated PS—PLLA thin films on carbon-coated glass slides
were directly examined by TEM. After staining, the thin
films were stripped and floated onto the water surface and
then recovered using copper grids. Bright field images of
mass-thickness contrast were obtained from the stained
samples. The ED experiments for the thin films were also
carried out.

2.6. Scanning probe microscopy (SPM)

SPM images by tapping mode were obtained from thin-
film samples. A Seiko SPA-400 AFM with a SEIKO SPI-
3800N probe station was employed at room temperature in
this work. A rectangle-shaped silicon tip was applied in
dynamic force mode (DFM) experiments using a type of SI-
DF20 with a spring force contact of 14 Nm ™' and scan
rates of 1 Hz. The thin-film thickness was determined by
SPM. First, the thin-film samples were scratched by using
sharp knife to create cutting edge for thickness measure-
ments. The topographic profile of the scratched sample was
then examined by SPM where the step depth of cutting edge
was measured as sample thickness. For comparison, surface
profiler (Dektak II A) was used to measure the sample
thickness by simply scanning the sample surface from
center to the edge of spin-coated samples. Also, the method
for the thickness measurement by SPM described by Moller
and co-workers was used [36]. Consistent results were
obtained by using different methods.
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2.7. Field-emission scanning electron microscopy (FESEM)

FESEM observations were performed on a JEOL JSM-
6700F using accelerating voltages of 1.5 keV. Samples were
examined either on the spin-coated surface or fractured cross
section of PS-PLLA thin film after hydrolysis. The samples
were mounted to brass shims using carbon adhesive, and then
sputter-coated with 2—-3 nm of platinum (the platinum coating
thickness was estimated from a calculated deposition rate and
experimental deposition time).

3. Results and discussion
3.1. Phase-separated morphology

The self-assembly morphology of PS-PLLA block
copolymers in bulk state was studied by TEM and SAXS.
As observed, crystallization of PLLA in PS-PLLA might
give rise to significant changes for microphase-separated
morphology of PS-PLLA. To relieve the disturbance of
PLLA crystallization on formed morphology, cast samples

T T T
(1] or o

q(nm?)

Fig. 1. The TEM micrographs of solution-cast (a) PS83-PLLA41 (fp; o = 0.35); (b) PS198-PLLA71 (fp; 1.4 = 0.29); (c) PS280-PLLA97 (fp; 1o = 0.28) and
(d) PS365-PLLA109 (fp 1o = 0.25). The corresponding azimuthally scanned one-dimensional SAXS profiles are also obtained as shown.
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were annealed at temperature above PLLA melting but
below order—disorder transition temperature, and then
quenched in liquid nitrogen. The order—disorder transition
temperature of PS-PLLA was above degradation tempera-
ture (~170°C) as identified by SAXS. Amorphous PS-
PLLA was obtained after the thermal treatments as
evidenced by DSC and WAXD. DSC thermogram appeared
no melting endotherm during heating. WAXD diffraction
exhibited amorphous diffraction profile. After quench from
microphase-separated melt, the thermally treated samples
were then sectioned by ultra-microtome after RuQO, staining.
HC microstructures were identified by TEM and SAXS
(Fig. 1). As observed by TEM, the microdomains of PS
component appeared relatively dark after staining by RuQO,,
while the microdomains of PLLA component appeared
light. Corresponding SAXS results further confirmed the
observed HC microstructure where the scattering peaks
occurred at g* ratio of 1:4/3:4/4:1/7:4/9. These results are
consistent with the hexagonally packed cylindrical micro-
structures. Similar results for the structure identification of
various PS-PLLA samples having different molecular
weight were also obtained. Consequently, various PS-—
PLLA samples having HC morphology were prepared
(Table 1).

3.2. Induced orientation of PS—PLLA thin films

As described, the criteria for polymeric nanopatterns in
applications are to generate well-oriented periodic arrays
over large area, in addition to uniform surface with
controlled thickness, in the form of thin films. To fulfill
the requirements, one of the most convenient ways is to
carry out nanopatterning directly by spin coating. It is well
known that the formation of thin-film samples can be easily
accomplished onto different substrates by spin coating.
Thus, whether microphase-separated microstructure orients
becomes the essential matter for nanopatterning by spin

coating. Similar to the results of Russell and co-workers [29,
30], large-size, oriented PS—-PLLA microdomains can be
simply obtained by spin coating where the axis of HC
morphology is perpendicular to the substrate (i.e. perpen-
dicular morphology) was obtained (Fig. 2(a)). As observed,
the phase images of SPM observation under dynamic force
mode exhibited approximately the top view of hexagonally
packed cylindrical texture whereas dark PS matrix indicated
less phase delay than bright PLLA dispersed domains. The
perpendicular morphology was further examined by TEM as
shown in Fig. 2(b) where the projected image reflects well-
oriented perpendicular cylinders on the substrate. Moreover,
no significant crystalline diffraction was identified as
evidenced by selected area electron diffraction (SAED)
experiments; suggesting that amorphous samples were
obtained after spin coating. The oriented microdomains
having perpendicular morphology can be as large as several
cm? in area even though the hexagonal packing might not be
perfectly arranged. As discussed by Lin and co-workers, the
oriented effect for block copolymer microstructures is
attributed to kinetic reasons for the formation of micro-
phase-separated morphology during spinning [29]. Conse-
quently, the spin-coated morphology is a non-equilibrium
state.

3.3. Evaporation rate and solubility effects on orientation

Our results indicated that the induced orientation of
microphase-separated morphology was strongly dependent
upon different factors such as evaporation rate of solvent
and its solubility between constituted blocks as well as
spinning conditions (for instance, the temperature of coater,
the concentration of solution and so on). It has been reported
by Kim and co-workers that the selection of solvent for the
casting of thin-film samples is critical to the final
morphology of block copolymer microphase separation,
particularly the orientation of microstructures [3]. Similarly,

Fig. 2. (a) The tapping-mode SPM phase image and (b) TEM image stained by RuOy for spin-coated PS365-PLLA109 (fp; ; , = 0.25) thin films on glass slide

from chlorobenzene.
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well-defined perpendicular morphology can be obtained by
spin coating using suitable solvents in this study. Systematic
studies with respect to the controlling factors for induced
orientation by spin coating were thus carried out in our lab.

The origins of the induced orientation are primarily
attributed to the selection of appropriate solvent evaporation
and its solubility between constituted blocks besides the
processing conditions. Different solvents including PS
selective and neutral solvents were used for comparison.
To define the selectivity of solvents, the equation: x = xyz +
xs = V;i(6; —(3j)2/RT + 0.34 was used for nonpolar system,
where V is the molar volume and 6 is the solubility
parameter for solvent i and polymer j [37]. The solubility
parameter of PS and PLLA are 18.8 (MPa)’> and 22.2
(MPa)®, respectively [37,38]. The enthalpic component of
polymer—solvent interaction parameter (xj) can be related
to the solubility parameters via xg = V;(6; —6j)2/RT. The
entropic term (xs) for nonpolar systems is usually taken to
be a constant between 0.3 and 0.4 (xs=0.34 is often used).
For a polymer to be soluble in a solvent at a particular
temperature, x must be below 0.5 even at high levels of
polymer concentration in solution. On the basis of the above
evaluation, chlorobenzene, benzene and THF were thus
defined as PS selective solvent attributed to ¥ps_solvent < 0.5
and Xprra—solvent>> 0.5. By contrast, 1,2-dichloroethane (at
which ¥ps_sotvent <0.5 and Xprra—solvent <0.5) is neutral
solvent in this study. However, the 1,1,2-trichloroethane and
chloroform are well-known good solvent for PLLA in
experiments even though the xpy 1 a_sorvent 1S above 0.5 [39].
The inconsistency probably results from the polar entities
between polymer and solvent so that the x should be smaller
than the estimated value (i.e. Xpr1a—solvent 1S below 0.5). As
a result, 1,1,2-trichloroethane and chloroform are also
referred as neutral solvent in this study. The details of
selectivity and vapor pressure for solvents were listed in
Table 2.

PS selective solvents having various vapor pressures at
ambient temperature were used for spin coating to study the
evaporation rate effect. As shown in Fig. 3, fast-evaporation
conditions (for instance the use of THF solvent) generated a
typical disorder microstructure (Fig. 3(a)) with evidence of
microphase separation but poorly defined microdomains
and no long-range order due to the limited time for the
formation of microphase separation. The Fourier-transform
result from the disordered texture exhibited diffuse

Table 2
The selectivity and vapor pressure of solvents

scattering results as shown in the inset. Decreasing the
evaporation rate tended to form fairly ordered morphology
with slightly preferential orientation, as shown in Fig. 3(b).
The formation of well-defined microstructure with perpen-
dicular morphology was obtained by using suitable PS
selective solvents, namely solvents with intermediate-
evaporation rates. Fig. 3(c) shows the formed morphology
at which PLLA cylinders are arranged in a hexagonal-like
array within PS matrix as evidenced by the SPM phase
image, and appears as perpendicular morphology after spin
coating by using chlorobenzene (vapor pressures
~12 mmHg at ambient temperature). In contrast to the
disordered morphology, the Fourier-transform pattern
exhibits reflections with approximate six-fold symmetry.
Further decreasing the evaporation rate may initiate
morphological distortion and microdomain disorientation.
To exaggerate the causes of low-evaporation rate effect on
morphological distortion and controlled orientation, very
slow evaporation-rate conditions were achieved by covering
the coater with a jar for spin coating. As shown in Fig. 3(d),
distorted, microphase-separated morphology with randomly
oriented texture was obtained; suggesting that the perpen-
dicular morphology will be interrupted by the slow-
evaporation process. The Fourier-transform pattern thus
appears scattering pattern with less diffusion. The causes of
the interruption will be discussed below.

Neutral solvents have different vapor pressures at
ambient temperature were also used for spin coating in
order to examine the solubility effect on formed mor-
phology. In contrast to the PS selective solvents, highly
disordered microphase-separated morphology was obtained
by spin coating using neutral solvents (Fig. 4). Even at
suitable evaporation rates (for instance, the use of
dichloroethane and trichloroethane solvents) as shown in
Fig. 4(b) and (c), they still appear as disordered morphology
after spin coating. To further confirm the disorder
morphology of thin films from neutral solvent, the thin-
film samples were examined by TEM. Consistently, typical
disorder, microphase-separated morphology was identified
in all thin film samples from neutral solvent (Fig. 5). As a
result, the formation of perpendicular morphology of PS—
PLLA thin films by spin coating strongly depends on the
selection of solvents, particularly the corresponding
solubility with constituted blocks.

6solvent (MPa)O'S

Solvent Molar volume XPS—solvent XPLLA-solvent Vapor pressure
(cm®/mol) (mmHg)

Chlorobenzene 102.1 0.36 0.62 19.6 12

Benzene 89.4 0.34 0.81 18.6 70

THF 81.7 0.35 0.6 19.4 176
1,1,2-Trichloroethane 100.4 0.36 <0.5 19.6 17.1
1,2-Dichloroethane 79.2 0.42 0.44 20.4 61
Chloroform 80.7 0.34 <0.5 19 159.6
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Fig. 3. The tapping-mode SPM phase images of the surfaces of spin-coated PS365-PLLA109 (f; ;. o = 0.25) thin films on glass slide by using different selective
solvents for spin coating: (a) THF (vapor pressure at 20 °C: 131.5 mmHg); (b) benzene (vapor pressure at 20 °C: 70 mmHg); (c) chlorobenzene (vapor pressure
at 20 °C: 12 mmHg); (d) very slow evaporation rate. The insets show the Fourier-transform patterns of the SPM images.

3.4. Molecular weight effect

Different PS-PLLA samples having various molecular
weights were also used to study the molecular weight effect
on formed morphology. The PS-PLLA thin-film samples
with the molecular weights varying from 14,800 to 53,

*

.

900 g/mol were prepared by spin coating using PS selective
solvents with appropriate evaporation rates. The detailed
molecular weight data of those samples were listed in
Table 1. The effect of molecular weight is shown by Fig. 6.
The SPM phase images of spin-coated thin films indicate
that the formation of perpendicular morphology with

Fig. 4. The tapping-mode SPM phase images of the surfaces of spin-coated PS365-PLLA109 (fp; ;.o = 0.25) thin films on glass slide by using different neutral
solvents for spin coating: (a) Chloroform (vapor pressure at 20 °C: 159.6 mmHg); (b) 1,2-dichloroethane (vapor pressure at 20 °C: 61 mmHg); (c) 1,1,2-

trichloroethane (vapor pressure at 20 °C: 17.1 mmHg).
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Fig. 5. The TEM images of the spin-coated PS365-PLLA109 (fp;; o = 0.25) thin films on glass slide by using different neutral solvents for spin coating: (a)
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well-defined microstructure is certainly dependent upon the
molecular weight of sample. At high molecular weights, the
formed morphologies exhibited well-defined, perpendicular
textures (Fig. 6(a)). With decreasing the molecular weight,
the regions of disordered morphology were gradually
increased (Fig. 6(b) and (c)). In the case of the lowest
molecular weight sample studied (Fig. 6(d)), disordered
microphase-separated morphology was identified as shown
in the inset. As a result, the order and the orientation of
microphase-separated morphology will be gradually lost
upon decreasing the molecular weight of PS—PLLA. It is
also noted that the high molecular weight samples may
cause the reduction in molecular mobility so as to decrease
the order of microphase-separated morphology. We specu-
late that disorder morphology may form for extremely high
molecular weight samples.

3.5. Spin coating versus solution casting

One of the critical advantages to exploit spin coating
process for the preparation of thin-film samples from
solution is the ability to generate thin films with uniform
surface and controlled thickness. For the induction of
orientation in microphase-separated morphology, it will be
interesting to compare spin coating process with solution
casting. Fig. 7(a) shows the microphase-separated mor-
phology of solution-cast samples from chlorobenzene (a PS
selective solvent). In contrast to spin-coated samples
(Fig. 3(c)), the SPM phase images of the solution-cast
films exhibited typical spherulite-like morphology with
evidence of branching crystalline lamellae; no ordered
microphase-separated morphology can be observed. As a
result, we suggest that the well-defined microphase-
separated morphology from casting will be perturbed
by the crystallization of PLLA during evaporation
process, namely solvent-induced crystallization. The results
are similar to the use of solvents with extremely

low-evaporation rates at which solvent-induced crystalliza-
tion effect starts playing important role on formed mor-
phology. Considering the drawback of solvent-induced
crystallization on microphase separation, non-crystallizable
amorphous PS-PLA was used for nanopatterning. In contrast
to the solution-cast samples of semi-crystalline PS—-PLLA
(Fig. 7(a)), well-defined microstructure with perpendicular
morphology of PS-PLA thin films were observed through
solution casting (Fig. 7(b)). These observations further
confirm that solvent-induced crystallization is indeed critical
to the formed morphology through casting.

As observed, the formed morphology is achieved by the
choice of selective solvents. To examine the solubility effect
on solution-cast morphology, neutral solvents having
appropriate vapor pressures were also used for nanopattern-
ing. Similar to the PS selective solvents, a spherulite-like
morphology was obtained in PS-PLLA thin films by
solution casting using neutral solvents (as shown in
Fig. 8(a) for 1,1,2-trichloroethane solvent). So, the formation
of spherulite-like texture is attributed to the solvent-induced
crystallization regardless of the solubility concerns. In the case
of amorphous PS-PLA, highly disordered morphology was
obtained by using neutral solvents (as shown in Fig. 8(b) for
1,1,2-trichloroethane solvent). As a result, the formation of
ordered, microphase-separated morphology cannot be
achieved by solution casting using neutral solvents whether
in PS-PLLA or PS-PLA thin films.

Since the perpendicular morphology can be obtained in
PS-PLA thin films by solution casting using PS selective
solvents, the next question is how the microphase-separated
morphology of PS-PLA develops by spin coating. Fig. 9
shows that the spin-coated PS—-PLA thin films from
chlorobenzene appeared less-defined microphase-separated
morphology where large-scale oriented morphology is
absent. The discrepancies in the formed morphology in-
between spin-coated and solution-cast PS—PLLA thin films
will be discussed below.

Fig. 7. The tapping-mode SPM phase images of solution-cast film on glass slide from selective solvent (chlorobenzene) at (a) PS365-PLLA109 (fp; o = 0.25)

and (b) PS355-PLA112 (£} , = 0.27).
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Fig. 8. The tapping-mode SPM phase images of solution-cast film on glass slide from neutral solvent (1,1,2-trichloroethane) at (a) PS365-PLLA109

(fa = 0.25) and (b) PS355-PLA112 (£, = 0.27).

3.6. Substrate effect on oriented microdomains

For thin-film samples, it is inevitable to have influence, in
particular the effects of affinity and surface tension, from the
coated substrate. An interesting morphological evolution
was observed at which the morphology at the bottom of
formed nanopatterns on hydrophilic substrates appeared
well-defined microstructure under SPM examination only if
the film was treated by hydrolysis (i.e. degradation of
PLLA; see below for details) (Fig. 10); suggesting that there
is a thin layer of PLLA (for instance, ca. 5 nm as estimated
by volume fraction for nanopatterning on glass slide having
50 nm film thickness) formed on the substrate after spin
coating. To examine the substrate effect on formed thin-film
morphology, the interfacial energy between homopolymer
and substrate was determined by contact-angle measure-

Fig. 9. The tapping-mode SPM phase images of spin-coated PS355—
PLA112 (fp; o = 0.27) thin films on glass slide from chlorobenzene.

ments [40]. Films of PS (M, =33,400 g/mol) and PLLA
(My,=5020 g/mol) with thicknesses of 20 nm were spin-
coated directly onto the substrates. The samples were
annealed in vacuum at 180 °C. After 24 h, the small
homopolymer droplets could be observed on substrates by
optical microscopy. Contact angles were measured on the
droplets in de-wetted films by scanning probe microscopy at
room temperature (below the T,s of both homopolymer).
According to the Young’s equation, the interfacial energy
between polymer and substrate could be estimated. The
interfacial energy of PLLA—substrate system is qualitatively
determined to be smaller than that of PS—substrate system in
hydrophilic substrates (e.g. glass slide). It is noted that the
surface tension of PS is comparable to that of PLLA [19].
We thus speculate that the preferential wetting of PLLA on
hydrophilic substrates is mainly attributed to the significant
affinity effect, namely the polar entity of PLLA. Interest-
ingly, the formation of PLLA thin layer can be avoided by
spin coating the samples at temperature above Tgpria
(~45°C) but below T,ps (~95°C) instead of at room
temperature (Fig. 11). In contrast to Fig. 10, the bottom
images appeared well-defined ordered microstructure as
shown in Fig. 11(a) and (b) (height image and phase image,
respectively) while spin coating was carried out at
temperature above T,pira but below T,ps (e.g. 50 °C).
The behavior has also been observed in different cases [3,5,
29,30,41]; the glass transition temperature of at least one of
the blocks should be below processing temperature in order
to ease the substrate influence. This observation is in line
with the suggested perpendicular morphology induced by
spin coating. The thickness effect was also examined in this
study. Various thicknesses of spin-coated thin films in a
range from 30 to 200 nm were formed by controlling the
rate for spin coating. Similar morphological results were
observed in samples with different thicknesses. As a result,
we speculate that the thickness effect is not an important
control factor with regard to the formed morphology in this
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Fig. 10. (a) Before hydrolysis; (b) after hydrolysis of the tapping-mode SPM height images of the morphology at the bottom of nanopatterns for spin-coated
PS365-PLLA109 (fp;; o = 0.25) thin films on glass slide from chlorobenzene at ambient temperature.

thickness range studied. The origins of the formed
morphology will be discussed below.

Considering the varieties of end use applications,
different substrates including carbon-coated glass slide,
glass slide, indium tin oxide (ITO) glass, silicon wafer,
silicon oxide, inorganic light emitted diode and alumina
have been used for nanopatterning. It is reasonable to infer
that the formed morphology is affected by the selection of
substrate. Usually, the thickness is the major factor to
consider the significance of substrate effect. For thin films
having thickness less than hundred nm as the examined
samples here, it is inevitable to have influence from the
coated substrate, particularly the effects of affinity and
interfacial energy. These substrates used possess wide range
of characteristics with respect to affinity and interfacial
energy to PS-PLLA block copolymer. Nevertheless, similar
morphological textures were obtained after spin coating
regardless of the use of substrates. The morphologies on the

L] )

0.00 [rn) 3.04

top of nanopatterns formed on different substrates all exhibit
perpendicular-like morphology (Fig. 12).

3.7. Origins of induced orientation

As observed, the formation of perpendicular morphology
in microphase-separated block copolymer thin films from
solution by solvent evaporation such as solution casting and
spin coating is attributed to kinetic reasons. The phase
transition from homogeneous solution state to microphase-
separated morphology has been extensively studied in
recent years [42—44]. The driving force of phase separation
in block copolymer solution is, in principle, originated by
the strength of segregation due to the incompatibility
between constituted blocks. The segregation strength is
usually referred to the value of xN, the product of
incompatibility between the constituted block and the
molecular weight of block copolymer. The formation of

Lirund

-66. 841 [deg] -67.335

Fig. 11. The tapping-mode SPM (a) height and (b) phase image of the morphology at the bottom of nanopatterns for spin-coated PS365-PLLA109

(foLa = 0.25) thin film on glass slide at 50 °C.
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Fig. 12. The tapping-mode SPM phase images of spin-coated PS365-PLLA109 (fp;; » = 0.25) thin films on various surfaces from chlorobenzene: (a) Glass
slide; (b) carbon-coated glass slide; (c) indium tin oxide (ITO) glass; (d) silicon wafer.

final morphology is governed by the phase-transition
processes (i.e. the kinetics of block copolymer self-
assembly) during solvent evaporation, namely the elevation
of sample concentration. We speculate that the segregation
strength determines the time scale for the formation of
microphase separation in this study. The higher the
segregation strength is, the shorter the time required for
microphase separation will be. The participation of solvent
in the phase separation of block copolymers inevitably
affects the segregation strength. Neutral solvent will
decrease the segregation strength whereas selective solvent
promotes the microphase separation. As a result, the use of
neutral solvent requires longer time for the formation of
well-developed microstructures. The ordered, microphase-
separated morphology (Fig. 3(c)) was thus formed by spin
coating for the use of selective solvents while strong enough
segregation is available for the phase transformation. By
contrast, poorly segregated, disordered morphology (Fig. 4)
was obtained for the use neutral solvents due to insufficient
time for the transformation. Owing to the fast process for
film formation by spin coating, the evaporation process is
too fast to achieve the defined microphase separation in

neutral-solvent solution. Consequently, it is expected to
form ordered morphology by using neutral solvents with
lower evaporation rate. One of possible ways to slow the
process is to carry out the solvent evaporation by solution
casting using low-evaporation-rate neutral solvents. How-
ever, the slow process causes the solvent-induced crystal-
lization of PLLA block upon solution casting so as to
interrupt the formation of oriented morphology whether
using the selective or neutral solvents (Figs. 7(a) and 8(a)).
By contrast, perpendicular morphology can be successfully
obtained by using non-crystallizable block copolymers, PS—
PLA, through solution casting for selective solvents
(Fig. 7(b)). Nevertheless, it is noted that the extremely
slow process for solvent evaporation may lead to the
formation of equilibrium morphology in thermodynamics.
Namely, the substrate effect should be a significant factor to
affect the final morphology. The orientation of microphase-
separated microstructure is thus the results of thermodyn-
amic and kinetic considerations (see below for detailed
discussion). There exists an optimized condition for the
formation of perpendicular morphology in PS—PLA thin
films by solution casting. As a result, the segregation
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strength upon solvent evaporation is the primary concern
with respect to nanopatterning in order to form well-defined
microphase-separated morphology. Similar justifications
could also apply to the discrepancies in the formed
morphology for different PS-PLLA samples having various
molecular weights. As shown in Fig. 6, the order of
microphase-separated morphology by spin coating is
strongly dependent upon the molecular weight of PS—
PLLA. The less defined microphase-separated morphology
(Fig. 6(a)) is caused by the effect of low-molecular-weight
PS-PLLA (i.e. the lower segregation strength) whereas
distinct morphology is formed in high-molecular-weight
samples (for instance Fig. 6(d)). Consistently, the formation
of less defined morphology in spin-coated PS—PLA thin
films as compared to that in PS-PLLA is also attributed to
the segregation strength reasons. Our recent studies
indicated that the incompatibility between PS and PLLA
is obviously larger than that between PS and PLA [45].
Owing to the interaction parameter consideration, the lower
segregation strength of PS—PLA samples is not able to form
well-defined morphology by the fast evaporation process
(i.e. spin coating) (Fig. 9). The interpretation can be further
confirmed by the observation of disordered morphology
(Fig. 8(b)) where the neutral solvents were used for solution
casting. Although the evaporation rate is greatly decreased,
the use of neutral solvent lowers the segregation strength of
PS—-PLA so as to cause the insufficient time scale for
developing of microphase separation.

The next question will be how they form perpendicular
morphology upon solvent evaporation. On the basis of
thermodynamic considerations, the perpendicular mor-
phology is in general slightly metastable relative to the
parallel morphology [3]. As observed, the formation of
PLLA perpendicular HC morphology without the formation
of PLLA thin layer on coated substrate can only be obtained
by spin coating the samples at temperature above T piya
but below T,ps (Fig. 13). We speculate that the
perpendicular morphology is formed by well-controlled
solvent permeation in block copolymers during solvent
evaporation. It is well known that the permeation of solvent
in polymer matrix is dependent upon its diffusivity in the
matrix and its solubility with the polymer component.
Considering the efficiency of solvent evaporation in block

(@) ®)

PS PLLA PS PLLA

/

Hydrophilic substrate

Hydrophilic substrate
Spin coating at room temperature Spin coating at 50°C

Fig. 13. The schematic illustration of cross-section view for PS-PLLA thin
films by spin coating at (a) room temperature and (b) 50 °C.

copolymers, it will be reasonable to expect that the solvent
molecules preferentially go through the microphase-separ-
ated microdomains with higher permeation. As a result, the
perpendicular morphology is formed in order to create an
optimized condition (i.e. the fastest path) for solvent
evaporation whereas parallel morphology may impede the
evaporation of solvent molecules. Similar phenomena have
been observed in different block copolymer systems and the
behavior was discussed by different authors [3,5,29,30,41].
Usually, the diffusivities of small molecules in the rubbery
and glassy states of polymeric materials are significantly
different due to the free volume consideration. Dramatic
increase in diffusivity from glassy to rubbery state can be
recognized. In contrast to the significant effect on
permeation due to the T, consideration, the solubility also
plays important role to determine the optimized diffusive
path. So, the development of perpendicular morphology is
attributed to the significant variation in permeation between
PS and PLLA microdomains.

The evolution of microphase separation is shown in
Fig. 14. The microphase separation is initiated from the air
surface at which the formed morphology adopts a
perpendicular orientation due to permeation consideration,
in particular the permeation of solvent to the surface.
Following the nucleation of microphase separation, the
solvent molecules are evaporated through the higher
permeation microdomains so as to create solvent concen-
tration gradient within the film. The development of
perpendicular morphology continuously executes from the
free surface due to the epitaxy-like growth through the
entire film as described by Kim and co-workers [30]. The
solvent-concentration gradient would be subtle under
conditions where solvent is allowed to evaporate relatively
fast. Eventually, the straight perpendicular HC morphology
is formed from the top to the bottom in the direction of the
maximum solvent-concentration gradient regardless of the
characteristics of the used substrate. However, the develop-
ment of perpendicular morphology may encounter signifi-
cant change to equilibrium morphology (i.e. parallel
morphology) due to the lower evaporation rate while the
evolution of concentration gradient goes far from the free
surface at which thermodynamic effect takes over to exert a
determining influence on the morphology. Namely, thicker
samples should be much obvious in according to the change
of orientation. The substrate effect is now a predominated
factor to affect the formed morphology. Consequently,
parallel morphology might be formed due to the thermo-
dynamic consideration. At ambient temperature for the thin-
film formation of PS—PLLA, the PLLA block in PS-PLLA
solution could run into glassy state during solidification so
as to cause lower permeation for solvent evaporation. At
near the interface of PS—PLLA thin film and substrate, the
thermodynamic and substrate effects would define the
orientation of microphase-separated microstructures due to
the lower permeation. Thin-layer PLLA could be formed
under conditions with low evaporation rate, particularly at
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Solvent evaporation

Fig. 14. The schematic illustration of formation of PS-PLLA nanopattern prepared by spin coating, similar to the mechanism proposed by Kim and co-workers,

where f; is the volume fraction of solvent and d is the depth of thin film [30].

hydrophilic substrates. By contrast, there is no PLLA thin
layer while the casting is carried out at temperature above
the glass transition of PLLA at which the evaporation rate
should be fast enough to lead the kinetically controlled
process.

As a result, the perpendicular HC morphology can be
obtained by spin coating for the use of suitable solvents
having appropriate evaporation rates at which well defined
microphase-separated morphology should be able to
develop by considering the time scale for segregation.
Simultaneously, the perpendicular morphology is initiated
due to the permeation discrepancy between microphase-
separated microdomains so that fastest evaporation can be
achieved. The metastable morphology is thus obtained.

3.8. Nanopatterned templates by hydrolysis

For practical applications, the constituted PLLA com-
ponent might be selectively degraded by hydrolysis
treatment to form regularly patterned topographic surface
from the oriented microdomains of PS-PLLA thin-film
samples. Following the successful procedure for hydrolysis

of PLA described by Zalusky and co-workers [32],
perpendicular HC nanochannel arrays as evidenced by
FESEM observations (Fig. 15(a)) were simply obtained by
using a sodium hydroxide solution of methanol/water.
Moreover, the cylindrical nanochannels truly span the entire
thickness of the films (Fig. 15(b)) in the hydrolyzed
nanopatterns. Different domain sizes were obtained by
controlling molecular weight of PS-PLLA. Consequently,
nanopatterned templates over large area in addition to
uniform surface with controlled thickness and domain size
in the form of thin film were successfully prepared on
different substrates as shown in Fig. 16. Here, we present an
excellent and quick way to prepare large-scale micro-
domains for PS-PLLA diblock copolymers. Owing to the
hydrolysis character of the polyester components, the
formation of the perpendicular nanochannel arrays provides
a simple path to prepare nanopatterned templates for
applications.

One of the promising applications in nanopatterned
templates is to carry out reaction within the ordered
nanochannels (i.e. the concept of nanoreactor) so that
periodic nanoarrays of materials, in particular for inorganic

Fig. 15. The (a) top view and (b) cross-section view FESEM images of spin-coated PS365-PLLA109 (f5;; 4 = 0.25) thin films on silicon wafer from

chlorobenzene at 50 °C after hydrolysis.
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Fig. 16. (a) 3D tapping-mode SPM height image of SPM for spin-coated PS365-PLLA109 (fp;; o = 0.25) thin films on glass slides after hydrolysis. (b)

Schematic illustration of PS-PLLA nanopattern prepared by spin coating.

substances, can be efficiently created. Our recent results
demonstrate the possibility to create inorganic nanoarrays
(for instance, titania oxide) through the concept of
nanoreactor. The cylindrical mesopores in the nanopatterns
were served as the reactor to host the sol—gel reaction for the
formation of titania oxide. Similar approaches can also be
applied to a variety of inorganic materials.

4. Conclusion

Unique self-assembly morphology of the PS—-PLLA thin
films, large-size oriented microdomains with perpendicular
morphology, was obtained. The formation of the nanopat-
terned microdomains is suggested to be in accordance with the
effect of induced orientation by spin coating, regardless of the
effects of film thickness and coated substrates. The mechanism
of induced orientation for PS-PLLA microdomains is strongly
dependent upon the evaporation rate of solvent and its
solubility between constituted blocks. The perpendicular
orientation of microdomains is attributed to the permeation
discrepancy between phase-separated microdomains. Owing
to the degradable character of the polyester component, the
formation of the topographic nanopatterns of PS-PLLA by
spin coating provides a simple path to prepare thin-film
templates for the applications in nanotechnologies.
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