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ABSTRACT: A poly(isoprene-b-lactide) (PI-b-PLA) polymer forming cylinders of PLA in a PI matrix was
examined as a polymer system to generate nanostructured vertical arrays of hexagonally packed cylinders. This
investigation was motivated by the favorable properties of PI-b-PLA for fabricating nanoporous materials. Films
were swollen and annealed with chloroform over a range of thickness and solvent concentration. Examination of
the films after swelling with scanning force microscopy and grazing incidence X-ray scattering showed that
films with either parallel or perpendicular domain orientations could be obtained. The domain orientation depends
on the selectivity of the film surface, mediated by the concentration of chloroform, and the incommensurability
of the polymer domain spacing and the swollen film thickness. The results show that solvent annealing is an
effective method for obtaining oriented PI-b-PLA cylinder templates and more generally an effective method for
obtaining perpendicularly oriented cylinders over a wide area from an initially unoriented film.

Introduction

The self-assembled morphologies of block copolymers rep-
resent an ideal platform for the fabrication of nanostructured
thin films.1 Thin films of cylinder-forming block copolymers,
with the cylinders oriented normal to the surface, are attractive
as templates for the formation of ordered arrays of domains
with high aspect ratios. One goal in nanopatterning is to shrink
the domain size and obtain higher domain densities. In block
copolymers the domain size is controlled primarily by the
molecular weight of the polymer. For each copolymer system
there is a minimum domain size obtainable due to the order-
disorder transition temperature that occurs at a critical value of
øN, whereø is the Flory-Huggins interaction parameter andN
is the degree of polymerization of the polymer.2 Therefore, using
high-ø materials lowers the chain length at which the copolymers
microphase separate, producing materials with smaller domain
sizes and higher domain densities.

We have investigated thin films of poly(isoprene-b-lactide)
(PI-b-PLA) block copolymers.3 The motivation for studying this
particular system was twofold. First, with a polymer that forms
cylinders of PLA in a matrix of PI, it should be possible to
cross-link the PI and hydrolytically degrade the PLA to produce
a nanoporous film.4 Second, compared to other polymer systems
that have previously been used to make nanoporous thin films,
such as poly(styrene-b-methyl methacrylate) (PS-b-PMMA),5

poly(styrene-b-isoprene) (PS-b-PI),6 and poly(styrene-b-lactide)
(PS-b-PLA),7 PI-b-PLA has a largerø and therefore smaller
pores, and a higher pore density should be obtainable with this
polymer. For example, at 140°C theø is 0.04 for PS-b-PMMA,8

0.06 for PS-PI,9 0.13 for PS-b-PLA,4 and 0.3 for PI-b-PLA.10,11

The main challenge in using block copolymers as nanostruc-
tured templates is that in anisotropic morphologies, like
cylinders, the preferential interaction of one block with the
substrate leads to an alignment of the microdomains parallel to
the surface. Recent simulations on the morphologies in thin films
of cylinder-forming block copolymers confined between two

surfaces showed that the morphology depended on the strength
of the interfacial interactions and commensurability between
the copolymer period and film thickness,12,13 similar to results
previously shown for lamellar forming copolymers.14-18 The
preferential segregation of one block to the substrate causes an
orientation of the microdomains parallel to the substrate. With
increasing surface selectivity, morphologies from parallel
cylinders to perforated lamellae to lamellae are found. Incom-
mensurability between the natural period of the copolymer and
the film thickness gives rise to chain stretching that can induce
an orientation of the microdomains normal to the surface, even
in the presence of preferential interfacial interactions. With
balanced interfacial interactions, the microdomains orient normal
to the surface, and consequently, commensurability is not an
issue. Complementary experiments were run on polystyrene-
polybutadiene-polystyrene (PS-b-PB-b-PS) triblock copolymers
by swelling them to different extents in chloroform, to vary
both the surface selectivity and film thickness, and then quickly
evaporating the solvent to preserve the surface structure.12,19

These annealed films had terraced surfaces with varying local
thickness. Subsequent scanning force microscopy (SFM) mea-
surements over thickness gradients in the films revealed
variations in the surface structure similar to those predicted by
the simulations.

We recently reported that in a cylinder-forming PI-b-PLA
thin film that a perpendicular orientation over a large area with
long-range order could be obtained by swelling the film with
chloroform.3 In this report we describe further solvent annealing
experiments to study the roles of both solvent concentration
and film thickness incommensurability on the domain orientation
of a PI-b-PLA block copolymer. Both scanning force micros-
copy and GISAXS measurements were used to characterize both
the film surface and subsurface structure. The results are
consistent with prior solvent annealing experiments on SBS.12,19

However, it is notable in this case that films with a perpendicular
orientation over the entire film could be obtained rather than
just between steps of parallel cylinders. These experiments are
also different from cases where perpendicular cylinders are
obtained during solvent casting.20,21 Here the orientation is
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driven by an advancing solvent evaporation front during
ordering. As this polymer system has desirable traits for
fabricating high-density nanoporous templates, understanding
how to control the thin film morphology is the first step toward
obtaining useful templates.

Experimental Section

Materials. The polymer used in this work was a poly(isoprene-
b-lactide) (PI-b-PLA) block copolymer (Mn ) 22 000 Da,fPI )
0.78). It was prepared using a previously reported method.10 The
molecular weight of the PI block was determined using size
exclusion chromatography (SEC), calibrated with PS standards. The
molecular weight and volume fraction of the PLA block were
determined using1H NMR spectroscopy (300 MHz). The solvents
for annealing, cross-linking, and PLA degradation were used as
received.

Sample Preparation and Solvent Annealing. Thin films of PI-
b-PLA were prepared by spin-coating solutions of PI-b-PLA in
chloroform (8-11 mg/mL) at 2000 rpm onto silicon wafers with a
native oxide surface layer (1× 1 cm). Thicker silicon wafers were
used to provide flat substrates for the grazing incidence X-ray
scattering measurements.

Solvent annealing was done using an apparatus that is schemati-
cally shown in Figure 1. The concentration of solvent in the chamber
was controlled by varying the flow rates (5-49 mL/min) of the
pure and solvent infused nitrogen. An interferometer (Filmetrics
F20) was used to measure the thickness of the film during annealing.
Solvent was removed from the film by turning up the pure nitrogen
flow rate to its maximum rate and stopping the flow of solvent
infused nitrogen. The thickness of the unswollen sample ist0. The
thickness of the swollen sample ists. The volume fractions of
polymer,φp, and solvent,φs, in the swollen sample are given by
φp ) t0/ts and φs ) 1 - φp. Scanning force microscopy (SFM)
measurements were made using a Dimension 3100 Nanoscope III
SFM (Digital Instruments) in tapping mode. Both the effect of
solvent concentration and film thickness on the film morphology
were examined by first varying the degree of swelling on a set of
samples of the same film thickness and then repeating these
experiments on sample sets over a range of unswollen thickness of
48-71 nm. Each sample was annealed for 30-60 min.

Cross-linking of PI was done using sulfur monochloride vapor.22

Films were taped to a glass slide and placed in a closed container
containing a small amount of sulfur monochloride liquid. After 1
h the films were removed and washed in toluene. The PLA was
degraded by immersing cross-linked films in solutions of 1 M
tetrabutylammonium fluoride in tetrahydrofuran.

Modified substrates were prepared by spin-coating the PI-OH
precursor to this block copolymer on silicon substrates and
annealing the substrates at 150°C under vacuum for 24 h.
Condensation of the hydroxyl group with surface silanol groups
on the native oxide layer of silicon substrate forms a PI brush.23

Excess polymer was removed by washing the substrates repeatedly
with toluene.

Small-Angle X-ray Scattering (SAXS). Measurements were
made using a Molecular Metrology instrument. The sample-to-
detector distance was calibrated using a silver behenate standard.

Grazing Incidence Small-Angle X-ray Scattering (GISAXS).
Measurements were performed at beamline I15-D at the Advanced
Photon Source, Argonne National Lab. Samples were mounted on

a goniometer, and measurements were taken at incident angles
between 0.1° and 0.3°. The sample-to-detector distance was
calibrated using a silver behenate standard. A schematic of the
experiment is shown in Figure 2.

Results and Discussion

The bulk morphology of the PI-b-PLA polymer was deter-
mined using small-angle X-ray scattering. Figure 3 shows an
azimuthally averaged intensity profile for a sample annealed at
100 °C. The peaks atq/q* ratios of 1, x3, x7, andx9 are
consistent with the structure factor for hexagonally packed
cylinders. (The expected peak atq/q* ) x4 is absent due to
form factor cancellation.24)

Thin Films Morphology. The morphology of the as-spun
film was examined with SFM. Figure 4a shows a phase image
of a typical as-spun film. The morphology consists of bright
lines and dots on a dark background. These bright regions are
attributed to the PLA, which as the higher modulus material
would appear brighter in the phase image and is consistent with
the bulk morphology of the polymer. After solvent annealing
three types of surface patterns were observed with SFM
consisting of lines (4b), a mixture of lines and dots (4c), or
dots (4d). These are consistent with cylindrical microdomains
oriented parallel to the surface (4b), a mixture of parallel and
perpendicular orientations of the cylindrical microdomains (4c),
and cylindrical microdomains oriented perpendicular to the
surface (4d). Figure 5 shows optical micrographs of films with
different domain orientations. When the cylindrical micro-
domains are oriented parallel to the surface (Figure 5a), the
surface of the film is terraced to relieve frustration arising from
the film thickness constraints. Terracing has been observed
previously in block copolymer thin films where either islands
or holes develop to form areas whose film thickness is
commensurate with the domain spacing.25 With a perpendicular

Figure 1. Schematic of experimental setup used for solvent annealing.

Figure 2. Schematic representation of the GISAXS experiment. The
beam is incident on the sample at an angleR. There is a specular
reflection at an angleR. The dotted line indicates an off-specular
scattering in theqy-qz plane.

Figure 3. Azimuthally averaged SAXS profile of bulk PI-b-PLA
polymer at 100°C. The triangles indicateq/q* peak positions of 1,
x3, x7, andx9.
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orientation (Figure 5b), there are gradual changes in the film
thickness since there are no thickness constraints. Figure 5c was
taken near the edge of a film where the thickness increases near
the film edge in a spin-coated film. Half of the surface is smooth
(perpendicular orientation) while the other half is rough due to
the terracing of film (parallel orientation). The degree of long-
range order is much higher in the perpendicular films compared
to the parallel. Indeed, six-spot patterns were sometimes
observed in the Fourier transform of 2× 2 µm SFM images,
indicating the presence of a single grain; however, 12- and 18-
spot patterns or spot and arc patterns were more commonly
observed, indicating the presence of more granular texture, and
the typical grain size was on the order of 0.5-1 µm. The much
poorer ordering in the parallel structures is likely due to the
terracing impeding ordering, but in both cases the long-range
order is substantially improved compared to the as-spun film.

GISAXS measurements were used to complement the SFM
measurements. SFM gives a real-space surface image of a small
area of the film, while GISAXS averages over a much larger
area and can be used to probe the structure through the entire
thickness of the film.3,26-31 Analytical descriptions of GISAXS
patterns have been given using the distorted wave Born
approximation.31-33 GISAXS patterns are generally more com-

plicated to interpret than transmission SAXS, since scattering
can occur with both the incident and reflected beams. The
GISAXS patterns can be viewed as two overlaying scattering
patterns from the direct and reflected beam.31 Figure 6 shows a
schematic diagram of the real-space and reciprocal space lattices
of cylindrical microdomains oriented parallel and perpendicular
to the film surface. With the beam incident along theqx

direction, cylinders oriented parallel to the film surface give
rise to a six-spot pattern, while when the cylindrical micro-
domains are oriented normal to the surface, a series of spots
along theqy axis are seen.

Figure 7 shows a GISAXS pattern from a film with the
cylindrical microdomains oriented parallel to the film surface
(t0 ) 71 nm, 44% CHCl3) taken atR ) 0.2°. Two arcs can be
seen around the specular reflection. Each arc has three spots:
one on either side of the beam stop and one partially obscured
by the beam stop. These spots arise from the cylindrical
microdomains oriented with the (10) planes parallel to the
substrate, as shown in Figure 6. The bottom halves of the
diffraction rings are obscured by the sample horizon. The arcs
at lower and higherqz arise from the scattering from the direct
and reflected beams, respectively.

Figure 8a shows a GISAXS pattern for a sample with the
cylindrical microdomains oriented normal to the surface atR
) 0.2° (t0 ) 49 nm, 41% CHCl3). A streak, rather than a spot,
is observed on either side of the specular reflection. The streak
arises from the truncation of the cylindrical microdomains at
the surface in the thin film, giving rise to Bragg rods in

Figure 4. SFM phase images of PI-b-PLA thin films (a) as spun (t0 )
49 nm) and after solvent annealing, (b) parallel orientation (t0 ) 65
nm, 33% CHCl3), (c) mixed parallel and perpendicular orientations
(t0 ) 65 nm, 38% CHCl3), and (d) perpendicular orientation (t0 ) 45
nm, 38% CHCl3).

Figure 5. Optical micrographs of annealed films with a (a) parallel
orientation (t0 ) 71 nm, 44% CHCl3), (b) perpendicular orientation
(t0 ) 49 nm, 41% CHCl3), and (c) both parallel and perpendicular
orientations near the film edge (t0 ) 49 nm, 38% CHCl3).

Figure 6. Schematic diagram of real-space and reciprocal-space lattices
of parallel and perpendicular cylinders.

Figure 7. (a) GISAXS pattern from a PI-b-PLA film with a parallel
orientation (t0 ) 71 nm, 44% CHCl3) at R ) 0.2°. The arrow indicates
the position of the direct beam atqy ) 0 andqz ) 0.
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reciprocal space.34 Also, there is a spot on either side of the
direct beam. As shown schematically in Figure 8b, if the sample
is positioned in the beam such that the incident beam can pass
through the edge of the sample, as shown by the dotted arrows,
then the scattering will not be attenuated by the substrate. Figure
8c shows plots of intensity vsqz atqy ) 0.03 at different sample
heightsy, and Figure 8d is a plot of the peak intensity. Aty )
0, the sample is below the beam and the scattered intensity is
zero. As the sample is raised into the beam, some of the beam
is able to pass through the sample edge, and scattering is
detected below the sample horizon. However, once the sample
is raised high enough (y ) 0.2 mm), the beam is no longer able
to pass through the film without passing through the substrate,
and no scattering is observed below the sample horizon.
Therefore, examining the scattering around the direct beam can
give information about the sample edge. Figure 9 shows a
GISAXS pattern of a different sample with cylindrical micro-
domains oriented normal to the surface (t0 ) 53 nm, 44%
CHCl3). The Bragg rods are clearly evident, but there are weaker
spots observed at smaller values ofqy which arise from regions
where the cylindrical microdomains are oriented parallel to the
surface near the sample edge, as observed in Figure 5c. Two
sets of four spots can be seen arising from the scattering from
the incident and reflected beams. By considering the GISAXS,
SFM, and optical microscopy measurements as a whole, an
unambiguous determination of the film morphology can be
made, which would be more difficult by one of these techniques
alone.

Orientation Control. As commensurability and surface
energy have been shown to be driving forces in orienting the
microdomains in thin films, an orientation diagram was
constructed by plotting the observed domain orientation as a

function of the swollen film thickness vs the volume fraction
of chloroform in the swollen film (Figure 10). These diagrams
show that the orientation change is not solely driven by
commensurability; otherwise, an orientation of the microdomains
normal to the surface would be expected regardless of the
concentration of chloroform in the swollen film. A perpendicular
orientation of the microdomains occurs at higher concentrations
of chloroform in the swollen film. Therefore, the solvent must
mediate the interfacial interactions to make the interfaces less
selective to either block. The boundary between the parallel and
perpendicular orientation of the microdomains has a sawtooth-
type pattern. This is consistent with the perpendicular orientation
of the microdomains becoming more energetically favorable

Figure 8. (a) GISAXS pattern of PI-b-PLA with a perpendicular orientation (t0 ) 49 nm, 41% CHCl3) at R ) 0.2. (b) Schematic diagram of how
scattering below the horizon arises from the sample edge. (c) Intensity vsqz at qy ) 0.03 Å-1 as a function of the sample positiony: (9) y ) 0,
(O) y ) 0.08 mm, (4), y ) 0.14 mm, (3) y ) 0.2 mm, (]) y ) 0.28 mm atR ) 0.16. (d) Peak intensity atqy ) 0.03 Å-1 vs sample height; (0)
qz ) 0 Å-1, (O) qz ) 0.023 Å.1

Figure 9. GISAXS pattern of a sample with perpendicular cylinders
at R ) 0.2° (t0 ) 53 nm, 44% CHCl3).
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than the parallel orientation when the film thickness is incom-
mensurate with the domain spacing of the cylindrical micro-
domains. Consequently, the orientation of the microdomains
normal to the film surface should extend to lower solvent
concentrations (higher surface selectivity) when incommensu-
rability between the domain spacing and film thickness is
maximized, i.e., whents ) d10(n + 0.5). The domain spacing,
d10, was determined to be 21 nm in the GISAXS patterns of
the films with the cylindrical microdomains oriented normal to
the surface. Using this domain spacing, the dotted lines in Figure
10 were drawn forn ) 3, 4, and 5. These lines overestimate
the position where incommensurability is maximal due, more
than likely, to a wetting layer of PI-b-PLA at the substrate, since
the native oxide of the substrate preferentially interacts with
the PLA block. Therefore, maximal incommensurability with
the film thickness occurs whents ) d10(n + 0.5)+ w, wherew
is the wetting layer thickness. The solid lines in Figure 11 were
calculated forn ) 2, 3, and 4 with a wetting layer thickness of
15.5 nm. This is slightly thicker thand10/2, which would be
the simplest approximation of the wetting layer thickness,
assuming a single layer of chains at the substrate interface.
However, this is consistent with results for PS-b-PB-b-PS
triblock thin films where a wetting layer larger thand10/2 was
also observed.19 Previous measurements indicated that an
ordering transition occurred at∼40% CHCl3 for this polymer.3

Here, commensurability effects are observed up to 44% CHCl3,
indicating that the films are still ordered at this concentration.
There is some uncertainty in both film thickness measurements.
However, if the swollen thickness of the films is less, the points

would shift down and to the left, indicating a smaller wetting
layer thickness. The presence of a wetting layer with a
perpendicular orientation is very interesting. It indicates that
the solvent mediates the interactions at the air surface, making
a perpendicular orientation favorable at high film thickness
incommensurability. However, at the same time the solvent
cannot fully mediate the interactions at the substrate, and a
wetting layer is still obtained due to a preference for one of the
blocks. Wetting layers have previously been observed in
perpendicularly oriented PS-b-PLA thin films on native oxide
surfaces and in PS-b-PB-b-PS thin films annealed with chlo-
roform vapor.19,35 In simulations of thin films of cylinder-
forming copolymers with dissimilar interfaces perpendicular
orientations with a substrate wetting layer have been observed.36

Cross-Linking and Degradation. While the wetting layer
is of fundamental importance, it causes difficulties in the
subsequent processing of these films. To prepare nanoporous
films by selectively etching the PLA domains, the PI domains
must first be cross-linked. After cross-linking the PI domains
with sulfur monochloride vapor the films were insoluble in
organic solvent. Attempts to characterize cross-linked films by
SFM measurements were unsuccessful with no contrast observed
in either the height or phase SFM images. Figure 11 shows a
GISAXS pattern of a cross-linked film with the cylindrical
microdomains oriented normal to the film surface (t0 ) 49 nm,
38% CHCl3). This pattern is similar to the pattern in Figure 8a.
This demonstrates that the cross-linking does not adversely affect
the morphology of the thin film. When cross-linked films were
immersed in a 1 M solution of tetrabutylammonium fluoride
(TBAF) in tetrahydrofuran to degrade the PLA,37 they no longer
adhered to the substrate due to the etching of the PLA wetting
layer, and parts of the film could be seen floating in the solution.
To produce films without a wetting layer, silicon substrates with
a homopolymer PI brush were used. After spin-coating and
cross-linking the films treated with a TBAF solution remained
intact on the substrate. The as-spun films had a similar surface
morphology as on the unmodified substrates. Preliminary solvent
annealing of these films resulted in mixed orientations. These
results are encouraging, and further investigations will examine
controlling the domain orientation with solvent annealing on
modified substrates.

Conclusions

The morphology of solvent annealed PI-b-PLA thin films was
investigated. It was found that by controlling both the swollen
film thickness and the concentration of solvent in the swollen
film whole films with either parallel or perpendicular cylinder
orientations could be obtained. Investigation of the orientation
behavior with film thickness indicated that a wetting layer of
PLA existed in all orientations after solvent annealing, which
was further confirmed by cross-linking and degradation experi-
ments. The ability to control the orientation in PI-b-PLA films
is the first step in developing a new system for block copolymer
templating.
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Figure 10. Orientation diagram of PI-b-PLA thin films as a function
of the swollen film thickness (ts) and the concentration in the swollen
film: (black 9) parallel, (grayb) perpendicular, (gray2) mixed parallel
and perpendicular. The dotted lines are drawn atts ) d10(n + 0.5) for
n ) 3, 4, and 5. The solid lines are drawn atts ) d10(n + 0.5)+ w for
n ) 2, 3, and 4 withw ) 15.5 nm.

Figure 11. GISAXS pattern of a cross-linked PI-b-PLA thin film with
a perpendicular cylinder orientation (t0 ) 49 nm, 38% CHCl3).
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