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ABSTRACT: Solvent vapor annealing treatments are used to
control the orientation of nanostructures produced in thin films
of a poly(styrene)-block-poly(isoprene)-block-poly(styrene)-
block-poly((±)-lactide) (PS−PI−PS−PLA) and its blends
with PLA homopolymer. The PS−PI−PS−PLA tetrablock
terpolymer, previously determined to adopt a core(PLA)−
shell(PS) cylindrical morphology in the bulk, gave perpendic-
ular alignment of PLA cylinders over a limited range of
thicknesses using a mixed solvent environment of tetrahy-
drofuran and acetone. On the other hand, perpendicular
alignment was achieved regardless of film thickness by inclusion of 5 wt % homopolymer PLA in the PS−PI−PS−PLA
tetrablock. Tapping mode atomic force microscopy (AFM) was used to visualize film surface morphologies. Subsequent reactive
ion etching (RIE) and basic hydrolysis of PLA produced 15 nm pores in a PS−PI−PS triblock thin film matrix. Nanoporosity was
confirmed by scanning electron microscopy (SEM) images and the vertical continuity of pores was confirmed by cross-sectional
SEM analysis.

KEYWORDS: tetrablock terpolymers, solvent vapor annealing, homopolymer blending, selective etching, nanoporous thin films,
perpendicularly oriented cylinders

■ INTRODUCTION

Ordered block polymer thin films have received much attention
as enabling platforms for various nanotechnology applica-
tions.1−6 For example, self-assembled block polymer thin films
have led to improvements in the fabrication of high-density
information storage media,7−10 nanoporous membranes,11−15

nano-objects,16 photonic band gap materials,17 semiconduc-
tors,18,19 magnetic storage materials,20 and nanomaterials.21,22

Many of these applications rely on thin films containing
cylindrical or lamellar morphologies.5,6 For membranes and
other templating applications, it is often desirable for the films
to contain sacrificial (i.e., etchable) domains that can be
selectively and completely removed to produce pores that fully
traverse the entire film thickness.
PLA has found great utility as a sacrificial block in many

block polymer systems in bulk and thin films because of the
efficiency of PLA hydrolysis.14,23−28 Because of the rather large
interaction parameter between PLA and less polar polymers,
such as PI,29 ultrasmall domains are accessible (<10 nm).30

Multiple reports have shown that it is possible to obtain
perpendicular orientation of PLA domains (at the surface of the
film) through spin coating, as demonstrated for PS−PLA,24,28
PS−PI−PLA,26,27,31 and PS−PI−PS−PLA.32 Yet spin coating
alone can be undesirable for membrane and templating
applications since it often does not allow for morphology
organization throughout the entire film.

In this Research Article, the thin film alignment of a
poly(styrene)-block-poly(isoprene)-block-poly(styrene)-block-
poly((±)-lactide) (PS−PI−PS−PLA) tetrablock terpolymer is
examined. The block polymer used for this study contains a
volume fraction of PLA ( f PLA) of 0.21 and adopts a
core(PLA)−shell(PS) hexagonally packed cylindrical morphol-
ogy in the bulk state.32 ABAC structured block polymers have
been shown to exhibit interesting phase behavior in the bulk
but their thin film behavior has not received much
attention.33−37 In our previous work on PS−PI−PS−PLA, we
observed that the physically cross-linked PS−PI−PS blocks
produced an inherent mechanical toughness after selective
etching of the PLA domains.32 The combination of the rigid PS
blocks and the rubbery PI block results in a robust film.31 These
thin films, however, did not exhibit long-range order,
motivating further study. Both toughness and long-range
order are essential characteristics of nanoporous films for
high performance filtration membranes, pattern transfer masks,
and other applications that require mechanical integrity in the
self-assembled film structure.
Many strategies that have been employed to control block

polymer structure in thin films include thermal annealing,11
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solvent vapor annealing,38 electrical field alignment,39 and
controlled solvent evaporation.22 Simulation and experiments
have shown that the film morphology of cylinder- and lamellae-
forming diblock copolymers is dependent on the relative
interfacial interactions of the blocks and the commensurability
between the film thickness and block polymer domain
spacing.25 To control the orientation of domains, the interfacial
preference of the constituent blocks must be controlled during
annealing so that it is energetically favorable for all blocks in the
sample to be at the interfaces. Otherwise the preferential
interaction of one constituent with a surface can lead to
selective enrichment of that block at the substrate−polymer (or
air−polymer) interface favoring microdomains parallel to the
substrate surface.
Solvent vapor annealing (SVA) is one useful technique that

can promote well-ordered perpendicular arrays of AB and ABC
block polymers.1−4,6,25,28,38,40 Unlike thermal annealing, SVA
allows faster alignment, better control over interfacial
phenomena, and can be accomplished at low temper-
ature.25,38,41 Degradation of PLA42,43 at high temperatures
can render thermal annealing requiring high temperatures
(>200 °C) or long annealing times challenging for PLA-
containing block polymers.44 Because of this, SVA is especially
well suited for PLA containing films. Additionally, SVA is a
relatively fast technique that can facilitate organization/
alignment of domains in block polymers including those with
high interaction parameters and high molar masses.45 Mixed
solvent SVA has been employed to more finely tune the surface
energy/environment of specific block polymer systems and
control morphology.46−51

Achieving a balance between interfacial tensions does not
guarantee perpendicular orientation.22 Combined annealing
techniques including raster SVA (RSVA),52 solvothermal
annealing,53 SVA with soft shear (SVA-SS),54 and RSVA-SS55

have been utilized to improve orientation. Another technique
that has received recent attention involves the incorporation of
homopolymer.56 Such homopolymer/copolymer blends have
allowed thickness independent perpendicular cylinder orienta-
tion in films for a variety of copolymer systems including PS−
PMMA/PMMA,56 PS−PEO/PEO and PS−PEO/PMMA,57

and PS−PI−PS/PS and PS−PB−PS/PS.58−60 The effect is
optimized when the molar mass ratio between the homopol-
ymer and corresponding block is about 1.5 at low
homopolymer concentrations.56 Because of the slight mismatch
in chain lengths, it is postulated that elongation of
homopolymer chains along the center of the long axis of
cylindrical domains occurs to accommodate homopolymer
chains within the domain.
Herein, we describe SVA and homopolymer blending to

control the morphology of ABAC tetrablock terpolymer thin
films. PS−PI−PS−PLA thin films were annealed in good
solvents for PI, PS, and PLA: toluene, chloroform, and
tetrahydrofuran (THF). Then, to further increase the
compatibility with polylactide domains, the annealing solvent
polarity was increased by using mixtures of THF and acetone.
Finally, a homopolymer additive strategy was employed to
encourage higher order and enhanced perpendicular orienta-
tion of PLA cylinders. By utilizing advanced techniques to guide
the alignment of cylinders in the tetrablock polymer/
homopolymer blends pre-etching, the fabricated nanoporous
films were endowed with the advantageous combination of
toughness and long-range order.

■ METHODS
Polymer Synthesis. The PS−PI−PS−PLA polymer used in this

work had a total molar mass of 27 kg mol−1 (Mn (PS) = 11 kg mol−1,
Mn (PI) = 9 kg mol−1, Mn (PLA) = 7 kg mol−1) and a dispersity, Đ, of
1.09. Synthetic details regarding the preparation of this multiblock
terpolymer were reported previously.32 The tetrablock PS−PI−PS−
PLA polymer used in this study adopts a hexagonally packed
core(PLA)−shell(PS) cylindrical morphology in the bulk. Domain
spacing in the bulk, L0, was 28.6 nm by SAXS. Using a PS volume
fraction of 0.40 and a PLA volume fraction of 0.21, a 33.0 nm cylinder
center−center distance was estimated from SAXS. In addition, a PS
cylinder diameter of 23.5 nm and a PLA cylinder diameter of 13.8 nm
were also estimated from SAXS using the equation for cylindrical
domains ( f polymer = 2π/(√3)(R/D)2), where R = radius and D =
domain spacing.

Homopolymer PLA was prepared by ring-opening transesterifica-
tion polymerization (ROTEP) of (±)-lactide from benzyl alcohol
using Sn(Oct)2 as the catalyst. The measured Mn was 10 kg mol

−1 and
dispersity was 1.08 as determined from size exclusion chromatography
(SEC).

Materials. Annealing solvents were dried over activated molecular
sieves (3 Å for acetone, 4 Å for THF, toluene, and chloroform) for 48
h prior to solvent annealing to remove water. Solvents were filtered
through 0.45 μm Pall PTFE Acrodisc syringe filters before loading in
the solvent reservoir. All polymer solutions were filtered through 0.45
μm Pall PTFE Acrodisc syringe filters before spin coating and used
within 1 d after preparation. All other reagents were purchased from
Sigma-Aldrich and were used as received.

Molecular Characterization. All 1H NMR spectroscopy experi-
ments were performed at 25 °C on a Varian Inova (500 MHz)
instrument with polymer solutions in CDCl3. Chemical shifts were
determined as δ (ppm) relative to the 1H signals of CHCl3 at 7.27
ppm. Size exclusion chromatography was used to determine the molar
mass and dispersity of PLA homopolymer. SEC was performed on a
Hewlett-Packard (Agilent Technologies) 1100 series liquid chroma-
tography equipped with a Hewlett-Packard 1047A refractive index
detector. Samples were prepared at concentrations between 1−5 mg/
mL in CHCl3, and run at 35 °C with CHCl3 as an eluent through three
Plgel 5 μm Mixed-C columns in series with an available molar mass
range of 400−400 000 g/mol. The molar masses and dispersities were
estimated by polystyrene standards purchased from Polymer
Laboratories.

Small Angle X-ray Scattering (SAXS). Polymer and solvent were
added to aluminum DSC pans with 25%, 50%, or 75% polymer (by
mass). The pans were then sealed and the samples were annealed.
SAXS data was collected at the Advanced Photon Source (APS) at
Argonne National Laboratory in beamline Sector 5-ID-D. The
beamline is maintained by the Dow−Northwestern−Dupont Collab-
orative Access Team (DND-CAT).

Thin Film Preparation. Hexamethyldisilazane (HMDS) modified
Si wafers were produced by sonicating wafers in solvents (acetone,
then methanol) for 15 min each, rinsing with isopropanol, immersing
in a 1:5 (v/v) HMDS:toluene solution for 16 h, rinsing wafers with
toluene, and blowing dry with house nitrogen (N2) gas. Spin coating of
the wafers was achieved by preparing 1.0, 1.5, or 2.0 wt % solutions of
PS−PI−PS−PLA or of 95/5 PS−PI−PS−PLA/PLA (w/w) polymer
blend in chlorobenzene. Chlorobenzene was chosen because of good
solubility of the polymer samples and consistent results obtained from
spin coating. Spin coating at ambient conditions was performed at
1500, 2000, and 3000 rpm for 60 s to generate a range of film
thicknesses between 30 and 100 nm.

Thin Film Solvent Vapor Annealing. Solvent vapor annealing of
films was performed immediately after spin coating. The experimental
setup for solvent annealing is presented in Figure S1 and is detailed in
a previous publication.27 To remove any atmospheric humidity or
solvent vapors, the entire solvent annealing chamber (including the
solvent reservoir) was purged with N2 gas for 30 min before use.
Before each experiment, the solvent reservoir was filled with 150 mL of
solvent (either toluene, chloroform, THF, or a mixture of THF and
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acetone) and then sealed off from the sample chamber and
atmosphere. Spin coated films were then placed inside the sample
chamber and purged with N2 gas for 10 min. After purging, N2 gas was
then redirected to the solvent line and the valve between the solvent
reservoir and sample chamber was opened to introduce solvent vapor
into the sample chamber.
Films were swollen with solvent vapor by using a constant flow of

N2 gas (3.8 L min−1) through the solvent reservoir. Solvent absorption
was observed by changes in film color after a few seconds. Solvent was
removed quickly after a set time (2, 5, 10, or 20 min) by closing off the
solvent line to the sample chamber (valve C, Figure S1) and quickly
purging the sample chamber with clean N2 gas (valve B, Figure S1).
Higher flow rates oversaturated the films with solvent and caused
dissolution of polymer from the Si wafer.
Etching and hydrolysis. Surface wetting layers from annealed

films were removed by reactive ion etching (RIE) on an STS etcher
model 320. Films were exposed to oxygen (O2) plasma at 30 mTorr
with power of 60 W. We determined that a short ∼6−8 s RIE was
sufficient to remove the surface wetting layer for all films. To
hydrolyze the PLA, samples were immersed in a 0.25 M sodium
hydroxide solution containing 40/60 (v/v) methanol/water containing
0.1 wt % of sodium dodecyl sulfate for 45 min without stirring. After
removal from solution, films were rinsed first with a 40/60 (v/v)
methanol/water solution for 10 min and then briefly with water. The
samples were dried with N2 gas.
Thin Film Analysis. Film thickness was measured by a surface and

thin film spectroscopic ellipsometer VASE from J. A. Wollam Co., Inc.
Tapping mode atomic force microscopy (AFM) was performed on an
Agilent 5500 environmental scanning probe microscope. Scanning
electron microscopy (SEM) imaging was performed on a Hitachi S-
900 field emission gun scanning electron microscope (FE-SEM). For
best resolution and least sample charging, SEM analysis was performed
at 2 kV on films coated with 2−3 nm of Pt. For cross-sectional SEM,
PLA etched films were immersed in liquid N2 for 1−2 min before
fracturing in the liquid N2 bath. Prior to SEM, samples were coated for
13 min at a coating rate of 0.2 nm Pt/min with a VCR high resolution
indirect ion-beam sputter coater.
For the observation of the bottom surface, the top surface of the

polymer film was covered with epoxy resin (EpoFix resin and hardener
from Struenrs) and cured for 24 h. The polymer film was then
detached from the Si wafer substrate in liquid N2 to expose the bottom
side of the etched film.

■ RESULTS AND DISCUSSION

Thin films of core(PLA)−shell(PS) cylinder-forming PS−PI−
PS−PLA tetrablock terpolymers (number-average molar mass,
Mn = 27 kg mol−1; molar mass dispersity, Đ = 1.09; volume
fractions, f PS = 0.40, f PI = 0.39, f PLA = 0.21; f PS divided roughly
equally between the first and third blocks) were prepared by
spin coating onto a hexamethyldisilazane (HMDS) treated Si
wafers from dilute chlorobenzene solutions. The HMDS
treatment was done to improve compatibility between the
substrate surface (Esurf

Si = 61 mJ/m2; Esurf
HMDS‑Si = 43 mJ/m2)61

and the polymer blocks (Esurf
PI = 32 mJ/m2; Esurf

PS ≈ Esurf
PLA ≈

40 mJ/m2).26 An AFM image representative of an “as-spun”
film of PS−PI−PS−PLA is shown in Figure 1. For all films,
initial film thickness (T0) after spin coating was measured using
ellipsometry. Images of the film surface were acquired using
tapping mode atomic force microscopy (AFM) and the
expected contrast was apparent between the soft PI domains
(darker) and the harder PS and PLA domains (lighter). The as-
spun films display perpendicular and parallel cylindrical light
domains in a dark matrix, consistent with PS/PLA cylinders in a
PI matrix. The observed microphase-separated structure is
consistent with a nonequilibrium mixed cylindrical orientation
because of fast evaporation of solvent during spin coating as
expected.

Solvent annealing of the thin films was carried out in a home-
built chamber (Figure S1) to facilitate a controlled solvent
environment. After SVA with chloroform, toluene, or THF,
parallel cylinder orientation was consistently observed in the
PS−PI−PS−PLA films. Representative AFM images after
solvent annealing for 5 min are shown in Figure 2. The
spacing between parallel cylinders from the AFM images, d*, is
similar to the bulk cylinder-to-cylinder spacing determined by
SAXS (33.0 nm).32 Islands and holes were observed across film
surfaces when T0 was not commensurate with the domain
spacing. Islands contained parallel oriented cylinders, as did
films annealed for a full 20 min (Figure S2).
Addition of a selective cosolvent has been previously

reported to trigger a switch from parallel to perpendicular
cylinders.45,50 Therefore, to access perpendicular cylinder
orientation, PS−PI−PS−PLA films were also solvent annealed
in mixed solvent vapor containing THF and acetone and
imaged with AFM (Figure 3). Perpendicular cylinders were
observed with 30% acetone and 50% acetone by volume after 5
min of SVA. The 30% acetone annealed films contained more
hexagonally ordered domains than the 50% acetone annealed
films that had more grain defects and contained a mixture of
perpendicular and short parallel cylinders at the film surface.
Films annealed in 70% acetone contained either an inter-
penetrating network (Figure 3c) or a mixture of parallel and
perpendicular cylinders (Figure 3d) depending on the film
thickness. Brighter domains were observed in some of the films
annealed with 70% acetone as the high acetone content
disfavored the PI wetting layer that covers the surface of most
of the films in this work (Figures 3c and S3c). Extended SVA
for 20 min resulted in parallel cylinder orientation for the 30%
and 50% acetone solvent mixtures (Figure S3).
SEM was used to image the surface morphology of the

solvent annealed PS−PI−PS−PLA thin films after basic
hydrolysis to remove PLA (Figure 3e−h). Hexagonally packed
nanopores were observed post-etching for the films annealed in
the 30% and 50% acetone solvent systems, whereas a porous
network (at T0 ≈ 1.2 L0) or pores in a perforated lamellar

Figure 1. A representative AFM image of a thin film of PS−PI−PS−
PLA as-spun from chlorobenzene onto an HMDS modified Si
substrate. T0 is the thickness as measured by ellipsometry and d* is the
principal domain spacing as calculated from a fast Fourier transform
(FFT) image analysis. Scale bar = 100 nm.
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morphology (T0 ≈ 1.8 L0) were observed post-etching for the
films annealed in the 70% acetone solvent system. The SEM
images confirmed the assigned morphologies of the thin films
pre-etching.
While SVA with more PS/PI selective solvents (chloroform,

toluene, and THF) consistently resulted in parallel cylinder
orientation, increasing the polarity of the annealing solvent with
∼30% acetone lead to the formation of perpendicular PLA
cylinders at shorter time periods. This phenomenon was
optimized when the concentration of acetone in the solvent
nearly matched the concentration of PLA in the block polymer
(∼30−50%), and the best solvent atmosphere for achieving
well-ordered perpendicular cylinder domains was the 30%
acetone and 70% THF mixture by volume. Increasing the

acetone concentration above 50% led to a change in the
morphology to a network-like structure. Compared to the other
solvents used, the 70/30 THF/acetone (v/v) solvent system is
the most neutral for PI, PS, and PLA, as it splits the difference
between the solubility parameters of PLA and PI.62 The change
to parallel orientation of cylinders at longer annealing times,
even with the optimal solvent system, suggests that the cylinder
orientation is time dependent. This dependency may be due to
changes in the swollen film thickness over time during SVA,
which could lead to a different swollen film structure.28

SAXS data from solutions of PS−PI−PS−PLA in the 70/30
THF/acetone (v/v) solvent system were investigated to gain
insight into the swollen film morphology prior to drying. Three
samples were made containing 25%, 50%, and 75% polymer (by

Figure 2. AFM images of PS−PI−PS−PLA thin films after solvent vapor annealing (SVA) for 5 min with chloroform (a), toluene (b), and THF (c).
Listed principal domain spacings, d*, represent the lateral distance between parallel domains at the surface. Scale bars = 100 nm.

Figure 3. AFM images of PS−PI−PS−PLA films after SVA in THF/acetone mixtures with 30% acetone (a), 50% acetone (b), and 70% acetone (c
and d) by volume. SEM images of the annealed films after base etching of PLA are shown below the corresponding AFM images (e−h). Black scale
bars = 500 nm; white scale bars = 300 nm.
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mass). No scattering was observed for the 25% polymer
mixture. Figure 4 shows scattering consistent with a disordered

structure at 50% polymer and consistent with either cylinders
or lamellae at 75% polymer. A principal domain spacing of 27
nm (q* = 0.23 nm−1) was calculated for the 75% polymer
mixture. Film thicknesses and scattering profiles were not
measured during swelling of polymer thin films.
Examination of the SAXS data can provide some insight into

why this specific solvent system (70/30 THF/acetone (v/v))
was so effective in producing films with perpendicular PLA
cylinders. In the SAXS results for PS−PI−PS−PLA in 70/30
THF/acetone (v/v), a slight decrease in the domain spacing
was observed (28.6 nm bulk vs 27 nm 75% polymer solution),
suggesting that there is a lower degree of segregation between
blocks in the presence of the solvent. The SAXS data indicate
that while there is some order at 50% polymer, the mixture is
near the order−disorder transition (ODT). A sample that in

the swollen state is just on the ordered side of the ODT is in
the ideal window for achieving high degrees of long-range order
when dried.28 Together, the SAXS and AFM results show that
the 70/30 THF/acetone (v/v) solvent system effectively
mediates the interfacial tensions between the blocks and
thereby favor the formation of perpendicular cylinders.
Film thickness also plays an important role in the resultant

thin film morphology. For film thicknesses between 28 and 30
nm (T0 ≈ L0), mostly perpendicular cylinder orientation was
observed with 30% acetone by volume. As the film thickness
was increased from 28 to 60 nm (1−2 L0), films displayed
progressively more evidence of parallel orientation of cylinders
across the film surface (Figure 5). Films thicker than 60 nm
(∼2 L0) contained only parallel cylinder orientation. Parallel
cylinder orientation in these thicker films was observed in films
annealed for 5 min (Figure 5c) and 20 min (Figure S3a).
Generally, as copolymer film thickness increases, perpendic-

ular orientation is more difficult to obtain.56 Even with neutral
interfaces (substrate and surface/air) and solvents for the
polymer blocks, parallel orientation may occur. Theory and
simulations have predicted that perpendicular arrays of
cylinders should be obtainable at all thicknesses when neutral
interfaces are used,63 but experimental verification is lacking.
Furthermore, copolymers with a large difference in surface
energy can be difficult to orient even with neutral substrate and
film surface interfaces.56

Because very specific film thicknesses and solvent systems
were required to access perpendicular cylinder orientation of
the tetrablock terpolymers thin film, a change in approach was
required to bias the system toward the desired perpendicular
morphology. Ideally, a method with greater tolerance for
variation in film thickness and SVA conditions could be applied.
To that end, PLA homopolymer (Mn = 10 kg mol−1) was
synthesized and added to the PS−PI−PS−PLA block polymer.
Polymer films were prepared from spin coating dilute solutions
of 95/5 or 90/10 PS−PI−PS−PLA/PLA (w/w) polymer
blends in chlorobenzene onto HMDS modified Si wafers (at
1500, 2000, and 3000 rpm). This homopolymer was specifically
targeted due to the Mn,homo PLA/Mn,PLA block molar mass ratio of
1.4 (near the ideal 1.5 ratio56).
Spin coated films containing the 95/5 PS−PI−PS−PLA/

PLA (w/w) polymer blend were solvent annealed for 5 min in
70/30 THF/acetone (v/v) (the preferred system for the PS−
PI−PS−PLA tetrablock). Surface AFM images of solvent
annealed PS−PI−PS−PLA/PLA films are shown in Figure 6.

Figure 4. SAXS of PS−PI−PS−PLA swollen with the 70/30 THF/
acetone (v/v) solvent system. SAXS was measured for mixtures
containing 25%, 50%, and 75% polymer (by mass). Scattering from the
75% polymer mixture, black curve, indicates either cylinders or
lamellae while scattering from 50% mixture shows a disordered
structure. No data from the 25% mixture is displayed because the
sample did not scatter. The sharp peak at ∼0.44 nm−1 is an artifact in
the scattering data.

Figure 5. AFM images of PS−PI−PS−PLA films after 5 min of SVA in 70/30 THF/acetone (v/v). Film thickness increases from left to right, 28 (a)
to 35 (b) to 43 (c) to 61 (d) nm, respectively. Scale bars =500 nm.
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Remarkably, after 2 or 5 min of SVA, PS−PI−PS−PLA/PLA
films exhibit a perpendicular orientation at all thicknesses
between 30 and 100 nm (Figures 6 and S4). Even after 10 min
of SVA, only thicknesses >60 nm result in parallel orientation
(Figure S4). The most well-ordered perpendicular arrays, with
ordered grains as wide as 2 or 3 square microns across, resulted
from 5 min of SVA in 70/30 THF/acetone (v/v) (Figure S5).
Changing the ratio of tetrablock to homopolymer to 90/10
resulted in well-ordered films, though there were more defects
and d* increased from about 31 nm to about 37 nm (Figure
S6). On the basis of the successful perpendicular orientation of

domains using PLA homopolymer, PS−PI−PS was added to
the tetrablock polymer to test for a bias in alignment based on
the presence of the triblock. The 85/15 PS−PI−PS−PLA (w/
w) polymer blend films did not display dependable long-range
order, though a predominantly perpendicular cylindrical
morphology was observed (Figure S7). The added triblock
polymer would have to span both PS and PI domains and the
effect on cylinder orientation was not as reliable as the addition
of homopolymer that is relegated to only one domain.
The addition of 5 wt % PLA homopolymer allowed thickness

independent perpendicular orientation of PLA cylinders in

Figure 6. AFM images of 95/5 PS−PI−PS−PLA/PLA (w/w) polymer blend films after SVA in 70/30 THF/acetone (v/v). Film thickness increases
from left to right: 28 (a) to 35 (b) to 43 (c) to 61 (d) nm, respectively. Scale bars = 500 nm.

Figure 7. Images of a 95/5 PS−PI−PS−PLA/PLA (w/w) polymer blend film after spin coating from a 2 wt % solution at 3000 rpm and SVA in 70/
30 THF/acetone (v/v) for 5 min (thickness = 48 nm). Post-SVA (d* = 32 nm) (a), after basic etching (b and c), after RIE without basic etching (d),
after RIE and basic etching (e and f). Cross-sectional images show perpendicular cylinder orientation (c and f). White scale bars = 500 nm; black
scale bars = 200 nm.
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films up to 100 nm thick and improved lateral ordering of
hexagonally packed grains. In fact, films from 95/5 PS−PI−
PS−PLA/PLA (w/w) polymer blends were solvent annealed in
the 70/30 THF/acetone (v/v) atmosphere at multiple times on
multiple days (Figure S8) and after 5 min of SVA all of the
films contained perpendicularly oriented cylinders regardless of
film thickness, confirming the reproducibility of this procedure.
Again, SEM was used to image the surface morphology of the

solvent annealed thin films after basic hydrolysis was used to
remove PLA (Figure 7). Initially, only about half of the
expected surface pore volume was evident by SEM due to an
unetchable wetting layer (Figure 7b). AFM can be misleading
as to whether all the PLA cylinders reach the surface of the film;
because the image contrast is based on contrast in the moduli
of the phases, such that a film with a thin wetting layer of PI
may look very similar to one without. To remove the wetting
layer, an oxygen (O2) plasma reactive ion etch (RIE) step was
used. A representative film surface after RIE is shown in Figure
7d. Following the RIE step, basic hydrolysis was completed to
remove the newly exposed PLA domains. SEM images show
well-ordered hexagonally packed nanopores 15 nm in diameter
after RIE followed by basic hydrolysis (Figures 7e, f and S9).
The structure is apparent across the entire film surface after RIE
and basic hydrolysis (Figure 8).

SEM cross-sectional analysis and images of the bottom
surface of the film after RIE and basic hydrolysis of PLA
provide evidence that the pores span the film thickness and
reach the underlying substrate for film thicknesses up to 100
nm (Figures 7c, f and 9). The PLA etched polymer film and Si
wafer were separated by coating the top of the polymer film in a
thin layer of room temperature setting epoxy and then
immersing the epoxy coated film in a liquid N2 for at least 1
min. Using this method, the epoxy/block polymer film portion
separated from the Si wafer naturally or with a slight tap of the
wafer on a hard surface. The image shown in Figure 9b presents
pores that were formed by etching from the surface of the film

before the film was transferred from Si wafer to epoxy. The
bottom surface contains a mixture of larger domains and
smaller dots much like the surface of the film before RIE. This
structure could similarly be due to a wetting layer at the
substrate interface or could result from incomplete removal of
PLA homopolymer.

■ CONCLUSIONS
Solvent vapor annealing and homopolymer blending techni-
ques were used to influence the microstructure of PS−PI−PS−
PLA tetrablock terpolymer thin films. A mixed solvent system
containing 70% THF and 30% acetone by volume was the most
effective solvent system for achieving perpendicular orientation
of PLA domains for the PS−PI−PS−PLA thin films, but only
for films less than T0 ≈ 1.4 L0. Annealing in less polar solvents
consistently resulted in parallel cylinder orientation. Addition of
5 wt % PLA homopolymer into the film led to perpendicular
cylinder orientation in films regardless of film thickness for
films annealed in 70/30 THF/acetone (v/v). Well-ordered
hexagonally packed 15 nm pores were generated after RIE and
basic hydrolysis of PLA. Vertical pores spanning the etched
films were observed by SEM, confirming that perpendicular
orientation was developed through the films’ entire thicknesses.
These results demonstrate that despite the complexity inherent
in this tetrablock polymer, highly ordered nanoporous PS−PI−
PS films could be obtained in a short amount of time by
appropriately tuning SVA conditions and homopolymer
blending. The work presented here promises accessibility of

Figure 8. Large area SEM image of 90 nm thick 95/5 PS−PI−PS−
PLA/PLA (w/w) polymer blend film after SVA, RIE, and PLA
removal. Scale bar = 500 nm.

Figure 9. Cross-sectional SEM image of a porous 95/5 PS−PI−PS−
PLA/PLA (w/w) polymer blend film showing vertical cylindrical pores
(T0 = 99 nm) (a). Representative SEM image of the bottom surface of
an etched 95/5 PS−PI−PS−PLA/PLA (w/w) polymer blend film
viewed after being removed from the underlying Si wafer (T0 = 90
nm) (b). Scale bars = 100 nm.
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well-ordered nanoporous films from complex multiblock
polymers for applications such as robust nanoporous filtration
membranes.
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