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A B S T R A C T

The rapid rise of oil and gas, petrochemical, food processing, and pharmaceutical industries has added a complex mixture of contaminants like oil, particulates,
metals, and other organic compounds to wastewater. Multipurpose membranes with precise pore structure can offer a solution to this problem and block copolymers
(BCP) can be used to achieve such structures. Achieving vertical assembly of BCP domains provides a perfect template for developing uniform through film channels
for separation and transport of material, besides being useful for the rectification of defects in photolithography patterns. Producing such morphologies may require
extensive film/substrate processing and is not always feasible for scale-up. With this article, we demonstrate a facile solution casting method to induce vertical
domain assembly in as-cast diblock copolymer thin films in the presence of an ionic liquid (IL) additive that preferentially segregates to one block and neutralizes
interfacial interactions. We also show the tunability of domain sizes by controlling the additive concentration. These vertically aligned morphologies are important
for the development of next-generation lithographic techniques and form excellent templates for ultrafiltration membranes with uniform pore sizes. This article
demonstrates how IL additives can be used to obtain stable non-equilibrium morphologies in as-cast BCP films and the effect of BCP molecular mass, block volume
fractions, and IL content on self-assembly.

1. Introduction

Facile self-assembly of block copolymers enables their application in
nanolithography and tunable ultrafiltration membranes [1–12]. These
applications require precise control of the domain sizes (Lo), the orien-
tation of microdomains, and the grain sizes of the similarly aligned
domains, i.e., the long-range order fidelity. Directed self-assembly
techniques are mainly based on modifying or neutralizing the interfa-
cial interactions between the polymer and the substrate while guiding
the microstructure along a chemical pattern embedded in the substrate.
This may also involve external fields that determine polymer chain
alignment and, in turn, the domain orientation. In the presence of a
block selective surface, the migration of polymer chains of that block to
this surface directs the orientation of the BCP domains relative to the
substrate which propagates to the film surface on long-time annealing
[13]. For most lithographic applications, the domains should be
perpendicular to the film surface, and processing approaches that pre-
vent preferential migration of one block to the substrate are required, for

instance, substrate surface energy modification, electric and magnetic
field alignment, cold zone annealing, and solvent annealing [14–21].

Most of the techniques that orient BCP thin film domains require
multiple film treatment steps, special equipment to apply external fields,
or direct chemical modification of the substrate. On the other hand, the
direct immersion annealing (DIA) methodology, which involves
immersing a BCP film into a solvent mixture composed of film swelling
and non-swelling solvents, can be used for facile assembly [22–26]. The
solvent mixture swells the polymer film with neutral good solvents
(reduces Tg) without causing any dewetting and imparts enhanced
diffusive motion to the chains for faster assembly. Masud et al. have
shown that the DIA solvent mixture composition can be tuned to
neutralize interfacial energies for a film containing an ionic liquid ad-
ditive (3–12 mass%) to orient domains perpendicular to the film surface
[27]. They used an ionic liquid that selectively segregates to the methyl
methacrylate block of a poly(styrene-b-methyl methacrylate)
(PS-b-PMMA) BCP, neutralizing its favorable interaction with the SiOx
substrate. DIA can provide a simple pathway for rapid assembly but is
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still an extra processing step after film fabrication. Simplifying further,
solvent evaporation annealing (SEA) is a solvent processing technique
that allows the microstructure to develop while the solvent(s) evapo-
rates after casting. Two aspects need to be considered, the solvent
evaporation rate and the solvent mixture quality (e.g. relative solubility)
relative to the various blocks of the BCP and the substrate surface. These
aspects effectively control the degree of order, the orientation of do-
mains, and the in-plane order of the as-cast films.

Solvent cast morphologies have been studied before, for instance, the
morphological study by Kim et al. for poly(styrene-b-butadiene-b-sty-
rene) triblock copolymers where they found solvent evaporation rates
can affect as-cast microstructures [28]. These methods have been
developed to directly produce vertical morphologies such as that opti-
mized by Seung et al., where they obtained vertical cylinders for a poly
(styrene-b-ethylene oxide) (PS-b-PEO) diblock copolymer film spin cast
from slow evaporating benzene solvent [29]. Ho et al. studied the for-
mation of perpendicular hexagonal cylindrical morphology in poly
(styrene-b-poly lactic acid) (PS-b-PLA) films by solvent evaporation
[30]. They attributed the vertical orientation to the fastest solvent
evaporation path available that depends on the strength of segregation
between blocks and controls the kinetics of morphology development.
Park et al. showed a similar technique for a high χ (Flory Huggins
interaction parameter) poly(styrene-b-4-vinyl pyridine) (PS-b-P4VP)
diblock copolymer cast from a solvent mixture of toluene and tetrahy-
drofuran (THF) showing morphologies ranging from micelles to vertical
P4VP cylinders as the concentration of PS selective toluene decreases in
the casting solvent mixture [31]. The combination of selective solvent
interaction and controlled evaporation rates induces a microdomain
transition from as-cast micelles to vertical cylinders.

Herein, we demonstrate that SEA in selective solvents traps a vertical
morphology by enhancing the degree of segregation between blocks
(enhanced χ) and eliminating preferential substrate-block interactions
while swollen. While the addition of slow-evaporating neutral solvents
to the casting solutionmay improve the degree of order due to more time
for ordering, screened repulsion between blocks and the enthalpic in-
fluence of the substrate can significantly impact the morphology
orientation. The χ parameter can be enhanced by doping with additives
that selectively interact with a single block of the BCP and choose to
segregate to that domain. Ionic liquids (ILs) allow for this approach. In
addition to enhancing χ, ILs plasticize the BCP reducing its glass tran-
sition temperature, producing order in the rapid casting step. Bennet
et al. studied symmetric diblock PS-b-PMMA BCPs with 1-ethyl-3-meth-
ylimidazolium bis(trifluoromethanesulfonyl)amide (EMIM-NTf2) IL ad-
ditive [32]. They observed enhanced order in ultrathin films (thickness,
h ≈ Lo) of difficult-to-order very low molecular mass BCPs after high
temperature thermal annealing in nitrogen due to enhancement in χ (IL
is PMMA selective) at IL contents of 5 mass% relative to the BCP. They
further showed that the addition of more IL increased the domain size by
up to 10 nm at an IL concentration of 12 mass%. At a higher concen-
tration of 17 mass%, the morphology transitioned to hexagonally
packed cylinders due to a large deviation in the volume fractions of the
blocks owing to the selective swelling by the IL. Chen et al. studied
different ILs to enhance χ for lowmolecular mass PS-b-PMMA to achieve

sub-10 nm domains and observed the same trend of increasing domain
sizes with IL content for vertical assembly on substrate grafted with a
random copolymer brush [33]. Masud et al. used a 1-ethyl-3-methylimi-
dazolium bis(trifluoromethylsulfonyl)imide (EMIM-TFSI) IL with high
molecular mass PS-b-PMMA to show enhanced parallel lamellar as-
sembly with low defect density for thermally annealed films with large
thicknesses [34].

In addition to inducing vertical assembly using much simpler SEA
compared to the conventional TA or SVA on a random copolymer brush,
we hypothesized that the amount of IL in the BCP film can be tuned to
directly get vertical order in as-cast films on unmodified substrates and
simultaneously control domain size. Fig. 1 describes the SEA-IL
approach of one-step ordering along with the proposed ordering
mechanism which we will discuss later. This is based on a competition
between favorable interactions of PMMA/IL and PMMA/SiOx vs repul-
sive interactions between IL/SiOx and IL/PS. Figs. S1 and S2 in the
supporting information show contact angle measurements for the
EMIM-TFSI and dewetting of an IL film on UVO-treated Si substrate
(SiOx), respectively. These measurements support the hypothesis of
attractive interaction between PMMA and IL and repulsive interactions
between SiOx and IL.

With this research, we demonstrate a SEA-IL methodology to order
and orient BCP domains in as-cast low χ and low molecular mass PS-b-
PMMA thin films. The technique involves casting thin films from a sol-
vent formulation composed of neutral, partially selective, and selective
solvents that plasticize the system, enhance the BCP interaction
parameter (χ), and neutralize interactions at the substrate and air
interface to impart vertical morphology in the as-cast state. Contrary to
most previous observations, we show that cylindrical (cyl) BCP films can
be loaded with much larger quantities of IL (up to 150 mass% with
respect to the BCP film mass) before a morphological change or mac-
rophase separation occurs. These concentrations are even higher than
the amount that PMMA homopolymer thin films with molecular masses
close to the mass of PMMA block in the BCP can hold (up to 30 mass%
relative to the homopolymer PMMA film mass) without macrophase
separation. AFM phase images for homopolymer PMMA (Mn = 15 k)
films are shown in Fig. S3. The presence of the structural PS block in the
BCP that does not interact with the IL may have a significant role in
supporting a stable film and conserving the cylindrical morphology at
very high IL contents. With the right choice of solvents and ionic liquid,
this casting formulation can be translated to other block copolymers to
obtain vertical microstructures for nanolithography, advanced ultrafil-
tration membranes, polymer electrolytes, etc.

2. Materials & methods

2.1. Experimental design

Thin films of a diblock copolymer were cast on silicon substrates
using the ionic liquid based solvent evaporation annealing (SEA-IL)
method. The processing conditions (time, temperature, solvent mix-
tures, etc.) were chosen to explore the BCP self-assembly and
morphology evolution in as-cast films.

Fig. 1. One-step ordering mechanism for through film vertical domain assembly in ionic liquid-filled thin block copolymer films by flow coating.
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2.2. Materials

Polystyrene-b-Poly(methyl methacrylate) (PS-b-PMMA) diblock co-
polymers were acquired from Polymer Source Inc. with number average
molecular mass ofMn = (55 k-b-22 k), (35 k-b-12.5 k), (33 k-b-33 k), and
(235 k-b-263 k) g/mole. Poly(styrene-b-4-vinyl pyridine) (PS-b-P4VP)
withMn = (67 k-b-27 k) g/mole and Poly(styrene-b-ethylene oxide) (PS-
b-PEO) with Mn = (68 k-b-36 k) g/mole were also obtained from Poly-
mer Source Inc. Poly(methyl methacrylate) (PMMA) with Mn = 15 k g/
mole was obtained from Sigma Aldrich. All block volume fractions
correspond to an asymmetric diblock except for the diblock with Mn =

(33 k-b-33 k) and (235 k-b-263 k) g/mole which have a symmetric
volume fraction. BCP solutions were made in mixtures of laboratory-
grade toluene (VWR BDH Chemicals, ACS reagent, ≥99.5 %), Tetrahy-
drofuran (THF – Macron Fine Chemicals (stabilized), ACS reagent) and
Acetone (VWR BDH Chemicals, ACS reagent, ≥99.5 %) with a 3 mass%
to 5 mass% concentration. Acetic acid (glacial) is a ACS grade reagent
and was obtained from Sigma Aldrich. The ionic liquid 1-Ethyl-3-meth-
ylimidazolium Bis(trifluoromethanesulfonyl)imide (EMIM-TFSI) was
obtained from TCI Chemicals with purity >98.0 %.

2.3. SEA-IL methodology for BCP films

Thin films were cast from solutions of PS-b-PMMA of different mo-
lecular masses and volume fractions using the flow coating method. The
polymer solution concentration was ≈40 mg/ml plus the mass of IL at
various concentrations relative to the polymer mass. Flow coating re-
quires only minute quantities of the polymer solution. The polymer so-
lution was pipetted into the gap between an angled glass blade and a flat
Si substrate (substrate is Ultraviolet Ozone (UVO) treated for 120 min).
The blade edge moved along the substrate, pulling the bulk of the so-
lution along with it and coating a thin layer onto the substrate. Films
were also prepared using a standard spin coating method to confirm the
effects of the film coating technique on the SEA morphology.

2.4. Membrane fabrication

Films ≈100 nm thick were cast onto a thin layer of water soluble PSS
(poly(4-styrene sulfonic acid)) precoated on Si substrates. The films
were floated off on the surface of water in a bath. These free-floating
films were captured on commercial PES (poly ether sulfone) support
membranes. The films on PES were treated under UV-light in vacuum to
crosslink PS and etch PMMA. The illumination durations ranged from
10min to 60min. The UV light wavelength and intensity are 254 nm and
≈4.84 mW/cm2. The membranes with crosslinked/etched BCP topcoat
were immersed in glacial acetic acid bath for 10 min to dissolve away
the etched PMMA and the IL. The rinsed membranes were dried over-
night at room temperature before performance measurements. Drying
was also done in vacuum (≈100 kPa) at 60 ◦C to check for variability
with the air-drying method and no differences were observed.

2.5. Characterization Methods

Film thicknesses were measured using UV–vis interferometry on the
Filmetrics LS-DT2 interferometer. The topography of the polymer-air
interface for thin films was characterized using atomic force micro-
scopy (AFM) on the Bruker AXS Dimension Icon in standard tapping
mode in air. Height sensor and phase scans were obtained for all film
samples. The images were flattened using Bruker Nanoscope Analysis
software by the first order to fit each line individually and remove tilt.
Scanning Electron Microscopy (SEM) imaging was done at the Univer-
sity of Houston Nanofabrication facility using the FEI Dual Beam 235
Focused Ion Beam instrument. Some SEM measurements were also
performed at Columbia University, NY. The SEM image contrast was
enhanced using ImageJ software. Grazing incidence small angle x-ray
scattering was performed on solid films at the Advanced Light Source,

Lawrance Berkeley National Lab on beamline 7.3.3 and at the Advanced
Photon Source, Argonne National Lab on beamline 8-ID-E. The results
presented are for grazing incidence angle of 0.16◦ which is above the
critical angles for PS, PMMA, and Si. Optical microscopy was done using
an Olympus microscope (BX-41) in reflection mode. Time of Flight
Secondary Ion Mass Spectroscopy was performed using the ION TOF
ToF-SIMS NCS instrument at RICE University’s shared equipment au-
thority. UV-visible spectroscopy measurements were performed on the
Evolution 201 UV–Visible Spectrophotometer from ThermoFisher sci-
entific and zeta potentials were measured on the Anton Paar SurPASS 3.

3. Results & discussion

Directing self-assembly of BCP domains perpendicular to the sub-
strate is highly desirable but often not trivial and may require complex
instrumentation and multiple processing steps to obtain highly ordered
microstructures. The fidelity of the order both in and out of the plane of
the film is essential to their application in nanolithography. Some of the
solution casting methods introduced previously produce vertical
microstructure right after the casting step but are limited to relatively
higher χ BCPs. Here we demonstrate a solution casting method that
produces perpendicular microstructure in as-cast films and allows for
size tunability by modifying the casting solution formulation. We use a
low χ PS-b-PMMA BCP with both symmetric (sym) and asymmetric
(asym) block volume fractions and with variable molecular masses (Mn)
to study the SEA process. The polymers used and their theoretical
morphologies based on relative block volume fractions are listed in
Table 1.

Asym PS-b-PMMAwithMn = 55 k and 22 k (g/mol) for PS and PMMA
blocks, respectively, has a hexagonal cylindrical (HC) morphology with
PMMA forming the cylindrical domains. Films were cast using the flow
coating method from pure toluene and a solvent mixture of toluene and
tetrahydrofuran (THF) on UVO (Ultraviolet ozone cleaning) treated
silicon wafers. The UV ozone treatment burns off any organic residue
and oxidizes the substrate to form a thin SiOx layer. PMMA being pref-
erential to this oxide layer segregates to the substrate and induces a
parallel HC morphology upon annealing thermally or in a solvent
mixture or solvent vapor environment [27]. To prevent this selective
migration, the interfacial forces need to be neutralized. While grafting a
random copolymer brush is an established method to neutralize the
substrate, it is an extra step in the processing strategy. To circumvent it,
we speculate using the unfavorable interaction of IL with SiOx and
favorable interactions with PMMA (Figs. S1 and S2) and hypothesize
that for a certain IL concentration window in the casting solvent
mixture, the preferential substrate interactions can be neutralized. At
and beyond this lower end of the IL concentration window, we term as
the critical IL composition (ILc) for “neutralization" of PMMAwettability
to SiOx, PMMA swelling-induced osmotic pressure drives a partitioning
of the IL to the substrate. Regarding how thin of an IL layer that parti-
tions to the substrate and neutralizes PMMA wetting to the SiOx will be
the subject of future research, measured using X-ray and neutron
reflectometry, as ToF-SIMS is unable to determine this accurately in the
current paper. Beyond the critical concentration required to induce
vertical assembly, PMMA cylinders can continue to swell more as even

Table 1
Diblock copolymers studied in this work, their molecular masses, and theoretical
morphologies.

Block
Copolymer

Molecular Mass (kg/
mol)

Morphology (Based on block volume
fractions)

PS-b-PMMA 35-b-12.5 Cylindrical
PS-b-PMMA 33-b-33 Lamellar
PS-b-PMMA 55-b-22 Cylindrical
PS-b-PMMA 235-b-263 Lamellar
PS-b-P4VP 67-b-27 Cylindrical
PS-b-PEO 68-b-36 Cylindrical
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higher quantities of IL are added.

3.1. Atomic force microscopy analysis of SEA-IL cast film morphology

We test the above hypothesis by casting films from solvent mixtures
with variable IL content relative to the BCP mass (all IL contents are
relative to the film mass). Fig. 2 shows the AFM phase images for PS-b-
PMMA (55 k-b-22 k) films cast at room temperature with a thickness of
≈100 nm and variable IL concentration from a 50/50 (v/v) solvent
mixture of toluene and THF, with 2D-Fast Fourier Transform (2D-FFT)
spectra shown in the inset. The images in Fig. 2 have a darker color for
softer phases/domains and can be seen as the darker background of the
softer PS (Lower Tg) matrix in the AFM phase image for BCP with no IL in
Fig. 2(a). The contrast variation in phase images have been previously
reported and show a similar trend as seen here [35–37]. The film surface
shows nucleated cylindrical domains in a light color for the stiffer
PMMA (Higher Tg) domains. The segregation strength for the system is
very low as the films were cast from a solvent mixture of toluene and
THF, good solvents for both blocks. With the addition of 5 mass% IL in
the solvent mixture, the films show (Fig. 2(b)) limited assembly with a
majority of cylinders packed parallel to the surface (seen as dark
worm-like lines in the AFM image) and a minority of vertical cylinders
still seen in a lighter color. The parallel cylinders have a darker color due
to the presence of PS chains surrounding PMMA cylinders. The vertical
cylinders on the other hand directly show the stiffer PMMA domains. At
20 mass% IL content, the reduction in Tg is significant and the prefer-
ential segregation of the IL to the PMMA domain increases the effective χ
(χeff > χBCP) improving the overall assembly manifolds. However, the
microstructure still has long parallel cylindrical domains on the film
surface indicating that the substrate neutralization is not strong enough
even at 20 mass% IL. We see a change in color for the cylindrical do-
mains here (parallel and vertical) as the IL content is also high enough to
lower the Tg for PMMA below that of PS. We know that the cylinders are
still made of PMMA from the results of a selective etching experiment
described later in the paper. When the IL content is increased to
approximately 25 mass%, completely vertical PMMA cylinders develop
on the surface of the film (Fig. S4 shows AFM morphology for 23 mass%
and 27 mass% IL films). Previous studies report a transition in
morphology due to large volume fraction changes [32,38] which was

not observed here for the SEA-IL method. At the threshold of 30 mass%
IL, the microstructure transitions to IL-filled cylinders (in a darker color)
aligned completely perpendicularly/vertically relative to the film sur-
face. This implies that at this IL content, the BCP system achieves syn-
ergy between ordering and domain orienting interactions, i.e., in
addition to enhancing the ordering strength by segregating to the PMMA
domain enabling self-assembly in a single casting step, the migration of
IL to the substrate screens preferential wetting between the PMMA block
and the substrate and thus induces vertical orientation as hypothesized.
Thus, solvent evaporation annealing with ionic liquid (SEA-IL) can yield
perpendicular microstructure in a single casting step.

The cylinder diameters are highly swollen compared to the natural
domain size of the BCP (compare Fig. 2(b) vs. 2(f)). The 2D-FFT plots in
the inset show both secondary and tertiary rings at 30 mass% IL content
indicating the best in-plane order among the compositions tested. The
HC arrangement can also be easily inferred from a visual inspection of
the AFM phase images. With further increase in the IL contents (40, 50,
and 60 mass%) the swelling of the PMMA cylinders increases and the in-
plane cylinder arrangement starts losing the hexagonal symmetry. In
comparison, homopolymer PMMA films are unable to hold such high
quantities of ionic liquid and we observed macrophase separation using
AFM as well as optical microscopy at 30 mass% IL (AFM and Optical
microscopy images in Fig. S3 show macroscopic phase separation in IL-
filled PMMA thin films). The tunability of BCP domains have been
previously shown by using acetic acid to swell the PMMA domains of a
PS-b-PMMA diblock [6]. Tuning the pore structure of the BCP mem-
branes have also been shown by using various casting methods and
studied for targeted filtration applications [39–42].

In comparison to the homopolymer, even at 70 mass% IL content,
BCP films only show microphase separation into highly swollen cylin-
ders with signs of laterally elongated domains likely produced by two
cylindrical domains merging. We also observe deviation in the circu-
larity of the vertical cylinders due to extensive swelling. The domain
coalescence is more pronounced with an IL concentration of 100 mass%.
The swollen and merged cylindrical domains are present up to an IL
concentration of 150 mass% beyond which macroscopic IL-filled do-
mains become visible. Fig. S5 of the supplementary information shows
phase images for the 150 mass%, 175 mass%, and 200 mass% IL-BCP
films. For the 175 mass% and 200 mass% IL-BCP films,

Fig. 2. AFM phase images and 2D-FFTs for as-cast PS-b-PMMA (55 k-b-22 k) films ≈ 100 nm thick on SiOx substrates with IL contents in mass% relative to the BCP
film of a) 0 %; b) 5 %; c) 20 %; d) 30 %; e) 50 %; f) 60 %; g) 70 %, h) 100 %.
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macroscopically segregated domains can be seen in the AFM phase
image. The microstructure parameters like average lengths of cylinder
diameter and inter-cylinder distance along with the cylinder/pore
density were calculated at various IL contents using ImageJ analysis on
AFM phase images and are plotted in Fig. 3. These average lengths in-
crease with the increase in IL content. While the film surface shows
excellent vertical cylindrical assembly, information on internal film
structure cannot be derived from AFM surface scans only. We therefore
employed, as a first, a simple method to look for the cylinder orientation
at the film-substrate interface. Poly(styrene sulfonic acid) (PSS) is a
water-soluble polymer. The sulfonated nature of PSS makes it prefer-
ential to the more polar PMMA block very similar to SiOx.

A thin PSS film (20 nm–30 nm) can be used as an underlayer on the
SiOx substrate before casting the BCP film on top. This provided us with
a way to float off the BCP films onto the surface of water, flip them over,
and look at the film-substrate interface with an AFM. The scans are
shown in Fig. 4 with height sensor images of the top and bottom of the
film (presentable phase images could not be obtained for the water-
floated films). Both surfaces show the vertical assembly of PMMA cyl-
inders. This result suggests that the IL can screen interactions with a
variety of surfaces and the combined effects of IL plasticization, IL
selectivity (enhanced χ), and rapid solvent evaporation traps the
entropically favorable perpendicular orientation. These PMMA domains
can be etched using a simple UV illumination in vacuum treatment to
crosslink PS and etch PMMA followed by a glacial acetic acid rinse to
wash away the etched PMMA [43,44]. Processing the films this way
etches out the cylinders that confirm the presence of PMMA only in the
cylindrical domains and the creation of deep pores indicates a
through-film vertical cylindrical assembly. Fig. 4(c) shows an AFM
height sensor image of an etched film having circular pores on the sur-
face in place of the IL-swollen PMMA cylinders. The pore depths are not
fully resolved due to limitations with the AFM tip having μm di-
mensions. AFM measurements were also done for etched films on a
softer PES supports and are shown in Fig. 4(d). The flexibility of the
support membrane distorts the pore structures when measured by AFM
and may be better resolved using SEM. The ionic liquid, EMIM-TFSI,
used here is miscible with acetic acid and dissolves in acetic acid
along with the PMMA giving clean and structured pores. This was

confirmed with ToF-SIMS experiments, where the IL and PMMA signal
intensities drop by an order of magnitude for etched films compared to
the as-cast ones (Fig. S6). The IL signal is intensified due to the higher
sensitivity of the detector towards it, but we see an order of magnitude
decrease in its intensity after etching. The ToF-SIMS experiments were
performed for films on SiOx substrates leading to residual IL near the
substrate after etching. We expect that in a membrane module with soft,
porous support, the IL and scissored PMMA chains will be completely
removed on acetic acid rinsing.

In addition to AFMmeasurements, we have employed side view SEM
imaging to confirm the pore structure. Fig. 5(a) shows the top surface of
an etched film folded onto the edge of the snapped Si wafer showing
well-ordered pores on the top. Fig. 5(b) shows the side view of the edge
of an etched films showing open pores. The direct snapping method
damages the film edge preventing us from displaying the exact micro-
structure. Unetched films don’t have very high contrast between the
domains. We can, however, observe pore/cylinder wall boundaries as
perpendicular lines underneath the pores corresponding to the pore
walls in Fig. 5(c). These lines or pore walls have been marked in Fig. 5(d)
for visual clarity.

3.2. X-ray scattering characterization of internal film morphology

To corroborate our assumption of through film vertical assembly

Fig. 3. Average lengths for the cylindrical PMMA domains on the film surface
for as-cast PS-b-PMMA (55k-b-22k) films (≈100 nm thick) with varying ionic
liquid content (relative to film mass). The error bars are one standard deviation.
The shaded light blue region from (5–25) mass% IL corresponds to poorly
developed surface parallel cylinders, above which are vertical IL swollen PMMA
cylinders. The shaded yellow region is where macrophase separation is
observed. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)

Fig. 4. AFM height sensor images for the (a) top and (b) bottom surfaces of an
as-cast PS-b-PMMA (55 k-22 k) film 100 nm thick with 50 mass% IL content on
Si substrate, and (c) after etching by UV-vacuum treatment (10 min) and acetic
acid immersion (30 s), (d) film on 0.2 μm PES support after etching via UV-
vacuum (10 min) and acetic acid treatment (10 min). Height profiles along
marked white lines in the AFM images are presented below each image.
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made using AFM, grazing incidence small angle x-ray scattering
(GISAXS) experiments were performed on a series of PS-b-PMMA (55 k-
b-22 k) films with varying IL contents and two thicknesses. The collected
data for the entire series is presented in Figs. S7 and S8 of the supple-
mentary information. From these scattering images, two sets are shown
in Fig. 6 for IL contents of 50 mass% and 70 mass% and thicknesses of
≈50 nm and ≈100 nm. For a fully vertical structure, the peaks in the
scattered intensity should only be along the Qy axis, while there is an
isotropic ring for scattering from a mixed parallel and vertical micro-
structure. For the 50 mass% IL film the isotropic ring disappears as the
film thickness decreases from 100 nm to 50 nm. Similarly for the 70

mass% IL film vertical assembly becomes dominant on decreasing the
film thickness.

Such film thickness dependence on morphology has been studied
before and shows a transition between perpendicular, mixed, and par-
allel orientation with changes in thickness [45,46]. While film thick-
nesses less than the domain size (h < Lo) develop perpendicular
orientation, thicker films transition between morphologies as a function
of thickness. Our observations on morphology orientation with film
thickness after thermal annealing of the pure PS-b-PMMA (55 k-b-22 k)
(Tg ≈ 120 ◦C) films (No IL) of two thicknesses annealed thermally at
180 ◦C for 24 h in vacuum are shown in Fig. S9. While the thicker film

Fig. 5. Side view scanning electron microscopy images for PS-b-PMMA films (thickness ≈ 100 nm (a, b) and 50 nm (c, d)) with 50 mass% IL cast on Si substrates. (a)
top view of etched film, (b) side-view of the etched cross-section, (c) side-view of unetched film cross-section, (d) side-view of cross-section in (c) with marks for
feature identification. The error in thickness measurement is one standard deviation.

Fig. 6. GISAXS scattering pattern (above critical angle) for as-cast PS-b-PMMA (55 k-b-22 k) thin films with variable IL content and thickness of a) 50 mass% and
100 nm; b) 50 mass% and 50 nm; c) 70 mass% and 100 nm; d) 70 mass% and 50 nm, (e) intensity line curves from scattering image of 50 nm film with 50 mass% IL,
(f) intensity line curves from scattering image of 50 nm film with 70 mass% IL.
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(Fig. S9(b)) has more vertical cylinders on the top surface to reduce
surface curvature/roughness, the thinner film (Fig. S9(c)) has more
parallel cylinders indicating a stronger influence of the substrate’s
PMMA attraction when annealed thermally. In our study using SEA, a
lower film thickness provides better vertical order which is due to faster
solidification of the film on solvent evaporation preventing any signifi-
cant influence of the substrate or air interfaces. Comparing Fig. 6b and d,
i.e., different IL concentrations, the intensity of the scattered peaks in-
creases, the isotropic ring disappears, and secondary peaks are observed
at 70 mass% IL compared to 50 mass%, indicating enhanced assembly.
The scattered intensity can be plotted along the Qy axis to assign posi-
tions to the peaks. Fig. 6(e) and (f) show these plots for images 6(b) and
6(d) where the relative positions of the peaks have a ratio very close to
the hexagonal symmetry of √1:√3:√4. The scattering data thus cor-
roborates the inference of a vertical HC assembly observed for the AFM
study and shows enhanced vertical ordering at lower film thickness and
higher IL concentrations.

3.3. Effects of molecular mass and block volume fractions on morphology
and transitions

This SEA-IL methodology was used to self-assemble a low molecular
mass asymmetric PS-b-PMMA (Mn = 35 k-b-12.5 k g/mol). The as-cast
films show good vertical cylindrical assembly in a certain range of IL
concentrations. Fig. S10 shows AFM phase images and GISAXS wave
plots for these thin films with different IL concentrations. Phase images
for neat BCP films do not show any microphase separation on the sur-
face. At only 10 mass% IL content, some degree of vertical order is
already present because of the higher chain mobility due to reduced Tg
of the low Mn BCP [47], not requiring extensive plasticization from the
IL. The PMMA domains are still stiffer than PS and appear in a lighter
color. With further increase in IL content to 30 and 40 mass%, the
vertical order improves and can be seen in the phase images now as
darker cylinders because there is a significant reduction in the Tg of
IL-filled PMMA domains. The same is observed in the GISAXS images in
Fig. S10 insets where the scattering peaks corresponding to vertical
structure become more intense as IL concentration increases. These
lower Mn films however, exhibited an early deviation from vertical cy-
lindrical assembly towards merged cylindrical domains over 40 mass%
IL content (Fig. S10(d) for 50 mass% IL) and extensively elongated do-
mains at 70 mass% IL content. Films with 100 mass% IL concentration
show macrophase separation of the ionic liquid with no cylindrical as-
sembly. These percentages for morphology transition are approximately
half of what moderate molecular mass cyl BCP (Mn = 55 k-b-22 k) could
hold before showing macrophase separation.

Symmetric block copolymers produce lamellar microstructures and
are essential in developing techniques to obtain line patterns for appli-
cations in nanolithography, shape-selective filtration membranes, etc.
To extend the SEA-IL annealing treatment further, we used a symmetric
low molecular mass PS-b-PMMA with Mn = (33 k-b-33 k). As shown in

Fig. 7, the morphology without IL is mostly disordered with some
microdomain initiation at the film surface. On blending with just 10
mass% IL the films show excellent vertical lamellar assembly on casting
from toluene and THF (50/50; v/v). GISAXS wave-plots presented in the
inset show sharp scattering peaks confirming vertical morphology. The
PMMA domain is swollen and appears thicker in the AFM image pro-
ducing an asymmetric vertical lamellar microstructure with PS domain
size≈18 nm (measured using ImageJ analysis). Increasing the IL content
to 30 mass% alters the volume fraction of the blocks significantly and
the morphology reverses to form PS cylinders (stiff–light color) having a
mixed parallel and perpendicular orientation in a PMMA (soft–dark
color) matrix. When the IL content reaches 50 mass% macrophase sep-
aration becomes significant on the film surface and bigger macro-
domains appear with the increase in the ionic liquid concentration to 70
mass% and 100 mass% (Fig. S11). The morphology evolution and
orientation for low Mn sym BCP films follow the same trend as low Mn
asym BCPs. The morphology switches from a surface-influenced parallel
microstructure to a perpendicular microstructure at lower IL contents
and we observe a significant deviation in block volume fractions at in-
termediate concentrations (20–30 mass%) of the additive leading to a
morphology transition.

Very High Mn BCPs are difficult to process due to higher Tg and poor
diffusion kinetics in the melt. Even solvent processing methods like SVA
and DIA are limited by molecular masses as high as the one studied next
for PS-b-PMMA with Mn = (235 k-b-263 k) g/mole. We use the SEA-IL
casting technique to prepare thin films of this BCP with 50 mass% IL
and perform AFM analysis presented in Fig. S12. We observe a well-
ordered cylinder-like morphology for the symmetric BCP in as-cast
films without needing further processing. This may be the first demon-
stration of self-assembly achieved in high molecular mass BCP thin films
which is achieved in a single casting step. The cylindrical domains were
removed using a method that etches out the PMMA domains leaving
behind deep pores in the film suggesting PMMA and IL to be the con-
stituents of the cylindrical domains. This is counterintuitive as one
would expect PMMA + IL to have a higher volume fraction at high IL
contents causing a transition in morphology to PS cylinders in a PMMA
+ IL matrix. The presence of PMMA + IL in the minor domains may be
the result of the high cohesive energy density of the IL causing it to
occupy domains with smaller surface area. A preliminary GISAXS study
reveals sharp scattering peaks for this morphology at very low q-vector
positions (inset of Fig. S12(b)). The microstructure needs further anal-
ysis with techniques like X-ray scattering and a complete study with
varying IL concentrations for morphology development using the SEA-IL
method.

SEA-IL is demonstrated here for a PS-b-PMMA BCP but can be
formulated for other low and high χ diblock copolymers like poly(sty-
rene-b-ethylene oxide) and poly(styrene-b-vinyl pyridine), respectively.
The IL contents and solvent selections will vary based on the solubility of
the BCP, the strength of its interaction with the selective IL and the
substrate, and the type of interaction between the IL and substrate. Even

Fig. 7. AFM phase images for PS-b-PMMA (33 k-b-33 k) films (≈100 nm) cast from a solvent mixture of Toluene:THF (50:50; v/v) with (a) 0 mass% IL, (b) 10 mass%
IL, (c) 30 mass% IL.
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low molecular mass polymers may show promising results toward
achieving directed self-assembly with features smaller than 20 nm. As an
example, PS-b-P4VP (67 k-b-27 k) and PS-b-PEO (68 k-b-36 k) were
ordered using the SEA-IL method using the same IL, EMIM TFSI. The
films were cast from a solvent mixture of toluene and THF, where
toluene is a good solvent for PS and a poor solvent for PVP and PEO, and
THF is a good solvent for the IL, the PVP, and the PEO blocks. PS-b-PEO
films were also cast from THF and toluene-acetone mixtures. The AFM
analysis for PS-b-P4VP is presented in Fig. S13 Row 1. For PS-b-P4VP, a
high χ BCP, the vertical orientation is achieved at 20 mass% IL con-
centration, and at 50 mass% IL, the films show domain merging and
macrophase separation at even higher IL concentrations. Similarly for a
low χ BCP like PS-b-PEO, films were cast with and without IL in solvent
mixtures of toluene, THF, and acetone to extend our hypothesis and
check morphology variations for films cast from different solvents.
Fig. S13 Row 2 presents the AFM phase images for SEA-IL cast PS-b-PEO
films. Films cast from toluene and THF (50/50 v/v) show some degree of
vertical assembly of PEO cylinders even without IL and at 50 mass% IL
concentration show well-developed IL swollen vertically oriented PEO
cylinders. When cast from a solvent mixture of toluene and acetone
where acetone is a poor solvent for PS unlike THF and a good solvent for
the IL and PEO, films develop larger IL swollen cylindrical domains. This
may be due to a higher segregation of IL along with acetone into the PEO
domains while swollen with the solvent which gets trapped (only IL) on
solvent evaporation. When cast from pure THF, the PS-b-PEO films show
macrophase separation and no cylindrical assembly at 50 mass% IL
concentration. Additionally, using different proportions of toluene and
THF instead of the 50/50 (v/v) mixture can affect the in-plane
arrangement of ordered domains as it will affect the evaporation rate
(or ordering time). These tests suggest that the morphology of the SEA-IL
cast films can be further tuned by modifying the proportion and quality
of the volatile solvents.

3.4. Ionic liquid additive as interfacial neutralizing agent

The one-step perpendicular ordering of BCP films is a cumulative
result of three major contributors, 1) plasticization by the IL; 2)
enhancement in repulsive interaction (enhanced χ) due to the selective
segregation of IL into one domain; and 3) screening of the preferential
migration of blocks to the substrate or air interface due to interfacial
energy differences, all of which can be adjusted for various BCP mate-
rials by carefully selecting the casting environment. To understand the
role of IL in inducing vertical assembly better, ToF-SIMS depth profiling
was performed on PS-b-PMMA films cast on SiOx substrates and the
results indicate that there is a higher quantity of IL present near the film-
air interface as well as the film-substrate interface relative to the middle
of the film. This confirms our hypothesis that the IL segregates not only
to the PMMA domains but also to the interfaces in conjunction with
PMMA and when the mass fraction of IL in the film region near the
substrate is above a critical value (ILc), a balance between the interfacial
forces is established leading to screening of the enthalpic interactions
and an entropically stable perpendicular morphology is produced. The
schematic in Fig. 1 also describes this hypothesis. For instance, the ILc
for PS-b-PMMA with Mn = 55 k-b-22 k is at 25 mass% IL for the onset
vertical assembly, and the following condition is satisfied at the sub-
strate interface,

χPS−SiOx
= χ(PMMA+ILc)−SiOx .

Additionally, we hypotheisze that the macorscopic IL layer near the
substrate decouples the BCP chains from the hard substrate interaction.
This allows for high degree of mobility as the chain arrangement takes
place on a fluid IL layer. Above ILc content, the BCP remains vertical, but
extra IL is imbibed by the PMMA, and a second weaker order threshold
transition occurs, when the ILc2 forms its own pure IL liquid channel
probably in the middle of the PMMA domain after swelling the domain

to the fullest extent, e.g., AFM phase images in SI Figure S5(a) suggests
ILc2 ~ 150 mass% when the PMMA-IL cylinder diameter exceeds ≈ 75
nm. This will be studied in future works using techniques like resonant
soft x-ray scattering (RSoXS). Notably, the non-swelling of glassy PS by
IL allows the BCP to swell PMMA domains by large amounts, while
preserving a mechanically rigid stretched PS honey-comb scaffold
structure as discussed further below. Another neutralizing effect may
come from the concentration gradient produced during evaporation of
solvent. Preliminary AFM measurements on films cast from varying ra-
tios of toluene and THF in the casting solution have shown that the in-
plane distribution of cylinders changes with change in the casting
solution.

3.5. Polystyrene as the structural support for swollen morphologies

Our results for SEA-IL of low Mn BCPs both with symmetric and
asymmetric block volume fractions show an early transition in
morphology at lower IL contents compared to high Mn BCPs caused due
to alteration of the block volume fractions. Also, the IL contents for BCP
films are much higher than that for stable homopolymer PMMA films
blended with IL (show macrophase separation of IL at 30 mass% IL
content). This suggests that PS does not uptake the IL and stays glassy
which plays a major role as the structural component in stabilizing order
at very high IL concentrations and that chain entanglements are
important for morphology transitions. The asym PS-b-PMMA (Mn = 55 k-
b-22 k) can hold up to 150 mass% IL before macrophase separation
compared to only 50 mass% for lowMn (35 k-b-12.5 k) BCP. The higher
molecular mass of PS (55 k compared to 35 k) in the former leads to a
higher degree of chain entanglement in the matrix PS and stabilizes the
IL-filled PMMA domains. When the pressure on the cylindrical walls
from the segregated IL exceeds the counter pressure of entangled chains
in the PS walls, domains start merging eventually causing a spillover
producing bigger IL domains. The same applies to the sym BCP (Mn = 33
k-b-33 k) where the structural PS block is of a lower molecular mass and
we observe domain merging and macrophase separation at lower IL
contents compared to PS-b-PMMA (55 k-b-22 k) films. In essence, the
spillover to form pure IL domains occurs early in the IL concentration
range when the structural PS chains are absent or have poor entangle-
ments at lower molecular mass.

3.6. BCP-IL based ultrafiltration membrane fabrication and performance

The significance of the structural support of the PS matrix becomes
clearer from our etching experiments to remove the PMMA-IL domains
for membrane fabrication. Selectively removing one block from the
vertical microstructure will produce pores for applications like ultrafil-
tration membranes. While cylindrical microstructures will produce cir-
cular pores on the film surface, perpendicular lamellar microdomains
will produce slits. For PS-b-PMMA, a UV vacuum treatment can be used
to simultaneously crosslink the PS matrix and degrade and detach
PMMA from the BCP. The etched PMMA is removed by immersion in a
glacial acetic acid bath that also removes the IL leaving behind a
crosslinked PS template. The PS crosslinking is very important for the
vertical lamellar structures where we are left with free-standing PS walls
after PMMA removal. We have used this methodology to fabricate
nanoporous thin filmmembranes supported by commercial microporous
polyether sulfone support membranes (PES). Thin films (50 nm–100
nm) are floated off on the surface of water from a PSS underlayer,
received on the PES support, and etched via the method described in
Fig. S14 to produce a membrane with isotropic nanoporous active BCP
layer using cylinder forming BCPs and slit-shaped nanopores using
lamellar BCPs. The IL content in the film can be increased to increase the
cylinder diameter and consequently increase the pore size. Membranes
with a PES support (average pore size 0.2 μm) and active BCP layer of
PS-b-PMMA (55 k-b-22 k) with 30 mass%, 50 mass%, and 70 mass% IL
were fabricated and tested for their transport and separation properties.
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A dead-end pressure cell setup (Fig. S15) was used to perform DI water
flux measurements and polymer filtration (dye-labeled Dextran in
water) at 7.5 psi pressure (≈50 kPa). UV–visible spectroscopy was
performed on the stock solutions and membrane permeates to quantify
the separation efficiency/molecular weight cutoff. A representative
dataset for a membrane with PS-b-PMMA (55 k-b-22 k) + 70 mass% IL
active layer and tested for filtration of dextran (Mn = 500 kg/mol) is
shown in Fig. 8(a). The reduction in absorbance intensity from dextran
(at 400–500 nm wavelength) in the permeate shows excellent solute
rejection.

Average results are shown in Fig. 8(b) where the films with higher IL
content show improved flux due to bigger pore sizes. The average flux
for a 70 mass% IL based BCP membrane is ≈ 240 L/h m2 bar. The
variability in flux increases with IL content due to increased dispersity in
the shape and size of the pores. T. Ahmad et al. surveyed the perfor-
mance of multiple polymer-based filtration membranes [48]. From their
report, the average fluxes of most membranes were below 200 L/m2 h
bar with only a few candidates with flux over 300 L/m2 h bar. Ahn et al.
used PS-b-PMMA films thermally ordered on neutralized substrates as
active membrane surfaces [6]. They achieved excellent BCP assembly
and fluxes of about 128 L/m2h at 1 bar pressure [6]. Hahn et al.
developed PS-b-P4VP based membranes by SNIPS (solvent non-solvent
induced phase separation) supported by PVDF (polyvinylidene fluo-
ride) membranes [49]. They measured pH responsive fluxes and found a
flux of about 400 L/m2h bar for membranes with pore sizes of about 16
nm [49]. Membranes made from blending of different BCPs have also

found attention and Yu et al. showed membranes made by using blends
of PS-b-P4VP and poly(styrene-b-acrylic acid) (PS-b-PAA) [42]. The
blending ratios allowed control over pore density and pure water fluxes
as high as 592 L/m2h were obtained at 1.37 bar pressure. Yu et al. also
produced PS-b-P4VP membranes based on a micellar structure where
they tuned the pore size by electroless gold deposition [42]. Increasing
the amount of gold reduced the pore sizes reducing the water flux with
best fluxes of 3000 L/m2h bar obtained at 0.01 % gold addition [42]. For
our BCP based films, the structural PS matrix becomes thinner with
increasing IL concentration and may further cause flux variations due to
pore shrinkage or expansion. The separation performance is presented in
Fig. 8(c) and the separation cut-off size for a 90 % polymer rejection was
found at ≈ 44 nm hydrodynamic diameter for 30 mass% and ≈62 nm
hydrodynamic diameter for 70 mass% IL membranes for separating
dye-labeled dextran from water. These cut-off sizes are higher than the
cylinder diameters measured from as-cast film surface AFM images with
the same IL content (37.6 ± 2.9 nm for 30 mass% IL and 54 ± 8.3 nm for
70 mass% IL). The pore sizes for membranes on PES supports were also
measured using AFM (not accurate because the soft PES support distorts
the measurements) and are 17.73 ± 2.8 nm for 30 mass% IL and 29.1 ±

5.4 nm for 70 mass% IL. There are a few reasons for the discrepancy
between AFM measurements on Si wafers vs. those on flexible PES vs.
the experimental cut-off polymer sizes.

Firstly, the cylindrical domains are highly swollen with IL in the as-
cast state and are stabilized by the structural PS matrix. On the removal
of IL after the etching process, the stress on the cylindrical walls is

Fig. 8. Membrane performance for PS-b-PMMA (55 k-b-22 k) based membranes supported on a commercial PES membrane (average pore size of 0.2 μm) at 7.5 psi;
(a) UV-viz spectra for Dye labeled Dextran (Mn = 500 kg/mol; 0.125 mg/ml in DI water) before (Stock) and after (Permeate) filtration test, (b) DI water fluxes forMn
= 55k-b-22k with 30 mass%, 50 mass% and 70 mass% IL, (c) Dextran rejection ratios for membranes from 30 mass% and 70 mass% IL loaded films crosslinked by 20
min UV in vacuum, (d) DI water flux for 30 mass% IL and 70 mass% IL based membrane vs. pressure showing a linear trend. Approx. hydrodynamic diameters (nm)
and (molecular mass) for dextran are 8 (20 kg/mol), 18 (70 kg/mol), 26 (250 kg/mol), 34 (500 kg/mol), 84 (2000 kg/mol).
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released and the pores shrink as in the AFM image of a membrane on
PES. Secondly, the cut-off sizes are larger because the filtrations occur
under pressure causing an expansion of the pores. Also, due to a limited
set of Dextran molecular masses used, the actual cut-off size may be
intermediate between the sizes that pass through the membrane and the
measured cut-off sizes. The expansion of pores is also observed during
flux tests at higher pressures where the normalized average flux in-
creases for these membranes due to the expansion of pores and clearing
of any blocked pores [50]. The enhancement in flux with pressure is
measured and is presented in Fig. 8(d) for PS-b-PMMA (55 k-b-22 k)
based membranes with 30 mass% and 70 mass% IL concentrations. The
flux was observed to rapidly increase linearly with pressure with a slope
of ≈3.2 L/m2h psi and ≈2 L/m2h psi for 70 mass% and 30 mass%
membranes. The reusability of membranes is also an important param-
eter to optimize for commercialization. Al-Maas et al. tested the per-
formance of supported PS-b-PMMA thin film membranes for oil-water
separation and found that the membranes were stable to caustic (NaOH)
cleaning [50]. In addition to polymeric separations, the pore sizes of
these membranes are in the range of many biomolecules and can be used
for their enrichment. Our preliminary results suggest that globular
biomolecules like the high-value antibody IgG (Immunoglobin G) can be
removed from its solution in phosphate-buffered saline using a
PS-b-PMMA (55 k-b-22 k) with 30 mass% IL membrane. The antibody
does not associate with the membrane, and we observed an average
recovery of about 91 %. These observations point towards more room
for the optimization of the etching treatment for better matrix stability
and fully etched pores. Some of our experiments do show enhanced
fluxes for membranes treated for extended time in the UV-vacuum
chamber likely due to better PS crosslinking and PMMA etching.

Besides particulate or polymer filtration, these membranes show
great prospects in oil/water filtration applications. Zeta potential mea-
surements performed for etched membranes show positive values of
approximately 35 mV–40 mV indicating the presence of a positive
charge on the membranes. These charges are due to the scission of the
PMMA chains from PS at the pore boundaries. This makes them excellent
candidates for wettability-based separations like oil/water for waste-
water management. Preliminary separation tests performed using mix-
tures of DI water and dye-labeled heptane (red) as the oil substitute
show good potential for oil/water filtration. Fig. S16 shows a set of the
heptane/water mixtures used for the filtration test and resulting
permeate and retentate solutions where the permeate is clear water due
to its higher affinity towards the charged pores, allowing it to flow
through. Because these are wettability-based separations, high molec-
ular mass BCPs that develop bigger pores and have higher fluxes can be
used to perform oil/water separation. A membrane made from PS-b-
PMMA (235 k-b-263 k) with 50 mass% IL (structure shown in
Fig. S12) on a 0.2 μm PES support has an average normalized flux of
(441 ± 256 Lm−2h−1bar−1). These fluxes are higher or very close to
some of the examples discussed earlier. The flux variability may be due
to pore shrinkage under pressure which is significant for larger pores.
Optimizing the fabrication method (increasing crosslinking) may
resolve these issues. When a low molecular mass symmetric BCP is used
to develop a slit-like membrane structure, shape-selective separations
can be performed. Separating globular molecules that get blocked vs.
rod or helical molecules like the tobacco mosaic virus that can pass
through the slits becomes possible. Another potential application for
these membranes can be found in ionic separations. Due to the presence
of IL in the PMMA channels running through the thickness of an
unetched membrane, the PMMA chains are highly mobile. This structure
can be used to separate or conduct ions based on size as well as affinity
with the IL and similar BCP structures have been studied for ion con-
duction applications [51–53]. Optimizing the SEA-IL method for lowMn
symmetric BCPs that produce vertical slits will make the technique
applicable for lithography processes where a BCP layer can be used to
rectify defects in the EUV photolithography patterns [11,12,54–56].

4. Conclusions

Both the AFM and GISAXS characterization indicate that beyond a
specific IL concentration, the reduction in the glass transition tempera-
ture and neutralization of substrate interactions are significantly strong,
and the evaporation rate of the toluene-THF solvent mixture is effective
in inducing vertical order in as-cast films. Thinner films were observed
to have better vertical order despite the greater enthalpic influence of
the substrate. On the contrary, due to this substrate influence, thinner
films have parallel domain orientations when processed thermally. We
speculate that for SEA-IL-ordered thin films, faster solidification of the
film on solvent evaporation favors lower tortuosity of vertical domains.
As the film thickness increases, the solvent evaporation front gives more
time for the film to solidify and the microstructure to develop. This in
turn allows the enthalpic interactions to make the IL-filled cylinders
more tortuous and is observed in the GISAXS analysis for thick films. The
vertical orientation further improved with an increase in the IL content
and can be attributed to better film plasticization and neutralization of
interfacial interactions. There is more work to be done to understand the
evolution of the vertical microstructure and the effects of different
substrates and IL-BCP combinations. In-situ GISAXS experiments will
allow us to gain insight into the microstructure development as the
solvent evaporates. RSoXS measurements can reveal the distribution of
IL in the swollen PMMA domains. The effect of the Flory Huggins
parameter can be explored by extending the one-step SEA method to
high χ BCPs. A library of IL-BCP pairs can be generated using high
throughput artificial intelligence machine learning-based screening
techniques to screen out potential candidates with microstructures
useful in nanolithography and isoporous ultra and nanofiltration
membranes. Optimization of the membrane fabrication method can lead
to better membrane performance.
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