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ABSTRACT Nanoporous structures were obtained by the self-assembly of polystyrene-b-
poly(methyl methacrylate) (PS-6-PMMA) block copolymers (BCP) where, in thick films,
cylindrical microdomains were oriented normal to the substrate and air interfaces, and in
the interior of the films, the microdomains were randomly oriented. Continuous nanopores that
penetrated through the film were readily produced by a simple preferential swelling of the
PMMA microdomains. The confined swelling and rapid contraction of PMMA microdomains
generated well-defined uniform pores with diameters to 17.5 nm. The size selectivity and
rejection of Au nanoparticles (NPs) for these ultrafiltration (UF) membranes were demonstrated,
suggesting an efficient route to tunable, noncomponent-degradative UF membranes.
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rrays of nanopores have widely been
Aused as templates for high-surface

area applications, like high-density
storage media, catalysis, and ultrafiltra-
tion (UF) membranes.' > Block copolymers
(BCPs) can be used as nanopore-generating
materials to produce templates and scaf-
folds for the fabrication of nanostructured
materials, since dissimilar polymers linked
together covalently self-assemble into the
periodic arrays of lamellar, cylindrical, spher-
ical, and gyroid morphologies with typical
feature sizes of 10—50 nm and either one
component can be selectively removed or
phase selective chemistries can be used to
generate the nanostructures.>®~'" For UF
membrane applications, the self-assembly
of BCPs presents an attractive approach
for highly size-selective, permeable mem-
branes due to their narrow size distributions
and high pore densities.*'>~'> There have
been numerous attempts to achieve well-
defined cylindrical or 3-dimensional nano-
structures from BCP films so as to produce
nanoscale porous media.*'?~'*'672% The

AHN ET AL.

diverse range of chemical structures avail-
able with BCPs provides unique opportu-
nities to generate functional UF membranes
for separation.5?' =23

Several studies on UF membranes based
on the BCPs introduced different prepara-
tion strategies, like selective-etched mono-
liths, solvent evaporation, and nonsolvent-
induced phase separation (NIPS). Cussler
and co-workers used polylactide (PLA)-
containing BCPs to generate porous tem-
plates that were prepared by shear-aligned
monoliths or rapid solvent evaporation, fol-
lowed by the selective hydrolysis of the PLA
microdomains.'®?*?> Peinemann, Abetz, and
co-workers introduced a new type of nano-
porous UF membranes using nonsolvent-
induced phase separation with polystyrene-
b-poly(4-vinylpridine) (PS-b-P4VP), in which
the cylindrical channels were formed on
the top of a random sponge-like layer that
contains large porous structures.?°26~28 The
size selectivity and separation of biomole-
cules with these membranes could be con-
trolled by the pH-responsive characteristics
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Figure 1. (a) Top and bottom-view SEM images and cross-sectional TEM image for UV-etched, nanoporous PS-b-PMMA film,
in which the PMMA microdomains were entirely removed by the sequential UV exposure and acetic acid treatment. (b) 2-D
GISAXS patterns for nanoporous PS-b-PMMA film, which were measured at incident angles of a; = 0.08° (surface) and 0.12°
(full-depth). The inset shows the line intensity scanned along the in-plane direction at os= 0.160° and 0.240° for surface and

full-depth GISAXS patterns, respectively.

of P4VP. Kim and co-workers described the generation
of nanoporous UF membranes from thin films by selec-
tive etching of the cylindrical PMMA microdomains,
which showed the ability to isolate 30 nm-diameter
human rhinovirus type 14 (HRV-14);''3 these works
were derived from a surface reconstruction study on
thin films of polystyrene-b-poly(methyl methacrylate)
(PS-b-PMMA) by Russell and co-workers.2° While these
results demonstrate the ability to fabricate nanoporous
UF membranes from self-assembled BCP morpholo-
gies, achieving tunability in the pore size, relevant to
separations of a large range of biomolecules and
chemical species, is still a challenge.’>?%%3° Moreover,
a key issue has been to avoid component-degradative
routes that deteriorate in mechanical stability, while
maintaining membrane performance.

Here, we used thick films of a thermally annealed PS-
b-PMMA on substrates with balanced interfacial inter-
actions to produce the films with the microdomains
oriented normal to the substrate and air interfaces but
randomly oriented in the interior of the films. Using only
a selective solvent for the PMMA comprising the cylind-
rical microdomains, a simple swelling of the PMMA
microdomains followed by rinsing with deionized (DI)
water, led to nanopores that penetrated through the
film, resulting in UF membrane with pores ranging from
6.0 to 17.5 nm in diameter having exceptional size
selectivity for Au NPs. These results demonstrate a
simple route to generate tunable, nanoporous UF mem-
branes with no film or component degradation process.

RESULTS AND DISCUSSION

A 200 nm-thick (~6L,, where L, is the repeat
period of the cylindrical microdomains in the bulk)
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PS-b-PMMA film was spin coated onto a neutral sub-
strate, having a random copolymer of S and MMA
anchored to the surface to balance interfacial interac-
tions, and thermally annealed at 180 °C for 2 days
under vacuum. Figure 1a shows SEM images of the top
and bottom, and a cross-sectional TEM image of a film.
To enhance the phase contrast by the difference in
electron density, the PMMA block was entirely re-
moved by the sequential UV irradiation (1 = 254 nm)
and washing with acetic acid. The top and bottom show
hexagonally packed pores with a diameter of ~21 nm,
while the cross-section shows cylindrical pores ori-
ented normal to the substrate and air interfaces
and random arrangement of the pores in the interior.
The film was characterized by grazing incidence small-
angle X-ray scattering (GISAXS), as shown in Figure 1b.
In the GISAXS geometry, oirand 26y are the exit angles
of the X-ray beam in the out-of-plane direction (i.e,
normal to the sample surface) and in the in-plane
direction (i.e., parallel to the sample surface), respec-
tively, where g = (47/4)sin 6; is the scattering vector.
The GISAXS at which (o; = 0.08°, denoted as surface) is
less than the critical angle (o, = 0.10°) shows intense,
multiple-order Bragg-rod peaks at scattering vector
ratios of g/g* = 1:v/3:v/4:/7 (as shown in the inset),
indicating hexagonally packed pores at the surface, in
agreement with the SEM images in Figure 1a. For an
incidence angle above the critical angle (here shown
for a; = 0.12°, denoted as full-depth) the X-rays pene-
trate through the entire sample, the Bragg-rod scatter-
ing from the surface is evident and is superposed on a
diffuse elliptical scattering (marked with arrow) which
is consistent with pores initially being orthogonal to
the surface and then randomly oriented in the interior
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Figure 2. SEM images for nanoporous PS-b-PMMA films with swelling time of (a) 30 s, (b) 2 min, and (c) 60 min in acetic acid,
where the insets show OM images reflecting the changes in film thickness. (d) Average pore size (or diameter) and thickness
ratio (t/t,) for nanoporous PS-b-PMMA films as a function of swelling time in acetic acid. The diameters were evaluated from
the top-view SEM images (on the film surface) and calculated with thickness as the effective pore size (D).

of the films in minor. This is, also, consistent with the
images in Figure 1. The ellipticity of the pattern in-
dicates that the average center-to-center distance in
the plane of the film is smaller than that normal to the
surface.

The interfacial interactions between the blocks of
the PS-b-PMMA and the substrate were balanced, and
the surface energies of the PS and PMMA blocks are
essentially equal at the annealing temperature, which
give rise to the orientation of the microdomains nor-
mal to the interfaces. However, as shown in previous
studies, this orientation dissipates with distance from
the interface, leading to the randomly oriented PMMA
cylinders in the interior of the films.'® This random
orientation of the PMMA cylindrical microdomains is
expected to impart isotropic mechanical stability to
the films, as opposed to the case with unidirectionally
aligned cylindrical microdomains. From the position of
the maximum in the scattering (g* = 0.183 nm™ '), an
average center-to-center distance in the plane of the
film was 34.3 nm, as calculated from d = 27/g*. The
average diameter (Dppmma) Of the PMMA cylindrical
microdomains was calculated to be 20.8 nm by

4d {\/5

0.5

Dpyma = 7§ — (1 — ¢ps) (1

21

where d and ¢ps are the d-spacing of PMMA cylindrical
microdomains in the plane of the film and the volume
fraction of the PS matrix, respectively (Supporting
Information, Figure S1). This is in excellent agreement
with the average pore diameter (~21 nm) determined
from the top-view SEM image for a UV-etched, nano-
porous film in Figure 1a.

To tune the diameter of the pores, the cylindrical
PMMA microdomains in the glassy PS matrix were
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swollen with acetic acid, a good solvent for PMMA,
for different periods of time. Subsequently, the
acetic acid was immediately removed by rinsing with
DI water. Hexagonally packed pores were gener-
ated in the dried BCP films, as shown by the top-view
SEM images in Figure 2a—c. The pore diameters on the
film surface were measured to be 8, 11, and 18 nm with
swelling time of 30 s, 2 min, and 60 min, respectively.
Figure 2d shows the average pore size (or diameter)
and thickness ratio (t/t,) as a function of swelling time
in acetic acid, where the pore sizes were evaluated
from the top-view SEM images and calculated with
thickness. Upon swelling in acetic acid for 20 min, the
top-view pore diameter increased significantly from
8 nm at 30 s to 18 nm, but with further swelling time it
remained at a limiting value of 18 nm due to a swelling
equilibrium between mixing and elastic energies. The
film thickness of the dried sample increased by 21.6%
after swelling process for 60 min, although acetic
acid is not a good solvent for the PS matrix. The color
change in the films, as shown by optical microscopy
(OM) in the insets, reflects the change in the film
thickness. When the PS-b-PMMA films were in contact
with acetic acid, the solvent solubilized the PMMA
chains, causing the microdomains to swell in the glassy
PS matrix. The osmotic force associated with the
solubilization of the PMMA was sufficiently large to
cause a finite plasticization of the PS matrix. How-
ever, in the plane of the film, due to the confinement
of the film by the boundaries of the substrate, the
average center-to-center distance remained constant
(Supporting Information, Figure S2). Removal of the
solvent from the microdomains in the still-glassy ma-
trix gave rise to the formation of the pores, where the
size of pores was dictated by the amount of solvent
taken up by the PMMA. Therefore, an increase in film
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Figure 3. (a) The in-plane scattering intensity (/5(q)) from the high-q GISAXS for nanoporous PS-b-PMMA films, for which the
swelling time in acetic acid was varied. Each red line was obtained by the linear fit from the Porod plot. The plots were shifted
upward by a factor of 3 to avoid overlapping. The inset shows the high-q GISAXS image for nanoporous PS-b-PMMA film with
swelling time of 5 min. (b) Interfacial width (w) between polymer and air as a function of swelling time.

thickness normal to the surface with a selective solvent
is associated with the volume increase of the contin-
uous nanopores, enabling calculation of the effective
pore size (D) assuming a regular hexagon as a unit cell,

4 to
—Sl1 ==
3 ( t)

where S is the surface area of unit cell, and t, and t
are initial and swollen film thicknesses, respectively
(Supporting Information, Figure S1). The effective pore
size (D), hereafter referred to as the pore size, rapidly
increased from 6.0 nm at 30 s to 17.5 nm at 60 min,
which would be more accurate than the top-view pore
size, as displayed by the red color in Figure 2d. These
results show that the pore size of the BCP films can be
simply controlled by the time allowed for swelling. A
particularly attractive feature of this approach is that
the BCP chains are left intact and the mechanical
strength of the film is retained.

To quantify the change in the pore diameter during
the confined swelling of PMMA microdomains in the
PS matrix, a Porod analysis was performed on the
scattered intensity at high-g GISAXS. For a two-phase
system having infinitely sharp phase boundaries,'

D = (2)

K

liml,(q) = — (3)
PR q*

where K is the Porod constant dictated by the electron

density contrast between the domains (proportional to

the total integrated scattering) and total surface area

between two phases in the scattering volume, and /,(q)

AHN ET AL.

is the scattering for this idealized system. In general,
interfaces are not infinitely sharp and can be described
by a sigmoidal function, obtained by convoluting a
step function with a Gaussian having a full width at
half-maximum of ¢. This broadened interface causes
the scattering to decrease more rapidly than g * by an
amount given by exp(—o2g?). In addition, thermal
density fluctuations give rise to a constant level of
scattering or background (/g(g)) that must be sub-
tracted from the observed scattering, as given by

Is(@) = lobs(@) — Is(q) = Ip(q) exp(—c?q?)  (4)

Consequently, from a plot of In(g*/4(g)) vs g°, o can be
determined and the interfacial width (w), related to the
interfacial energy between the domains, can be ob-
tained by>%33

V2o

Figure 3a shows in-plane scattering intensity (/5(q))
for nanoporous PS-b-PMMA films as a function of
scattering vector (g), where the low-q region from 0
t0 0.519 nm~' was blocked to enhance the signal-to-
noise of the scattering intensity at high g. Fits to the
data using egs 2 and 3 are shown in Figure 3b, and the
variation in the interfacial width as a function of
swelling time is shown. Initially, a large value (5.54 +
0.19 nm) was caused by partial and irregular swelling
at the early stage (30 s) and rapid contraction of PMMA
microdomains during rinsing with DI water, pro-
ducing the nanoporous BCP film with a pore diameter
of 6.0 nm. As the solvent penetrates and solubilizes the
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Figure 4. (a) Flux of deionized (DI) water for 200 nm-thick, nanoporous PS-b-PMMA film with a swelling time of 60 min in
acetic acid, where the pressure was step-wisely applied from 0.1 to 2.0 bar. (b) Pressure-dependent flux for nanoporous PS-b-
PMMA films with swelling time of 30 s, 2 min, and 60 min in acetic acid (corresponding to pore diameters of 6.0, 7.5, and
17.5 nm, respectively). (c) UV—vis absorption spectra of feed solution with 20 nm Au NPs and filtered solution through
nanoporous PS-b-PMMA films with swelling times of 30 s, 2 min, and 60 min. (d) Rejection (R) of nanoporous UF membranes as

a function of Au NP size.

PMMA, the effective interactions become more
nonfavorable and the interface narrowed from the
inherent interfacial width between the two blocks
(~5 nm).**3* In addition, for the porous films, the only
interface of relevance is that between PMMA and
air. Consequently, the interfacial width decreases to
3.3+ 0.06 nm and remains constant at that value with
increasing pore diameter; this well-defined interface is
crucial for their narrow size distributions and highly
uniform porosity of nanoporous membranes.

BCP films for the membrane were simply prepared
on a neutral substrate with a thick native oxide layer.
The nanoporous membrane was removed from the
substrate using a 5 wt % HF solution and transferred
onto a macroporous PVDF membrane to produce a
composite UF membrane.'>'® Figure 4a shows the
performance of an 17.5 nm-diameter nanoporous
PS-b-PMMA membrane that was prepared with swel-
ling time of 60 min by measuring the flux of DI water
with a stepwise increase in the applied pressure (from
0.1 to 2.0 bar). Figure 4b shows the pressure-dependent

AHN ET AL.

flux for different pore diameters (corresponding to
different swelling times). Throughout these measure-
ments the membranes were undamaged. At a constant
pressure, the flux of the nanoporous PS-b-PMMA
membranes increased with increasing swelling time
in acetic acid due to an increase in porosity. The
porosities of BCP membranes with swelling times of
30 s, 2 min, and 60 min were calculated to be 2.1, 3.3,
and 17.7%, respectively. However, the flux (128 L/(m? h)
at 1 bar) of BCP membrane with a swelling time of
60 min is comparable to that (195 L/(m? h)) of conven-
tional poly(ether sulfone) (PES) UF membrane,* although
the porosity (17.7%) of the membrane was low.

Au NP dispersions in DI water were used to measure
the size selectivity and rejection of BCP UF membranes
ata constant pressure of 1 bar. Figure 4c shows UV—vis
absorption spectra of the feed with 20 nm (in diameter)
Au NPs and the filtrate through the BCP membranes
with swelling times of 30 s, 2 min, and 60 min, cor-
responding to pore diameters of 6.0, 7.5, and 17.5 nm,
respectively. A maximum in the UV—vis absorption at
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520 nm corresponded to the characteristic absorbance
of 20 nm Au NPs. For BCP membranes with a pore
diameter of 17.5 nm, the absorbance at 520 nm de-
creased by 87.4%. Given the size dispersity of the
original NPs (from 16 to 24 nm provided by
manufacturer), the results indicate that 20 nm Au NPs
were effectively rejected by the membrane. For BCP
membranes with swelling times of 30 s and 2 min, the
absorbance at 520 nm disappeared completely and the
color associated with the NPs (Figure 4c) vanished,
indicating a total rejection of the NPs. Figure 4d shows
the overall rejection (R) of nanoporous BCP UF mem-
branes as a function of Au NP size. The relative rejection
of the Au NPs was calculated by

R% = (1 —%)100 (5)

o

where A, and Ar denote the absorbance of feed and
filtered solutions, respectively.

All Au NPs over 30 nm were rejected by all the BCP
membranes considered here, the nanoporous PS-b-
PMMA films with swelling times of 30 s, 2 min, and
60 min. For 5 nm and 10 nm Au NPs, the nanoporous
BCP membranes with a swelling time of 30 s (having
pore diameters of 6.0 nm) showed a 57% rejection of
10 nm Au NPs, although with other films, this was less
than 25%. Furthermore, even the regenerated BCP
membrane that underwent acid and base washing

METHODS

Materials. A cylinder-forming PS-b-PMMA copolymer was
synthesized by sequential anionic polymerization of styrene
and methyl methacrylate in tetrahydrofuran (THF) solvent; this
was performed at —78 °C in the presence of LiCl (high purity,
Aldrich), under purified argon. A sec-butyllithium was used
as an initiator. The number-averaged molecular-weight (M),
as characterized by size-exclusion chromatography (SEC), was
73000 g/mol with a narrow dispersity of 1.05. PS volume
fraction (¢ps) was determined to be 0.751 by 'H nuclear
magnetic resonance ("H NMR), based on the mass den-
sities of the two components (1.05 and 1.184 g/cm? for
PS and PMMA, respectively). A neutral substrate was pre-
pared using a hydroxyl end-functionalized poly(styrene-r-
methyl methacrylate) (HO-P(S-r-MMA)) with a styrene mole
fraction (Xs) ~ 0.64 and M, = 10 000 g/mol with a dispersity
of 1.30.3¢

Preparation of Nanoporous BCP Membranes. PS-b-PMMA films
were prepared by spin-coating (5.5 wt % solutions typically at
4000 rpm for 60 s) on a neutral substrate by HO-P(S-r-MMA) that
was anchored to the substrate, where the brush thickness of
P(S-r-MMA) was measured to be ~4.6 £ 0.2 nm by ellipsometry
(SE MG-1000, Nanoview) at an incidence angle of 70° after
rinsing with toluene to remove the unreacted polymer chains
from the substrate. The 200 nm-thick (=~ 6L,) BCP films were
sequentially annealed at 180 °C for 2 days under vacuum.
To prepare the nanoporous structures, PS-b-PMMA films were
simply immersed into the acetic acid for different periods
of time, followed by thoroughly rinsing with DI water for
30 min and drying in ambient condition for longer than 3 h.
The dried PS-b-PMMA films were floated to the surface of a
5 wt % HF solution then transferred to a porous poly(vinylidene

AHN ET AL.

showed consistent membrane performance (Supporting
Information, Figure S3).

CONCLUSIONS

The results presented above demonstrate that by
only controlling the orientation of the BCP cylindrical
microdomains at both interfaces, thick nanoporous
ultrafiltration membranes can easily be produced by
a simple swelling of the minor component in a matrix
that remains glassy. Using only a selective solvent for
the PMMA comprising the cylindrical microdomains,
the confined swelling and rapid contraction of PMMA
microdomains generated highly uniform nanopores
that penetrated through the film. The interfaces be-
tween pore walls (or PMMA) and air in the nanoporous
structures were developed to the interfacial width of
3.3 £ 0.06 nm for high pore regularity, resulting in an
UF membrane with pores ranging from 6.0 to 17.5 nm
in diameter.

Excellent size selectivity with high rejection of Au
NPs was achieved at high pressures to 2 bar. In addition,
the membranes were found to be resistant to acid and
base washing required for regeneration and had excellent
mechanical stability. The nondegradative approach with
highly uniform porosity described here was scaled up to
4-in.-diameter nanoporous membrane films (Supporting
Information, Figure S4), suggesting a possible route for
fabricating tunable UF membranes in a large scale.

fluoride) (PVDF) supporting membrane with an average pore
diameter of 0.22 um (Millipore). For the UV etch process, the BCP
films were exposed to UV for 1 h under vacuum before acetic
acid treatment.

Characterization of BCP Films. Grazing-incidence small-angle
X-ray scattering (GISAXS) experiments were performed at the
9A beamline in Pohang Accelerator Laboratory (PAL), Korea and
Beamline 7.3.3 in the Advanced Light Source (ALS), Lawrence
Berkeley National Laboratory, USA. The operating conditions
were chosen as a wavelength of 1.18 A and a sample-to-
detector distance of 2.92 m. To probe surface and internal
structures of BCP films, the incidence angle (a;) was varied from
0.08° to 0.14°. 2D-GISAXS patterns were recorded by using a
CCD detector (Mar-165, Rayonix L.L.C.) positioned at the end of a
vacuum guide tube with an exposure time of 10 s. Field
emission scanning electron microscopy (FE-SEM; JSM-6701F,
JEOL) was operated with an accelerating voltage of 5.0 kV using
a semi-in-lens detector to examine the surface, bottom, and
cross-view images of PS-b-PMMA films. Transmission electron
microscopy (TEM; JEM-2010, JEOL) was done with an accelerat-
ing voltage of 200 kV to observe the morphology. Ultrathin
specimens were prepared at —25 °C using a cryo-ultramicro-
tome (CRX-PTXL, RMC) with a diamond knife, where the PS
block in the films was selectively stained with RuO, at room
temperature to enhance the electron density contrast between
two phases.

Permeability and Size Selectivity of Nanoporous UF Membranes. A
homemade UF membrane cell was devised to measure the
permeability of DI water and size selectivity at room tem-
perature; this cell has a 10-mL working volume and an
effective membrane area of 0.636 cm® Au NPs solutions
with different sizes of diameter from 5 to 60 nm (Sigma-Aldrich)
were filtered through nanoporous BCP films to characterize size
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selectivity of the UF membranes, where the concentrations of
Au NPs in feed and filtered solutions were analyzed by UV—vis
absorption spectra.
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