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An amphiphilic block copolymer, polystyrene-block-poly-

ABSTRACT: Membranes with highly uniform pore size (IN,N-dimethylaminoethyl methacrylate) (PS-b-PDMAEMA),
are important in various fields. Here we report the that was synthesized by atom-transfer radical polymeriza-
preparation and performance of ordered membranes, the tion,"”*® was used to prepare ordered membranes. The
pore diameter of which is on the micrometer scale. The copolymer was dissolved in carbon disulfide (CS,), and 100
ordered membranes fabricated at two-phase interfaces UL of the as-prepared solution was cast at a two-phase interface
enable a high-resolution and energy-saving separation under a humid airflow. The relative humidity was controlled
process. Moreover, a possible mechanism for the above 70%. During this process, condensed water droplets
formation of through-pores has been proposed and arrange into ordered arrays, i.e., the so-called breath figures, and
experimentally verified. act as dynamic templates for the pores.”"* It has been reported

that properties of the interfaces (e.g, air/solid and air/water
interfaces) have a great impact on the pore structures.”>”>” For

P orous membranes are important not only in industrial example, the air/glass interface often leads to dead-end pores
applications but also in some advanced fields such as which may be considered as picoliter beakers™® or micro-
microfluidics, biosensing, and catalysis.'~” Microporous mem- reactors.”” Formation of through-pores is a prerequisite for
branes are often employed to remove impurities or byproducts preparation of ordered separation membranes. In this work, the
through size-selective filtration for sample pretreatment or post- block copolymer solution was cast at an air/ice interface. Figure
treatment. For example, the sample can be that for

chromatography or light scattering measurements. It is well ‘ITJ)".- - .'
known that the pore size and its distribution are crucial to the . .

size-selective separation performance of the membranes. They -
are therefore strongly desired to have pores with narrow size )
distribution and ordered structures, as such membranes possess
extra separation accuracy, require only low or ultralow
operation pressure, and show some interesting features such
as significantly enhanced mass transport rates.*” "

The track etch method was adapted to fabricate membranes
with highly uniform pore size, but this method is limited to
polycarbonate and poly(ethylene terephthalate), and the pore
density is low. Self-assembly of block copolymers has attracted
much attention over the past decades. Bicontinuous or
cylindrical microphase separated domains can be formed in
the assembled film by varying preparation conditions such as
annealing and by modulating the balance of repulsive
interactions between dissimilar segments of the copolymers.
The domains may be selectively removed, leaving well-ordered Figure 1. SEM images of the typical ordered membrane with through-
pore channels.* '® Recently, the block copolymers have been pores, prepared from 1 mg/mL of PS-b-PDMAEMA solution in CS, at
advanced from polystyrene-block-poly(ethylene oxide)14 to an air/ice interface. The bairﬂow speed is 4 L/min. (a) Top, (b)
polyethylene-based copolymers;ls the self-assembly process bf)ttom, and (c) cross section. (d) The membrane transferred onto a

. ) . . piece of dense nanofiber mesh.

was combined with non-solvent-induced phase separation to

fabricate asymmetric membranes.'® It is generally believed that
microphase separation of block copolymers leads to domains in
the range of 10—100 nm."”*® In this Communication, we
describe a method to prepare ordered membranes with highly
uniform pore size on the micrometer scale for size-selective
separation. The ordered membranes enable a high-resolution Received: October 2, 2011
and energy-saving separation process. Published: December S, 2011

1 shows SEM micrographs of the typical ordered membrane
with hexagonal pore arrays. As can be seen from the
micrographs of the top, bottom, and cross section of the
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membrane, the pores are of through structure. The membrane
was further transferred onto a piece of dense electrospun
nanofiber mesh.** Nanofibers below the ordered membrane
can be clearly observed through the pores. Moreover, the pore
diameter of the membranes can be facilely modulated in the
range of 1—5 um by changing the solution concentration and
airflow speed (Figure S1, Supporting Information (SI)).

The thickness of the ordered membrane is about 2 um
(Figure 1c). It is not free-standing but can be easily transferred
onto various supports such as silicon, gold, and porous meshes.
Therefore, we fabricated composite membranes using a
stainless steel woven wire mesh as the support (Figure 2). A

Figure 2. (a—d) SEM images of the composite membrane with
different magnifications. (e) Digital photograph of a piece of ordered
membrane. (f) Digital photographs of the composite membrane and
the membrane module used for separation.

composite membrane with ordered separation layer has been
achieved (Figure 2d). As marked by the arrow in Figure 2b, a
thin layer of polystyrene nanofibers was deposited on the mesh
surface to enhance both the integrity of the ordered membrane
and the interfacial adhesion between the membrane and the
mesh.* The sparse nanofiber layer has irregular and large pores
of tens of micrometers without affecting the separation
performance of the composite membrane. Figure 2f shows
photographs of the composite membrane and a permeation
module. This module is a commercially available one that is
often used for sample pretreatment such as in dynamic light
scattering measurements.

Figure 3 shows the size distribution of polystyrene particles
before and after filtration by the composite membrane, the
separation layer of which has a pore diameter of 3 ym. The feed
microspheres have a bimodal size distribution peaking at 2.0
and 5.0 um. Interestingly, the filtrates show a single peak, and
the curve is accurately cut off at about 3 ym; that is, the ordered
membrane shows high-resolution separation performance.
Moreover, it should be mentioned that the separation can be
carried out without additional pressure. As we know, traditional
microfiltration processes generally need 0.1 MPa or higher
additional pressure, depending on pore sizes (also the three-
dimensional structure) and properties of the membrane
material. Therefore, it can be concluded that this ordered
membrane enables a high-resolution and energy-saving
separation process.
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Figure 3. (a) Size distribution of the feed polystyrene microspheres
with bimodal distribution at 2.0 and 5.0 ym. (b) Size distribution of
the microspheres after filtration by a composite membrane, the pore
diameter of which is 3 pm.

We tried some other block copolymers, including poly-
styrene-block-poly(2-hydroxyethyl methacrylate) (PS-b-
PHEMA)*" and polystyrene-block-poly(acrylic acid) (PS-b-
PAA),* and compared their membrane-forming properties at
the air/ice and air/water interfaces (Figure S2, SI). We found
that the polymer solution spreads better at the air/ice interface
than at the air/water interface. The spreading leads to larger
membrane areas with hexagonal arrays of monodisperse
through-pores instead of dead-end pores. By contrast, the
cast solution on water surface tends to form ellipsoid and hence
provides longer time to grow for water droplets condensed in
the thicker center area. After complete evaporation of water and
the organic solvent, pores at the membrane center are larger
than those at the edge area. Apart from the spreading behavior,
low temperature may be another reason for the regular
structure at the air/ice interface. It has been reported that
evaporation of the solvent rapidly cools the solution, which is
important to the formation of regular arrays of water droplets
because the cooling induces a temperature gradient.>® Our
results show that water with lower temperature leads to higher
regularity (Figure S3, SI). Therefore, the membrane with
through-pores is more regular when prepared at the air/ice
interface than at the air/water interface. This finding makes it
possible to prepare ordered membranes from some commonly
used polymers.

The pore structure may be affected by the vertical position of
water droplets in the polymer solution at the moment of
membrane hardening (Figure 4a). Besides the thermocapillary
and Marangoni forces,>® the density of the solvent can affect
the position of water droplets. When benzene is used as the
solvent for the polymer solution, through-pore structures are
obtained with smaller round pores on the top and larger ones
on the bottom.”* Chloroform solutions, by contrast, generate
pores with larger diameter on the top and smaller diameter on
the bottom.>” What we envisage is that low-density benzene (p
= 0.87 g mL™") allows the condensed water droplets (p = 1.00
g mL™") to submerge into the bottom of the polymer solution,
leading to larger pore size on the bottom, while in the case of
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Figure 4. (a) Pore structures of ordered membranes prepared from
solutions using benzene, chloroform, and CS, (from left to right) as
the solvent. (b) Illustration of the formation of through-pores. (c)
Calculated curves of differential pressure and critical differential
pressure vs the radius according to eqs 1 and 2.

chloroform (p = 1.48 g mL™") the pores are the opposite of
those found in the benzene system. In the present work, the
density of CS, (p = 1.26 g mL™") is between those of benzene
and chloroform, and hence, the through-pores show almost the
same diameter on the top and the bottom.

It is clear that the density of the solvent can influence the
pore structure, which implies water droplets are falling in the
polymer solution during the film formation. The through-pore
structure is proposed to be induced by fusion of water droplets
in the polymer solution with the substrate, i.e., thin water layer
on the ice surface or bulk water in our case.***” However, how
the pores become through-pores is still unclear. There should
be a very thin film between the water droplets and the substrate
because phase inversion takes place when polymer solution and
non-solvent meet.** Such thin films can be sometimes observed
in films cast from solutions with high polymer concentration
(Figure S4, SI). Differing from hard substrate, soft substrate
such as water allows further falling of the water droplets, which
leads to the deformation of the thin film and induces
meniscuses toward the substrate (Figure 4b). With the
evaporation of the water droplets, there is a differential
pressure, AP, induced by the surface tension of the substrate

liquid across the meniscus, and the relationship is given as>®
2
ap=-1
R (1)

where y is the interfacial tension of the substrate/thin film
(liquid/solid) interface, and R is the radius of the meniscus.
Interfacial tension of polystyrene/water is about 25.6 mN
m™.* and R is always larger than the radius of the pore
diameter. The curve of AP vs R can therefore be plotted
according to eq 1. However, for an ultrathin polymer film it is
very difficult to measure or accurately calculate the critical
differential pressure, AP, at which the film ruptures. Through-
pores can be formed only when AP is larger than AP.. It has
been reported that for a polymer hollow microsphere with a
wall thickness of 5, AP is expressed as>>*
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where E is Young’s modulus of the polymer. The Young’s
modulus of dry polystyrene is about 3000 MPa, which slightly
changes with the molecular weight and temperature® and
drastically decreases with the presence of solvent. The thickness
of the thin film, which is generated by phase inversion as
mentioned above, is estimated from SEM images to be about
15 nm (Figure 1c). Therefore, a curve of AP, vs R can be
obtained according to eq 2. As can be seen from the two
calculated curves (Figure 4c), AP induced by the interfacial
tension exceeds AP_ of the film when R > 18 ym. In other
words, the possible thin film can be easily broken by the
differential pressure, forming through-pores. It should be noted
that the values of film thickness, interfacial tension, and the
Young’s modulus do not change the trends of AP and AP..

Based on the above-mentioned mechanism, other liquids that
provide enough interfacial tension may theoretically be
considered as substrates for the preparation of ordered
membranes with through-pores. Membranes prepared on the
surface of glycerol and formic acid support our hypothesis
(Figure SS, SI). However, through-pore membranes cannot be
fabricated on the surface of acetic acid, tetraethyl orthosilicate,
ethyl acetate, ethanol, isopropanol, and methanol, which are of
low surface tension and low density. Experimentally, the cast
solution was observed sinking into the soft substrates with low
density. Besides, our preliminary results show that an ordered
membrane with through-pores can be prepared from a
commercially available polymer, polystyrene, although the
membrane-forming window is very narrow (Figure S6, SI).
The use of other substrates and commercial available polymers
not only extends the application range of the ordered
membranes but also increases the easy availability of this
method.

In summary, this Communication reports ordered micro-
porous membranes with highly uniform pore size. The
membranes were prepared at the interface of air/ice, which
can be extended to the interfaces of air/glycerol and air/formic
acid. A static model has been proposed for the calculation of
critical pressure for rupture of the thin film and the applied
pressure. If the applied pressure exceeds the critical pressure,
the formation of through-pores becomes possible. We
demonstrated the capability of the corresponding composite
membranes for high-preciseness separation of polystyrene
microspheres with close sizes. The membranes only require
ultralow operation pressure, enabling an energy-saving
separation process.
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