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ABSTRACT: Nanoporous polyelectrolyte membranes
with hierarchical and unique pore architectures can be
readily made via electrostatic complexation between
imidazolium-based poly(ionic liquid)s and poly(acrylic
acid) in a variety of morphologies. Coating the membrane
onto the surface of an optical fiber resulted in a device with
high pH-sensing performance in terms of the response rate
and the sensitivity, due to the charge and porous nature of
the membrane layer.

Porous polymeric membranes are receiving increasing
research interest in both academia and industry because

such systems build up a multifunctional platform for
fundamental research and many practical usages.1 In this
regard, porous polyelectrolyte membranes (PPMs) are
particularly appealing because the additionally introduced
charged character, along with their high mechanical and
chemical stability, renders them versatile for device fabrication
and attractive applications such as separation, controlled
release, catalyst supports, biointerfacing, and sensors, just to
name a few.2 In industry, there are already two well-established
methods for preparing porous membranes, namely, non-
solvent-induced phase separation (NIPS) and thermally
induced phase separation (TIPS).1g However, the water
solubility and ionic nature of common polyelectrolytes make
them difficult to use in preparing PPMs by these two methods.
The self-assembly and dewetting approaches,3 though widely
adopted in research laboratories to obtain nanoporous films
from block copolymers or their blends, are somehow
inappropriate for preparing PPMs. Hence, in comparison with
some relatively easy pathways to (sub)micrometer sized large
pores, such as the freezing/drying method,4 constructing well-
defined nanopores inside polyelectrolyte membranes has been a
long-standing challenge. To date, this has been partially
accomplished by solution post-treatment or template process-
ing of multilayered polyelectrolyte complex coatings prepared
via electrostatic layer-by-layer (LbL) assembly of specific
building blocks under carefully designed conditions.4d,e,5 Even
in these studies, freestanding PPMs were difficult to obtain.5g

Moreover, though conceptually simple and straightforward,6

the LbL approach is comparatively time- and labor-demanding
and difficult to scale.
Here we demonstrate for the first time a facile and efficient

template-free route to PPMs by exploiting electrostatic

complexation between a cationic poly(ionic liquid) or
polymerized ionic liquid (PIL) and a polyanion. Notably, this
approach simultaneously integrates the membrane formation
and nanopore creation processes into a single and rather simple
soaking procedure, affording a beneficial feature not available to
any other membrane fabrication and polyelectrolyte complex-
ation process.7 The as-prepared nanoporous membranes are
structurally robust at processing pressures and stable under
various environmental conditions, allowing their use not only in
traditional freestanding or composite membrane applications
but also as functional coatings compatible with practical
devices. This was further exemplified here by the creation of
a highly sensitive and rapidly responsive fiber-optic pH sensor.
Figure 1a illustrates the synthetic procedure leading to the

hierarchically structured PPMs. The model cationic polyelec-
trolyte component was an imidazolium-based PIL, poly[1-
cyanomethyl-3-vinylimidazolium bis(trifluoromethanesulfonyl)-
imide] (PCMVImTf2N).

8 The anionic counterpart was poly-
(acrylic acid) (PAA), a common weak polyelectrolyte.
PCMVImTf2N and PAA were fully dissolved in dimethylfor-
mamide (DMF) solvent in a 1:1 equivalent molar ratio based
on monomer units. The formed homogeneous solution was
then cast onto a glass plate and dried at 80 °C for 1 h (the film
surfaces facing the air and the glass plate are called the top and
bottom surfaces, respectively). In a second step, the film was
immersed in a 0.2 wt % aqueous NH3 solution (pH 10.8, 20
°C) or a 0.01 M aqueous NaOH solution for 2 h. This process
led to charging of the acrylic acid moieties, restructuring of the
film on the nanoscale level, and finally the formation of a stable
nanopore structure within the film. Afterward, a yellowish,
flexible, freestanding membrane with an overall size of up to
tens of centimeters (Figure 1b) was readily obtained. It was
tested in a 0.5 M aqueous NaCl solution over a pH range of 1−
12 for 10 h, and no structural damage was detected. All of these
speak to the high mechanical and chemical stability of this
paperlike membrane. The robustness of the membrane was also
confirmed by the stable water permeation observed in a
continuous filtration test (3 bar pressure) for 96 h.
In reference experiments, membranes could not be obtained

from the pristine PCMVImTf2N and PAA polymer solutions
because of their poor mechanical interconnection or by soaking
the PVImTf2N/PAA physical blend in neutral water without
NH3. This clearly indicates that neutralization by NH3

Received: February 27, 2013
Published: April 1, 2013

Communication

pubs.acs.org/JACS

© 2013 American Chemical Society 5549 dx.doi.org/10.1021/ja402100r | J. Am. Chem. Soc. 2013, 135, 5549−5552

pubs.acs.org/JACS


promotes the polyelectrolyte membrane formation. Aqueous
NH3 solution in contact with the film surface diffuses into the
polymer matrix, deprotonating the carboxylic acid (COOH)

groups of the PAA chains to form carboxylate groups (COO−)
and NH4

+ ions. This triggers in situ ionic complexation of PAA
with the surrounding PCMVImTf2N chains to build up the
electrostatically cross-linked network membrane. Fourier trans-
form IR spectroscopy [Figure S2 in the Supporting Information
(SI)] confirmed the presence of deprotonated carboxylate
groups and the concomitant ionic complexation in the
membrane . Because of the ion ic bonding , the
PCMVImTf2N−PAA complex membrane is stable in water
and all organic solvents, which is well-known behavior for most
inter-polyelectrolyte complexes.7b In contrast to the ionic
complex, the PCMVImTf2N/PAA blend without ionic bonding
is soluble in DMF and dimethyl sulfoxide because of the lack of
network formation.
Interestingly, a hierarchical nanopore structure was created

simultaneously during the soaking step (Figure 1c,d). The
vicinity of the top surface (zone I) is composed of micrometer/
submicrometer-sized random pores. The layer underneath
(zone II) is a three-dimensionally interconnected pore system
with pore sizes between 30 and 100 nm (Figure 1d). Before
NH3 activation, the cross-section of the film was dense and
pore-free (Figure S4). This proves that the pore formation is
coupled to the structural rearrangements due to NH3-triggered
interchain ionic bonding. We noticed that only a tiny fraction of
the DMF solvent (<1 wt %) remained in the polymer blend
system after the film drying step (Figure S5), excluding the
possibility that the pore formation followed the NIPS
mechanism, which is widely used by membrane industry to
create sponge- or finger-type pores.1g In fact, standard NIPS
processing of the current PCMVImTf2N/PAA mixture solution
without the drying step produced only irregular precipitates
without membrane cohesion.
From a kinetic point of view, the diffusion of aqueous NH3

into the membrane matrix is the crucial step (Figure 2a). When
the dried PCMVImTf2N/PAA film is subsequently immersed
in aqueous NH3 solution, rapid and thorough electrostatic
complexation takes place in the surface region because of the
direct and full contact with the solution. After this stage,
aqueous NH3 gradually diffuses into the bulk membrane,
coupling further interchain electrostatic complexation with
pore-controlled mass transport. Driven by this intrinsically

Figure 1. (a) Scheme for the preparation of a nanoporous
polyelectrolyte membrane (PPM) from a solution mixture of a
cationic poly(ionic liquid) and poly(acrylic acid) in DMF. (b)
Photograph of a 35 cm × 25 cm free-standing PPM. (c, d)
Representative SEM images of the cross-sectional area of the as-
prepared PPM.

Figure 2. (a) Cartoon illustrating pore generation controlled by the diffusion of aqueous NH3 into the membrane. (b) Fluorescent confocal laser
scanning microscopy image of the PPM cross section after the film was soaked for 2 h in 0.2 wt % aqueous NH3 doped with 15 ppm rhodamine B.
(c−e) Time-dependent cross-section structures of the membrane soaked in 0.2 wt % aqueous NH3 for 10, 25, and 50 min, respectively. Scale bars in
the insets are 100 nm.
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spontaneous ionic complexation process,7b the polymer chains
rearrange themselves in the polymer matrix to achieve a high
degree of charge complexation, which is possible only in a
nanoporous state. It is important to state that the film swells
gradually with water, indicating that the pore structure is not
due to a density increase but in fact is due to leftover pools of
water.
Indeed, fluorescent confocal laser scanning microscopy was

used to visualize the diffusion of rhodamine B-labeled aqueous
NH3 into the membrane cross section (Figure 2b). Time-
dependent scanning electron microscopy (SEM) examination
showed that large pores in zone I developed in the early stage
of soaking, while at the same time zone II basically remained
dense (Figure 2c,d). In later stages, zone I developed into its
final macroporous morphology, while the nanopore system
grew down into zone II with increasing soaking time (Figure
2e). Moreover, energy-dispersive X-ray analysis (Figure S6)
confirmed that the degree of ionic complexation in zone I was
larger than that in zone II. All of these results are supportive of
a directional diffusion-controlled pore formation mechanism.
One might discuss why electrostatic complexation of other

polyelectrolyte pairs reported in the literature has to date
produced only dense, nanopore-free membranes.7 We believe
that the PCMVImTf2N/PAA system described here differs
from previous ones in terms of the water insolubility of
PCMVImTf2N caused by its large hydrophobic Tf2N

−

counteranion. In this model, PCMVImTf2N acts as a stable
barrier against direct water swelling, avoiding “meltdown” or
excessive swelling of the membrane matrix before the ionic
network is fully developed; that is, partial swelling and ionic
complexation go hand-in-hand throughout the soaking
procedure. This is crucial for the dynamic pore formation
process. Straightforward proof of this explanation can be
obtained from Figure S7, wherein the PIL water solubility was
varied by varying the counteranion from Br− to BF4

− to PF6
−.

These anions follow the hydrophilicity sequence order Br− ≫
BF4

− ≈ PF6
− > Tf2N

−.8c As expected, no membrane could be
formed from the PCMVImBr/PAA system because both
polymer components are water-soluble. The PILs with BF4

−

and PF6
− are water-insoluble. Consequently, porous mem-

branes with similar hierarchical pore architectures but larger
pore sizes were produced. Therefore, it seems that the
hydrophobicity of the PIL is an indispensable prerequisite for
the development of nanoporous membranes. This rule was
even successfully expanded to other cationic polyelectrolytes
(Figure S8).
The integration of hierarchically structured pores and

electrostatic charge into the current PPM network indeed
creates a multifunctional platform that is appealing for
separation, catalysis, and many more applications. In addition,
the PPM coating procedure is highly applicable for device
fabrication because the PIL components are surface-active
materials.9 This means that very homogeneous and also defect-
free coatings are formed even on nonplanar or complex curved
objects, as the film homogeneity is driven by interface and
spreading effects. Currently, fiber-optic sensors are particularly
valued for their miniaturized sizes that allow access to confined
micrometer environments, their stability against electro-
magnetic interference or harsh conditions, and their capability
for remote online monitoring.10 They are becoming increas-
ingly important in chemical analysis of the environment,
production monitoring, molecular biotechnology, the automo-
tive industry, and so on.10b In a typical sensing experiment, the

sensitivity of the transmission spectrum of an optical-fiber
sensor to variations of its external refractive index is used.
Accordingly, polyelectrolytes have often been assembled onto
optical fibers to prepare pH sensors because their degree of
swelling and refractive index are responsive to environmental
pH.8e,11 The drawback of common polymer-coated fiber-optic
sensors is that their coatings are either unfavorably dense or
thin, making the sensing process either sluggish or less
sensitive.
As an example of a potential application, the PCMVImTf2N/

PAA nanoporous membrane was coated onto a thin-core fiber
interferometer (TCFMI) with a diameter of 125 μm via the
processing scheme shown in Figure 1a (see Figure S9). The
performance of the freshly prepared fiber-optic sensor was
tested as the pH was increased from 2 to 10 and then decreased
from 10 back to 2. Indeed, a fairly reproducible wavelength−
pH correlation was observed in both runs (Figure 3a). The

transmitted wavelength of the TCFMI sensor first increased
and then decreased linearly with pH before and after a turning
point at pH 7. This nonmonotonic change in the wavelength as
a function of pH is well-known in sensing devices prepared
from LbL coatings because the electrostatic complexation is the
strongest at neutral pH.8e Consequently, the coating is least
swollen8e,12 at this point and reaches the highest refractive
index. In addition to the reversibility, the sensitivity of the
prepared TCFMI pH sensor was particularly high [2.04 and
−2.48 nm/pH unit in the acidic (pH 2−7) and alkaline (pH 7−
10) regions, respectively; see Table S1 in the SI]. Remarkably,
such high sensitivity was coupled to a fast response time. For
example, a stable signal was observed within only 5 s (tr) after
the pH was varied from 3.96 to 6.68 and within 12 s (tf) after
the pH returned from 6.68 to 3.96 (Figure 3b). This response is
much faster than those of other types of polymer-coated fiber-
optic sensors, which usually require tens to hundreds of
seconds. Traditionally, an improvement in sensitivity usually

Figure 3. (a) Response of the TCFMI pH sensor versus pH. The
original spectra are shown in Figure S10. (b) Dynamic responses of
the TCFMI pH sensor in solutions with pH alternating between 6.68
and 3.96.
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sacrifices the response rate and vice versa. It is obvious that the
current nanoporous PPM coating gives a high sensitivity with a
simultaneously enhanced response rate, which is due to the
optimized liquid transport within the film. This makes the
current sensor exceptional and superior to the common LbL
coating setups (Table S1).8e,13 As a reference experiment, we
also constructed a control TCFMI pH sensor with the
nonporous PCMVImTf2N/PAA blend film, which showed
much longer response times (tr = 45 s and tf = 120 s; see Figure
S11).
In summary, we have introduced a template-free and scalable

method to prepare hierarchically structured nanoporous
polyelectrolyte membranes using a simple film-casting and
solution immersion/activation procedure. Both membrane and
pore formation are promoted simultaneously by the NH3-
triggered in situ ionic complexation between a hydrophobic PIL
and deprotonated poly(acrylic acid). The membranes, which
consist of a thin layer of surface macropores followed by a thick
layer of three-dimensionally interconnected nanopores (30−
100 nm), are robust and stable in water and common organic
solvents. Being simultaneously charged and nanoporous in
nature, these membranes are highly promising for a broad range
of applications. An optical fiber coated with such a membrane
was demonstrated to break the common “trade-off” rule in
sensor applications, showing superior pH sensing performance
with a fast response (tr = 5 s, tf = 12 s) and high sensitivity
(2.04 and −2.48 nm/pH unit). Since solution casting is an
industrially well-established membrane formation procedure
and the PILs are surface-active materials with a multitude of
functionalities, the method developed in this study paves a
much broader way for the preparation of nanoporous
polyelectrolyte films and coatings.
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