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Porous membranes have attracted considerable attention in
materials science. It is crucial to develop a simple strategy for mul-
tifunctional porous membranes with broad applications. Herein,
gradient porous membranes were prepared from a poly(ionic
liquid) (PIL) of poly[3-cyanomethyl-1-vinylimidazolium bis(trifluor-
omethane-sulfonyl)imide] and the natural small molecule of
a-thioctic acid (TA) using a combination of solution mixing, ring-
opening polymerization (ROP) and post-processing. The resulting
membranes of PIL/PTA with gradient pores were confirmed by
FT-IR, NMR, Raman, and SEM characterizations. Interestingly, PIL/
PTA porous membranes are stimulus-responsive materials with
self-healing and UV-blocking properties. It is demonstrated that
polymer
depend mainly on their gradient pore structure, which can be used

membranes with solvent-stimulated responsiveness
as a highly sensitive solvent sensor. In addition, self-healing and
UV-blocking properties have been developed by combining typical
features of PIL and PTA into porous membranes. This work is ben-
eficial for the rational design of multifunctional porous membrane
materials to meet existing applications.

Porous polymer membranes have been utilized in various
applications such as adsorption, separation, catalysis, and
energy storage.'™ It is reported that these promising materials
can be prepared using template-free and template-based
strategies.”” However, the template-free strategy using conden-
sation or other C-C coupling reactions is usually considered a
time-consuming and labor-intensive process.® The template-
based method for porous polymer membranes was often
limited to membrane porosity with a single structural level
and the pore collapse due to the removal of the template.” It is
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difficult to produce polymer membranes with different porous
structures using traditional methods.® Moreover, there is an
increasing demand for the fabrication of porous polymer
membranes with multifunctional properties to meet specific
purposes.”™" Therefore, it is essential to develop facile
approaches to obtain novel porous polymer membranes with
multifunctionality.

Recently, the preparation of porous polymer membranes
from poly(ionic liquids) (PILs) has attracted worldwide interest
as the unique properties of PILs are incorporated into these
macromolecular architectures, facilitating the expansion of the
property/function window of PILs and traditional porous
polymer membranes. For example, Yuan’'s group prepared
highly charged porous polymer membranes with a tunable
pore size and gradient pore structure, which depends on the
electrostatic complexation between imidazole-based cationic
PILs and multivalent benzoic acid derivatives.'> Yuan’s group
also reported that gradient porous structured membranes were
obtained from PILs and polyacrylic acid (PAA) and exhibited
excellent stimulus response to organic solvents.'?
Furthermore, Wang et al. proposed a one-step method for the
synthesis of supramolecular porous polyelectrolyte membranes
(SPPMs) from a single PIL, based on the hydrogen-bond-
induced phase separation of the PIL between its polar and
apolar domains.* It is demonstrated that PILs can be effec-
tively used for the fabrication of porous
membranes.' >

In addition, significant effort has been devoted to the
rational design of porous polymer membranes with different
functions, contributing to their versatility and application
potential.”™"” Among these, self-healing is one of the attrac-
tive properties for membrane materials, allowing mechanical
damage to be repaired without external assistance. However,
the construction of functional porous polymer materials with
self-healing ability still remains a challenge, which often
requires the introduction of multiple levels of non-covalent
bonds into polymer frameworks to exhibit reversible
association-dissociation behavior. Recently, a natural small

polymer
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molecule of a-thioctic acid (TA) has been investigated for the
design of multifunctional materials with self-healing capa-
bility, which depends on the unique structure of TA with di-
sulfide bonds and carboxyl groups.'®?° For example, Wu’s
group reported that an ionic gel paint was prepared by the con-
centration-induced autonomous ring-opening polymerization
of TA under ambient conditions. It is found that the addition
of ionic liquids prevents further depolymerization of poly
(a-thioctic acid) (PTA) by forming hydrogen bonds, resulting in
a super stretched ionic gel with highly tunable mechanical
and conductive self-healing properties.”’ Wang’s group
reported the preparation of a dynamic ionic liquid with TA for
intelligent sensing devices, which can be easily repaired
within 20 minutes and return to the original mechanical pro-
perties.””> Accordingly, it is significant to the reasonable devel-
opment of PIL and TA for multifunctional porous polymer
membrane materials with self-healing properties.

Herein, we described that a strategy was developed for
porous polymer membranes from PIL and TA with the combi-
nation of solution mixing, ring-opening polymerization, and
post-processing. The prepared polymer membranes with gradi-
ent porous structure were determined by FT-IR, NMR, Raman,
and SEM characterizations. Moreover, gradient porous mem-
branes exhibited multifunctionality including solvent-stimu-
lated responsiveness, self-healing, and UV-blocking properties.
It is demonstrated that the solvent-stimulated responsiveness
of polymer membranes was due to the gradient porous struc-
ture. Meanwhile, the self-healing and UV-blocking properties
depend largely on the cooperative effect of PIL and PTA in the
polymer network. The work described here paves the way for
the rational design of multifunctional porous membranes.

We aim to fabricate multifunctional porous polymer mem-
branes by phase separation of electrostatically cross-linked
polymer networks from PIL (Fig. 1a). Thus, the strategy from
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Fig. 1 (a) Strategy for the fabrication of porous polymer membrane. (b)
Schematic of the preparation of the porous PIL/PTA membrane. (c)
Digital photographs of porous membrane of PIL/PTA-5; scale bar: 2 cm.
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hydrophobic PIL and hydrophilic TA with the combination of
solution mixing, ring-opening polymerization, and post-pro-
cessing was developed as shown in Fig. 1b (details were pro-
vided in ESI}). First, the PIL of poly[3-cyanomethyl-1-vinylimi-
dazolium bis(trifluoromethane sulfonyl)imide] was well syn-
thesized (Fig. S1, ESIT). PIL and TA solutions were then pre-
pared and mixed at room temperature. PIL/PTA complex mem-
brane can be developed by further drying the mixed solution.
This is because the heat-induced ring-opening polymerization
of TA readily occurs during this process (Fig. S2 and S3, ESIf).
Moreover, the porous architecture of the PIL/PTA membrane
was easily developed by the soaking treatment of the polymer
composites with ammonia, owing to the formation of an
electrostatic cross-linking network between hydrophobic PIL
and neutralized PTA, as well as the presence of phase separ-
ation of the PIL/PTA complex in ammonia solution (Fig. S4,
ESI}). Accordingly, PIL/PTA membranes can be developed
from PIL and TA at different weight percentages (Table S1,
ESIT). It is noted that the surface of the prepared porous mem-
brane in direct contact with the mold substrate is referred to
as the “bottom” surface, while the other side is referred to as
the “top” surface (Fig. 1c).

To investigate the structure of PIL/PTA membranes, scan-
ning electron microscope (SEM) was used for the microstruc-
tural observation as shown in Fig. 2. It is clear that the pore

structure was present in the cross-section of PIL/
—
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Fig. 2 (a) SEM image of the cross-section of the PIL/PTA-5 membrane.

(b)—(d) Cross-sections of PIL/PTA-5 membranes derived from the top
layer (1), middle layer (II) and bottom layer (lll). The pore sizes gradually
decrease from the top layer (zone |, average pore size 7.51 + 0.53 pm) to
middle layer (zone Il, average pore size 4.52 + 0.62 pm) to bottom layer
(zone llI, average pore size 1.06 + 0.70 pm). (e) Fluorine element content
at different locations (marked in a) in the cross-section of PIL/
PTA-5 membrane.
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PTA-5 membrane (Fig. 2a), with the pore size decreasing from
the top to the bottom, indicating that the gradient porous
membrane was well developed (Fig. 2b-d). The construction of
gradient porous architectures mainly depends on the
ammonia treatment process of the PIL/PTA complex
membrane.'>'® An electrostatic cross-linking network can be
formed with the hydrophobic PIL and the neutralized PTA in
an ammonia solution. At the same time, the diffusion of water
solution into the PIL/PTA membrane induced the phase separ-
ation of hydrophobic PIL and neutralized PTA, facilitating the
formation of pores in the polymer complex membrane. It is
found that the water diffusion leads to the release of hydro-
phobic fluorinated anions (Tf,N~) from the top surface to the
bottom surface of the PIL/PTA membrane in the mold. As
shown in Fig. 2e, the mass ratio of fluorine to the carbon con-
tained along the cross-section of the PIL/PTA-5 membrane
increased from 26.6 wt% at the top to 67.9 wt% at the bottom,
which was directly related to the gradient pore distribution. It
is suggested that the thicker membrane of PIL/PTA-5 with
more hydrophobic fluorinated anions favors the formation of
gradient porous structures. Comparatively, the polymer
complex membrane prepared from poly[1-cyanomethyl-3-viny-
limidazolium bromide] and TA exhibits uneven pores distri-
bution (Fig. S5, ESIT), which owing to the PIL with hydrophilic
anions is unsuitable for the phase separation process in water.
It is demonstrated that gradient porous membranes can be
well developed from hydrophobic PIL and TA with the combi-
nation of solution blending, ring-opening polymerization, and
ammonia treatment.

The thermal behavior and mechanical performance of PIL/
PTA membranes were investigated in detail.
Thermogravimetric analysis results showed that porous PIL/
PTA membranes exhibited good thermal stability, with the
decomposition temperatures of Tg _s0, (5% weight loss temp-
erature) Tgmax (Maximum weight loss temperature) above
200 °C and 300 °C respectively (Fig. S6, ESIT). The mechanical
properties test indicated that porous membranes of PIL/PTA
exhibit high tensile strength (Fig. S7, ESI}). It is shown that
the tensile strength of porous membranes increased with the
increasing content of PIL, with the highest tensile strength of
PIL/PTA-5 reaching 92.86 kPa. In addition, PIL/PTA mem-
branes are highly flexible and can be folded easily for practical
applications.

The solvent stimulus-responsive performance of PIL/PTA
membranes was investigated in detail. As shown in Fig. 3a, the
porous membrane of PIL/PTA-5 was highly responsive to
acetone vapor, quickly bending from its flat state into a loop
with the top surface bending inward, resulting in a bending
angle of € = 360° in 9 s (ESI Movie 1}). The fast actuation of
polymer membrane mainly depends on the gradient porous
structure favor for the solvent interaction with acetone solu-
tion. It is considered that the bottom surface region of the gra-
dient polymer membrane with more fluorinated anions
(Tf,N7) is more solvated by acetone compared with the top
surface, which allows the bending of PIL/PTA membranes in
the presence of acetone vapor. In addition, the PIL/
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Fig. 3 (a) Stimulus-responsive process of the PIL/PTA-5 membrane in
acetone vapor. (b) The actuation speed of PIL/PTA-5 compared with
previous reports. (c) Solvent sensing tests based on PIL/
PTA-5 membranes for the different concentrations of acetone solutions
from 10 g L™ to 50 g L™ (d) The stability of PIL/PTA-5 as a solvent
sensor.

PTA-5 membrane also responded to acetonitrile vapor with the
shape bending. However, the bending direction of the porous
membrane with acetonitrile is opposite to that in acetone
solvent (Fig. S8, ESIt). This is due to the PTA component of
the gradient porous membrane being more readily solvated by
acetonitrile compared to PIL (Fig. S9, ESIt). It is suggested that
the PIL/PTA-5 membrane with high solvent-response capacity
can be used for the visual discrimination between acetone and
acetonitrile solvents.

Furthermore, the acetone actuation performance of PIL/PTA
membranes with different compositions was also investigated.
Porous membranes with high PIL content have a fast actuation
speed, which is due to the strong solvent effect between PIL
and acetone (Fig. S10, ESIf). The curvature corresponding to
the thickness of bending membranes was summarized to
demonstrate the response performance of the PIL/PTA mem-
brane (Table S2, ESIf). Since the bending curvature scales
inversely with the membrane thickness, we plot “curvature x
membrane thickness” versus time (Fig. 3b). It is obvious that
the PIL/PTA-5 membrane, with the high content of PIL, has a
high curvature and actuation rate (Table S3, ESIT). Thus, the
PIL/PTA-5 membrane actuator can well simulate the rapid
stimulus response performance of mimosa (Fig. S11 and ESI
Movie 27). In addition, the PIL/PTA-5 membrane can be used
as a highly sensitive solvent sensor (Fig. 3c and d), showing a
response concentration of 10 g L™ towards 50 g L™ acetone
with a response time of 8 s (Fig. S12, ESI{).

Porous membranes with the self-healing capability are
extremely attractive to the emerging application of smart
materials. Thus, self-healing performance of PIL/
PTA-5 membrane was investigated in detail. As shown in
Fig. 4a, the self-healing process of broken membranes can be
well developed with acetone solution (Fig. 4b and ESI Movie
37). It is shown that the self-healing membrane has almost the
same stimulus-response ability as the original PIL/PTA-5
(Fig. 4c). In addition, glass transition temperature (T,) and
mechanical properties of the self-healing membrane were
investigated as shown in Fig. S13 and S14, ESIL.f The results

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Photographs of the self-healing process of the PIL/
PTA-5 membrane and the re-stimulation response process of the PIL/
PTA-5 membrane after self-healing. (b) SEM image of the healing inter-
face of the PIL/PTA-5 membrane. (c) Dependence of the bending angle
against time when the original PIL/PTA-5 membrane and self-healing
sample are placed in acetone vapor.

showed that the PIL/PTA-5 membrane has a designed self-
healing capability. It is considered that the self-healing capa-
bility of PIL/PTA porous membrane mainly depends on the
induction effect of acetone, leading to the reconstruction of
dynamic disulfide bond and electrostatic interaction between
PIL and neutralized PTA in the polymer network. Moreover,
the porous structure of the PIL/PTA-5 membrane remains
undamaged after 10 times bending/debending tests with the
acetone stimulation (Fig. S15, ESIf). It is demonstrated that
PIL/PTA membranes exhibit high stability in organic solvents
(Fig. S16, ESIY).

The development of UV-shielding membrane materials
from PIL and PTA is of great importance, as PTA with dynamic
disulfide bonds should have high ultraviolet resistance.*
Thus, the UV transmittance values of PIL, PTA, and PIL/PTA
membranes were determined as shown in Fig. 5a, which indi-
cates that the porous membrane has excellent ultraviolet
shielding ability with transmittance values less than 7%. It is
found that PTA with dynamic disulfide bonds exhibits high
ultraviolet resistance, while PIL with imidazole groups has low
ultraviolet resistance.>* Therefore, the UV-blocking capacity of

@ (b)
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Fig. 5 (a) UV-vis transmittance spectrum of the PIL/PTA membrane
(membrane thickness = 0.25 mm). (b) The UV resistance mechanism of
the PIL/PTA membrane.
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porous membranes is due to the combination of typical pro-
perties of PIL and PTA, which mainly depends on PTA, resists
ultraviolet radiation through the reversible breaking and
rebuilding process of dynamic disulfide bonds (Fig. 5b).}

In conclusion, gradient porous membranes with stimulus-
responsive, self-healing, and UV-blocking ability were success-
fully fabricated by a simple concept of incorporating PTA into
a poly(ionic liquid) network. The strategy combining solution
mixing, ring-opening polymerization, and post-processing was
developed for gradient porous membranes. The resulting
porous membranes exhibit high stimulus-responsiveness and
self-healing capability. In addition, PIL/PTA membranes have
excellent UV-blocking ability with UV transmittance values less
than 7%. It is demonstrated that multifunctional porous mem-
branes have been well developed from PIL and TA with the
potential for smart sensing, self-healing, and UV-shielding
materials.
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