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'Ig\(?rsotlzsacg)olymer membranes via electrostatic complexation triggered by neutralization are
fabricated for the first time from a water-soluble poly(ionic liquid) (PIL). The porous
structure is formed as a consequence of simultaneous phase separation of the PIL and ionic
complexation, which occurred in a basic solution of a non-solvent for the PIL. These
membranes have a stimuli-responsive porosity, with open and closed pores in isopropanol and
in water, respectively. This property is quantitatively demonstrated in filtration experiments,

where water is passing much slower through the membranes than isopropanol.
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1. Introduction

Polyelectrolyte complex (PEC) membranes, obtained via ionic crosslinking of
polyelectrolytes, are well-known and intensively studied materials that are widely used in
industry and research laboratories.! Their applications include for example pervaporation,'?
filtration™ and ion exchange membranes'” making them indispensable in the petroleum
industry, in potable water purification and in the field of renewable energies, amongst many
others.'® 2@ From a structural standpoint, porosity acts as a key factor in some of these
applications that determines the separation performance and the kinetics of the mass transport
across the membranes. In literature PEC membranes bearing micro- or macropores are
frequently reported, and nanoporous PEC structures, though synthetically more challenging,
are also entering the focus of the porous membrane field.!® Equally important, membrane
wettability in most applications dictates the successful separation and efficiency of the
processes.® Usually polyelectrolytes incorporated into these membranes are intrinsically of
hydrophilic nature thus fabricated in an aqueous environment, a common property of
conventional polyelectrolytes. A classic preparation technique of PEC membranes is the
robust layer-by-layer (LbL) procedure, where a substrate is dipped subsequently and
repeatedly into solutions of oppositely charged polyelectrolytes!**@ 1 This bottom-up
method yields membranes of highly controllable thickness, hetero-structure and final charge.
Nevertheless, porosity, especially on a nanoscale, may only be induced into these LbL
membranes by an extra step, e.g. either templating or post-modification methods, leading to
the possible use of hazardous etching compounds in the former or partial loss of product in
the latter method, not to mention the time consumed.

Our group has previously described a method of how to fabricate (nano)porous membranes
through ionic complexation of a hydrophobic cationic poly(ionic liquid) (PIL) with either a
polyacid or low molecular weight organic multivalent acids.'®! PILs appear recently as popular

candidates for membrane fabrication due to their charged nature and interaction with specific
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compounds.!® The uniqueness of this method lies in a simultaneous network- and pore-
formation process, in which aqueous ammonia solution diffused through the PIL/acid blend
film sticking to a glass substrate from one side to the other. Various evidences indicate that
the pores were built up due to a phase-separation mechanism of the ionic, hydrophobic PIL in
an aqueous environment; the nanostructure that formed during the phase separation is in-situ
locked by ionic complexation between carboxylates and the cationic PIL. The success of this
technique relies on, to our opinion, the necessary employment of PILs of certain
hydrophobicity that will undergo structure rearrangement in water.!® 9 This assumption is
supported by the fact that our efforts to apply PILs bearing halide anion, thus of high
hydrophilicity, for this membrane fabrication technique failed to produce porous membranes.

In this contribution, we introduce a modified approach of our previous membrane fabrication
procedure to enable the processing of water-soluble PILs into hydrophilic porous membranes.
Via using an organic solvent-dominant solution instead of water in the membrane fabrication
process to form porous networks through phase separation, we have now been able to
fabricate membranes from hydrophilic PILs, which have different properties from our
previously described porous hydrophobic PIL-membranes. These membranes hold a stimuli-
responsive porosity, i.e. the pore structure changes from open to close in response to solvents

of different polarity due to swelling.

2. Experimental Section

Experimental details including the synthesis of the polymers and the fabrication and analysis

of the membranes are included in the supporting information.

3. Resultsand Discussion

3.1. Preparation of the membrane



The porous membranes were initially prepared from a water-soluble vinylimidazolium based
PIL bearing Br as counteranion, poly(3-cyanomethyl-1-vinylimidazolium bromide)
(PCMVIm-Br). It was ionically crosslinked by carboxylates of benzoic acid derivatives
carrying multiple acid groups. The synthetic route is displayed in Figure 1. Experimentally,
the PIL and the multivalent acid were first dissolved homogenously in dimethyl sulfoxide
(DM SO0), a polar aprotic solvent that prevents the charge state of the acid compound, thus the
ionic complexation of the PIL and the acid upon direct mixing. The mixture solution was then
cast into a thin film on a glass dide and the solvent DMSO was evaporated overnight at
80 °C. The dry polymer/acid blend film sticking to the glass slide was subsequently immersed
into a complexation solution, i.e. a mixture liquid containing 0.7 wt% of base (KOH or NH3)
and 8 vol% of water in isopropanol (Figure 1). After 2 h, the formed membrane was detached
easily from the glass slide on account of its porous membrane structure that reduced its
interaction with the glass substrate. In order to show that this membrane formation method is
generally applicable to other hydrophilic PILs, we have aso prepared porous membranes of

similar structures from a pyridinium based PIL bearing Br™ as counter anion (Figure $4).

3.2. Crosslinking and por e formation

The concurrent penetration of base and solvent molecules into the polymer/acid blend film
sticking firmly to a glass substrate triggers a deprotonation-induced complexation between the
carboxylate and the cationic polyvinylimidazolium; at the same time the PIL is structurally
rearranging in the complexation solution dominated by isopropanol, a non-solvent for the
polymer. The simultaneous occurrence of phase separation and ionic complexation results in
the formation of a porous network locked by ionic crosslinking, that is, the structure of the
phase separating PIL is immediately in-situ frozen by the ionic crosslinking with the

carboxylates.



The porous structure of PCMVIm-Br membranes appears very much different from what we
usually found in previously reported membranes built up from a hydrophobic PIL bearing
TFSI (TFSI: bis(trifluoromethylsulfonyl)imide)) as counteranion.®! In comparison to the
previously reported membranes carrying a porous structure inside a polymeric matrix, we now
have a rather open porous structure where the polymer network is surrounded by free space
(Figure S5). This new porous structure is expected to be related to the difference in the phase
separation process of the two types of membranes during formation. Lacking of hydrophobic
interactions of the PCMVIm-Br polymer chains during the current phase separation step,
which were present in the membrane fabrication using hydrophobic PILs, the diffusion of the
complexation solution into the polymer/acid blend film is accelerated, forming pores that are

significantly increased in size.

Investigation of the membrane's porous structure by mercury intrusion revealed a broad
monomodal pore size distribution. Considering the mercury intrusion at different pressures,
two mercury uptakes, one at medium pressures and one at high pressures, were observed. The
mercury uptake at pressures above 50 MPa indicates the possible presence of meso- or
micropores. Nitrogen sorption measurements revealed however that pores with size below
50 nm are absent or negligible. These two contradictive observations may stem from elastic
deformations of the porous polymer network at high pressures during the mercury intrusion.
Therefore, the pore size distribution and porosity of the membrane was analyzed by mercury
intrusion experiment up to 50 MPa. The membranes had a broad pore size distribution from
100 nm to 2 um, a modal (most frequent) pore diameter of 700 nm and a porosity of 38%

(Figure 2).

3.3. Influence of water in the complexation solution

We have investigated the influence of the addition of water to the complexation solution using
NH; as base to study the phase separation and membrane formation mechanism. Addition of
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small amounts of water to the complexation solution is necessary to obtain isolatable
membranes from the substrate. Meanwhile, water as a good solvent for PCMVIm-Br, hinders
the phase separation process and therefore inhibits the pore formation. In order to find the
optimal amount of water, membranes were prepared in solutions of isopropanol/NH3 with
various concentrations of water (Table 1, Figure S6). We found that the overall degree of
electrostatic complexation (DEC, the percentage of cross-linked repeating units of the PIL,
which was studied by the elemental analysis of Br’, since Br’ is released into solution upon
ionic complexation) is increasing from 20 % without addition of water to 60 % by addition of
23 vol% of water. The high DEC is related to an improved solubility of the complexation
product NH4Br in isopropanol in the presence of more water, making the crosslinking
entropically more favorable. This high DEC is accompanied by a change in the physical state
of the membrane. Without addition of water, the pore structure is more finely constructed
(Figure S6A); but instead of large-sized membranes, only small broken pieces were isolated
on the glass plate. At too high water concentrations, mechanically stable and free-standing
membranes formed, but with closed larger pores with size above 5 um. This phenomenon is
related to an incompletely developed phase separation of the hydrophilic PIL in the presence
of more water. As a good compromise between the membrane integrity and its porous
structure, the water content in the complexation solution was set to 8 vol % for the remaining

experiments.

3.4. Influence of the base on the networ k formation

Studying the influence of the base molecules on the properties of the resulting membrane, two
different candidates, KOH and NH3; were chosen. Structurally, membranes prepared from
KOH and NHj3; appear similar in scanning electron microscopy (SEM) characterization.
However, a clear difference is found in the DEC of the entire membranes. We surprisingly

found that all membranes prepared from KOH presented a much higher DEC (above 82%)
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than these from NH3 (around 20%). This apparent higher DEC in the case of KOH is caused
by an intensive anion exchange process (Ckony ~ 1.5 M) from Br™ to OH" simultaneous to the
ionic complexation during the base molecule diffusion, eliminating Br from the membrane.
From this standpoint, the DEC value obtained from membranes prepared in NH3 solution is

more reliable (Con ~ 1x10° M).

3.5. Stimuli-responsive por osity

The difference in the membrane fabrication method compared to the previously described
PIL-membranes results in new properties. These hydrophilic PCMVIm-Br membranes swell
in water on account of the hydrophilic nature of the polymer. Due to their relatively lower
crosslinking degree (DEC ~ 20%) than previously reported membranes (DEC ~ 50%),”
PCMV Im-Br-membranes are obviously responding to solvent change, for instance from water
to isopropanol by reversible pore closing and opening (Figure 3). When soaked in water, the
PIL chains, which did not undergo ionic complexation (ca. 80% of overall PIL chains
according to the DEC value), swell and the membrane pores will be blocked, whereas in
isopropanol, a non-solvent for the PCMVIm-Br, the polymer tries to minimize its interactions

with the solvent, and therefore takes a de-swelling conformation, i.e. the pores open again.

The reversible opening and closing of the membrane pores has been demonstrated in filtration
experiments using isopropanol and water as eluent. The solvent flow through the membrane is
5.41 mL cm®s® for isopropanol, 2.5 times of the flow observed for water, which is
2.14 mL cms™. Showing the repeatability of the responsive behavior of the porous structure,
we have performed subsequent water and isopropanol flow experiments without significant

changing of the flow of the solvents after 10 cycles (Figure 3).

4. Conclusions



In summary, we have introduced a new fabrication method of how to access porous
membranes from hydrophilic poly(ionic liquid)s, combining simultaneous pore formation and
ionic complexation. It is demonstrated that these membranes show reversible pore opening
and closing behavior which has been used to modulate the solvent flow in a filtration test.
This new function makes these membranes potentially applicable as stimuli-responsive

filtration systems, smart sensors or controlled loading and release systems.

Supporting Information

Supporting Information is available from the Wiley Online Library or from the author
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Figure 1. General fabrication procedure of porous PIL membranes on the example of
PCMVIm-Br and mellitic acid.
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Figure 2. Results of porosity studies by mercury intrusion. a) Cumulative volume of mercury
versus pressure. b) Pore size distribution curve of the porous membrane prepared in a
complexation solution with 8 vol% of water.

-12 -



a)

Water Isopropanol

o |sopropanol
1 a water

"
- |
E 30 - 50.4- . . n .
o 2
E 20 ] =0.3 :
°© € : §
> [
202 -
10 1 @ e i
[ ] n ] H
0 T T r 0.1 v Y T r r
0 50 100 150 0 2 4 6 8 10
Time/s Cycle

Figure 3. @) Schematic representation of the solvent experiment by reversibly immersing the
membrane in water and isoproposal. b) SEM pictures of the membrane after water soaking
(left) and isopropanol soaking (right). ¢) Recording of the solvent flow through the
membranes as a function of time for water and isopropanol. d) Subsequent recording of water
and isopropanol flow through the membrane.

Table 1. Comparison of the degree of electrostatic complexation (DEC) of the membranes
with different amounts of water in the isopropanol soaking solution.

Amount of 0 8 23
water (vol%)
DEC (%) for 20 16 60
NH3 soaking

Porous polymer membranes were prepared from hydrophilic poly(ionic liquid)s by
concurrent phase separation and ionic crosslinking. We investigated the pore formation
mechanism and showed that these membranes have a stimuli-responsive porosity. The pores
are open in isopropanol and closed in water, which was demonstrated in filtration
experiments.

K. Tauber, A. Zimathies, J. Yuan*

Porous membranes from hydrophilic poly(ionic liquid)s
Isopropanol
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1 Experimental procedures

11. Materials

Méllitc acid (99%), 1,2,4,5-tetracarboxylic benzoic acid (96%), 1-vinylimidazole (99%) and
poly(4-vinyl pyridine) (My, = 60 kDa) were purchased from Sigma Aldrich, 1,2,3,4,5-
Pentacarboxylic benzoic acid was purchased from TCI; 1,2,3-Tricarboxyl benzoic acid (99%)
was purchased from Alfa Aesar; Isopthtalic acid (99%) was purchased from Acros. All

chemicals were used without further purification. The solvents were of analytical grade.

1.2. Synthesisof PCMVIm-Br

Nn
N
o
\—CN
PCMVIm-Br
PCMVIm-Br was synthesized as previously reported. Its chemical structure was confirmed
by proton nuclear magnetic resonance (*H-NMR) and is shown in Figure S1. The molecular

weight was determined to be 54 kDa and the PDI to be 3.38 by GPC measurements (eluent:

water + acetate buffer, 20% MeOH) using PEG as standard.
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Figure S1: Proton nuclear magnetic resonance (400 Hz) spectrum of PCMVIm-Br using

DM SO-ds as NMR solvent. The chemical shiftsat 2.5 and 3.3 ppm are from residual DM SO

and H>0.

1.3. Synthesisof PCM Py-Br

n

A
P
’\t' Br
CN
PCMVPy-Br

PCMV Py-Br was synthesized as described earlier.? Its chemical structure was confirmed by
'H-NMR as shown in Figure S2. As it was synthesized from commercially available P4VP

(My = 60 kDa), its M, was calculated to be 128 kDa.

g7z ™M 4.42

d 1 ' [

(CH ) CO|

o/ ppm

Figure S2: Proton nuclear magnetic resonance spectrum of PCMVPy-Br using acetone-ds as
NMR solvent. The chemical shiftsat 2 and 3.2 ppm are from residual acetone and ethylene

glycol (ETG), which is a solvent used for the quaternization reaction.
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1.4. Membranefabrication

The membranes were prepared from a homogenous solution of the respective polymer (0.25
mmol) and 1 equivaent of acid in terms of the molar ratio between the imidazolium unit to
the carboxyl group. The solution was poured onto a glass plate, and the solvent was
evaporated overnight in an oven at 80 °C. The as-obtained dried sticky film was immersed
into a solution of 0.7 wt% of KOH in isopropanol containing additional 8 vol% of water.
After 2 hours of soaking, the membrane had detached itself from the glass plate and could be

isolated as a free-standing membrane and washed with water and isopropanol.

1.5. Filtration experiments
The membrane was attached to a hollow glass cylinder with a hole in the
bottom (& 1.5 mm). The glass cylinder was then put into an empty syringe and

solvents were passing through the device. The glass cylinder was added in

order to make sure that the solvent does not flow through the syringe wall

Eisygy ) without passing by the membrane. In order to keep the weight of the solvent

on top of the membrane constant, a separation funnel was placed above the

1] syringe setup and the solvent flow into the syringe was adjusted to keep a

‘ constant weight. The volume of solvent passing through the membrane was
measured by collecting it in a measuring cylinder.

Figure S3: Set up for quantification of solvent flow through the membrane.

1.6. Mercuryintrusion

The porosity and the pore size distributions of the membrane were measured by a mercury
intrusion porosimeter for meso- and macropore analysis with an Autopore |11 device
(Micromeritics, USA) according to DIN 66133 at BAM Federal Institute for Materials

Research and Testing, Berlin.



1.7. Determination of degree of electrostatic complexation (DEC)

as Tk
N @-)
£ - il bl

O
NC CN

=z

L

Elemental analysis of bromide was used to determine the DEC. The following formula was

applied:

_ 310x — 80

DEC = 120x — 80

Where x equals the amount of bromide in wt% / 100.

2. Additional Data

2.1.  Membranefrom pyridinium based PIL

The membranes prepared from PCMVPy-Br were fabricated as described above for

PCMVIm-Br membranes with mellitic acid as crosslinker.

Figure $4: Cross-sectional SEM image of a membrane from PCMV Py-Br and mellitic aicd.
2.2. Comparison of porous structures between hydrophobic and hydrophilic

PCMVIm —PIL membranes




Figur e S5: Comparison of the pore structure between a) hydrophobic PCMVIm-TFSI® and b)

hydrophilic PCMVIm-Br membranes.

2.3. Influence of amount of water in complexation solution on porous structure

Figure S6: SEM images of the cross-sections of the membranes for different amounts of
water in the soaking solution: a) 0 vol%. b) 2 vol%. c) 8 vol%. d) 12 vol%. e) 23 vol%.

2.4. Influence of acid’s multivalency on porous structure

COOH HOOC COOH

f) HOOC COOH
\@ COOH

COOH HOOC  COOH
2 3 4

COOH COOH
HOOC COOH  HOOC COOH
COOH  HOOC COOH

COOH COOH

5 6

Figure S7: SEM Images of membranes made from different acids shownin f). @) acid 2 b)
acid 3. ¢) acid 4. d) acid 5. €) acid 6. The porous structure is becoming increasingly open as

acids of higher multivalency are applied for crosslinking.
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