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Membrane technology in sustainable energy conversion and storage requires the development of tailored
membranes able to conjugate high performance (ionic conductivity, perm-selectivity and durability) with
acceptable costs and sustainability in their production. In this perspective, polymerizable ionic liquids (PILs) are
conductive materials suitable to make high-performing and green ion-conductive membranes combining the
unique properties of the ionic liquids, with the advantages of a macromolecular crosslinked polymer. This work
presents a deep investigation of the structure-property relationship of phosphonium-based PILs as a functional
material for anion-conducting membranes produced by casting and successive photopolymerization (almost
solvent-free conditions). The PIL-based membranes prepared were dense, flexible, and completely stable after
prolonged contact with water, saline and alkaline solutions. The crosslinking reaction avoided the dissolution of
the membrane in water. However, mechanical test highlighted the role of water uptake on mechanical properties
of the membranes. Moreover, it was also validated the possibility to blend different PILs in order to combine in
synergic way the specific advantages of each component. Electrochemical impedance spectroscopy and mem-
brane potential measurements pointed out a trade-off relationship between the ionic conductivity and perm-
selectivity. Moreover, Small Angle X-ray Scattering and differential scanning calorimetry findings shed light
on the role of the chemical nature of the PIL on membrane microstructure and transport properties. The main
outcome of this research is the possibility to balance the low ionic resistance transport through the charged PILs,
with a good stability, tailoring the chemistry of these advanced functional materials.

1. Introduction

During the last decades, ion exchange membranes (IEMs) have
shown a wide potential in a plethora of membrane-based applications,
such as desalination, chemical synthesis, energy conversion, and stor-
age. The reasons behind their success can be mainly attributed to the
high efficiency, low environmental impact, and modest electrical energy
consumption of the processes related to their application [1].

IEMs are generally made up of polymeric backbones with charged
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functional groups. Depending on the type of ionic groups contained in
the membrane matrix, they can be classified into cation exchange
membranes (CEMs), characterized by fixed negative charged groups and
exchangeable cations, and anion exchange membranes (AEMs), char-
acterized by fixed positive charged groups and exchangeable anions. An
ideal IEM should fulfill a series of requirements, such as high perm-
selectivity (namely, the capability to be selectively permeable to
counter-ions), high ionic conductivity, and high chemical, thermal, and
mechanical stability [2]. However, the preparation of a membrane able
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to satisfy all the above characteristics is not trivial and still to date quite
challenging. In this framework, extensive research has been devoted to
exploring new materials and novel synthetic strategies for designing and
developing IEMs with desired properties and performance [3]. The
standard method for producing AEMs, one of the two types of mem-
branes used in electrochemical technologies, is usually based on chlor-
omethylation of an aromatic polymer, such as polysulfone or
polystyrene, and quaternization of a benzyl chloride moiety with a
tertiary amine to form a cationic quaternary ammonium group bonded
to an aromatic ring through a benzyl bond [4]. Polyvinyl alcohol (PVA)
[5], poly (2,6-dimethyl-1,4 phenylene oxide) (PPO) [6] and other poly
(aromatic ethers) (PAE) [7] are other typical ionomers used for the
fabrication of AEMs, while quaternary ammonium [8], imidazolium [9]
and pyridinium [10] groups are the most employed cations moieties
attached to the ionomer backbone. However, the limited chemical sta-
bility in a basic environment, the reduction of perm-selectivity over
time, and the simultaneous increase in resistance to counter-ions
transport in the presence of multivalent ions are still open challenges
in the field of AEMs for electrochemical systems [11].

In recent years, ionic liquids (ILs), which display unique physico-
chemical properties, have started to be used as novel materials for the
preparation of membranes, mainly in CO5 separation [12-15]. ILs are
molten salts below 100°C composed of organic ions that possess high
ionic  conductivity, high chemical and thermal stability,
non-flammability, with potential application in electrochemical pro-
cesses [16]. Moreover, they are also considered as sustainable solvents
with highly tailorable properties, which make them versatile platforms
for different applications [17,18].

In most of the works reported in literature, the incorporation of ILs
into polymer matrix mainly occurs through their addition directly into
the casting solution or by their impregnation into the polymer mem-
brane matrix [19]. For example, Hernandez-Fernandez et al [20]. pre-
pared a series of supported ionic liquid membranes (SILMs) by imbibing
the ionic liquid into a porous Nylon membrane and applied them as
proton exchange membranes in microbial fuel cells for water treatment.

However, the water solubility of the ILs can compromise the stability
of the membrane due to their possible leaching out from the membrane
structure, thus hindering the possible exploitation of ILs-based mem-
branes on a larger scale. One possible solution can be represented by the
use of polymerized ionic liquids, which can be obtained through the
polymerization of ILs bearing suitable polymerizable groups. However,
to the best of our knowledge, just a few works are currently available in
the literature reporting the use of polymerized ionic liquids for the
production of conductive membranes for electrochemical processes
[21-24].

In particular, while imidazolium-based polymerizable ILs (PILs) have
been alreadyexplored as monomers for the production of membranes for
various applications, including some recent challenging applications in
water decontamination [25], phosphonium-based analogues PILs have
received much less attention even though the corresponding membranes
may exhibit comparable ion conductivity, higher chemical stability, and
wider electrochemical operating window [26-28].

In this work, we have carried out, for the first time, a systematic
study on the use of a series of phosphonium-based PILs for the produc-
tion of anion-conducting membranes. The main idea of this research was
the possibility of properly balancing the low resistance transport of
anions among cages composed of cationic branch chains, with a good
stability in alkaline medium, tailoring the chemistry and microstructure
of these materials. With this aim, phosphonium-based PILs were selected
in the form of trialkylphosphonium salts with various alkyl chain lengths
and different anionic counterparts. The selected PILs were photo-
polymerized, exploiting the reactivity between acrylate and styrene
groups, using a special patented acrylate-based formulation [12,29] in
order to produce stable and flexible membranes, avoiding any possible
release from the polymer matrix. The results obtained highlighted a
relevant effect of chain length and anionic counterion on the
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membrane’s electrochemical properties and stability, demonstrating the
possibility to tailor membrane electrochemical properties and micro-
structure by working on the chemical nature of the starting PIL.

2. Materials and methods
2.1. PIL synthesis

Polymerizable ionic liquids were synthesized as previously reported
[12]. Briefly, PILs were synthesized by a two-step procedure based on
quaternization of the trialkyl phosphine with 4-vinylbenzyl chloride to
afford the corresponding phosphonium chloride, followed by anionic
exchange. The chemical structure of the PIL used for membrane prep-
aration is reported in Table 1.

2.2. Membrane preparation

2-Hydroxyethyl methacrylate (HEMA), ethylene glycol dimethacry-
late (EGDMA), dodecyltrimethyl ammonium bromide (DTAB), 2,2-
dimethoxy-2-phenylacetophenone (DMPA), sodium chloride (NaCl)
and sodium hydroxide (NaOH) were purchased from Sigma-Aldrich
(now Merck) and used without further purification.

The PIL-based membranes were prepared by solution casting and
photopolymerization procedure [12]. HEMA (52 wt %) was mixed with
water (8 wt %), DTAB (13 wt %), and the selected PIL (27 wt %). EGDMA
(3 wt % on the weight of HEMA + PIL) and DMPA (0.6 wt % on the
weight of the total solution) were finally added to the mixture and
stirred for 1h. The homogenous solution was then poured between two
glass plates kept at a distance of 100 um by a spacer in order to fix the
initial thickness of the liquid film which is then photo-polymerized for 3
min under UV light (Zp lamp emission from 180 nm to visible light,
Helios Italquarz s.r.l.). The polymerized membranes were soaked in
water in order to detach them from the glass plates and stored in water
until their use. The PILs used for the preparation of the membranes and
the related membrane identification codes are shown in Table 1. A
similar procedure was used for the preparation of the blend membranes
(Table 2).

Table 1
PILs used for membrane preparation and related membrane codes.
Chemical structure of Anionic PIL PIL molecular Membrane
the cationic part of the part the code weight (g code
PIL PIL mol™)
+ TN~ PIL- 768 MPIL-Ph1
P(CgH 2
(CgH17)3 Phi
PFg PIL- 633 MPIL-Ph2
Ph2
BF4 PIL- 575 MPIL-Ph3
Ph3
Cl™ PIL- 523 MPIL-Ph4
= Ph4
+ BF4 PIL- 406 MPIL-Ph5
P(C4H 4
(C4Hg)3 Phs
cl” PIL- 355 MPIL-Ph6
Ph6
—
s BF; PIL- 322 MPIL-Ph7
P(C,H 4
(CaHs)3 Ph7
Cl” PIL- 271 MPIL-Ph8
Ph8
/
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Table 2
PILs used in the blend membranes and related membrane codes.

PIL-Ph4 (wt %) PIL-Ph8 (wt %) Membrane code

75 25
50 50

MPIL-Ph9
MPIL-Ph10

2.3. Membrane characterization

Scanning Electron Microscopy (SEM) images of the prepared mem-
branes were analysed by using a Zeiss, EVO MA10 microscope. Mem-
brane samples were previously sputter-coated with a thin layer of gold
(sputter machine Quorum Q 150R S) before SEM analyses.

Water uptake measurements were performed by weighing three
different membrane samples before and after immersion in water for 48
h. The water uptake was then calculated using the following formula:

Wy—
Water uptake ( %) = WTWd x 100
f

where W,, and Wy are the weights of the membranes in wet and dry
states, respectively.

Electrochemical impedance spectroscopy (EIS) experiments were
carried out with a potentiostat/galvanostat combined with a frequency
response analyzer (Metrohm Autolab PGSTAT302N) in the frequency
range 100000-1 Hz, with a signal amplitude of 10 mV. A four-electrode
configuration was used for the through-plane test in NaCl solution using
an impedance cell having an active membrane area of 3.14 cm? [30].
The cell was fed by two gear pumps with two identical solutions (NaCl
0.5 mol/L at 25+3°C), kept under stirring and flowing along the oppo-
site sides of the membrane (1.5 cm s’l). The cell was placed inside a
thermostatic Faraday cage for shielding purposes. Blank experiments
were carried out without the membrane to determine the solution
resistance. The membrane and solution resistance impedance spectra
were fitted by the software Nova 1.9.16 by Metrohm Autolab B.V. in
order to determine the membrane resistance as previously reported
[31]. The membrane ionic conductivity was calculated from the mem-
brane ionic resistance as follows:

Thickness (cm)

= 1000
Resistance (Q) * Active Area (cm?) *

Conductivity (mS cm™")

Before the EIS tests, the membrane samples were activated in an
aqueous solution 0.5 mol/L NaCl changing the solution three times
along 24 hours. This testing solution was selected in order to easily
compare the performance of the produced membranes with literature
data where the membrane conductivity is frequently measured in this
reference solution. The activation procedure is necessary to ensure that
the membrane reach the equilibrium water uptake and ion composition
in the testing condition.

Membrane permselectivity [32] was calculated as the ratio of the
measured potential across the membrane separating two solutions of
different concentration (NaCl 0.1 and 0.5 mol/L at 25+3°C) and theo-
retical value (37.8 mV):

measured potential (mV)

100
theoric potential (mV) ¥

Permselctivity ( %) =

The membrane potential was measured by two Ag/ AgCl reference
electrodes (Gamry Instruments) and a digital multimeter (Fluke 289/
FVR/IR3000, Fluke Europe B.V.).

Before the permselectivity tests, the membrane samples were acti-
vated in a 0.5 mol/L NaCl solution in water changing the solution three
times during 24 hours. For comparison purpose, EIS and permselectivity
tests were also carried out on benchmark AEMs in the same experi-
mental conditions: Fumasep FAS (Fumatech); Neosepta® AMX (Astom
Corp.); AEM-80045 (Fujifilm).

Moreover, in order to asses the membrane stability in alkaline
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medium the PIL-based membranes were converted in OH™ form by
immersion in a NaOH solution (0.5 M) for 1 hour at room temperature.
Then the solution was replaced with fresh 0.5 M NaOH and soaked again
for 1 h. After the two soaks, the membrane was rinsed with deionized
water until neutrality. A further stability test consisted in the immersion
of the sample in a NaOH solution 30wt % at 80°C for 24 h and then
rinsed with deionized water until neutrality.

Mechanical properties of the membranes were measured in stress-
strain elongation experiments using ZWICK/ROELL Z 2.5 instrument.

Small-Angle X-ray Scattering (SAXS) measurements were carried out
with Anton Paar's SAXSpoint 5.0 SAXS instrument on membranes
removed from water and dried at room temperature. The system was
equipped with a Primux 100 microfocus X-ray source (Cu Ka radiation, A
= 0.154 nm) and an EIGER2 R 1M photon counting detector, which was
also used to measure the transmittance of the sample and to obtain the
intensities scattering on an absolute scale.

The scattered intensity as a function of q gives insights into the
distribution and arrangement of nanostructures. The positions of the
peaks in the SAXS pattern indicate characteristic distances between
repeating structures within the sample. The relationship between peak
position q and the real-space distance d is given by:

2
q

Differential scanning calorimeter (NEXTA DSC200, Itachi High-
Tech) was used to determine the glass transition temperature (Tg) of
the membrane. The membrane was dried at room temperature for 24 h,
then 5 mg of each sample were sealed in DSC aluminium pan and tested
under inert nitrogen atmosphere (50 mL/min) while ramping the tem-
perature from -20°C to 180°C at 10°C/min rate.

Subsequently the sample was subjected to a cooling cycle and finally
to a second heating cycle, all of them in the same temperature range and
with the same heating/cooling rate. The Tg was determined in the sec-
ond heating run in order to eliminate any signal due to residual absorbed
water still present in the first run which could cover other signals in the
thermogram. In order to determinate the Tg, the DSC signal and its
derivative (DDSC) were monitored. The DSC inflections were attributed
to Tg if they correspond in the DDSC signal to a maximum point.

d

3. Results and discussion

Eight phosphonium based PILs in the form of trialkylphosphonium
salts with the alkyl chain ranging from C2 (ethyl) to C8 (octyl) and
different inorganic (Cl-, BFsz, PFg) or organic (bis(tri-
fluoromethanesulfonyl)azanide TfoN™) counter-ions, were mixed with
an acrylate monomer (HEMA), a diacrylate crosslinker (EGDMA) and a
photo-initiator (DMPA) to produce the membranes by casting and suc-
cessive photopolymerization, almost solvent free (Table 1, Fig. 1,).

Only a small percentage of water and a surfactant (DTAB) were
necessary in order to obtain a homogeneous pre-polymerization solu-
tion. The absence of organic solvents in a castable solution, associated
with a photopolymerization process, renders the method for producing
PIL-based membranes scalable and quite sustainable. Moreover, oper-
ating in pseudo-neat conditions, the control of the final membrane
thickness was quite easy because it resulted close to the initial thickness
of the liquid polymerization layer poured between the two glass plates
(10010 pm).

The membranes prepared with the first seven PILs (from MPIL-Ph1 to
MPIL-Ph7, Table 1) were dense and flexible and completely stable after
prolonged contact with aqueous and saline solutions (>>6 months). In
Fig. 2, it is possible to observe the typical aspect and dense morphology
of a PIL-based membrane and its dense structure.

The crosslinking reaction avoided the dissolution of the polymer
matrix in water, which represents the main limitation in the use of
standard ionic liquids as membrane material for applications in aqueous
solution.
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Fig. 1. Schematic illustration of the membrane fabrication procedure (a) and chemical formula of polymerized ionic liquid repeating unit formed by the reaction

between HEMA, PIL and EGDMA (b).

Fig. 2. Picture (a) and SEM images of the surface (b) and cross section (c) of the MPIL-Ph-3 membrane as prepared, and after stability test in concentrated NaOH
(30wt % at 80°C for 24 h): picture (d), SEM images of the surface (e) and cross section (f).

The mechanical properties of the membranes in humidified state
were good with the only exception of the MPIL-Ph8 which showed a
limited stability in water because of the high hydrophilic character due
to the combination of short alkyl groups (C2) with a small inorganic
counter ion (Cl7), causing an excessive water uptake (>100 %) and
membrane softening.

Excluding MPIL-Ph8, the other PIL-based membranes resulted also
mechanically stable after ion exchange procedure to place them in
OH™ form. Moreover, on the membrane MPIL-Ph3 a stability test was
carried out immersing the membrane in NaOH 30wt % at 80°C for 24h.
The membranes resulted still flexible and despite a moderate change in
colour (Fig. 2d), no fractures (Fig. 2 e-f) or appreciable change in weight
were registered.

Both elastic behaviour of the PIL-based membranes is affected by
their water content. In fact, MPIL-Ph3 membrane was stiffer with respect
MPIL-Ph5 (same counterion ion but longer alkyl group, Table 1) because
of the lower water uptake (Table 3).

Although the poor mechanical properties of the MPIL-Ph8, the
interesting conductivity of this membrane (Cl™ conductivity: 8,74+0,04
mS/cm at 25+3°C), motivated further investigation in the form of blend

Table 3
Water uptake and mechanical properties of PIL-based membranes.

Membrane  Water uptake ( Elastic modulus Elongation at break (
%) (MPa) %)

MPIL-Ph3 9+1 21 +2 42+ 2

MPIL-Ph5 27+2 13+2 46 + 8

membranes in combination with the less hydrophilic (but also less
conductive) MPIL-Ph4 (Cl™ conductivity: 0,072+0,003 mS/cm at 25
+3°C). The scope of the blending strategy was to assess the possibility to
combine PILs with different properties to obtain membranes with
tailored properties exploiting the specific advantages of each compo-
nent. The prepared blend membranes (Table 2) were completely dense,
homogenous, and stable in water. Their conductivity depended on the
relative percentage of the two PILs used for preparing them and
increased as the MPIL-Ph8 percentage grew larger (Cl~ conductivity:
0,2262+0,001 and 1,74+0,01 mS/cm at 25+3°C, for the blend mem-
branes MPIL-Ph9 and MPIL-Ph10, respectively). Even though, the per-
formances of the two blend membranes don’t overcome in relevant way
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those of other single PIL membranes investigated, the proof of the
concept of the blending strategy was validated demonstrating the pos-
sibility to expand the effective portfolio of properties of the PIL-based
membrane materials.

Electrochemical impedance spectroscopy combined with membrane
potential measurements pointed out a trade-off relationship between the
ionic conductivity and permselectivity of the PIL-based membranes
(Fig. 3).

The value of conductivity was influenced by both, the side chain
length and the size of the counterion, with the effect of the first
parameter more relevant than the second one. Increasing the length of
the alkyl groups linked to phosphorus, the membrane conductivity was
reduced. Moreover, the chemical nature of the counterion plays a similar
effect, with the conductivity being favoured by smaller couterions (ionic
radius: CI”< BF4< PFg< TfoN"). The opposite trend was observed for
the membrane permselectivity, favoured by longer side chain length and
larger counterion. However, membranes combining long chains with a
large anion paid an additional price in terms of permselectivity because
of the higher electrochemical shielding of the cationic groups resulted in
less permselective membranes (MPIL-Ph1 and MPIL-Ph2 vs MPIL-Ph3).
The same tests were carried out with benchmark anion exchange
membranes: Fumasep FAS (Fumatech); Neosepta® AMX (Astom Corp.);
AEM-80045 and (Fujifilm). Whereas for Selemion AMN (Ashai Glass),
the producer’s specifications were used [33] (Fig. 3). Although some of
the commercial membranes resulted in higher performance in sodium
chloride solution than the PIL-based membranes, the possibility of
achieving tuneable conductivity and permselectivity by a rational
design of the PIL used for preparing the membrane, or blending different
materials, represented a further step toward the development next
generation membranes for energy.

The experimental results obtained are consistent with an effect of
alkyl chain length and size of the counter ion on membrane micro-
structure in terms of dimensions, tortuosity, and interconnection of the
hydrophilic channels, which influence the membrane transport prop-
erties. For large counterions, such as TfyN™ and PFg, loose ionic ag-
gregates are formed leading to a low interconnection of the hydrophilic
channels. This observation is consistent with the appearance of scat-
tering peaks at lower values of the transferred momentum q (i.e., cor-
responding to larger characteristic distances) in the SAXS spectra.
Fig. 4a.1 and 4a.2 show display the two-dimensional SAXS patterns of
samples MPIL-Ph1l and MPIL-Ph2, respectively. As can be seen, in
addition to the scattering at low angles around the beam-stopper (pin

18 + B PIL-Phosphonic

16 ] A PIL-Phosphonic_Blend
—14
£ |
%’ 12
£ 10 AEM-80045 W
g, 1™
S 8
'-3 } Neosepta® AMX W
3 6__ Fumasep FAS W
5 4 4 Selemion AMN
o |

0+ 10 2|

-2 T T T T T T T L
55 60 65 70 75 80 85 90 95 100

10
2
] (3] | 5‘
r

Permselectivity (%)

Fig. 3. Conductivity vs permselectivity of the PIL-based membranes (for sake of
clarity, only the number of each membrane code of Table 1 and Table 2 is re-
ported in the graph) and commercial membranes.
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whose tip is located at qx=qy=0), a circular bright region appears at
values of q around 1 nm ™. This is further emphasized in Fig. 4b.1 and
4b.2, where it is shown the integration of the 2D spectrum over
0< @<180°. The presence of a peak at 0.89 and 1.04 nm ™! is, indeed,
evident for MPIL-Ph1 and MPIL-Ph2, respectively (see red dashed line in
Fig. 4b.1 and 4b.2).

The vertical red dashed line in (b.1, b.2) marks the position of the
main scattering peak. The curves (c.1, c.2) represent for MPIL-Ph1 and
MPIL-Ph2, respectively, the averaged intensity distribution calculated
around the peak position, while the horizontal red dashed line indicates
the mean intensity value within the selected g-range.

Panels (d-j) show the SAXS spectra of samples MPIL-Ph1 through
MPIL-Ph7. The vertical dashed lines highlight the position of the peak
corresponding to the lowest scattering vector (q).

Another relevant feature in the 2D patterns of Fig. 4a.1 and 4a.2 is
the isotropic nature of the scattering. This isotropy is confirmed by the
azimuthal intensity plots in Fig. 4c.1 and 4c.2, obtained by integrating
the 2D signal over q values between 0.5 and 1.5 nm™, i.e., around the
main peak. The intensity oscillates around a nearly constant average
value (indicated by the red dashed horizontal line in Fig. 4c.1 and 4c.2)
with a noise-like profile, which is characteristic of isotropic structures.
This isotropy is observed not only for MPIL-Phl and MPIL-Ph2, but
across all investigated membranes. For the sake of completeness, Fig. 4d-
j reports the 1D SAXS spectra of all samples vs. q. In order to provide the
fairest comparison, all spectra were acquired under the same experi-
mental conditions, namely, with the same sample-to-detector distance
corresponding to a maximum value of transferred momentum of 6 nm .
The panels of Fig. 4d-j were sorted also following the samples’ con-
ductivity. As can be seen, all the spectra show a peak, indicated by
vertical dashed lines, except that of MPIL-Ph7. In this regard, however, it
should be noted that the intensity of the peak decreases with its spectral
position, that is, peaks located at higher values of q have a lower in-
tensity. For this reason, it is reasonable to assume that MPIL-Ph7 may
have a peak at a higher value of q, which is either above our spectral
range (i.e., above 6 nm’l) or with such a low intensity that is not
detectable with our device within a reasonably short acquisition time.
Such a hypothesis is further confirmed by the monotonic trend of the
peak position vs. the sample conductivity (Fig. 5a).

Conductivity dependence on the characteristic distance between
repeating structures attributed to the ionic clusters within the mem-
brane (Fig. 5a), allows to conceptually subdivide the PIL-based mem-
branes in three groups: long chain and large anion (MPIL-Ph1 and MPIL-
Ph2); long chain and small anion (MPIL-Ph3 and MPIL-Ph4); medium
chain and small anion (MPIL-Ph5 and MPIL-Ph6).

The same trend was observed in terms of the dependence of con-
ductivity on the mean free path (MFP) and free volume (FV) estimated
by '2°Xe NMR experiments in a previous work [12] on some of the
samples investigated in this work. The conductivity decreases with the
increasing values of characteristic distance, MFP, and FV. In other
words, the membrane conductivity was strictly related to the mem-
brane’s microstructure, which, in turn, depends on the chemical struc-
ture and hydrophilicity of the PIL-based polymer matrix. It is worth
noting that other authors [34] reported that increasing the chain length
of substituent groups of the PILs leads to an increased ionic conductivity
under anhydrous conditions in the corresponding PIL-based membrane
due to a reduction in glass transition with consequent higher polymer
segmental motion, as explained in the Vogel-Tammann-Fulcherb (VTF)
model [35,36]. In polymer electrolytes, lower Tg generally increases
ionic conductivity because it means more polymer segmental motion,
creating pathways for ions to move and reducing the mass transport
resistance. Moreover, water molecules generally act as plasticizer in
polymers, significantly decreasing Tg by inserting themselves between
polymer chains and increasing free volume and facilitating chain
movement through hydrogen bonding, making the polymer more soft
and flexible. The effect is more relevant in hydrophilic polymers where
water interacts with polar groups forming hydrogen bonds (bound
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water, non-freezable). However, water that exists in clusters or in a more

bulk-like state (free water, freezable) contributing less to plasticization
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than bound water [37] but playing a crucial role in water-assisted ion
transport. Depending on the water absorption level, anion transport in
conducting membranes is governed by three main transport mecha-
nisms: surface site hopping, vehicular transport, and Grotthuss hopping
(only for OH™ ion) [38]. At low hydration levels, the hopping of anions
between solvation sites is the main anion transport mechanism, and it is
strongly influenced by the segmental mobility and solvation environ-
ment of the polymer chain. However, when the membrane is in a high
humidification state, the predominant mechanism of conduction is the
vehicular and, only for OH™ transport, the Grotthuss mechanisms, due to
ionic motion through the hydrophilic channel formed by the ionic
cluster and bulk water.

Increasing the alkyl chain length of the PIL, the glass transition
temperature of the corresponding membranes decreases but also the
ionic conductivity declines (from C2 to C4 and C8 with BF4 as coun-
terion, for MPIL-Ph7, MPIL-Ph5 and MPIL-Ph3, respectively; Fig. 5d).
Furthermore, increasing the count-ion size but maintaining the same
alkyl group, the Tg is reduced and the conductivity, as well (C8 as alkyl
group and counter ion BF; for MPIL-Ph3 and TfoN~ for MPIL-Phl;
Fig. 5d). These results are in line with the overall anion transport
mechanism in PIL-based membranes immersed in NaCl solution which is
governed by a vehicular mechanism which involves concentration
gradient-driven Cl” diffusion and electromigration, strongly dependent
from hydration level but not influenced in relevant way by polymer
segmental motion.

Adapting the cluster network model [39] originally proposed to
rationalize the transport mechanism in perfluorosulfonic acid mem-
branes (e.g. Nafion), hydrophilic pockets whose size is in the order of a
few nanometers are formed by the phosphonic ion exchange groups. In
the presence of water, the polymer matrix hydration degree depends
from the difference in hydrophilicity of the various component forming
the polymer network. As a consequence, the dimensions of these clusters
increase owing to the formation of hydrogen bonds with the absorbed
free water, and the hydrophilic pockets are better interconnected by a
network of channels separated from the hydrophobic region formed by
the backbone of the polymer. The interconnection of the ion exchange
phosphonium groups by hydrophilic channels increases with the
increasing number of ion exchange groups per mass of polymer, as
confirmed by plotting conductivity versus equivalent weight (i.e., the
mass of polymer which contains one equivalent of ion exchange group)
and, consequently, increases also with the water uptake (Fig. 6a-b).

Also, a recent molecular dynamics simulation study on PIL-based
membranes confirms by quantitative analyses, including pore connec-
tivity descriptors, ion-ion association free energies from radial distri-
bution function integration, and backbone-water interaction profiles,
that steric hindrance of the alkyl groups of phosphonium-type PILs

(a)

100

B PIL-Phosphonic

A PIL-Phosphonic_Blend
= 104 n
s 7
7}
E 10
2 4 o
2 5
°
3
3 i
o
O 014

4 m

3 n |
2 1
0,01 T T T T T
0 500 1000 1500 2000 2500 3000
Equivalent Weight (g/eq)

Chemical Engineering Journal Advances 25 (2026) 101007

modulates hydration shell formation, ion pairing, and channel
percolation40].

4. Conclusions

Phosphonium-based polymerizable ionic liquids are versatile mem-
brane materials that may undergo wide chemical variations in order to
tailor the membrane’s properties. Dense and completely stable mem-
branes were prepared by a casting and photopolymerization process,
under almost solvent-free conditions. The absence of organic solvents to
have a castable solution, combined with a photopolymerization process
renders the method to produce the PIL-based membranes scalable and
quite sustainable. The membranes’ properties were tuned by tailoring
the chemical nature of the PIL used for preparing the membrane or
blending PILs with different properties. A clear structure-property
relationship was rationalized by chemical-physical and structural
characterization techniques. Conductivity was higher for PIL-based
membranes with shorter alkyl chain length (C2>C4>C6>C8) and
smaller counterions (Cl”>BF4> PFg > TfoN"). Our results pointed out a
trade-off relationship between ionic conductivity and permselectivity,
and are consistent with an effect of alkyl chain length and size of the
counter ion on membrane microstructure and, as a consequence, on
water uptake and ion transport. The main outcome of this research lies
in the possibility to balance the low ionic resistance transport through
the charged moieties with a good stability in aqueous medium, tailoring
the chemistry of these materials. The obtained results encourage the use
of PILs as engineered materials in tackling challenges in membranes for
energy
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