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Designing biomimetic membranes with controlled and selective ion transport pathways is essential for next-
generation electrochemical and energy-conversion systems. In this work, the cation transport properties of
hybrid membranes composed of a side chain liquid crystalline poly(2-oxazoline), poly(2-(3,4,5-tris(4-dodecy-
loxybenzyloxy)phenyl)-2-oxazoline (PTOx40), supported on a polyester fabric were investigated. Polymer col-
umns were homeotropically oriented by thermal treatment. X-ray diffraction revealed that hydrophobic
substrates (fluorinated ethylene propylene resin and silanized glass) promoted better homeotropic orientation of
the polymer columns than hydrophilic substrates (untreated glass). Wettability studies indicated comparable
absorption behaviour for water and methanol in all membranes. Methanol uptake was consistently lower than
that of water, highlighting their suitability for methanol-based hydrogen systems. Compared with Nafion® 117,
these PTOx40-based membranes exhibited superior dimensional stability and a hydrophobic character. Cation
transport was examined through electrochemical impedance spectroscopy (EIS), permeability tests, and linear
sweep voltammetry (LSV). Although EIS confirmed the non-ionic nature of these membranes, LSV measurements
demonstrated that oriented membranes exhibited lower resistance densities than unoriented ones. This strong
dependence on column alignment underscores the role of columnar self-assembly in facilitating selective ion
transport. The PTOx40-based membranes exhibited lower absolute conductivity than Nafion® 117. However,
they showed remarkable proton selectivity, highlighting their potential for proton-transfer applications in arti-
ficial photosynthesis and sustainable energy technologies.

1. Introduction

Nowadays, the climate change is a reality. The increasing amount of
greenhouse gases (GHG) released over the years into the atmosphere for
the last century, has led to an increase in the global temperature [1]. To
reduce the negative effects of using conventional fuels, the scientific
community focuses on developing alternative energy sources to fossil
fuels. One such alternative is the proton exchange membrane fuel cell
(PEMFC). PEMFC is assembled similarly to a sandwich, with the polymer
electrolyte membrane (PEM), in the center, surrounded by two elec-
trodes, one on each side [2]. In the last decades, the importance of
PEMFC has risen, especially for power-generating portable devices and
automotive applications, due to their low cost, lightweight design, low
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emissions, and high-power density [3].

Nowadays, PEMFC membranes are based on commercially available
perfluorosulfonic acid ionomer (PFSI), like Nafion® 117. However,
these types of membranes present some drawbacks. They exhibit poor
chemical stability at high temperatures, methanol crossover during
operation in direct methanol fuel cells (DMFCs), and a strong depen-
dence on water content in their structure, which limits their operating
temperature range to 0-100 °C [4].

Despite the fact that PFSI-based membranes present advantages like
excellent proton conductivity and electrochemical stability, alternative
materials have been investigated in recent years. For instance, Wang and
co-workers reported the use of amino acid-modified chitosan nanofibers
to fabricate nanocomposites for proton exchange membranes. These
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nanocomposites achieved good conductivity at 80 °C (0.192 S/cm) and
lower methanol crossover compared to typical PFSI-based membranes
[5].

A family of polymers that has been extensively investigated because
of their wide range of applications — including optoelectronic devices
[6], sensors [7], and membranes [8-10], among others — are side chain
liquid crystalline polymers (SCLCP)s. Over the past few decades, our
research group has focused on the design of different (SCLCP)s for use in
ion transport applications as alternatives to Nafion® 117 [11]. By
grafting a tapered dendron, 3,4,5-tris[4-(n-dodecan-1-yloxy)benzyloxy]
benzoic acid (TAP), onto polyethers or polyamines, dendronized SCLC
polyethers and polyamines capable of self-assembling into columnar
structures were synthesized [12-15]. This self-assembly process is
driven by the n-r stacking interactions among the aromatic moieties of
the TAP side dendrons [16]. The resulting columnar structures facili-
tates the formation of ion-conducting channels through the presence of
heteroatoms (oxygen or nitrogen) in the polymer backbone, which
define the permeation pathways. Moreover, the dodecyl aliphatic chains
impart sufficient column mobility, enabling thermally induced rear-
rangement and promoting an ideally homeotropic columnar orientation
[17]. Notably, self-supported membranes prepared from dendronized
SCLC polyethers and polyamines exhibited proton conductivities com-
parable to that of Nafion® 117 [13,18]. However, most of the synthe-
sized polymers had poor mechanical properties, rendering the resulting
membranes fragile and brittle, and therefore requiring a supporting
material. The use of this support is expected to reduce brittleness and
improve the mechanical properties of the resulting membranes. For
instance, Bogdanowicz and co-workers embedded SCLC polyamines
within anodized aluminium oxide (AAO) discs to prepare hybrid mem-
branes with enhanced mechanical strength. These membranes exhibited
good proton conductivity, high permselectivity toward protons over
other monovalent cations, and a methanol crossover nearly two orders
of magnitude lower than that of Nafion® 117 [19,20].

In a previous published work, we reported the synthesis and char-
acterization of a family of poly(2-(3,4,5-tris(4-dodecyloxybenzyloxy)
phenyl)-2-oxazoline) (PTOx) via “living” polymerization, with degrees
of polymerization (DP) ranging from 20 to 60 [21]. Owing to the ni-
trogen atoms present in the polymer backbone, PTOx have the potential
to serve as promising materials for preparing membranes capable of ion
transport. PTOx40 (DP = 40) was selected for membrane preparation, as
it was the only polymer that exhibited a clear hexagonal columnar
mesophase, with well-defined clearing and anisotropy temperatures
observed after first heating. Furthermore, PTOx40 was incorporated into
a polyester fabric support, since self-supported membranes based on this
SCLC poly(2-oxazoline) could not be obtained.

In this work, we present the preparation and characterization of
hybrid membranes based on a SCLC poly(2-oxazoline), PTOx40, and a
polyester fabric support. Furthermore, a comprehensive analysis was
performed to evaluate the orientation of the biomimetic polymer
channels within the polyester support, the hydrophobic/hydrophilic
character of the resulting membranes, and their ionic transport prop-
erties. This analysis aimed to assess their potential as ion-conducting
materials.

2. Experimental section
2.1. Materials

2-(3,4,5-tris(4-dodecyloxybenzyloxy)phenyl)-4,5-dihydro-1,3-oxa-
zole (TAPOx) was synthesized following the procedure reported by
Guardia et al. [21]. Methyl trifluoromethanesulfonate (MeOTf, >98%)
was supplied by Sigma Aldrich. Morpholine (99%) was purchased from
Alfa Aesar. Chlorotrimethylsilane (98%) was supplied by Across Or-
ganics, while chlorobenzene was supplied by Scharlab. Tetrahydrofuran
(THF) was purchased from Fisher Scientific, and acetone was supplied
by SGL (Suministros Generales para Laboratorio, S. L.). Furthermore,
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chlorobenzene and morpholine were dried prior to use according to
literature [22]. The used polyester fabric was Hollytex® (22 g/cm?).

The following supports were used during the preparation of the
hybrid membranes:

- Untreated glass (UG).

- Silanized glass (SG): glass plates were immersed in a 10% (v/v) so-
lution of clorotrimethylsilane overnight. After that, hydrophobic
glass plates were washed several times with acetone and air-dried
overnight.

- Fluorinated Ethylene Propylene Resin (FEPR) sheet, with a thickness
of 0.1 mm, was purchased from Saint-Gobain. The FEPR sheet was
washed with acetone and air-dried before used.

For membrane assembly and all characterization experiments
involving water, Milli-Q ultrapure water was used.

2.2. Synthesis of poly(2-(3,4,5-tris(4-dodecyloxybenzyloxy)phenyl)2-
oxazoline) (PTOx40)

Poly(2-(3,4,5-tris(4-dodecyloxybenzyloxy)phenyl)-2-oxazoline)
with a degree of polymerization of 40 (PTOx40, Fig. 1) was synthetized
by “living” polymerization of TAPOx monomer, as described in a pre-
viously published article [21]. The chemical characterization (NMR, FT-
IR, degree of polymerization and molecular weight distribution) of
PTOx40 is presented in a previous work [21]. P (dispersity): 1.16
(Estimated by SEC).

2.3. Membrane preparation

The immersion precipitation process was used to assembly the
membranes. This process included the following steps: a 30% solution
(w/w) of PTOx40 (50 mg) in THF was prepared and cast over the
polyester fabric. The hybrid membranes constituted by the polyester
fabric and PTOx40 was placed over a support (untreated glass plate,
silanized glass plate or FEPR sheet). Later, the impregnated support was
immersed in a bath of Milli-Q ultra-pure water for 15 min. Finally, the
assembled membranes were air-dried overnight.

After that, a thermal treatment (baking process) was used to home-
otropically orient the membranes. In this process, an assembled mem-
brane was placed on a Linkam TP92 hot stage, heated above the polymer
clearing temperature (150 °C for these membranes) and kept for 30 min
at this temperature. Next, it was slowly cooled down (0.5 °C/min) to the
selected annealing temperature (69 or 73 °C). These hybrid membranes
were annealed for 24 h. Finally, the hybrid membranes were cooled to
RT (Room temperature = 25 + 5 °C) at 0.5 °C/min. Both processes, the
assembly of the membranes and the baking process, are illustrated in
Scheme 1. The prepared membranes had a thickness of 220 + 10 pm.

The membranes obtained were named according to the annealing
temperature and the support used in their preparation. In general, the
nomenclature used was PTOxM-X-Y, where X denotes the annealing
temperature (°C) and Y the abbreviation of the support. The abbrevia-
tions for the supports used were UG for untreated glass, SG for silanized
glass, and FEPR for the Fluorinated Ethylene Propylene Resin sheet. For
example, the code PTOxM-73-UG refers to the membrane annealed at
73 °C using untreated glass as the support.
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Fig. 1. Chemical structure of PTOx40.
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Scheme 1. Procedure used to assemble and achieve homeotropic orientation of hybrid membranes based on PTOx40.

2.4. Characterization techniques

Molecular weight analysis was performed via size exclusion chro-
matography (SEC) using an Agilent 1200 series system equipped with
three serial columns (PLgel 3 pm MIXED-E, 5 pm PLgel MIXED-D and
PLgel 20 pm MIXED-A from Polymer Laboratories) and an Agilent 1100
series refractive index detector working at 35 °C. The nominal flow rate
was 1.0 mL/min with a sample concentration of 0.1% w/w in tetrahy-
drofuran (THF) as the solvent. The SEC system was calibrated using
narrow polystyrene standards from Polymer Laboratories with molecu-
lar weights ranging from 500 to 400.000 Da.

Calorimetric analyses were carried out on a Mettler DSC-821 in-
struments calibrated using indium (156.6 °C) and zinc (419.6 °C) pearls.
Samples were placed in an aluminium standard crucible of 40 pL with
pierced lids (between 4 and 6 mg of the sample), which were analysed in
N, atmosphere (gas flow rate of 50 cm®/min). Heating and cooling rate
of 10 °C/min was always employed.

The static contact angles (CA) with water on a membrane surface
were measured with an optical goniometer (Ossila LTd, Sheffield, UK)
supported by dedicated software. For the tests, water drops of 7 pL were
deposited in the sample surface. The contact angle was calculated,
immediately after placing the water drop, using the tangent to the sur-
face at the point of contact of three phases, i.e., solid, liquid and gas. For
each test reported, at least three drops of water were used.

X-ray diffraction (XRD) measurements were made using a Bruker-
AXS D8-Discover diffractometer equipped with a parallel incident
beam (Gobel mirror), vertical 8-0 goniometer, XYZ motorized stage and
a GADDS (General Area Detector Diffraction System). Samples were
placed directly on the Si(510) sample holder for reflection analysis. An
X-ray collimator system close-to-the-sample allows to analyse areas of
500 pm. An X-ray diffractometer was operated at 40 kV and 40 mA to
generate Cug, radiation. The GADDS detector was a VANTEC-500 (sil-
icon strip technology) placed at 30 cm from the sample. The collected
frame (2D XRD pattern) covered a 20 range from 0.9 up to 11°. The
exposition time was 600 s per frame. Azimuthal scan was performed
within the range between 180° and 360°, due to the limitations of the
equipment software. In this sense, 180° were considered as 0°, 360° as
180°, with 270° corresponding to 90°. XRD experiments were performed
on both sides of the membranes and no differences were detected.

Electrochemical impedance spectroscopy (EIS) analyses were per-
formed using PGStat Autolab M204 (Metrohm Nederland, Barendrecht,
Netherlands) coupled to a frequency response analyser (FRA) and two-
point cell composed of two copper plates. Membranes with a diameter
of 0.8 cm were used. EIS analyses of dry membranes were conducted
using a through-plane set-up. The measurements were performed at RT.

Permeability tests were performed using a methacrylate test cell that
consisted of two compartments, separated by the tested membrane,
containing the feed and the stripping solutions, respectively. The vol-
umes of the feed and the stripping solutions were 200 mL, and the
effective membrane area was 0.28 cm?. For proton transport experi-
ments, the initial concentrations of the feed and stripping solutions was
0.1 M HCl(aq) and 0.1 M(aq) of: NaCl, LiCl or KCl, respectively. The pH of
the stripping solution was measured every 10 s using a pH-conductivity
meter CPC-505 connected to a computer, which recorded the results. All
experiments were performed in triplicate.

Linear sweep voltammetry (LSV) tests were performed using Met-
rohm / Eco Chemie Autolab PGSTAT12 (Metrohm, Barendrecht,
Netherlands) in potentiostatic mode with current ranging (automatic)
from 100 mA to 100 nA, potential range from 0 Vto 5V, step 0.01 V, and
scan rate 0.01 V/s. The experimental setup is presented in Fig. 2. The
distance between the reference electrodes (Ag/AgCl) and the membrane
was 1 cm. The solution volume in each compartment was 200 mL. The
measurements were performed at RT. Samples for these experiments
were placed in a Teflon sheet with a hole in the middle, giving a total
membrane area equal to 0.28 cm?. 0.1 M HCl(,q) solution was used to
study proton transport. Additionally, measurements with solutions of
0.1 M(,q) containing distinct chloride salts (LiCl, KCI and NaCl) were
performed to study the selectivity of the membranes.

For the solution uptake tests, weighted membranes were immersed
in Milli-Q ultrapure water at RT. Wet membranes were weighted every

| |V

| Anode I | Cathode |

Membrane

Fig. 2. Experimental setup for linear sweep voltammetry measurements.
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hour during the first 5 h and after 24 h, to ensure the membranes were
saturated. The water on the surface of the wet membranes was quickly
removed with filter paper, and then the mass was measured. The mass of
the dry membranes was obtained after drying them at 50 °C, until
constant mass was reached. All experiments were made by triplicate.
The water uptake was calculated as follows:

(Wwet — Wdry)

Water uptake (%) = Wdry

-100 (€D)]

Where Wyer and Wgry are the mass of wet and dry membrane sam-
ples, respectively.

The same procedure was used to determine the methanol uptake. In
these cases, 2, 6 and 12 M solutions of methanol in water were used.
Measurements were taken every hour for the first 5 h, and after 24 h, to
ensure complete methanol saturation of the membranes.

A Keyence digital microscope VHX — 7000 series with 4 K high-
resolution camera was used to analyse the surface morphology of the
prepared hybrid membranes.

3. Results and discussion

As previously described, we synthetized and characterized a family
of side chain liquid crystalline poly(2-oxazoline)s from the dendritic
monomer  2-(3,4,5-tris(4-dodecyloxybenzyloxy)phenyl)-4,5-dihydro-
1,3-oxazole by cationic ring opening polymerization (CROP). XRD
analysis confirmed that the presence of the dendritic moieties in the
polymer structure allows the self-assembly of these poly(2-oxazoline)s
into columnar structures [21].

3.1. Membrane preparation

For membrane preparation, we chose PTOx40 (DP = 40, Fig. 1), as it
was the only polymer exhibiting a clear hexagonal columnar mesophase,
as observed by DSC and XRD (Fig. S1 and Table S1) [21]. Because the
membranes prepared with PTOx40 were too brittle to be self-supported,
a polyester fabric (Hollytex®, 22 g/cm?) was used as a support for the
preparation of hybrid membranes based on PTOx40 (Fig. S2). This
nonwoven polyester fabric is lightweight and mechanically resistant,
enhancing the processing of the PTOx40-based membranes by providing
flexibility, reducing brittleness, and improving mechanical strength. To
prepare the hybrid membranes, the polyester fabric was impregnated
with a PTOx40 solution in THF, followed by polymer precipitation and
air drying (Scheme 1).

As mentioned earlier, membranes prepared with columnar polymers
require proper columnar alignment to function effectively as ion chan-
nels for cation transport. In our previous works, we reported the suc-
cessful homeotropic orientation of various SCLC polyethers and
polyamines by slowly cooling them from the molten state to room
temperature [13-15,19,20]. However, different parameters can influ-
ence the final degree of orientation of the polymer chains, including
annealing temperature, cooling rate, and annealing time [15]. In this
study, we investigated two annealing temperatures, 69 and 73 °C. All
prepared membranes were cooled down from the melt at 0.5 °C/min and
subsequently annealed for 24 h.

Besides, we evaluated the effect of the support on which the mem-
branes were prepared on the orientation of the polymer columns. Bog-
danowicz and co-workers reported that using two different supports
(hydrophilic treated glass or hydrophobic Teflon) did not produce sig-
nificant differences in the orientation of the polymer chains [23].
Nevertheless, in this work, a more in-depth investigation was conducted
by performing thermal treatment on hybrid membranes laminated onto
supports with varying hydrophobic/hydrophilic properties. The sup-
ports used were untreated glass (hydrophilic), Fluorinated Ethylene
Propylene Resin (FEPR) sheet (hydrophobic), and silanized glass (hy-
drophobic). Consequently, four different membranes were prepared:
PTOxM-73-UG and PTOxM-69-UG (untreated glass), PTOxM-69-FEPR
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(FEPR sheet), and PTOxM-69-SG (silanized glass).
3.2. Structural and morphological characterization of the membranes

The PTOx40-based membranes were characterized by XRD to
determine the organization of the polymer columns within Hollytex®.
The diffractograms of the four distinct prepared membranes are shown
in Fig. 3, and the corresponding XRD data are summarized in Table 1.

The reflection centered at 20 = 2.27°, which is observed in all of
them, confirmed the presence of columnar structures. This peak was
assigned to the lattice plane (100), as reported in previous studies
[12-14,18,19,21]. For PTOxM-73-UG, no narrow peak was observed in
its azimuthal scan on the djgo. This indicates that no homeotropic
orientation of the polymer columns was achieved when the annealing
was carried out at 73 °C. This highlights the importance of the annealing
temperature on the orientation of the polymer columns within the
membrane. The higher mobility of the polymer columns at 73 °C may
have hindered equilibrium during the 24-h annealing stage. As a result,
annealing at this temperature did not yield the desired column organi-
zation. Longer annealing times were not tested at 73 °C, as previous
work demonstrated that extending the annealing period did not improve
column orientation [15]. In the azimuthal scans of the membranes
annealed at 69 °C, the peak centered at ¢ = 270° observed for all
membranes confirmed that the polymer columns were homeotropically
oriented. This peak is relatively narrow for these three membranes, with
the calculated width at half-height (WHH) ranging from 7.80° to 8.10°.

Moreover, comparison of the relative intensity of the peak centered
at 270° in the azimuthal scans revealed that the membranes exhibited
improved orientation when annealed on hydrophobic supports (FEPR
sheet and silanized glass).

To examine the membrane surfaces, topographic analysis was per-
formed using an optical microscope. This analysis allowed the identifi-
cation of visible structural defects, such as surface discontinuities or
cracks. As shown in Fig. 4, all prepared membranes exhibited homoge-
neous surfaces. The unoriented membrane, PTOxM-73-UG, exhibited
the most irregular surface among the membranes analysed. In contrast,
the oriented membranes exhibited a smoother, less wavy surface.

After detaching the membranes from the substrates, a similar anal-
ysis was performed on their bottom surfaces. As an example, Fig. S3
shows the bottom surfaces of the PTOx40M-69-FEPR and PTOxM69-SG
membranes. In both cases, the bottom surfaces exhibited a roughness
similar to that of the air-facing sides.

Polyester fabric fibers were also analysed by optical microscopy to
assess whether they were affected by impregnation with PTOx40. As
shown in Fig. S4, no detectable differences were observed between the
fibers before and after the preparation of the PTOx40-based membranes.
It can be seen that in both cases, the polyester fabric fibers exhibited a
similar thickness (25-35 pm). Therefore, impregnation of the Hollytex®
support with PTOx40 did not cause fiber swelling but rather filled the
voids between the fibers.

Furthermore, static water contact angle (CA) measurements were
performed to assess the effect of column orientation on the membrane
surfaces (Table 2). In previous studies, we observed an increase in CA
values for the surfaces of thermally treated, self-supported membranes
prepared from SCLC polyamines and polyethers bearing TAP side den-
drons [13,18,24]. This phenomenon is associated with an increase in the
hydrophobic character of the membrane, which we attributed to the
homeotropic orientation of the polymer columns. After the homeotropic
orientation, the TAP groups are more exposed at the surface while sur-
rounding the polar polymer main chain.

Nonetheless, practically no differences were observed between the
oriented and unoriented membranes of this family (Table 2). To clarify
this result, CA measurements were also performed on the Hollytex®
support. As shown in Fig. S5, the CA value of the polyester fabric was
very similar to those obtained for the tested membranes. This indicates
that the hydrophobic character of Hollytex® predominantly determines
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Fig. 3. X-ray diffractograms and the corresponding azimuthal scans, on the reflection (100), of the thermally treated hybrid membranes:

PTOxM-69-UG, ¢) PTOxM-69-FEPR, and d) PTOxM-69-SG.

Reactive and Functional Polymers 221 (2026) 106652
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a) PTOxM-73-UG, b)

Table 1
Annealing temperatures and XRD diffraction data of PTOx40-based membranes.
Membrane Annealing temperature Orientation 20 d 100 Mesophase * WHH Angle of orientation
Q) ©) &y )" ©)
PTOxM-73-UG 73 No orientation 2.27 38.6 Col - -
PTOxM-69-UG 69 Homeotropic 2.27 38.6 Col 7.80 270
PTOxM-69-FEPR 69 Homeotropic 2.27 38.6 Col 8.10 270
PTOxM-69-SG 69 Homeotropic 2.27 38.6 Col 7.80 270

2 Col: columnar.
> WHH: width at half-height.

the measured CA of the membranes. Moreover, the TAP groups are
directly grafted to the nitrogen atom of the poly(2-oxazoline) main
chain, which limits their mobility. In contrast, in dendronized polymers
reported in previous studies, a methyl or an ethyl spacer connected the
polymer backbone to the TAP dendrons.

As mentioned above, the membranes were assembled over hydro-
phobic (untreated glass) or hydrophilic (FEPR sheet and silanized glass)
substrates. As shown in Table 2, the CA values of the membrane bottom
surfaces were similar, indicating that the nature of the substrate does not
affect their wettability.

To evaluate the influence of the aqueous environment and methanol,
uptake tests were conducted using both water and methanol aqueous
solutions. The results showed almost identical behaviour for all mem-
branes, regardless of their orientation, in both water and methanol so-
lutions. Mass measurements over time indicated complete solution
uptake within the first hour for all solutions and concentrations. As

shown in Table 2, water uptake values remained consistently around
10% for all membranes, notably lower than values reported for Nafion®
membranes [25]. Methanol uptake led to a weight increase of 4-8%.
Besides, the membranes did not swell, making these hybrid membranes

promising candidates for energy production systems where methanol
serves as the fuel.

3.3. Ionic transport properties of the membranes

The ionic conductivity of oriented and unoriented hybrid mem-
branes was initially investigated using electrochemical impedance
spectroscopy (EIS). The Nyquist plots representing the EIS impedance
analysis through-plane of all the dry membranes are shown in Fig. 5. The
impedance results show lines that are practically straight along the y-
axis, with impedance values approaching zero for all tested membranes,
corresponding to high-frequency values (resistance values were on the
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Fig. 4. 3D images of the top surface of the hybrid membranes: a) PTOxM-73-UG, b) PTOxM-69-UG, c¢) PTOxM-69-FEPR, and d) PTOxM-69-SG recorded with an

optical microscope at RT (25 £ 5 °C).

Table 2

Water contact angles, water and methanol uptake after 24 h of Hollytex® (22 g/
cm?) polyester fabric support, unoriented (PTOxM-73-UG) and oriented
(PTOxM-69-UG, PTOxM-69-FEPR and PTOxM-69-SG) membranes.

Membrane Water contact angle Water Methanol uptake (%)”
o @ —
O 00 wEkel Ly oM 12
Air Substrate M
side side
Hollytex® (22 114 - 23+2 25 26 24
g/cm?) +1 +1  £2  £2
PTOx40" 105 - - - - -
+1
PTOxM-73-UG 109 111 £ 2 10£1 4+ 4+ 5+
+1 2 2 2
PTOxM-69-UG 113 111 + 2 11+2 6+ 5+ 4+
+1 1 1 1
PTOxM-69- 111 117 + 4 10£1 8+ 7+ 4+
FEPR +2 1 2 1
PTOxM-69-SG 112 112+ 2 10+1 6+ 4+ 4+
+1 1 1 1

@ Water and methanol uptake after 24 h.
> PTOx40 polymer film on top of untreated glass without applying any ther-
mal treatment.

order of 10'! Q).

To describe the polymer conductivity behaviour of the hybrid
membranes, we simulated the impedance data by fitting it to a simple
electrical circuit model. These models were labelled using the “circuit
description code” (CDC) [26]. In our cases, the observed Nyquist plots
can be effectively modelled by an ideal capacitor (C). The corresponding
equivalent circuit is shown in Fig. S6. This behaviour can be attributed
to the non-ionic nature of the poly(2-oxazoline). Unlike Nafion®, which
contains sulfonic acid groups that facilitate ionic conduction via polar-
izable ionic domains [27-30], the channels in the studied membranes
lack ionic groups and are not pre-filled with mobile ions. In their pristine
state, the membranes contain only weakly polarized bonds, resulting in
high resistance values in EIS measurements. Consequently, the ionic
conductivity cannot be directly inferred from EIS data.

In our systems, the membrane architecture was specifically designed

3.0E+06, = PTOXxM-73-UG
e PTOXM-69-UG =
256+06 4 PTOXxM-69-FEPR
v PTOXM-69-SG »
v
2.0E+06 - e
n
- eV
€ 1.5E+06 - A~
s Voe
N . 4
1.0E+06 - _“ R
A
5.0E+05 - 3
0.0E+00 -
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Fig. 5. Through-plane electrochemical impedance spectroscopy (EIS) Nyquist
plots of dry hybrid membranes.

to enable cation solvation via the polymer backbone. It also promotes
ionic transport under external stimuli, such as concentration gradients
or applied electric fields. To evaluate the ionic conductivity of these
hybrid membranes, alternative techniques, including permeability tests
and linear sweep voltammetry, were employed.

Permeability tests on oriented membranes showed no pH change in
the stripping solutions after 4 days, indicating negligible proton trans-
port. These results differed from those previously reported for SCLC
polyethers and polyamines [13,18,20]. The absence of proton transport
in this SCLC poly(2-oxazoline), compared to polyamines or polyethers,
can be attributed to the lower basicity and reduced mobility of the amide
groups. These factors limit their ability to facilitate efficient proton
hopping or coordination. Additionally, in PTOx40, TAP dendrons are
directly grafted to the nitrogen atom of the poly(2-oxazoline) backbone,
resulting in reduced dendron mobility. In contrast, flexible spacers were
used in previous studies to connect the polymer main chain with the
lateral mesogens, thereby enhancing chain orientation, and allowing
proton transport [13,18,20].

To evaluate the ion transport properties, current-voltage (C—V)
measurements were performed using the setup shown in Fig. 2. The



J. Guardia et al.

resulting C—V curves for the PTOx40-based membranes in 0.1 M HCI,
which are shown in Fig. 6, exhibited three main characteristic regions.
The first region (ohmic region) is observed at low voltages. In the ohmic
region, a linear relationship between current and applied potential in-
dicates ohmic or quasi-ohmic behaviour. The second region, also called
limiting current region, is characterized by a plateau or semi-plateau
that represents the maximum ion flux across the membrane. Besides,
this region indicates cation permselectivity, where only cations signifi-
cantly contribute to charge transport across the membrane. Finally, the
third region, also called overlimiting region, is marked by a further in-
crease in current, attributed to electroconvection or water dissociation
phenomena [31-33]. The three characteristic regions for each curve are
highlighted in Fig. S7.

In addition to proton conductivity, the transport of other alkaline
monovalent cations (Li", Nat, and K™) was investigated. The results,
summarized in Table 3 alongside the proton conductivity data, show
that the unoriented PTOxM-73-UG membrane exhibited the highest
Rohm (1.111 x 107 [Q~cm’2]), up to two orders of magnitude greater
than the other membranes tested in this work. It also showed a distin-
guishable limiting current region, consistent with the general behaviour
observed for these hybrid membranes. For this unoriented membrane,
the calculated limiting current (Iji,) density was the smallest one from
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Fig. 6. C—V curves of PTOx40-based hybrid membranes.
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Table 3
Ohmic resistances of the studied membranes obtained from C - V curves for the
different cations.

Sample Rohm X 107 [Q-cm™2]
HCl1 LiCl NaCl KCl
Nafion®117 0.003 * 0.006 * 0.019 * 0.012°
PTOxM-73-UG 1.111 106.640 339.060 -
PTOxM-69-UG 0.082 17.630 125.860 311.312
PTOxM-69-FEPR 0.083 7.290 55.710 41.220
PTOxM-69-SG 0.084 7.141 147.824 279.544

# Ohmic resistance expressed in Ropm X 10% [Q-cm~2]. Nafion® 117 ohmic
resistances were reported by Bogdanowicz et al. [20].

this set of membranes (I, = 2.27 x 107 [A-cm™2]). The hybrid
membrane PTOxM-69-UG exhibited an ohmic resistance (Rohm) density
of 0.082 x 107 [Q-cm™2]. The limiting current (Iji,) density of this
membrane was greater than that of the unoriented membrane (Iji, =
8.64 x 107° [A~cm_2], but smaller than that of the membranes home-
otropically oriented in hydrophobic supports (PTOxM-69-FEPR and
PTOxM-69-SG). Regarding PTOxM-69-FEPR and PTOxM-69-SG, they
showed similar Ry, values (0.083 and 0.084 x 107 [Q~cm_2], respec-
tively) with lower Ij;, densities of 1.82 x 107> and 1.33 x 107°
[A~cm’2], respectively.

The higher ohmic resistance density observed for unoriented
PTOxM-73-UG membrane, compared to PTOxM-69-UG, PTOxM-69-
FEPR, and PTOxM-69-SG, can be attributed to the lack of column
orientation in the membrane structure of PTOxM-73-UG. This lack of
orientation was confirmed by the azimuthal scan on the d;¢g reflection
for PTOxM-73-UG, where a broad and low-intensity peak was observed
(Fig. 3). Since PTOxXM-73-UG was not oriented during preparation, the
membrane exhibited poorly defined ion transport pathways, resulting in
the highest resistance density value. Moreover, potassium ion transport
was not detected in PTOxM-73-UG, making it impossible to determine
its corresponding ohmic resistance density (Table 3). In contrast,
PTOxM-69-FEPR and PTOxM-69-SG were assembled on hydrophobic
substrates, which promoted better homeotropic column orientation, as
evidenced by the intense peak centered at 270° in the azimuthal scan of
these samples (Fig. 3). As a result of this orientation, these membranes
exhibited lower resistance values. In the case of PTOxM-69-UG mem-
brane, which was prepared on a hydrophilic substrate, it shows a certain
homeotropic orientation since a peak centered at 270° is also observed
in its azimuthal scan. However, the intensity of this peak is lower
compared to the corresponding peak in the azimuthal scans of the two
membranes prepared on hydrophobic substrates (PTOxM-69-FEPR and
PTOxM-69-SG). This explains why the membrane PTOxM-69-UG
showed slightly higher or comparable resistance to PTOxM-69-FEPR
and PTOxM-69-SG, depending on the cation tested (H', Li*, Na® and
K™1). These findings demonstrate a direct correlation between membrane
orientation, as revealed by XRD, and ionic transport performance, as
seen in the C—V curves. Therefore, membranes exhibiting clear home-
otropic column orientation show significantly lower ohmic resistance
and higher limiting currents, whereas non-oriented membranes display
markedly poorer transport properties.

In the LSV experiment, the potential difference between the elec-
trodes first forces cations to overcome the interfacial barrier at the
membrane-solution interface, followed by their transfer between the
compartments. In some cases, the “filling of the membrane” is visible as
a short plateau at the beginning of the C—V curves; however, possibly
due to residual polarisation during membrane handling, this feature was
not consistently observed for all membranes. During ion transport
through an ionomeric membrane such as Nafion®, the ionic channels
are already filled with cations, allowing cation flux without an initial
filling stage [34,35].

Several models have been proposed to explain proton conductivity,
including the Grotthus-Diffusion mechanism, the vehicular mechanism,
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and others. The Grotthus-Diffusion mechanism occurs in the bulk phase,
where excess protons move rapidly, by hopping through hydrogen-
bonded water clusters. This mechanism requires a high degree of hy-
dration and is typically observed only in swollen membrane pores. At
low hydration levels, in the absence of bulk water, proton transport
becomes dominated by a much slower surface-hopping mechanism, in
which protons move from one sulfonic group to the next along the pore
walls [34,36,37].

Studies on ion transport in non-ionomeric materials are relatively
scarce in the literature; consequently, limited information is available on
this topic. To properly understand the behaviour of non-ionomeric
materials, several factors must be considered. In this work, the objec-
tive of minimizing the influence of water on membrane properties was
achieved through the high hydrophobicity of the SCLC poly(2-
oxazoline)s, which reduces membrane swelling and effectively ex-
cludes the Grotthus-Diffusion based transport mechanism. Other trans-
port mechanisms, such as vehicular transport, are also expected to be
strongly limited by the narrow channel size, which is primarily deter-
mined by the self-assembly process of the SCLC polymer chains and
governs ion transport in these systems. Therefore, the most probable
transport mechanism in these systems is proton hopping. This mecha-
nism involves hydrogen bonding between the proton and the nitrogen
atoms of the poly(2-oxazoline) main chain in the absence of bulk water
molecules. Nevertheless, the aqueous environment likely facilitates
cation transfer from the bulk solution to the membrane surface, and
interactions between surface-bound water and the membrane may
partly explain the observed water uptake of approximately 10%. This
hopping-restricted transport mechanism could explain the low conduc-
tivity values observed for these SCLC poly(2-oxazoline)-based mem-
branes. Importantly, compared to Grotthus-Diffusion and vehicular
mechanisms, the proposed hopping-restricted transport mechanism of-
fers the advantage of high cation selectivity, which is a key feature of the
systems presented in this study.

An essential factor affecting the conductivity across the polymer
columns formed by this type of SCLC polymers is the basicity of the
heteroatom in the polymer main chain. In the case of SCLC poly(2-
oxazoline)s and polyamines, this heteroatom is nitrogen. The nitrogen
atoms exhibit lower basicity in SCLC poly(2-oxazoline)s compared with
those in SCLC polyamines. Comparing the two systems, reducing the
heteroatom's attractive force for the proton decreases the drag force
across the polymeric channel responsible for proton transport. This may
explain why the concentration gradient was ineffective in establishing a
low potential difference between the two compartments for the SCLC
poly(2-oxazoline)-based membranes, particularly when cation transport
must occur simultaneously in both directions.

Regarding SCLC polyethers, although oxygen is expected to have
lower basicity than nitrogen in SCLC polyamines, they exhibit proton
conductivity similar to that of Nafion®, thanks to oxygen's ability to
form hydrogen bonds [13]. Furthermore, the TAP side chain dendrons
are grafted onto the SCLC polyamines and polyethers previously inves-
tigated by us via a flexible alkyl spacer [13,14]. This spacer is expected
to increase the mobility of the TAP dendrons, influence the rearrange-
ment of pendant TAP groups, and provide bypass pathways for protons
due to the proximity of the carbonyl groups. Supporting this hypothesis,
studies using Raman spectroscopy coupled with chronoamperometry on
SCLC poly(epichlorohydrin-co-ethylene oxide) modified with TAP den-
drons revealed that protons pass through the polyether backbone.
Moreover, these experiments demonstrated that the lateral ester groups
play an important role in cation transport, with the exception of sodium
[38].

To evaluate the membranes' preferential selectivity for protons over
the studied monovalent cations, the conductance ratio (reverse resis-
tance) Gijon/Gu. was calculated for each membrane (Table 4). As shown
by the calculated ratios, all membranes exhibit high proton selectivity.
PTOxM-73-UG shows no selectivity for potassium cations, which is
consistent with its lack of potassium transport.
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Table 4
Selectivity (Gion/ G ratio) values of studied membranes for alkaline mono-
valent cations.

Sample Gion/Gu+ x 100 (%)
Lit Na™ K"
Nafion®117 47.30 ° 14.20 ¢ 22.80 ¢
PTOxM-73-UG 1.00 0.30 0.00
PTOxM-69-UG 0.50 0.07 0.03
PTOxM-69-FEPR 1.10 0.15 0.20
PTOxM-69-SG 1.20 0.06 0.03

@ Nafion® 117 preferential selectivity data were reported by Bogdanowicz
et al. [20].

The Gjon/Gp. values highlight the importance of homeotropic col-
umn orientation within the membrane structure, a key factor governing
cation transport. Our results demonstrate that the studied membranes
exhibit higher proton selectivity over monovalent cations such as Li™,
Na', and K", compared to those reported by Zare et al., who investigated
the proton selectivity of membranes based on SCLC polyethers [18]. This
difference may arise from structural factors. The membranes studied by
Zare et al. featured tapered groups randomly distributed along the main
chain through post-polymerization modification of the polyether. In
contrast, our PTOx40-based membranes have a more uniform distribu-
tion of tapered groups, as each repeating unit of the SCLC poly(2-
oxazoline) is grafted to a tapered mesogen. This distribution of TAP
dendrons may reduce backbone flexibility and limit rearrangement,
thereby facilitating proton transport while increasing resistance to
larger cations. This hypothesis was demonstrated by our previous
Raman investigations coupled with chronoamperometry on SCLC poly-
ethers modified with TAP dendrons [38]. These results emphasize the
importance of side dendron distribution and polymer backbone
conformation in SCLCPs for promoting selective proton transport.

4. Conclusions

Hybrid membranes based on a SCLC poly(2-oxazoline) (PTOx40)
supported on polyester fabric were systematically investigated to
elucidate the interplay between structural organization, wettability, and
ion transport. Thermal treatment successfully induced homeotropic
orientation of the polymer columns. X-ray diffraction analysis revealed
that hydrophobic substrates promoted better homeotropic orientation of
the polymer columns compared to hydrophilic substrates. Wettability
measurements indicated similar trends in water and methanol absorp-
tion across all membranes, with methanol uptake consistently lower
than water uptake, suggesting potential applicability in methanol-
mediated hydrogen systems. Static contact angle analysis confirmed
the membranes' hydrophobicity, with values comparable to those of the
polyester fabric support itself.

Ion transport properties were evaluated using electrochemical
impedance spectroscopy (EIS), permeability tests and linear sweep
voltammetry (LSV). EIS confirmed the non-ionic nature of the mem-
branes, while permeability tests showed negligible transport of mono-
valent cations (Li", Na*, and K"), presumably due to spatial constraints
within the polymer channels. In contrast, LSV measurements showed
that homeotropically oriented membranes exhibited significantly lower
resistance densities compared to unoriented counterparts, highlighting
the importance of polymer column orientation in enhancing ion con-
duction. Although the absolute proton conductivity was lower than that
of Nafion® 117, PTOx40-based membranes showed exceptional selec-
tivity for protons over other monovalent cations. These findings position
these hybrid membranes as promising candidates for selective proton
transport in applications such as artificial photosynthesis and advanced
energy conversion systems.
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