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ARTICLE INFO ABSTRACT

Keywords: Reversible addition—fragmentation chain transfer (RAFT) agents can be employed to control radical polymeri-
Anion-exchange membrane zation processes in the synthesis of anion-exchange membranes (AEMs) via radiation-induced grafting (RIG).
RA] ET_ . . However, the influence of the RAFT agent content on the performance of anion-exchange membrane fuel cells
?;;:;‘gn'mdumd grafting (AEMFCs) remains largely unexplored. Herein, we present a flexible method for AEM preparation that combines

the radiation chemistry of polymers with RAFT polymerization. Low-density polyethylene (LDPE) films were
simultaneously irradiated with vinylbenzyl chloride (VBC) monomer and RAFT agent to achieve rigorous control
over the molecular weight of the grafted side chains. The incorporation of RAFT agent into the LDPE-grafted
polymer chains significantly reduced the degree of grafting, and gel permeation chromatography (GPC) mea-
surements confirmed the reduction in molecular weight. Cross-sectional Raman microscopy revealed that the
RAFT protocol also improved graft homogeneity across the polymer matrix. Furthermore, the mechanical
properties and surface morphology of the resulting AEMs were enhanced by the use of the RAFT method. The
membranes were subsequently characterized in terms of ion-exchange capacity, water uptake, in-plane and
through-plane swelling, thermal stability, and hydroxide conductivity. Single-AEMFC tests, as well as chemical
stability measurements, demonstrated that RAFT-based AEMs maintained high performance (~1.3 W~cm_2),
while exhibiting a markedly lower IEC loss (~30 %) compared to non-RAFT AEMs, thus contributing signifi-
cantly to AEMFC stability.

1. Introduction Anion-exchange membranes (AEM) represent an important class of

ionomeric materials composed of non-ionic and ionic phases that

Anion exchange membrane fuel cells (AEMFCs) have recently
attracted considerable interest as a viable alternative to conventional
proton exchange membrane fuel cells (PEMFCs). By enabling the use of
non-precious metal catalysts, AEMFCs have been considered a substitute
to conventional alkaline fuel cells with a competitive cost-effectiveness.
In AEMFCs, a polymer electrolyte (anion exchange membrane, AEM)
conducts hydroxide ions (OH™) instead of protons (H™), favoring the
kinetic of electrode reactions, such as oxygen reduction reaction (ORR)
[1-6]. Moreover, operation in alkaline medium mitigates corrosion is-
sues associated with acidic environments, enhancing the durability and
stability of the cell components. Despite these advantages, challenges,
such as improving the performance and stability of the anion exchange
membranes (AEM), optimizing water management, and enhancing
catalyst activity remain critical research areas [7-10].

* Corresponding authors.

conduct anions, such as OH™, CO%’, HCOs3, Cl". Typically, AEMs are
copolymers composed of a polymer backbone, which provides the
physical and mechanical properties of the membrane, side chains that
support the functional groups, and the functional groups themselves
(quaternary ammonium, QA), which act as the ion-conducting sites
responsible for anion transport [11-13].

Among the various methods available for producing AEMs, the
copolymerization of monomers onto engineering polymers by radiation-
induced grafting (RIG) has proven to be particularly effective [14-19].
RIG represents a versatile strategy, wherein radicals are generated
within a prefabricated polymer matrix and subsequently exploited to
anchor monomers through irradiation, enabling precise tailoring of
membrane functionality. Several polymer types have been used to syn-
thesize AEMs, such as fluorinated (Polytetrafluoroethylene (PTFE), Poly
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(tetrafluoroethylene-co-hexafluoropropylene) (FEP), partially fluori-
nated (Poly(ethylene-co-tetrafluoroethylene) (ETFE) and non-
fluorinated polymers as polyethylene [14,17,19]. Low-density poly-
ethylene (LDPE) is particularly interesting due to its thermoplastic
characteristic combined with low cost, good physicochemical proper-
ties, such as thermal stability, and recyclability [1].

Despite the recurrent use of LDPE as a polymer matrix in AEMs
produced by RIG, some limitations, such as performance and durability,
still require improvements in both processing techniques and the
development of novel structural and morphological configurations. A
key limitation of RIG, which employs conventional radical polymeri-
zation (FRP), is the lack of precise control over the ratio of functional
groups grafted onto the polymer backbone. Therefore, the development
of AEMs with properties specifically designed for electrochemical device
applications is highly desirable [18]. For this reason, surface modifica-
tion by RIG through controlled radical polymerization (CRP) is one
technique to be exploited for the synthesis of graft copolymers.

In this context, the reversible addition—fragmentation chain-transfer
(RAFT) method (recently labeled as reversible deactivation radical
polymerization (RDRP) by IUPAC, 2025) emerges as an alternative
technique, able to tailoring chemical and physical properties of in-
terfaces and surfaces of a polymer and represents a good choice for CRP
[3,20-22]. In addition, a careful selection of RAFT agents enables the
polymerization of a wide range of vinyl monomers under optimal re-
action conditions. Furthermore, the combination of RIG and the RAFT
method can result in AEMs with well-controlled structures, contributing
to achieving suitable properties for AEMFC application.

This work focuses on the preparation of AEMs based on LDPE with
controlled side-chain molecular weight via RAFT agent incorporated in
the RIG approach. The resulting membranes were characterized in terms
of molecular structure, physicochemical, thermal and mechanical
properties, surface morphologie, hydroxide conductivity and subse-
quently assessed as polymeric electrolyte in Ho/O2 AEMFCs.
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2. Experimental
2.1. Materials

Commercial low-density polyethylene films (LDPE, 25 pm, Good-
fellow) were used as the polymeric matrix. Vinylbenzyl chloride
monomer (VBC, a mixture of 2-, 3-, and 4-isomers, 97 %), RAFT agent
cyanomethyl dodecyl trithiocarbonate (CMDTC), and trimethylamine
(TMA, 25 % v/v) were purchased from Sigma-Aldrich. Toluene, potas-
sium hydroxide, acetone, ethanol, and sodium chloride were of analyt-
ical reagent grade and used as received.

2.2. Membranes preparation

AEMs were prepared following the procedure shown in the scheme
illustrated in Fig. 1. For the grafting step, LDPE films and different
amounts of RAFT agent (0, 56 and 112 mg) were placed in a screw-cap
vial containing a mixture of VBC/toluene/ethanol (27/28/45 vol%).
The vial set was purged with pure nitrogen (99.995 %) for 5 min to
remove air. A Gammacell 220 %°Co source was used to irradiate the
samples with a total absorbed dose of 25 kGy at a dose rate of 0.4 kGy
h~!. Immediately after irradiation, the LDPE-grafted films were washed
several times with toluene and acetone to ensure removal of homopol-
ymers and RAFT agent residues. As a sequence, LDPE-grafted films were
dried at room temperature (RT) overnight. The degree of grafting (DoG)
was estimated using Eq. 1.

wf-wi

i

DoG = x100% (€9)]

where Wy is the LDPE-grafted film weight, and W; (g) is the weight of
pristine LDPE.

After grafting process, the LDPE-grafted films were aminated with
aqueous TMA solution (25 % vol.) for 24 h at RT [23]. The resulting
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Fig. 1. The schematic processes used for the preparation of AEMs by RIG-RAFT method.
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AEMs were exhaustively washed with ultrapure water (UPW) and stored
in chloride form (LDPE-AEM Cl") in ultrapure water (UPW).

Non-RAFT and RAFT AEMs were labeled as follows: LG-0 (L. = LDPE,
G = grafting, 0 = without RAFT agent), LG-56 (L = LDPE, G = grafting,
RAFT agent = 56 mg), and LG-112 (L = LDPE, G = grafting, RAFT agent
=112 mg).

Water uptake (WU), in-plane swelling (IPS), and through-plane
swelling (TPS) of the AEMs in chloride (Cl7) and hydroxide (OH™)
forms were determined. It is important mentioning that measurements
conducted in OH™ form are more susceptible to carbonation during
handling due to reaction of OH™ and atmospheric CO2, which can lead to
inaccurate results. Therefore, some experiments were carried out using
AEMs in the C1™ form.

For measurements in the wet state, AEMs in the Cl™ form (3 x 3 cm?)
were fully hydrated and equilibrated in UPW for 24 h at room temper-
ature (25 °C). Excess surface water was gently removed with filter paper,
and the wet mass, thickness, and area were measured using an analytical
balance, micrometer, and digital caliper, respectively. For dry-state
measurements, the samples were subsequently dried in a vacuum oven
at 50 °C for 16 h.

For the AEMs in OH™ form, fresh specimens were converted by ion
exchange in 1 M KOH under stirring for 24 h, followed by thorough
rinsing with UPW to eliminate residual electrolyte. In this case, WU, IPS,
and TPS were evaluated at 25, 50, and 80 °C. At each temperature, the
specimens were conditioned in UPW for 1 h, surface water was quickly
removed, and the wet mass, thickness, and area were measured. The
samples were then dried in a vacuum oven at 50 °C for 16 h to determine
dry values. WU, IPS, and TPS were calculated using Egs. 2, 3, and 4,
respectively:

_ Wwet - Wdry

WU x 100% )
War, ’
Aot — A
IPS = "~ 24 5 100% 3)
Adgry
Typet — T,
TPS = ~** — “97 5 100% 4@
dry

where Wy, is the wet weight, Wy, is the dry weight, Ay is the wet area,
Adgry is the dried area, Ty is the thickness of hydrated AEM, and Ty is
the thickness of dry AEM. All measurements were performed in
triplicate.

The ion exchange capacity (IEC) data were obtained for AEMs in C1~
form using an automatic titrator (Titrino 848 Plus, Metrohm) equipped
with a selective Cl~ electrode, as described elsewhere [23]. The mea-
surement was performed in triplicate, and the value was estimated by
using Eq. 5:

Ep*0.0205

IEC (mmol/g) = mdry

(5)

where Ep is the end point (mL) taken as the maxima in the first differ-
ential plot of the Ag Titrode potential vs. volume data, 0.0205 N is the
concentration of the AgNO3 aqueous solution, and mgyy is the dry mass of
AEM-Cl™ samples.

2.3. Characterization

2.3.1. Gel permeation chromatography (GPC)

Gel permeation chromatography (GPC, Prominence UFLC Shimadzu)
was employed to determine the weight average molecular weight (M,,)
and the dispersity index (P) of the byproduct resulting of grafting re-
action from AEMs synthesis. M,, corresponds to the weight-average
molecular weight of the polymer, which reflects the contribution of
chains of different sizes to the overall mass of the sample. The dispersity
index (b =M,,/M,) indicates the extent of the molecular weight distri-
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bution, with values closer to 1 representing narrower (more uniform)
distributions [24].

For GPC analysis, chloroform (CHCl3, HPLC grade) was used as the
eluent, and narrow-dispersity polystyrene standards were employed for
calibration. The analyses were performed using a Waters Styragel pre-
column (4.6 x 30 mm, 500 A) coupled with two Phenogel 5 pm linear
columns (7.8 x 300 mm), covering a separation range of 100-1.0 x 107
Da. The stationary phase consisted of spherical porous particles of
styrene-divinylbenzene copolymers.

2.3.2. Raman spectroscopy

Raman spectroscopy was employed for two main purposes: (i)
assessing the chemical structure of the resulting AEMs, and (ii) mapping
the distribution of grafts across the cross-section of LDPE-grafted
samples.

Raman spectra were collected using a Horiba Jobin Yvon XploRA-
PLUS spectrometer equipped with a 785 nm laser (85 mW), a 50x
objective lens (NA = 0.50), 5 s exposure time, and 32 accumulations. All
spectra were normalized to the 1130 cm™! band, which corresponds to
the LDPE backbone.

On the other hand, Raman mapping was carried out on cross-
sectional samples prior to the amination step to avoid fluorescence
from the TMA groups. In this case, a 785 nm laser (21 mW) was used
with a 50x objective lens (NA = 0.50), 5 s exposure time, and 2 accu-
mulations. Raman maps were generated from the ratio of the 1610 cm ™!
band (VBC groups) to the 1130 em~! band (LDPE) using LabSpec6t
software.

2.3.3. Thermal and mechanical properties

The thermal behavior of the resulting AEMs (LG-0, LG-56, and LG-
112) was evaluated by thermogravimetric analysis (TGA) and differen-
tial scanning calorimetry (DSC). For TGA, samples (~5 mg) were placed
in alumina pans and analyzed using a TG/DTA SDT Q600 instrument
(TA Instruments) with a heating rate of 10 °C min~! over the tempera-
ture range of 30-600 °C under N2 flow (100 mL min~1). DSC measure-
ments were performed on a PerkinElmer DSC 6000 instrument. The
measurements were carried out in a heating—cooling-heating cycle from
30 to 150 °C at a rate of 10 °C min~! under N flow (50 mL min~1). The
melting temperature (Tm) and crystallization temperature (Tc) were
determined from the second heating and first cooling scans,
respectively.

Mechanical properties were evaluated using a universal testing ma-
chine (Instron 5567) at room temperature (~25 °C) equipped with a 1
kN load cell. Rectangular specimens (1 x 4 cm?) were previously dried
in a vacuum oven at 50 °C. The thickness of each sample was measured
at three different points with a Mitutoyo micrometer, and the width was
measured at three points with a Mitutoyo digital caliper. A minimum of
three specimens were tested for each AEM composition.

2.3.4. Atomic force microscopy (AFM) and scanning electronic microscopy
(SEM)

Surface topographic images of the AEMs were obtained by atomic
force microscopy (AFM) using an Agilent 5500 AFM/SPM system. Each
sample was scanned at a rate of 0.3 lines s~* in soft tapping mode with a
NanoWorld Pointprobe® NCST AFM probe with a resonance frequency
of 160 kHz and a force constant of 7.4 N m™L.

Surface morphology was further analyzed by scanning electron mi-
croscopy (SEM) using a JEOL FESEM JSM-6701F microscope operating
at an accelerating voltage of 5 kV. Prior to analysis, the samples were
dried in a vacuum oven at 50 °C for 24 h and placed on carbon tape to
ensure a uniform surface. No conductive coating was applied to the
membranes. The elemental composition (C and Cl) of cross-sectional
AEMs was analyzed by using energy-dispersive X-ray spectroscopy
(EDS). Cross-sectional samples for EDS were prepared by cutting the
membranes with a clean razor blade and mounting the fragments onto
carbon tape. All AFM, SEM, and EDS measurements were performed on
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AEMs in Cl™ form to avoid handling-related interferences.

2.4. Hydroxide conductivity

Hydroxide conductivity of LG-0, LG-56, and LG-112 was measured
by impedance spectroscopy following the methodology proposed by
Dekel et al. [25,26]. Each membrane sample (1 x 4 sz) was pretreated
by soaking in 1 M KOH for 24 h to ensure complete ion exchange. Af-
terward, the samples were thoroughly rinsed with ultrapure water
(UPW) and placed in a four-probe conductivity cell (BT-112, Scribner
Associates).

Conductivity measurements were performed at 30-80 °C under 100
% relative humidity with a constant nitrogen flow of 0.5 mL min~". Prior
to measurement, the samples were subjected to decarbonation at 40 °C
by applying a fixed voltage of 0.5 V, generating a current of 800-1000
pA, for 3 h. Subsequently, direct current (DC) voltage sweeps from —0.1
V to 0.1 V were carried out using a potentiostat coupled to a Scribner
Associates 850e fuel cell test station. Each sweep was repeated every 10
min for a total of four cycles at each temperature.

The resistance (R) was determined by linear fitting of the volta-
ge—current data and the conductivity was calculated using Eq. 6:

oo d
T Rxwxt

(6)

where d = 0.425 cm, and w and t represent the width and thickness of
the hydrated AEM samples, respectively. All measurements were per-
formed on three independent samples (n = 3).

2.5. Chemical stability test

Alkaline and oxidative degradation tests were conducted to evaluate
AEM stability. For alkaline stability, samples (3 x 3 cm?) were immersed
in 1 M KOH at 80 °C for 720 h, with weekly solution renewal. After
treatment, the membranes were rinsed with UPW and conditioned in 1
M Nacl for 3 days at room temperature under stirring. Alkaline stability
was expressed in terms of IEC loss, calculated from the difference be-
tween IEC values measured before and after degradation, as described in
Section 2.2. All tests were performed in triplicate (n = 3).

In addition, oxidative stability was assessed using the Fenton re-
agent. Samples (2 x 2 cm?) were immersed in H505 solution (3 % v/v)
containing 4 ppm FeSOy4 at 80 °C. Oxidative degradation was estimated
in terms of breaking time, which is defined as the elapsed time from the
start of exposure to the Fenton reagent until the first visual evidence of
membrane’s failure [27].

2.6. Single fuel cell test

Beginning-of-life H2/O2 fuel cell tests were performed using gas
diffusion electrodes (GDEs). Catalyst inks were prepared by dispersing
Pt/C (Alfa Aesar, Johnson Matthey HiSPEC 4000, 40 wt% Pt) for the
cathode and PtRu/C (Alfa Aesar, Johnson Matthey HiSPEC 12,100, 40
wt% Pt and 20 wt% Ru) for the anode. Homemade ETFE-based
powdered ionomer (AEI, IEC = 2.20 + 0.01 mmol g’1 ; synthesis
described in the SI), UPW, and isopropanol were added to the catalysts.
Each ink was homogenized by ultrasonication for 30 min, spray-coated
onto Teflonated Toray TGP-H-60 carbon paper, and dried at 60 °C. The
geometric electrode area was 5.0 cm?. The Pt loading for both anode and
cathode was 0.50 + 0.03 mg cm™2, and the AEI loading was 20 wt%,
considering the total solid content.

Prior to fuel cell operation, the electrodes and AEM were immersed
in 1 M KOH solution for 30 min to convert AEM and AEI from chloride to
the hydroxide form, followed by rinsing with UPW to remove residual
ions. The MEA (membrane-electrodes assembly) was assembled in a 5
cm? single-cell fuel cell hardware (Scribner Associates, USA) and sealed
with a torque of 5.5 N m. Fuel cell performance was evaluated using a
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Scribner 850e test station. The AEMFC was fed with pure hydrogen
(99.999 %) and oxygen (99.998 %) in the anode and cathode, respec-
tively, with flow rate of 1 L min ' under optimized dew point
humidification.

A AEMFC short-term durability test in single cell was also performed
at 80 °C and 100 % relative humidity, with both gases supplied at 0.3 L
min~! for 40 h. The voltage decay was monitored as a function of the
time at a fixed current density of 150 mA cm 2.

3. Results and discussion
3.1. Synthesis and molecular structure characterizations

AEMs based on LDPE were prepared using a RAFT agent to control
the molecular structure of VBCs graft by RIG method. Traditionally, RIG-
based AEMs are prepared by two protocols: pre-irradiation protocol
(three steps: irradiation, grafting process, and amination) and simulta-
neous protocol (two steps: irradiation and grafting process together, and
amination) [14]. Here, we incorporate the RAFT agent during the
simultaneous protocol to synthesize AEMs. In the classic simultaneous
RIG method, y-irradiation generates radicals both on the LDPE film and
in the VBC solution. These radicals promote grafting of VBC onto the
film while also enabling homopolymerization of VBC in solution. The
prevalence of one process over the other depends on the reaction envi-
ronment as reagent type, concentration, solvent, temperature, and
irradiation atmosphere. Homopolymerization is undesirable because it
consumes monomers that could otherwise contribute to grafting. On the
other hand, the grafting step attaches side chains to the LDPE backbone,
but it is well understood that the classic RIG is not able to control the
arrangement of the grafts [28]. Subsequently, after the grafting process,
the VBC groups carry the ionic headgroups responsible for anion
transport after amination of the AEMs.

In our RIG-RAFT approach, a RAFT agent (varying the amount: 0, 56,
and 112 mg) is introduced to control the molecular weight (M,,) and
dispersity (P) of the grafted poly(VBC) side chains under the same
irradiation conditions (25 kGy). In this case, the RAFT agent promotes a
new mechanistic route in the simultaneous RIG protocol, such that upon
initiation of radicals in the polymer matrix by y-irradiation (Egs. 7-8).
The propagating radical (P;,) adds to the RAFT agent and then fragments
(initial equilibrium; Eq. 9) to yield a dormant thiocarbonylthio-capped
chain (P,,S(C=S)Z) and a new radical (R"). The latter reinitiates poly-
merization on monomer to form Pn (Eq. 10) [29]. A rapid addition—
fragmentation exchange is then established between active radicals and
dormant RAFT-capped chains (main equilibrium; Eq. 11), with only
occasional termination by combination or disproportionation (Egs.
12-13). This reversible transfer sequence repeatedly deactivates and
reactivates the growing grafts, so that chains experience similar growth.
Consequently, under our conditions, the M,, of the grafts is governed
primarily by the monomer-to-RAFT ratio and conversion, while rapid
the exchange suppresses premature termination, yielding reduced dis-
persity [30,31]. This explains how the RAFT agent controls side-chain
growth of poly(VBC) on LDPE. Consequently, the first indication of
this control is the degree of grafting (DoG) presented for samples, which
were 220 %, 110 %, and 80 % for LG-0, LG-56, and LG-112, respectively.

1. Initiation
Initiator—I" 7
P4+ M-P, (8

II. Initial equilibrium
P, —RS(C = S)Z=RS(C* — S — Pm)Z=PmS(C = S)Z + R’ )
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III. Reinitiation

. . B k, B
R+M = p X% 5 p (10)

i

IV. Main equilibrium
P +PmS(C = S)Z=PmS(S — C* — Pn)Z=PnS(C = S)Z + P, an

V. Termination

.k
P +P, 5 Py 12
or
.ok .
P, +P, 5 Piip as)

More specific to the system studied here, Scheme (SSc1) summarizes
RIG polymerization of vinyl benzyl chloride onto LDPE by RAFT method
to synthesize AEM.

Gel permeation chromatography (GPC) was used to investigate the
molecular structure of non-RAFT (LG-0) and RAFT-based AEMs (LG-56
and LG-112). As shown in Fig. 2, the weight average molecular weight
(M,,) decreases with increasing RAFT agent concentration. The calcu-
lated M,, values were 69,854, 12,024, and 7303 g mol~! for LG-0, LG-56,
and LG-112, respectively. A similar trend was observed for the dispersity
index (P), which ranged from 4.9 (LG-0) to 1.7 (LG-56) and 1.6 (LG-
112), indicating narrower molecular weight distributions in RAFT-AEMs
compared to conventional RIG-AEMs. The distinct peak observed be-
tween 15 and 22.5 min confirms the effective graft copolymerization
control by the RAFT agent, consistent with previous findings [32,33]. In
addition, these results suggest that higher RAFT concentrations improve
radical trapping, thus enabling precise polymerization control and the
design of monodisperse polymers for targeted applications.

Raman spectroscopy was employed to confirm AEM synthesis and to
characterize their molecular structure (Fig. 3). For LG-0, the spectra
exhibited bands at 1447, 1293, 1130, and 1062 cm’l, corresponding to
CH: bending, CH: twisting, and C—C stretching modes, respectively,
associated with the LDPE matrix [17,19], as observed by LDPE spectrum

LG-0
LG-56
LG-112

S

s

>

&

(=

8

E
0 5 10 15 20

Retention Time (min)

Fig. 2. GPC chromatograms of LG-0 (blue line), LG-56 (red line), and LG-112
(green line). (For interpretation of the references to color in this figure
caption, the reader is referred to the Web version of this article). (For inter-
pretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
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Fig. 3. Raman spectra for pristine LDPE (black line), and LG-0 (blue line), LG-
56 (red line) and LG-112 (green line) AEMs. Spectra recorded with a laser of
785 nm. (For interpretation of the references to color in this figure caption, the
reader is referred to the Web version of this article). (For interpretation of the
references to color in this figure legend, the reader is referred to the web
version of this article.)

in Fig. 3. The structure of LDPE-g-poly(VBC) was evidenced by intense
bands at 1610, 1220, and 1188 cm™!, attributed to aromatic ring vi-
brations, CH2-Cl groups, and C—C stretching from the LDPE backbone,
respectively [19,34]. A comparative between the DoG vs. intensity of
band at 1610 cm™! is presented in Fig. S1, confirming the graft con-
centration difference for samples. Finaly, characteristics bands at 765
cm !, and 889 cm ™! (symmetrical stretching and asymmetric stretching,
respectively), assigned to the trimethylammonium group, confirmed the
success of the functionalization. Comparable Raman profiles were ob-
tained for LG-56 and LG-112, indicating that grafting and amination
proceeded effectively without pronouncing structural changes in the
RAFT-based membranes. Although Celik et al. [32] reported a band at
780 cm ™! attributed to the RAFT agent, no distinct vibration was
observed at this position for LG-56 or LG-112. This absence is likely due
to overlap with intense absorption bands from the grafted polymer in the
same spectral region [32].

Raman mapping was also employed to evaluate the distribution of
VBC grafts across the cross-section of LDPE-grafted samples, aiming to
assess the influence of the RAFT agent on graft distribution within the
AEMs. Fig. 4 presents Raman cross-sectional maps obtained from the
area ratio of the intensities at 1610 cm-1 (VBC aromatic ring) and 1130
cm-1 (C—C stretching), which depict the grafting levels at different re-
gions throughout the membrane thickness. The Raman maps were not
presented on the same intensity scale because the samples exhibit
markedly different DoG values. Please see Fig. S4 for maps normalized to
the same scale, which introduces visual artifacts, particularly for sample
LG-0. Warm colors (red, yellow, and orange) indicate higher grafting
concentration, whereas cold colors (blue, green, and purple) correspond
to region with lower grafting concentration. For instance, Raman map of
LG-0 reveals preferential grafting near the surfaces, as evidenced by the
higher intensities at the extremities. Although the central region dis-
plays comparatively lower intensity values, the signal remains consid-
erable, confirming that the grafting also occurred throughout the bulk,
but with a more heterogeneous distribution. In contrast, RAFT-based
samples (LG-56 and LG-112) displayed more uniform distributions:
LG-56 showed a balanced profile with minor local variations, while LG-
112 exhibited the most homogeneous distribution, suggesting that the
RAFT agent enhances control over grafting and promotes uniformity
across the membrane.

In addition to Raman cross-sectional maps, elemental mapping by
EDS was carried out using chlorine as a marker of the VBC-grafted phase.
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Fig. 4. Cross-sectional 3D-maps from the ratio between the integrated areas of the peaks 1610 cm™

from the precursor LDPE film backbone.

The C/Cl superimposed maps (Fig. S2) revealed clear differences among
the samples. For instance, LG-0 presented a dense and continuous dis-
tribution of chlorine across the thickness, with some local variations in
terms of intensity, confirming bulk grafting despite its heterogeneity. On
the other side, LG-56 displayed the most homogeneous distribution,
with chlorine evenly dispersed across the cross-section, whereas LG-112
presented noticeable Cl deficient domains, suggesting less homoge-
neous grafting. These spatial trends are consistent with the IEC values
(LG-0 ~ LG-56 > LG-112) and reinforce the graft distribution differences
inferred from Raman spectroscopy. While EDS does not provide absolute
quantification in polymeric matrices, it reliably highlights relative
chlorine distribution, serving as a complementary confirmation of the
Raman data.

The evident difference in grafting homogeneity between the non-
RAFT and RAFT-AEMs can be primarily attributed to the intrinsic na-
ture of the grafting reaction. The grafting process is influenced by
several factors, including solvent type, monomer concentration, diffu-
sion kinetics, radical formation, and, in this case, the RIG protocol.
These parameters strongly affect the grafting profile across the mem-
brane cross-sectional [17,19]. Our previous studies demonstrated that
the traditional RIG methodology based on simultaneous irradiation
method provides more uniform graft distribution compared to the pre-
irradiation method [14], but the pre-irradiation method can provide
more homogenous graft distribution when the irradiation conditions as
temperature, dose and atmosphere are controlled [17].

Among these factors, the dynamics of monomer diffusion within the
polymer matrix require particular attention. Typically, diffusion initi-
ates at the film surface, where polymer swelling facilitates penetration,
and then proceeds along the concentration gradient toward the bulk.
The solvent also plays a critical role taking into account that an inade-
quate solvent may hinder diffusion by raising the viscosity of the
grafting solution due to poor solubility of the formed homopolymer.
Considering that solvent, monomer concentration, irradiation dose, and
RIG protocol was maintained unchanged for all AEMs. The differences
observed in Fig. 4 can be entirely ascribed to the RAFT agent concen-
trations employed during RIG.

Beyond diffusion aspects, the RAFT agent has an important influence
on graft uniformity by regulating polymerization kinetics. RAFT poly-
merization proceeds via a degenerative chain-transfer mechanism

Area ratio intensity of 1610 and 1130 cm™ bands
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involving the chain transfer agent (CTA) and propagating radical. This
mechanism provides fine control over polymerization by establishing a
rapid equilibrium among growing chains, thus ensuring uniform
extension [33]. The thiocarbonylthio-group and the R-group (leaving
group) in the RAFT agent generate stable radicals upon cleavage, while
the Z-group (stabilizing group) modulates reactivity, favoring controlled
radical generation. This dynamic equilibrium promotes balanced chain
propagation and uniform side-chain growth within the graft copolymer
[33]. As a result, RIG-RAFT grafting produces films with narrower
polymer size distributions, tailored by adjusting monomer and RAFT
agent concentrations [29]. In contrast, conventional RIG approaches,
although capable of achieving high grafting densities, lead to chains
with disproportionate lengths. This explains why LG-O exhibits poor
graft homogeneity despite its high DoG, whereas the controlled chain
growth mediated by the RAFT agent accounts for the improved graft
uniformity in LG-56 and LG-112.

3.2. Physicochemical properties of AEMs

The RIG-RAFT method proved to be efficient in the synthesis of AEMs
with well-defined architectures and controlled molecular weight dis-
tributions, providing suitable physicochemical and electrochemical
properties for AEMFC application. Among these, parameters such as
DoG, IEC, WU, IPS, and TPS data of non-RAFT (LG-0) and RAFT-AEMs
(LG-56 and LG-112) are shown in Table 1.

Table 1

Summary of the fundamental properties of the non-RAFT and RAFT-AEMs: de-
gree of grafting (DoG), ion exchange capacity (IEC), water uptake (WU), through
plane swelling (TPS), and in-plane swelling (IPS).

AEMs LG-0 LG-56 LG-112
DoG (%) 220 +1 110 £ 2 80+1
IEC (mmol g’l) 3.1+0.1 3.1+0.1 1.6 £ 0.4
WU CI™ at 25 °C (%) 148 +5 150 + 5 100 + 6
WU OH™ at 25 °C (%) 269 + 2 258 + 6 200 + 4
WU OH™ at 80 °C (%) 390 + 8 385+5 3205
IPS Cl™ at 25 °C (%) 54+5 55+ 4 32+2
TPS Cl™ at 25 °C (%) 56 + 2 52 +1 35+3
Wet thickness (ym)* 72 70 57

* Thickness of AEMs in the hydroxide form at 25 °C.
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In terms of DogG, it is possible to observe a decrease in DoG values
when the amount of RAFT agent increases. In other words, under con-
stant irradiation dose (25 kGy) and monomer concentration, increasing
RAFT agent content leads to a significant reduction in DoG, from 220 %
in LG-0 to 110 %, and 80 % for LG-56 and LG-112, respectively. These
results indicate that the RAFT agent limits the grafting by controlling the
polymerization reaction. In this scenario, a high RAFT agent concen-
tration competes with each VBC monomer, thereby restricting poly
(VBC) graft formation. A similar behavior was previously reported by
our group for ETFE-based AEMs [16]. Furthermore, this effect can be
also attributed to the capacity of the RAFT agent in regulating the mo-
lecular length of the side chains during the grafting process, taking into
account that the RAFT agent binds to the monomer to mediate VBC graft
copolymerization [16]. Therefore, this effect does not necessarily reflect
a lower incorporation of VBC, but rather an increase in side-chain
length, which may lead to an underestimation of the true DoG values
determined gravimetrically.

The IEC values present no appreciable difference in IEC is observed
between LG-0 and LG-56 AEMs (both 3.1 mmol g_l), despite their DoG
values of 220 % and 110 %, respectively. In contrast, LG-112 exhibits a
significantly lower IEC of 1.6 mmol g1, which is unexpectedly low
considering its DoG of 80 %. The IEC is indirectly related to the number
of functional groups present, because chloride counterions are associ-
ated with the —N(CH3)3 groups introduced via VBC grafts. To corrob-
orate this relationship and to rationalize the similar IEC values observed
for LG-0 and LG-56 and the lower IEC for LG-112 (even though LG-56
and LG-112 exhibit relatively similar DoG, 110 % vs. 80 %), we corre-
lated the integrated areas of the 765 and 889 ¢cm™! Raman bands,
assigned to the symmetric and asymmetric stretching of the functional
group, respectively, with IEC (Fig. 3). For example, the area of the 765
cm ™! band decreases progressively across LG-0 (74.6) > LG-56 (54.1) >
LG-112(35.1) (see Fig. S3). The same trend is observed for the 889 cm !
band, supporting that the lower IEC of LG-112 arises from a reduced
number of —N(CH3)3 groups. This reduction can be attributed to steric
hindrance associated with the shorter side chains of the poly(VBC) grafts
obtained under RAFT control. Consistently, GPC indicates a lower M,,
for LG-112 (7303 g mol’l), which may have limited the access of TMA
during amination and led to the lower IEC. By contrast, LG-0 and LG-56
show same IEC values, even though the 765 cm™! band area is clearly
larger for LG-0, indicating a higher expected IEC. It is possible that the
inconsistent organization of the poly(VBC) grafts in LG-0 also limited
TMA accessibility due to steric hindrance effects, but further studies will
be required to confirm this interpretation.

Water uptake (WU) is a critical parameter for ionomeric membranes
in which water acts as the primary ion carrier in both Grgtthuss and
vehicular mechanisms [35]. While higher WU enhances ion transport, it
also reflects in dimensional parameters, such as in-plane (IPS) and
through-plane swelling (TPS), which can impair mechanical integrity
and electrode-membrane contact. Therefore, a balanced hydration that
maximizes conductivity while preserving dimensional stability is
essential for AEMFC durability [36-38].

As shown in Table 1, WU at 25 °C for AEMs in C1~ form is similar for
LG-0 (148 %) and LG-56 (150 %), and lower for LG-112 (100 %). This
trend persists for AEMs in OH™ form (25 °C) with WU values of 269 %
258 % and 200 % for LG-0, LG-56, and LG-112, respectively. At 80 °C,
WU increases to ~390 % for LG-0 and LG-56, and 320 % for LG-112.
These differences correlate with IEC values (3.1 mmol g*1 for LG-
0 and LG-56 vs. 1.6 mmol g~ for LG-112), reinforcing that lower IEC
in LG-112, associated to lower quantity of functional groups, constrains
the water sorption.

Similarly to WU, IPS and TPS follow the same decreasing trend as the
RAFT agent content increases. For AEMs in the C1~ form at 25 °C, nearly
identical expansion is observed for LG-0 (54 %, 56 %) and LG-56 (55 %,
52 %), whereas LG-112 shows lower expansion (32 %, 35 %). In the OH™
form, swelling becomes more pronounced at 80 °C, with IPS reaching

Reactive and Functional Polymers 218 (2026) 106526

120 % (LG-0), 73 % (LG-56), and 48 % (LG-112). TPS follows the same
trend. These results indicate that the more pronounced through-plane
expansion at elevated temperature (80 °C, close to AEMFC operating
conditions) observed for LG-0 and LG-56 may compromise the electro-
de-membrane interfacial contact and, consequently, the durability of
the AEMFC. The temperature dependence of WU, IPS, and TPS in hy-
droxide form is presented in Fig. S4.

Finally, the wet thickness of the pristine LDPE film (25 pm) increased
considerably, reaching ~70 pm for LG-0 and LG-56, and 57 pm for LG-
112, as a result of the modifications introduced into the film (grafting
and amination).

3.3. Thermal properties

To assess the thermal stability of the AEMs, TGA and DSC analyses
were performed. Fig. 5 shows the TGA curves for pristine LDPE and
AEMs (LG-0, LG-56, and LG-112). Pristine LDPE exhibits an abrupt mass
loss at 450 °C due to depolymerization of C—H and C—C bonds,
resulting in complete degradation. The AEMs display similar profiles
with four thermal events: residual water evaporation (~60 °C), loss of
TMA groups from poly(VBC)-based side chains (~200 °C), depolymer-
ization of VBC groups attached to the LDPE backbone (~400 °C) [39],
and LDPE backbone degradation at 450-500 °C [39,40].

Fig. S5 shows the DSC curves for pristine LDPE and AEMs (LG-0, LG-
56, and LG-112). Pristine LDPE exhibits a melting temperature (Tm)
peak at 115 °C and a crystallization temperature (Tc) peak at 96 °C. In
contrast, all AEMs display a slight decrease in both Tm (~5 °C) and Tc
(~10 °C) compared to pristine LDPE (see Table S2). The shift of the Tm
and Tc peak to lower temperatures can indicate a reduction in crystal-
linity of samples. On the other hand, no appreciable changes were
observed in Tm (110 °C for all samples) or Tc (84-88 °C) across the
AEMs. Thus, the RAFT agent does not appear to directly influence these
thermal characteristics.

The melting enthalpy (4Hp,) of LDPE was determined by integrating
the area under the melting peaks from onset to endset, allowing calcu-
lation of the degree of crystallinity (Xc) of the membranes. This calcu-
lation uses the ratio of the measured AH,, of each AEM to the theoretical
heat of fusion for 100 % crystalline polyethylene (AH® = 245.3 J g™1)
[41,42]. The AH, values followed the order: LG-0 < LG-56 < LG-112 <
pristine LDPE (Table S2), indicating that the degree of crystallinity
decreased substantially in all AEMs compared to pristine LDPE, irre-
spective of the grafting methodology. For example, Xc = 35 % for
pristine LDPE vs 5 % for LG-0, 6 % for LG-56, and 7 % for LG-112.

3.4. Mechanical properties

Mechanical properties of solid polymeric electrolytes are crucial for
AEMFC application once such properties are directly related to the
stability and durability of the device [43-45]. Stress-strain curves are
shown in Fig. 6 and corresponding parameters, such as elastic modulus
(Em), yield strength, elongation at break (Ep), and toughness, are sum-
marized in Table 2. As shown, Ey, values are relatively robust stiffness
with LG-0 exhibiting 438 MPa, LG-56 = 500 MPa, and LG-112 = 691
MPa. Such feature indicates that the increase in RAFT agent content
clearly enhances Ep,, reflecting increased membrane rigidity. Interest-
ingly, although an increase in molecular weight is typically associated
with higher E,, values, the opposite trend was observed, i.e. the number-
weight average molecular weight (M,,), as determined by GPC, de-
creases as RAFT content increases. Considering that LG-0 (with higher
M,,) exhibits a higher degree of grafting compared to the RAFT-based
AEMs, lower Ep, can be related to increased graft content, which in-
duces structural fragility in the polymer matrix.

Elongation at break (Ep) increases with RAFT content: LG-0 (154 %)
< LG-56 (162 %) < LG-112 (200 %). As reported by Henkel & Vana [46],
samples prepared without RAFT exhibit lower Eb than those synthesized
via RAFT approach. Moreover, the trends in Em and Eb are consistent
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Fig. 5. TGA (a) and DTG (b) curves of membranes: LG-0 (blue line), LG-56 (red line), and LG-112 (green line). (For interpretation of the references to color in this
figure caption, the reader is referred to the Web version of this article). (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.)
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Fig. 6. Stress vs strain curves of AEMs LG-0 (blue line), LG-56 (red line), and
LG-112 (green line) AEMs. (For color references in this figure caption, the
reader is referred to the Web version of this article). (For interpretation of the
references to color in this figure legend, the reader is referred to the web
version of this article.)

Table 2
Mechanical properties of pristine LDPE, LG-0, LG-56 and LG-112 AEMs.

AEM E. (MPa) Yield strength (MPa) Ep (%) Toughness (MJ m~3)
LG-0 438 + 40 8+2 154 + 2 1342
LG-56 500 + 25 12+ 3 162 +5 2065
LG-112 691 + 10 16 +2 200 + 2 2945

with observations for ETFE-based AEMs prepared by the RAFT-RIG
method [16], supporting our findings.

A similar trend is observed for yield strength, which increases pro-
gressively with RAFT agent content: LG-0 (8 MPa) < LG-56 (12 MPa) <
LG-112 (16 MPa). Yield strength corresponds to the stress at which
plastic deformation begins, thus serving as an indicator of the resistance
of the polymer network to irreversible structural rearrangements. The
gradual increase observed with RAFT incorporation suggests that the
presence of RAFT-controlled grafting promotes a more uniform and
compact network, enhancing the ability of the membranes to resist
deformation under applied stress.

Toughness reflects the energy absorbed by the material before fail-
ure, integrating both strength and ductility into a single parameter. A
pronounced increase in toughness with increasing RAFT content is also
observed, with values of 1342 MJ m’?’, 2065 MJ m’?’, and 2945 MJ m~3
for LG-0, LG-56, and LG-112, respectively. The substantial increase in

toughness with higher RAFT content indicates that these membranes not
only withstand greater stresses but also exhibit enhanced capacity to
dissipate mechanical energy during elongation, delaying catastrophic
fracture. This synergistic enhancement underscores the advantage of
RAFT-based AEMs simultaneously combining rigidity, strength, and
ductility, which are critical parameters for mechanical robustness under
operational stresses in AEMFC environments.

3.5. Morphological properties

AFM and SEM analyses were carried out to evaluate the influence of
the RAFT agent on the surface morphology of the AEMs. Fig. 7a—f dis-
plays the surface images of the LG-0, LG-56, and LG-112 samples.

The AFM topographic profiles reveal pronounced differences among
the membranes as presented in Fig. 7a—c. The AFM 3D maps are
exhibited in Fig. S6. For instance, LG-0 sample shows a heterogeneous
surface with the presence of distinct agglomerates and elevated do-
mains. This irregular morphology results in a root mean square rough-
ness (Ryms) value of 145 nm and reflects a non-uniform distribution of
the grafted domains. Such behavior can be correlated with the high
degree of grafting (DoG of 220 %) of this sample, suggesting that
grafting occurred without spatial control, generating morphological
heterogeneity. For LG-56 AEM, a slight increase in Ry is observed (160
nm), accompanied by a redistribution of surface features that appear
more elongated and continuous compared to LG-0. The formation of
these structures indicates a surface reorganization process promoted by
the addition of the RAFT agent, which contributes to a more uniform
propagation of grafted chains. In contrast, the LG-112 sample exhibits a
markedly smoother surface, with an Ry of 70 nm, significantly lower
than those of LG-0 and LG-56. This result indicates the development of a
more homogeneous and compact surface, where the presence of ag-
glomerates is considerably reduced, suggesting a higher degree of
morphological stabilization.

The SEM images provide complementary evidence to the AFM
findings (Fig. 7d-f). In LG-0, the surface is characterized by dispersed
granules and irregular regions, compatible with the heterogeneous
topography revealed by AFM. For LG-56, these granules are still
observed, although they appear more evenly distributed, while the
presence of grooves and oriented features is also consistent with the
AFM observations. Finally, LG-112 exhibits a continuous and compact
morphology, with a few visible agglomerates, confirming the reduction
in roughness and the homogenization of the surface domains.

In general, these results demonstrate a morphological transition
across the samples: from a rough and granular surface (LG-0) to a
partially reorganized morphology (LG-56), culminating in a smooth and
homogeneous structure in LG-112. This progressive structural evolution
indicates that the introduction of the RAFT agent not only regulates the
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Fig. 7. AFM images with scale of 2 pm for AEMs (a-c), and SEM images with scale of 1 pm for AEMs.

molecular weight of the poly(VBC) grafts, but also plays an important
role in controlling the spatial distribution of the grafted domains.
Consequently, the RAFT-mediated process leads to AEMs with improved
morphological uniformity, which may have direct implications for
interfacial properties, stability, and overall electrochemical perfor-
mance. In order to facilitate comparison of the microphase separated
morphologies of membranes, it is possible to observe the images in
Fig. S6.

3.6. OH™ conductivity

Fig. 8 shows the OH™ conductivity (¢) values of the AEM-series in the
range of 30-80 °C, measured under COz-free conditions following the
methodology described by Dekel et al. [25,26]. As expected, all AEMs
exhibit Arrhenius-type behavior, indicating the thermally activated
nature of OH™ transport. At 30 °C, the ¢ of LG-0, LG-56, and LG-112
were 115, 116, and 80 mS cm ™, respectively, while at 80 °C the con-
ductivities increased to 228, 230, and 153 mS cm~ . These results
demonstrate that LG-0 and LG-56 present nearly identical conductivities
throughout the entire temperature range, whereas LG-112 consistently
exhibits significantly lower values.

The o trends are consistent with the structural and hydration prop-
erties discussed earlier. LG-0 and LG-56 combine a relatively high IEC
(~3 mmol g’l) with substantial water uptake (~150 %), enabling the
formation of interconnected hydrated domains that favor both vehicular
and Grgtthuss-type transport mechanisms [47-49]. In contrast, although
LG-112 maintains a considerable WU (~100 %), its IEC is nearly half
that of LG-0 and LG-56 (~1.6 mmol g~1), limiting the density of qua-
ternary ammonium groups and reducing the continuity of OH™ transport
pathways, which explains its lower conductivity values.

The activation energies (Ea) extracted from the Arrhenius plots
further support these findings. The Ea values were 11.3, 11.6, and 10.8
kJ mol ! for LG-0, LG-56, and LG-112, respectively. These relatively low
and similar values indicate that OH™ transport in all AEMs is governed
by comparable mechanisms, with only minor differences in the energetic
barrier. The lower Ea for LG-112 suggests that its ion transport is not
hindered by higher energetic requirements, but by the reduced number
of available conduction sites due to its lower IEC.

A brief comparison reveals a clear balance between hydration, IEC,
and conductivity, in which LG-0 and LG-56 provide superior OH™ con-
duction but with higher dimensional swelling, whereas LG-112 offers
reduced swelling due to lower ion transport efficiency.
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Fig. 8. Temperature dependence of the ionic conductivity at RH = 100 %,
measuring the “true hydroxide conductivity” (a), and Arrhenius-plot (b). (For
interpretation of the references to color in this figure caption, the reader is
referred to the Web version of this article).

3.7. Alkaline stability of membranes

The chemical stability of AEMs was evaluated using an alkaline
degradation test, in which the membranes were immersed in 1 M KOH
solution at 80 °C for 720 h. Stability was assessed in terms of IEC loss,
calculated as the difference before and after the test.

The IEC loss data are summarized in Fig. 9a. After the alkaline
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Fig. 9. The initial and final IEC for membranes obtained in alkaline degrada-
tion test using KOH (1 M) solution at 80 °C after 720 h (a). The oxidative
degradation test at 80 °C using Fenton reagent (b). (For interpretation of the
references to color in this figure caption, the reader is referred to the Web
version of this article).

degradation test, both LG-0 and LG-112 exhibited severe losses of
approximately 70 %, while LG-56 showed a lower IEC loss of only 30 %.
These results highlight the improved alkaline stability of the RAFT-
based LG-56 membrane compared to both non-RAFT and high-RAFT-
content AEMs. The reduced loss in LG-56 can be explained by the
structural control introduced by the RAFT agent, which provides better
chain regulation and seems to mitigate the degradation. This interpre-
tation is consistent with the cross-sectional Raman mapping results,
which revealed a good homogeneous graft distribution, and with AFM/
SEM analyses, which showed surface modifications indicative of more
controlled morphologies for LG-56 AEMs.

In all cases, the chemical degradation is primarily associated with the
cleavage of QA groups, which represent the functional sites responsible
for ion transport. The dominant pathway is nucleophilic substitution
(Sn2), in which hydroxide ions attack the benzylic carbon, leading to the
detachment of the trimethylammonium moiety and the concomitant
formation of benzyl alcohol [40,50,51]. This reaction results in a per-
manent loss of ionic sites, directly reducing the IEC. Additional degra-
dation routes also contribute to the chemical instability of AEMs.
Hofmann elimination, for instance, occurs when hydroxide abstracts a
B-hydrogen, producing an alkene and a tertiary amine, which is non-
conductive. Furthermore, hydroxide can induce demethylation of QA
groups, generating dimethylamine derivatives that are less stable, or
attack the a-hydrogen of the methylene group, leading to tertiary amine
formation and further disrupting ion transport [40,50,51]. Conse-
quently, these pathways progressively decrease the density of functional
groups, alter the hydrophilic-hydrophobic balance of the polymer, and
compromise both conductivity and mechanical integrity. The extent to
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which each pathway dominates can vary depending on molecular ar-
chitecture, molecular weight, local environment, and the accessibility of
QA groups, highlighting the critical role of structural control imparted
by RAFT in mitigating such degradation [16,52-55].

Oxidative stability test was also evaluated using the Fenton reagent
at 80 °C. The membranes were kept under these conditions until rupture,
and the breaking time was empirically identified. As shown in Fig. 9b,
the break occurred after 164 h for LG-0, 192 h for LG-56, and 264 h for
LG-112. These results are consistent with the mechanical properties
discussed earlier, confirming that oxidative attack weakens the polymer
backbone and increases brittleness. Although the degradation mecha-
nisms in alkaline and oxidative conditions are fundamentally different.
Both sets of results demonstrate that RAFT incorporation enhances the
stability of AEMs. The oxidative degradation test simulates radical
attack conditions that can occur during fuel cell operation due to
peroxide intermediates. In the Fenton system, hydroxyl (eOH) and
hydroperoxyl (¢OOH) radicals generated from H,O5 decomposition can
abstract hydrogens from the polymer backbone, initiating chain scission
and structural weakening [56,57]. This process gradually reduces me-
chanical integrity, leading to embrittlement and eventual rupture, as
shown in Fig. 9b. While LG-56 and LG-112 exhibited longer breaking
times than LG-0, their different behaviors suggest that graft distribution
and molecular organization influence how radicals propagate through
the material. See the breaking of LG-112 AEM after degradation teste in
Fig. S7. These results demonstrate that RAFT-mediated structural con-
trol enhances not only alkaline but also oxidative stability.

Summarily, these findings indicate that the improved stability of
RAFT-based AEMs arises from the well-defined molecular architecture
achieved by controlled chain growth, which generates steric hindrance,
mitigates hydroxide attack, and promotes more uniform morphologies.
In particular, LG-56 exemplifies the balance between controlled grafting
and structural organization, as evidenced by Raman, AFM, and SEM
results, ultimately leading to superior chemical durability.

3.8. AEMFC results

One of the aims of this work was to provide evidence for under-
standing how molecular weight control influences the physicochemical
and electrochemical properties of AEMs in fuel cells. For that, the
resulting AEMs were tested as polymeric electrolyte in single AEMFC at
80 °C. The polarization curves and respective power density curves for
LG-0, LG-56, and LG-112 are shown in Fig. 10. All membranes exhibit a
typical AEMFC polarization profile, characterized by activation, ohmic,
and mass transport overpotentials with notable differences observed in
the ohmic and diffusional regions. It is important to mention that both
ohmic resistance and diffusion processes are water dependent. In the
ohmic region, water is directly related to ionic transport processes,
which impact OH™ conductivity. On the other hand, the mass transport
limitation overpotential is strongly influenced by water imbalance at the
anode and cathode interfaces, impairing the reactant gas diffusion.

In terms of performance, LG-0 and LG-56 AEMs exhibited the same
maximum power density of approximately 1.3 W cm™2 at 2.7 A cm ™2,
while LG-112 AEM reached a lower peak power density of 0.9 W cm ™2 at
1.7 A cm™2. This difference is attributed to variations in both ohmic and
diffusion resistances in the LG-112 sample, as evidenced by a lower slope
at intermediate current densities and a shift of the limiting current to-
ward higher current densities.

Although LG-0 and LG-56 have significantly different M,, (69,854
and 12,024 g mol’l, respectively), they exhibit similar IEC values and
performance. In contrast, LG 112 has a M,, closer to that of LG-56 (7303
g mol ). but presents a markedly lower IEC and poor performance.
These observations suggest that IEC is the dominant factor influencing
performance in beginning-of-life experiments. On the other hand,
AEMFC durability is a key factor and relies on the stability of the
membrane-electrode assembly, particularly the AEM.

Fig. 10b shows the AEMFC short-term durability tests operating at
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Fig. 10. AEMFCs performances at 80 °C with H, anode gas flow = 1.0 L min~?,

0, cathode gas flow = 1.0 L min~", both supplied unpressurised with optimal
dew-point temperature of 77 °C (a). The short-term durability for LG-56 AEM at
a constant current density of 150 mA cm™2, 80 °C, 300 mL min~}, and RH =
100 % (b). (For interpretation of the references to color in this figure caption,
the reader is referred to the Web version of this article).

80 °C. The results showed that AEMFCs assembled from LG-56 AEM had
a voltage decay rate of 4.5 mV h™! (at a constant current density of 150
mA cm~?) after 40 h. It is important to consider that durability perfor-
mance in single fuel cell does not reflect the AEM degradation, but
several contributing factors, including electrocatalysts stability, ion-
omer degradation, water management and the intrinsic properties of the
AEM.

A direct correlation between performance parameters and chemical
and mechanical stability shows that LG-56 maintains a power density
comparable to that of LG-0 while reducing the IEC loss from 67 % to 30
%, thereby significantly improving alkaline stability. This suggests that
controlling the molecular structure of AEMs through an intermediate
amount of RAFT agent, as in LG-56, can enhance chemical and me-
chanical stability, without compromising key properties related to anion
conduction that is essential for achieving high performance in AEMFCs.

4. Conclusions

We prepared a series of AEMs using a RAFT agent in conjunction
with the radiation-induced grafting method to tailor the grafted mo-
lecular structure, aiming to achieve high AEMFC performance and good
stability. Control over the grafted molecular structure was evidenced by
the reduction in the degree of grafting and the narrowing of the peak in
the GPC curves as the RAFT agent concentration increased, leading to
the synthesis of AEMs with well-controlled molecular weight. Conse-
quently, samples prepared with our RIG-RAFT protocol exhibited

11

Reactive and Functional Polymers 218 (2026) 106526

improved homogeneity in graft distribution, while the AEM prepared by
traditional RIG exhibited lower graft distribution in bulk, as verified by
cross-sectional Raman microscopy. These factors contributed to
enhanced mechanical properties for RAFT-AEMs, thereby providing
good mechanical stability. Furthermore, high IEC and OH™ conductivity
was achieved in RAFT-AEMs without compromising their water ab-
sorption and mechanical properties. AFM images revealed an irregular
surface for the non-RAFT sample, with a high Ry, (148 nm), which was
attributed to the non-uniformity of the grafts. On the other hand, the
RAFT samples presented a significant visual change on the surface,
suggesting a more organized surface attributed to effective control of the
graft molecular weight. Consistently, AEMFC results showed that RAFT-
AEMs delivered fuel cell performance comparable to that of non-RAFT
AEMs (~1.3 W cm™2), while demonstrating superior alkaline stability
(67 % IEC loss for non-RAFT AEMs vs. 30 % for RAFT-AEMs). Overall,
RAFT-AEMs are well-tailored, exhibit suitable mechanical and alkaline
stability, enhanced surface morphology, and deliver high AEMFC per-
formance, making them promising candidates for fuel cell applications.
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