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Radiation Grafting of PVDF Track-Etched Membranes:
A Study for Nanoscale Pore Functionalization

Functionalization of nanoporous membranes poses a substantial challenge in the development of advanced
materials for selective transport applications. The primary objective of this study is to optimize the grafting
process to ensure the functionalization is localized onto nanopore walls. Poly(vinylidene fluoride) (PVDF)
foils were irradiated with Xe ions (1.2 MeV/u) followed by subsequent etching under optimized conditions to
create nanoporous membranes. Radiation grafting of acrylic acid (AA) monomer was performed through the
residual radical sites in post-etched pore walls of ion-irradiated PVDF. Radical concentrations after irradia-
tion were quantified using EPR spectroscopy. Examination of reaction parameters including inhibitor concen-
tration, temperature, monomer concentration, and reaction kinetics was conducted to achieve selective graft-
ing within the nanopores. FT-IR and XPS analyses confirmed the successful covalent attachment of
poly(acrylic acid) (PAA) to the PVDF TMs. Structural transformations of the PVDF matrix throughout the
functionalization process were revealed by DSC analysis. The versatility of the approach was further demon-
strated by grafting of pH-responsive poly(4-vinylpyridine), enabling modulation of nanopore surface charge,
as evidenced by zeta-potential measurements. The spatial localization of the grafted polymer was confirmed
by confocal fluorescence microscopy, demonstrating the potential for creating advanced functional mem-
branes for separation and sensing applications.

Keywords: swift heavy ions, track-etched membranes, polyvinylidene fluoride, radiation grafting, acrylic ac-
id, nanoporous membranes, pore functionalization, ion-irradiated

Introduction

Radiation-induced grafting offers a versatile approach for tailoring polymer properties by creating ac-
tive sites for monomer polymerization using ionizing radiation. Its adaptability to various polymers, mono-
mers, and reaction conditions, through methods like direct, pre-irradiation, or peroxidation grafting, allows
for tailoring of functionalities, such as hydrophilicity or chemical reactivity, onto surfaces or within the bulk
material without requiring any contaminating reagents [1].

Poly(vinylidene fluoride) (PVDF) is a fluoropolymer that has garnered significant attention due to its
excellent mechanical strength, thermal stability, chemical resistance, and electroactive properties [2]. The
development of nanostructured and functionalized PVDF materials is particularly important as it strengthen
these inherent properties while introducing new functionalities [3]. For instance, creating nanoporous PVDF
membranes through swift heavy ion (SHI) irradiation followed by chemical etching allows for precise tuning
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of pore size and geometry [4]. Subsequent functionalization of these nanopores through grafting imparts cus-
tomized surface chemistries, enhancing performance in applications requiring high selectivity and controlled
transport, such as advanced sensors, responsive biomedical implants, and proton-exchange membranes [5, 6].

Radiation grafting of vinyl monomers onto fluoropolymers has been extensively explored since Cha-
piro’s seminal works in the 60s [7, 8]. Studies on radiation grafting of hydrophilic monomers, including
acrylic acid (AA), onto polytetrafluoroethylene (PTFE) films to create permselective membranes, highlight-
ed the challenges in controlling homopolymerization and the importance of solvent selection [9]. Elling-
horst et al. [10] described radiation-initiated grafting on PVDF films with AA, emphasizing the importance
of achieving “grafting through” for homogeneous membrane properties. More recent studies by Betz,
Clochard, Mazzei, and colleagues [11-14] have focused on grafting of styrene and (meth)acrylates onto
PVDF, using electron-beam irradiated foils and SHI-etched tracks in PVDF. These works have investigated
the influence of monomer concentration, inhibitor presence, and the role of water in achieving surface or
grafting through. Mazzei et al. [15] and Cuscito et al. [16] specifically reported on AA grafting onto etched
ion tracks in PVDF, demonstrating that residual active sites within the pores can successfully initiate graft
polymerization reaction. The method was later enhanced by Barsbay et al. [17], employing RAFT-mediated
radical polymerization to graft poly(acrylic acid) (PAA) into the nanochannel walls of track-etched PVDF
for the controlled adjustment of nanopore size. Although these studies successfully demonstrated the feasi-
bility of pore grafting approach, a comprehensive optimization of key radiation grafting parameters is still
needed for further development of functional membranes.

The present study aims to investigate the radiation-induced graft polymerization process of AA mono-
mer within the nanopores of PVDF track-etched membranes (TMs), built upon the established methodology
of initiation through the residual active sites. Radical concentration after irradiation with xenon ion beam
was quantified using EPR spectroscopy. A refined chemical etching protocol is reported, achieving a sub-
stantial decrease in oxidizer utilization. The effects of key variables on the grafting yield were examined,
including inhibitor concentration, monomer concentration, temperature, and reaction kinetics. Covalent at-
tachment of PAA to PVDF TMs was confirmed through FT-IR and XPS analyses, while enhanced hydro-
philicity was verified by contact angle measurements. DSC analysis was employed to follow structural
changes in PVDF throughout the functionalized membrane fabrication process. Most crucially, localized
grafting within nanopores was demonstrated through zeta-potential measurements and confocal fluorescence
microscopy. It is anticipated that this work will stimulate further research, thereby providing the basis for the
design of advanced materials for use in energy, biomedical, and separation technologies.

Experimental

Materials

A polyvinylidene fluoride (PVDF) film with a thickness of 9 um was procured from Kureha Chemical
Industries Co. Ltd. (Japan). The film exhibited a crystallinity degree of approximately 40 %, as measured by
X-ray diffraction (XRD), with the dominant crystalline phase identified as the a-phase and a minor contribu-
tion from the B-phase, as confirmed by Fourier-transform infrared (FT-IR) spectroscopy. Functionalized
PVDF track-etched membranes (TMs) were synthesized using the following reagents: potassium hydroxide
(KOH), potassium permanganate (KMnQOs), sodium metabisulfite (Na,S,0s), acrylic acid (AA) monomer,
and Mohr’s salt((NH4).Fe(SOa4), - 6H>0). To emphasize the localized grafting through zeta-potential assess-
ment, 4-vinylpyridine (4VP) radiation grafting was performed. For photoluminescence (PL) measurements,
carboxylic acid activation of PVDF TMs was done to couple ethylenediamine (EDA) using 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC) and N-hydroxysuccinimide (NHS) prior to grafting with PAA.
All chemicals were purchased from Thermo Scientific (USA) and Chemreaktivsnab (Russia), and used as
received. Deionized water (Milli-Q, resistivity >18 MQ-cm) was used for preparing all aqueous solutions.

Swift Heavy lon (SHI) Irradiation

PVDF foils were irradiated with **Xe?** ions (1.2 MeV/u) under vacuum using the IC-100 cyclotron at
the Flerov Laboratory of Nuclear Reactions, Joint Institute for Nuclear Research (Dubna, Russia). The ion
beam was oriented perpendicular to the film surface. The ion fluence, which is related to the resulting track
density in the irradiated samples, varied from 107 to 10'* ions/cm?. The electronic stopping power (AE./Ax)
estimation was made with the SRIM-2013. The average electronic energy loss for xenon ions (160 MeV)
traversing the PVDF target with a density of 1.78 g/cm® was determined to be approximately
77.3 MeV.cm?*mg, which is well above the registration threshold for fluoropolymers [18]. To mitigate post-
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irradiation oxidative degradation, all irradiated samples were stored in hermetically sealed containers under a
dry nitrogen atmosphere at —24 °C until further use.

Chemical Etching of lon Tracks

Chemical etching was performed to remove SHI-degraded material and to transform latent tracks into
cylindrical through-nanopores. The process was conducted in an aqueous solution containing 10 M KOH and
0.1 M KMnOy4 at 65 °C for 30 minutes (unless stated otherwise). The diameter of the resulting pores was
45+5 nm as determined by Scanning electron microscopy (SEM). To eliminate residual of KMnOs, the track-
etched membranes (TMs) were treated with an aqueous solution of Na,S,0s (7.5 % w/v), thoroughly rinsed
with deionized water, air-dried at room temperature, and weighted.

Radiation Grafting of Acrylic Acid to PVDF TMs

Radiation grafting reaction of acrylic acid (AA) was performed via a pre-irradiation method, initiated
by residual trapped radicals remained in PVDF matrix after chemical etching. Most of the grafting experi-
ments were performed on PVDF foils irradiated at the fluence of 10'° cm™ (unless stated otherwise). Exper-
imental data is presented as the mean value with error bars representing the standard deviation from at least
three independent replicate experiments (# > 3). Freshly etched TMs were immersed into custom-made glass
Schlenk tubes containing an AA monomer solution (with or without Mohr’s salt to suppress homopolymeri-
zation). In grafting experiments involving the use of Mohr’s salt, the latter was grinded in fine powder and
was first dissolved in water followed by the addition of AA monomer to yield the needed monomer solution
concentration. The monomer solution was purged with argon for 20 minutes to remove dissolved oxygen.
The tubes were then hermetically sealed and placed in a thermostated water bath at 60 °C for predetermined
reaction times. After polymerization, grafted samples were thoroughly rinsed with deionized water, extracted
in a Soxhlet apparatus with ~200 mL of boiling water for 12 hours, dried to constant weight, and weighed.
The gravimetric grafting yield (GY) was calculated using equation

m, —m,

GY = x100 %,

m,
where my and m, represent the masses of dry membranes before and after grafting, respectively.

Characterization of PAA-g-PVDF TMs

Radiation grafting of AA to PVDF TMs was monitored by Fourier-Transform Infrared spectroscopy
(FT-IR) and X-ray Photoelectron Spectroscopy (XPS). FT-IR spectra were registered in attenuated total re-
flectance (ATR) and transmission modes on a Nicolet spectrometer (Thermo Scientific) with 32 scans and a
resolution of 1 cm™!. XPS spectra were acquired using a Thermo Scientific K-Alpha spectrometer with mon-
ochromatic Al Ko X-rays (1486.6 ¢V, 12 kV, 3 mA). Binding energies were calibrated against the C 1s peak
(284.8 eV). Survey scans (100 eV pass energy, 0.5 eV step) and high-resolution spectra (20 eV pass energy,
0.05 eV step) were collected and processed using the Avantage software.

Surface morphology and pore diameters were assessed by Field Emission Scanning Electron Microsco-
py (FESEM) on a HITACHI SU8020 instrument. Prior to imaging, samples were coated with a 5 nm plati-
num/palladium layer using a Quorum Q150R magnetron sputtering machine to enhance the sample conduc-
tivity. Experimental data is provided as mean values with standard deviations determined from at least
30 pores.

Electron Paramagnetic Resonance (EPR) spectra of Xe-irradiated PVDF foils were recorded using a
Bruker ElexSys II E500 X-band spectrometer (9.5 GHz). Samples (3—5 mg, ~7x30 mm) were rolled into
tubes, sealed in quartz ampoules under argon, and immediately cooled in a liquid nitrogen cryostat. Spectra
were acquired between 100-300 K with a microwave power of 6.325 mW (15 dB attenuation), 100 kHz
modulation frequency, and 1 Gauss modulation amplitude.

Photoluminescence (PL) measurements were performed on Rhodamine 6G-adsorbed PAA-g-PVDF
TMs using a confocal microscope Ntegra Spectra NT-MDT equipped with a 473 nm laser (0.2 mW) and a
100 objective lens. Scans were recorded over a 10x10 pm? area with number of points of 50 along X and Y
axes. Optical images were captured through a camera integrated into the transmission optical path.

Differential scanning calorimetry (DSC) measurements were performed using a Mettler Toledo DSC 3
instrument with aluminum crucibles under dynamic heating conditions from —50 to 200 °C at a rate of
10 °C/min under nitrogen flow (10 mL/min).
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Contact angle (0) measurements were conducted using a KRUSS DSA100 Easy Drop system and Drop
Shape Analysis software. Five 3 puL droplets of Milli-Q water were deposited on each sample, and 6 values
were averaged. All values represent the mean of at least ten independent measurements (n = 10).

The membrane zeta-potentials ({) before and after radiation grafting of PVDF TMs were assessed
through the measurements of streaming potential using a custom-made flow cell. The membrane sample
(25 mm in diameter) was clamped between the two cell compartments with Ag/AgCl electrodes positioned
on either side of the membrane, ensuring a leak-free seal for the pressure-driven flow. The measurements
were carried out in a 0.01 M KCI at pH 3, 5, 6.5, and 8 under applied pressures 0—1 bar and confirmed by
three consecutive runs. The {-potentials (V) were calculated using the Helmholtz—Smoluchowski equation:

kxn AE
EXE, AP’

where £ is the electrolyte specific conductivity (Ohm™.m™), n is the electrolyte dynamic viscosity (Pa.s); €o
and ¢ are the dielectric permittivity of vacuum (8.854x107'2 C.V-'.m™!) and the relative permittivity of elec-
trolyte (dimensionless), respectively, AE/AP is the streaming potential-to-pressure gradient ratio (V/Pa).

Results and Discussion

SHI-Induced Changes and Generation of Initiators for Graft Polymerization in PVDF

At the ion energy used in this work (1.2 MeV/u), swift heavy ions (SHIs) lose their energy by means of
electronic loss processes, but the damage is limited to the ion path. This distinguishes SHI irradiation from
electron-beam or y-rays, where the energy is “homogeneously” distributed. Energy absorption causes excita-
tion and ionization of electrons in the outer shells of atoms, resulting in chemical bond scissions all along the
projectile ion pathways. As a primary effect, alkyl in-chain (eq. 1 and 2) and end-chain radicals (eq. 3) are
formed

SHI
~CH, —CF, —~CH, ~ —>~CH, ~C'F-CH, ~+°F (1)
~CF,—~C'H-CF, ~+'H )
~CH, -EC + "CH, —CF, ~ 3)

As a result of contact with oxygen, some of the alkyl radicals can undergo oxidation to form peroxyl
radicals (eq. 4). These peroxyl radicals can further form hydroperoxides upon H-abstraction from the PVDF
backbone (eq. 5). The hydroperoxides thermally decompose into alkoxy and hydroxyl radicals (eq. 6)

0,
~CF, -C'H-CF, ~—~ CF, -CH(00" ) - CF, ~ (4)
~CF, = CH(00') - CF, ~ +PVDF —~ CF, - CH(OOH) - CF, ~ +PVDF’ (5)
~CF, —~CH(OOH)-CF, ~ S CF, -CH(0")~CF, ~+ OH (6)

In addition to oxidation, further radical reactions will define the final structure of SHI-irradiated PVDF.
These include dehydrofluorination and disproportionation accompanied by the formation of C=C bonds, re-
combination to form cross-links in the polymer and gas molecules (H,, F», and HF), H-abstraction, efc. In-
deed, FT-IR confirmed the appearance of vinylidene groups —-FC=CH, and ~-HC=CF, (1755 cm™) [19] which
were assumed to be a result of main-chain breakage, and -FC=CH- (1713 cm™') as a result of C-H scission
(dehydrofluorination). UV-vis. spectroscopy (not shown) revealed that isolated dienes (absorption maxima at
220 nm) are formed in predominant amounts as a result of radiolysis of PVDF under these irradiation condi-
tions, while the rate of formation of trienes and polyenes is about two and three times slower, respectively.

EPR spectroscopy results for samples irradiated at ion fluences ranging from 10” to 3x10'? ions/cm? re-
vealed a significant number of radical species centered on the g-factor g. corresponding to a mixture of poly-
radicals (Fig. 1 (a@)). This is in accordance with observations reported in the literature [20].
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Figure 1. (a) EPR spectra of PVDF foils irradiated with Xe (1.2 MeV/u) at fluences from 10° to 3x10'° ions/cm?
and (b) their corresponding number of radicals normalized by weight. All spectra were recorded at 200 K

Figure 1 (b) shows the dependence of the total number of radicals on ion fluence. Up to the fluence of
10" ions/cm?, a linear dependence is observed, followed by a deviation at higher fluences. Given the sample
weight, polymer density and film thickness, the radical yield was found to be approximately equal to 6x10°
radicals per Xe ion. Spectral analysis allowed the identification of three types of radicals. These were: per-
oxyl (-CH,—CFOO'-CH»>-), exhibiting the largest amplitude and accounting for approximately half of the
total radical population; polyenyl (-CH=C'-CH,-) detected upon annealing (at room temperature under Ar
atmosphere) as the number of peroxide radicals decreases; and alkyl in-chain/end-chain with single or double
C—C/C=C bonds, exhibiting a broad, poorly structured spectrum, which constitute the remaining half of the
total radical population [21-23]. An unexpected finding was the significant presence of peroxyl radicals de-
spite all the precautions taken to minimize the irradiated foil exposure to air. A possible explanation is the
high amount of pre-adsorbed oxygen present in the foil prior to irradiation, which immediately reacts with
the newly formed radical species.

These combined radiation-induced effects, including unsaturations as well as a free volume formed up-
on gas molecule production, make the latent tracks susceptible to chemical attack, allowing transformation
into a porous structure.

Chemical Etching of Xe-Irradiated PVDF Foils

In this work, chemical etching of Xe-irradiated PVDF foils was carried out in a concentrated potassium
hydroxide solution (10 M) in the presence of potassium permanganate as an oxidizing agent at 65 °C. Pio-
neering works conducted in the 1980s by Tretyakova and Shirkova on etching of heavy ion tracks in various
fluoropolymers demonstrated that PVDF could be effectively etched using an excess of potassium perman-
ganate under alkaline conditions [18, 24]. Grasselli and Betz [25] studied the effect of KOH concentration on
the etching process. Their work, conducted in the presence of 0.25 M KMnOQ,, demonstrated that high alkali
concentration (9 M KOH) was essential for achieving well-defined porous structures. Additionally, it was
demonstrated that etching temperatures between 55 and 65 °C were optimal for producing cylindrical pores.
In contrast, higher temperatures (>85 °C) resulted in conical-shaped pores and lower temperatures (<50 °C)
significantly slowed the chemical attack. For this reason the etching temperature in the current study was
maintained in the range 60—65 °C.

The etching process was postulated to involve two consecutive steps [25]. The first step is an initial de-
hydrofluorination of the polymer structure induced by the alkaline environment, leading to the formation of
C=C double bonds. The second step is the subsequent oxidative degradation of these double bonds by per-
manganate; this results in soluble low molecular weight compounds that are removed from the track regions.
Indeed, due to the high electronegativity of fluorine, which “pulls” electron density away from neighboring
carbon atoms, a high concentration of alkali catalyzes the dehydrofluorination of PVDF, resulting in the for-
mation of -CH=CF-. In concentrated alkali, KMnOjs acts as a strong oxidizing agent capable of breaking
C=C bonds and oxidizing them to carboxylic acid salts (for primary and secondary carbons). A double bond
at a carbon in the tertiary position (for instance, in cross-linked track halo) oxidizes to ketones and carbox-
ylic acid salts.
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In this work, an attempt was made to lower the potassium permanganate concentration while retaining
the same track etching efficiency, thereby optimizing the process from both technical and economic perspec-
tives. Figure 2 (a) illustrates the effect of KMnO4 concentration in 10 M KOH aqueous solution on track
etching rate.
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Figure 2. (a) Track etching rate of Xe-irradiated PVDF films as a function of KMnOj4 concentration
in 10 M KOH aqueous solution. SEM images of (b) surface and (c¢) cross-sectional views of the sample
etched in 0.05 M KMnOy (10 M KOH) at 63.5 °C for 120 min. Ion fluence: 10° ions/cm?

Prior to foil immersion in the etching solutions, they were pre-heated to correspond to the set etching
temperature, ensuring consistent treatment conditions (63.5 °C). The track etching rate decreased from
1.1 nm/min to 0.7 nm/min when the KMnOj4 concentration was reduced from 0.25 to 0.01 M, respectively.
However, varying the permanganate concentration within the range of 0.25-0.05 M did not cause any signif-
icant difference. Notably, the best linear fit correlation was found for 0.1 M KMnOys, indicating optimal pro-
cess stability and reproducibility. Consequently, this concentration was selected for the fabrication of TMs in
subsequent experiments.

Figures 2 (b) and (c) present SEM images of irradiated PVDF films etched in 10 M KOH with 0.05 M
KMnOs. The cross-sectional view clearly demonstrates the formation of through cylindrical channels under
these etching conditions. These results confirm that the permanganate concentration can be reduced fivefold
without sacrificing pore quality and presents a direct optimization of the process established in [25]. Beyond
the evident economic and environmental benefits, the reduction of oxidizer concentrations can mitigate non-
selective background oxidation, potentially affecting the membrane surface chemistry.

Radiation Grafting of AA Within Nanopores of PVDF TMs

Radiation-induced graft polymerization of AA onto etched tracks was carried out through pre-
irradiation method. More specifically, a polymer substrate was irradiated under inert atmosphere and grafting
reaction was initiated by radicals remained in the post-etched tracks. As seen from EPR results, the initiators
of grafting include a mixture of alkyl radicals and their oxidized species. In earlier work [26] it was demon-
strated that the integral amount of radicals trapped within PVDF etched tracks decays exponentially with
etch time. The reason for such a decrease is that the longer the etching process, the larger the pores are
formed, the less trapped radicals in track wall are remained. Grafting yield (GY), calculated as a weight of
the grafted polymer over a weight of substrate (expressed in wt.%), for the studied allyl monomer rises as
pore size enlarges up to the etch time of 35 min. This is followed by a decrease as the etch time exceeds
40 min. A 60 % radical consumption seen for TMs with a given pore size was accompanied with graft
polymerization. Although, the first reports on AA grafting in heavy ion tracks were made about twenty years
ago [27, 15], the understanding of effects affecting on grafting process of AA is still far from being com-
plete. The following subsections will focus on key graft polymerization parameters, such as the effect of in-
hibitor, monomer concentration, reaction temperature, and time.
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Effect of Homopolymerization Inhibitor

The radiation grafting procedure involved immersing freshly etched nanoporous PVDF track-etched
membranes (TMs) in aqueous solutions of acrylic acid (AA) monomer, followed by degassing and thermo-
stating at 60 °C. Elevated temperature enhances the mobility of trapped radicals, improving their accessibil-
ity to the monomer. Simultaneously, it facilitates monomer diffusion toward active sites. However, these
conditions also promote thermal homopolymerization of AA in solution, even when the monomer retains its
standard stabilizer (MeHQ). Homopolymerization increases solution viscosity, limiting monomer availability
and access to active sites within the nanopores. AA, like other acrylates, undergoes chain transfer reactions
and exhibits fast polymerization kinetics, making GY control difficult.

To mitigate homopolymerization and slow down AA reactivity, ammonium ferrous sulfate (Mohr’s
salt) was employed. To emphasize the inhibition effect of Mohr’s salt, a monomer concentration of 75 vol.%
in water was chosen. This concentration was selected because the grafting rate is the fastest under such con-
ditions and accompanied by a drastic expansion in the sample volume. Figure 3 illustrates the effect of
Mohr’s salt concentration on GY. The addition of the smallest quantity of Mohr’s salt (0.05 %) caused a
sharp decline in GY, reducing it by ca. 19 wt.% compared to inhibitor-free conditions (150 wt.%). Further
increase in inhibitor concentration (0.1-0.5 %) resulted in a plateau, where GY remained largely unaffected
by the additional inhibitor concentration increase. Mohr’s salt acts as a radical scavenger through an electron
transfer from Fe** to free radicals (Fe** + R* — Fe’* + R”), terminating both homopolymerization in the bulk
solution and graft initiation at accessible radical sites. The drastic GY reduction at 0.05 % suggests efficient
quenching of free radicals in the bulk solution and those in close proximity to the nanopore surface. The sub-
sequent plateau reflects the radicals that remain shielded within the nanopore interior. There, steric hindrance
and restricted diffusion limit Fe?" penetration, thereby preserving grafting activity. This spatial heterogeneity
in radical accessibility, with surface radicals being quenched while pore-confined radicals remain active,
could explain the observed GY leveling-off at higher inhibitor concentrations.
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Figure 3. Dependence of the grafting yield (GY) on the Mohr’s salt concentration (0—-0.5 % w/v)
in 75 vol.% AA aqueous solutions. Reaction conditions: 60 °C, 30 min

Effect of Temperature and Monomer Concentration

The effect of reaction temperature on AA grafting was investigated at 55, 60, 65, and 70 °C. Higher
temperatures typically enhance monomer diffusion and radical mobility within the polymer matrix, thereby
accelerating grafting kinetics. However, the results revealed an optimal temperature range rather than a mon-
otonic increase. GY's were comparable at 55 and 60 °C, representing the highest efficiency. Increasing the
temperature to 65 °C resulted in a moderate decrease, and further elevation to 70 °C produced the lowest GY
(not shown). Such temperature-dependent behavior indicates that excessive heating promotes competing
processes. These include radical recombination (termination reactions) and thermal homopolymerization in
solution, which reduce the availability of both radicals and monomer for grafting. Consequently, 60 °C was
identified as the optimal temperature, providing an effective balance between enhanced diffusion kinetics
and minimized side reactions. This is consistent with the range reported in [10] for AA grafting onto PVDF
films.
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Figure 4 (a) illustrates the effect of AA concentration (10-100 vol.% in water) on grafting efficiency,
examined at 60 °C in the presence of 0.25 % Mohr’s salt over 30 minutes reaction time. GY increased steadi-
ly with AA concentration up to 50 vol.%, followed by a significant enhancement at 75 vol.%, before declin-
ing at 100 vol.%. The observed trend with the maximum GY of ~22 % aligns with the behavior reported for
electron-beam grafted PVDF films [12] and reflects the dual role of water in the grafting system.
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Figure 4. (a) Dependence of the grafting yield (GY) on the AA concentration in water.
(b) Variation of sample average thickness as a function of GY. Mohr’s salt concentration is 0.25 % w/v.
Reaction conditions: 60 °C, 30 min

It serves not only as a solvent that facilitates monomer diffusion through the developing grafted poly-
mer layer but also acts as a plasticizer for the PVDF, enhancing polymer chain mobility and accessibility of
radical sites. Indeed, PVDF is a semi-crystalline polymer, and radicals generated during SHI irradiation can
be localized in amorphous, crystalline or at the boundaries of crystalline/amorphous zones. The latter ones
are expected to exhibit longer life-times, with their role in initiating graft polymerization being more signifi-
cant than the radicals in amorphous zones. For continuous grafting, the monomer diffusion rate needs to be
higher than the radical life-time. Furthermore, the monomer concentration must exceed its consumption dur-
ing initiation and propagation. These factors, coupled with the enhanced swelling of PVDF in concentrated
AA solutions (75 and 100 vol.%) [27], explain the observed grafting behavior. The decrease in GY at
100 vol.% AA aligns with literature reports indicating that PAA exhibits poor solubility in its monomer,
leading to predominantly surface grafting rather than polymerization in bulk [10, 27].

Figure 4 (b) shows the correlation between GY and grafted membrane thickness. A GY of ~15 % from
100 vol.% AA results in approximately a 10 % thickness increase compared to the unmodified TM. In con-
trast, a GY of ~22 % from 75 vol.% AA led to about 60 % thickness expansion. This confirms that optimal
water content is essential for achieving efficient pore-confined grafting. Based on these findings, pure AA is
more suitable for achieving pore surface-localized functionalization. Diluted monomer solutions (<50 vol.%)
promote pore wall grafting. Meanwhile, higher monomer concentrations (51 to 99 vol.%) enhance bulk graft
polymerization throughout the pore walls, spreading into the bulk membrane structure.

Kinetics of Grafting

Figure 5 exhibits the grafting kinetics of AA to PVDF TMs in 50 and 75 vol.% AA solutions containing
0.25 % Mohr’s salt at 60 °C. As shown, the GY progresses through two distinct phases: (I) a rapid increase
with a maximum at 30—45 min, followed by (II) a gradual decline and asymptotic saturation at longer reac-
tion times. This behavior persisted across monomer concentrations and was initially attributed to diffusion-
controlled inhibitor effects. However, identical behavior was observed in diluted AA solutions (<50 vol.%)
without any Mohr’s salt.
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Figure 5. Grafting kinetics of AA to PVDF TMs at 60 °C. AA concentration is 50 (1) and 75 vol.% (2).
Mohr’s salt concentration is 0.25 % w/v. The spline connection of the experimental data highlights the behavior

During phase I, grafting acceleration arises from synergistic factors: (i) abundant radicals at pore sur-
faces initiate polymerization, (ii) unhindered AA diffusion into nanopores of water-plasticized PVDF, and
(iii) hydrogen bonding between carboxyl groups of grafted PAA chains and incoming AA monomers, which
locally enriches monomer concentration near reactive sites. These effects collectively maximize grafting ef-
ficiency during the initial stage. Subsequently, the observed decline (phase II) reflects both radical decay due
to temperature-mediated recombination and consumption through grafting reactions. The apparent GY max
(empty crossed symbols) may be attributed to methodological artifacts: thermal polymerization of residual
AA (diffused into PAA-g-PVDF) during post-grafting Soxhlet extraction in boiling water, inflating early GY
measurements. This hypothesis was confirmed by using a more optimal washing procedure on grafted mem-
branes. They were first soaked in water at room temperature for 12 hours, followed by extraction in boiling
water. At longer reaction times, residual monomer diminishes. This leaves covalently grafted PAA as the
primary contributor to the asymptotic plateau, which reflects a dynamic equilibrium between reduced graft-
ing due to diffusion barriers and extractable homopolymer formation. The consistent behavior in inhibitor-
free solutions confirms that pore confinement and post-processing artifacts are the primary drivers of the ob-
served kinetic profile.

Characterization of PAA Nanopore-Grafted PVDF TMs

Figure 6 illustrates the FT-IR spectra of PVDF TMs before and after being grafted with PAA resulting
in a GY of 22 %. The spectrum of pristine membrane (dashed line) includes: a doublet at 2985 and
3025 cm™! corresponding to sym and asym stretching vibrations of CH,; the bands at 1453, 1424, 1403, and
1385 ecm ™! assigned to v(CH>) and v(C—C) vibrations; the intense bands at 1211 and 1183 cm™! attributed to
v(CF,) vibration; the absorption bands in the 1000-500 cm™' range correspond to characteristic PVDF skele-
tal vibrations. Radiation grafting of PAA to PVDF TMs, conducted in 75 vol.% AA and 0.25 % w/v Mohr’s
salt at 60 °C, results in the appearance of a new absorption bands. These include a strong peak at ~1710 cm ™,
assigned to C=O0 stretching vibration in associated carboxyl groups (hydrogen-bonded) with a shoulder at
~1750 cm™! corresponding to free carboxyl groups. The broad band in the 3500-2500 cm™' range, associated
with v(OH), is usually too weak in dried samples and superimposed with v(CHz) of PVDF. The low-intensity
band at 1558 cm™! is attributed to asymmetric vibration of carboxylate groups. This arises from partial disso-
ciation of AA units under neutral pH conditions during grafting in aqueous media. Notably, treatment in di-
lute alkaline solutions transforms the dominant 1710 cm™ (protonated carboxyl) into the 1558 ¢m™ band
(deprotonated carboxylate), and vice versa, confirming the pH-responsive behavior of grafted PAA.
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Figure 6. FT-IR spectra in ATR mode of PVDF TMs before and after PAA grafting (GY =22 %).
AA concentration: 75 vol.%. Mohr’s salt concentration: 0.25 % w/v. Reaction conditions: 60 °C, 30 min

Surface chemical composition of samples grafted at various AA concentrations was analyzed by XPS.
Figure 7 (a) shows a survey spectrum of non-modified PVDF TM, exhibiting characteristic Fls and Cls
peaks with an F/C ratio of approximately 0.8. This reduced ratio (compared to pristine PVDF foil, F/C = 1.0)
is attributed to radiation-induced dehydrofluorination during irradiation and latent track etching. Chemical
etching selectively removes degraded polymer fragments from the latent tracks resulting in fluorine depletion
overall the surface. After grafting in 75 % AA (Figure 7 (b)), XPS revealed a substantial increase in the O/F
ratio from 0.1 to 0.6, demonstrating significant surface coverage by the grafted PAA layer.
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Figure 7. XPS survey spectra of PVDF TMs (a) before and (b) after PAA grafting (GY =22 %).
AA concentration: 75 vol.%. Mohr’s salt concentration: 0.25 % w/v. Reaction conditions: 60 °C, 30 min

Table 1 summarizes atomic percentages for the PVDF TMs before and after PAA grafting depending on
the monomer concentration and their GYs. When water was present in reaction solutions, the F/C ratio de-
creased progressively with increasing AA concentration, reaching a minimum at 75 vol.% AA. This indicates
enhanced bulk functionalization, where growing PAA chains diffuse beyond nanopore confinement under
optimal swelling conditions. This finding is consistent with the maximal membrane thickness expansion ob-
served in Figure 4 (b).
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Figure 8. XPS Cls deconvoluted spectra of PVDF TMs (a) before and (b) after PAA grafting (GY =22 %).

Table 1
Atomic composition of PAA-g-PVDF TMs
Sample Cls (at.%) Fls (at.%) Ols (at.%) F/C O/F GY (%)
PVDF T™M 53.1 43.4 2.31 0.8 0.1 0
PAA-grafted PVDF TMs at varied [AA]
10 vol.% 55.1 323 4.0 0.6 0.1 3.2
25 vol.% 56.2 38.5 4.0 0.7 0.1 43
50 vol.% 55.4 393 4.0 0.7 0.1 5.9
75 vol.% 62.7 21.4 12.4 0.3 0.6 21.8
100 vol.% 54.0 42.0 3.0 0.8 0.1 14.8

Cls regional spectra (Figure 8 (a)) for most grafted samples resembled pristine PVDF, confirming lim-
ited surface modification. In contrast, the sample grafted in 75 vol.% AA (Figure 8 (b)) showed pronounced
carboxyl signatures (O—C=0 at 288.7 ¢V). PVDF TMs grafted in 100 vol.% AA retained an F/C ratio identi-
cal to unmodified TMs, confirming strictly localized (nanopore-surface-only) modification. These results
align with reported studies of PAA grafting onto electron-beam-irradiated PVDF foils [12].

Figure 9 depicts DSC curves revealing structural changes in PVDF foils induced by sequential pro-
cessing, with key parameters summarized in Table 2. The pristine PVDF exhibits a characteristic endother-
mic melting peak, T, at 175.7 °C with an enthalpy of 49.0 J/g. Given the enthalpy of melting for fully crys-
talline PVDF (AHi0+ = 104.7 J/g) [28], the crystallinity degree, y., found as AH,/AH00% * 100 % is esti-
mated to be 46.8 %. Irradiation slightly reduces crystallinity while increasing the melting temperature (Tr)
from 175.7 to 178.3 °C. This T, increase is a due to radiation-induced cross-linking, restricting chain mobili-
ty and suppressing relaxation processes [29, 30]. Subsequent chemical etching restored Ti, to 175.8 °C, con-
firming the selective removal of the radiation-damaged polymer from the latent tracks. After PAA grafting,
Twm shifts to 177.6 °C. This shift is possibly due to two factors: (i) constrained PVDF chain mobility from
interfacial PAA, and (ii) temperature-mediated radical recombination, inducing cross-links during graft
polymerization. The observed reduction in y. with increasing GY is a well-documented phenomenon. Our
results, showing a drop from 46.4 % to 30.6 %, align with the trends reported for other grafted systems, such
as methyl methacrylate- and styrene-grafted PVDF [11, 31]. Such a behavior evidences the disruption of
crystallites by the growing polymer grafts, initiated at the crystalline/amorphous boundaries. The consistency
of this effect across different monomers and grafting methods confirms that the structural consequences of
grafting are universal, thereby validating our findings. Additional transitions were observed. An exothermic
transition near —40 °C (close to T, of PVDF) points out nanoscale phase separation between flexible PVDF
domains and glassy PAA (T, = 100 °C). A broad endotherm at approximately 60 °C reflects dehydration of
PAA-grafted samples.
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Figure 9. DSC curves for pristine PVDF (1), Xe-irradiated PVDF (2), PVDF TM (3),
and PAA-g-PVDF TM (GY =22 %) (4). AA concentration: 75 vol.%.
Mohr’s salt concentration: 0.25 % w/v. Reaction conditions: 60 °C, 30 min

Table 2

Melting temperature (Tm), enthalpy of melting (AHm), and crystallinity degree (x.) derived from DSC
for pristine. Xe-irradiated, etched and AA-grafted PVDF TMs

Sample T (°C) AH,, (J/g) xc (%)
PVDF 175.7 49.0 46.8
PVDF-Xe 178.3 48.5 46.3
PVDF TM 175.8 48.6 46.4
PAA-g-PVDF TM 177.6 32.0 30.6

Contact angle measurements confirm the progressive modification of the surface across different pro-
cessing stages. Pristine PVDF foil exhibited a contact angle of 80+5°. Etched membranes showed significant
hydrophilization, reducing the contact angle to 654+2°, attributed to carboxyl group formation. Following
PAA grafting, contact angles modestly decreased across all AA concentrations, reaching 57+6° for mem-
branes grafted in 100 vol.% AA. Despite PAA’s inherent hydrophilicity, this relatively small reduction con-
firms that wetting is primarily governed by nanometer-scale pore openings rather than bulk or surface func-
tionalization.

Zeta-potential measurements provide valuable insights into the surface chemistry and nanoscale func-
tionalization of PVDF TMs. As seen in figure 10, unmodified PVDF TMs exhibit a pH-independent negative
charge ({ = —20 mV across pH 3-8). This can be attributed to carboxylic acid groups (fluorinated and not)
and ketones formed upon oxidative cleavage of C=C in various positions:

~ CH = CF, >~ CF,COOK +K,CO, (1°)
~ CH = CF ~—~ CF,COOK +KOOH,C ~ %)
~CF, ~C(~R) = CF ~—~ CEC(= 0)R + KOOH,C ~ 3°)

To demonstrate the versatility of the pore-confined grafting approach beyond PAA, poly(4-
vinylpyridine) (P4VP), a cation-exchange polymer exhibiting pH-dependent charge behavior, was grafted to
PVDF TMs. Its inverse charge modulation verifies that the interfacial properties are governed solely by the
grafted polymer. Upon P4VP grafting, the charge behavior changes dramatically. Below pH 5.2, protonation
causes a strong positive potential ({ = +20 mV at pH 3). Above pH 5.2, deprotonation restores a negative
charge ({ = 20 mV at pH 8). The isoelectric point (IEP) of 5.2 found for the P4VP-g-PVDF TMs is con-
sistent with the dissociation constant of pure P4VP [32]. The complete counterbalancing of the negative
membrane charge emphasizes a uniform and continuous grafted P4VP layer that governs the interfacial be-
havior without interference from the substrate. This ability to precisely engineer the surface charge of the
nanopores is crucial for advanced applications such as charge-selective separation, nanofluidic devices, and
Sensors.
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Figure 10. Zeta-potential of PVDF TMs before (/) and after (2) grafting with P4VP
(GY = 1.6 %, fluence of 10° ions/cm?) as a function of pH

Confocal laser fluorescence microscopy was employed to visualize the location of grafted polymer.
This was achieved by detecting Rhodamine 6G (Rh6G), a fluorescent agent that binds to carboxylic acid
groups of the grafted PAA chains. To distinguish between grafted PAA and carboxyl groups introduced by
PVDF oxidation during chemical etching, a control experiment was performed. Prior to grafting, freshly pre-
pared membranes were treated with EDC/NHS (2:1 molar ratio) in 0.1 M acetate buffer (pH 5.0), followed
by coupling with ethylenediamine (EDA) in PBS (pH 7.4). These carboxyl-deactivated samples were then
subjected to PAA in 100 vol.% AA to ensure grafting occurred exclusively from pore surfaces. Figure 11
presents the photoluminescence surface mapping of PAA-g-PVDF TMs before and after Rh6G sorption.
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Figure 11. Photoluminescence surface mapping of PAA-g-PVDF TMs before (left) and after (right) sorption
of Rhodamine 6G. Grafting was performed in 100 vol.% AA onto PVDF TMs with the fluence of 107 ions/cm?.
Intensity scales: 0—500 and 0—20,000 counts for left and right images, respectively. Scale bars: 2 pm
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Although PVDF exhibits intrinsic luminescence and Rh6G adsorbs nonspecifically on membrane sur-
face, both contributing to background luminescence, the intense pore-localized signal contrasts sharply with
the surrounding matrix. This spatial contrast, combined with pore density matching the ion fluence, clearly
confirms nanopore-confined grafting.

Conclusions

Pore-localized functionalization of nanoporous PVDF TMs has been achieved through radiation-
induced graft polymerization of AA monomer. Cylindrical through nanopores were produced by irradiation
with energetic xenon ions under optimized alkaline oxidative etching, retaining residual radical sites along
the ion tracks. These radical sites eliminate the need for external initiators or activation, enabling direct initi-
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ation of polymerization reaction exclusively within the nanopores. Grafting efficiency was demonstrated
through optimization of inhibitor concentration, monomer concentration, reaction temperature and time.

FT-IR and XPS analyses revealed a covalent attachment of PAA to PVDF TMs while its efficiency to-
wards bulk versus surface modification is mainly governed by the monomer/solvent ratio. When growing
PAA chains can diffuse beyond the etched track confinement under optimal polymer substrate swelling con-
ditions, a significant decrease in the crystallinity of the grafted samples was observed by DSC. This was at-
tributed to the crystallite disruption by PAA grafts initiated at crystalline/amorphous boundaries. Further-
more, the assessment of zeta-potentials provided a valuable insight into the surface chemistry and confirmed
a continuous pore functionalization resulted in a complete counterbalancing of the negatively charged pore
walls when cation-exchange P4VP chains are grafted. Confocal fluorescence microscopy enabled the visual-
ization of PAA-grafted nanopores by detecting the luminescence of Rhodamine 6G adsorbed onto the car-
boxyl groups, illustrating that the grafted polymer is confined to the pore interiors.

The presented findings illustrate the potential of radiation-induced grafting as a powerful technique for
tailoring the surface chemistry of nanoporous membranes at the nanoscale. This approach offers a platform
for creating nanoporous membranes with tunable characteristics for energy, biomedical, and separation ap-
plications, opening new possibilities for spatially-controlled functionality in advanced materials.
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