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Abstract: This study investigates the effects of modifying commercial Nafion-212 thin films with
dodecyltriethylammonium cation (DTA+) on their electrical resistance, elastic modulus, light transmis-
sion/reflection and photoluminescence properties. The films were modified through a proton/cation
exchange process for immersion periods ranging from 1 to 40 h. X-ray diffraction (XRD) and X-ray
photoelectron spectroscopy (XPS) were employed to analyze the crystal structure and surface compo-
sition of the modified films. The electrical resistance and the different resistive contributions were
determined via impedance spectroscopy. Changes in the elastic modulus were evaluated using stress–
strain curves. Additionally, optical characterization tests, including light/reflection (250–2000 nm)
and photoluminescence spectra, were also performed on both unmodified and DTA+-modified
Nafion films. The results reveal significant changes in the electrical, mechanical and optical properties
of the films, depending on the exchange process time. In particular, the inclusion of the DTA+ into
the Nafion structure improved the elastic behavior of the films by significantly decreasing the Young
modulus. Furthermore, the photoluminescence of the Nafion films was also enhanced. These findings
can be used to optimize the exchange process time to achieve specific desired properties.

Keywords: Nafion; dodecyltriethylammonium cation; electrical resistance; optical properties;
elastic modules

1. Introduction

Nafion is a well-known family of polymers that was discovered in the late 1960s by
DuPont. This comprises a tetrafluoroethylene (PTFE) backbone into which perfluorovinyl
ether chains ended by sulfonic groups are incorporated [1]. Thus, Nafion combines the
high hydrophobicity of the polytetrafluoroethylene backbone with the great hydrophilicity
of the sulfonic groups placed at intervals along the chain. These acid groups, which
are known to aggregate in clusters, allow the transport of ions and serve as a polymer
electrolyte [2,3]. In fact, Nafion is the most commonly used proton conductor electrolyte
in proton exchange membrane fuel cells (PEMFCs) [4–7]. In addition, the mechanical
and thermal stability of Nafion membranes (or thin films), as well as their optical and
photoluminescence properties, are also of great interest for a variety of applications [8–12].
Modifications of Nafion membranes have been carried out to improve their mechanical
and chemical stability properties at temperatures higher than 80 ◦C. In particular, the
modification of Nafion films via the incorporation of different nanoparticles, such as oxides
(SiO2 and TiO2) or metals (Ag, Pt, and Cd), have been reported [13–17]. In this context, the
unique chemical nanostructure of Nafion, characterized by segregated hydrophilic and
hydrophobic domains, enables its use as a template for the synthesis of metal nanoparticles
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inside its channels [18,19]. This process not only enhances the catalytic activity of the
resulting nanocomposites, but also increases their mechanical stability. On the other hand,
the inclusion of different room-temperature ionic liquids (or ionic liquids cations) leads
to a significant reduction in the water loss or in the methanol crossover, being a point of
interest in the case of direct methanol fuel cells [6,20].

Room-temperature ionic liquids (RTILs or ILs) are molten salts with a very low vapor
pressure comprising an organic cation and an inorganic/organic anion, which remain in
a liquid state at temperatures below 100 ◦C. Furthermore, they also exhibit high solubility
and conductivity, thermal stability and water sensitivity [21]. As a result, they have gained
significant attention as environmental alternatives to volatile organic compounds since the
mid-1970s. Additionally, their elevated viscosity makes them suitable for a wide range of
applications in different industrial and research areas, such as electrodeposition, extraction,
energy, conducting membranes, electrochemical devices or optical sensors [22–24]). On the
other hand, the possibility of tailoring the most adequate physicochemical properties in
order to specifically apply the LIs via the selection of the cation/anion is another interesting
characteristic. Nevertheless, the liquid state of ILs can sometimes be a disadvantage when
integrating them into devices, requiring immobilization through inclusion or deposition
within solid structures or films (either inorganic or polymeric). In this context, the deposition
of ILs on alumina nanostructures has been demonstrated to enhance the efficiency of
solar cells [24], while IL/biopolymer hybrid materials are being developed for biomedical
applications [25,26].

The aim of this study is to investigate the changes in the various physical properties
of a commercial Nafion thin film, including its electrical resistance, elastic modulus, light
transmission/reflection and photoluminescence, after the inclusion of the dodecyltriethy-
lammonium cation (DTA+) via a proton/cation exchange process. The degree of cation
inclusion was varied by changing the exchange times (t = 1, 2, 8, 22 and 40 h), and both
X-ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS) techniques were used
to analyze the time evolution of DTA+ into the structure of the films. The modification
of the electrical resistance was determined using impedance spectroscopy measurements,
while stress–strain curves were used to determine changes in the elastic modulus. Light
transmission/reflection measurements for wavelengths from 250 to 2000 nm, and pho-
toluminescence spectra were obtained for modified Nafion films. These measurements
confirmed that each physical property undergoes different modifications during the ex-
change process, demonstrating the ability to tailor these properties to specific requirements.

2. Materials and Methods
2.1. Material Preparation

A Nafion 212 film (DuPont, Wilmington, DE, USA) was selected for modification with
n-dodecyltriethylammonium chloride (DTA+Cl−) (chemical formulae C12H25N(CH3)3Cl,
Merck, Darmstadt, Germany) via a proton/cation exchange process [27], similar to that pre-
viously reported for a Nafion 112 membrane and different ILs cations [13,28,29]. The DTA+

molecular weight, molar volume and density (20 ◦C) were 228 g mol−1, 350 cm3 mol−1

and 870 kg m−3, respectively.
Different portions of the Nafion film were immersed in a 40% (w/w) DTA+Cl− aqueous

solution for different periods of time, t = 1, 2, 8, 22 and 40 h. Nafion film modification was
performed by Dr. L. Neves (REQUIMTE/CQFB, Departamento de Química, Universidad
Nova de Lisboa, Caparica, Portugal). These samples are hereafter denoted as Naf/DTA+

(1 h), Naf/DTA+ (2 h), Naf/DTA+ (8 h), Naf/DTA+ (22 h) and Naf/DTA+ (40 h). Prior to
the different characterization measurements, the films were stored in air atmosphere for
several weeks.

The films’ thickness, measured using a Coolant Proof Micrometer (mod. IP65, Mitu-
toyo, Kanagawa, Japan), increased after the DTA+ inclusion from 50 µm for the untreated
Nafion film to 58 µm for Naf/DTA+ (40 h).
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2.2. Structural and Chemical Surface Characterization

X-ray diffraction patterns were collected using a PANalytical Empyrean X-ray diffrac-
tometer and CuKα radiation in the 2θ range of 5–80◦, with a total acquisition time of 1 h.
Phase identification and analysis were performed using X’Pert HighScore Plus software v. 5.2.

The FTIR spectra of the Nafion films were recorded by using a Perkin Elmer Spectrum 100.
The chemical surface composition of the films was determined using X-ray photoelec-

tron spectroscopy (XPS) with a Physical Electronics spectrometer (PHI 5700) and X-ray Mg
Kα radiation (300 W, 15 kV and 1253.6 eV). High-resolution spectra were recorded via a
concentric hemispherical analyzer operating in the constant pass energy mode at 29.35 eV,
using a 720 µm diameter analysis area at the optimum equipment take-off angle (45◦). The
films were kept overnight under high vacuum (preparation chamber) and then transferred
to the analysis chamber for testing. The residual pressure in the analysis chamber during
the data acquisition was maintained below 5 × 10−7 Pa. Each spectral region was scanned
several times to obtain a good signal-to-noise ratio. The binding energies were determined
with respect to the position of the adventitious C 1s peak at 285.0 eV (accurate ± 0.1 eV).
The acquisition and data analysis were performed using the PHI ACCESS ESCA-V6.0
F software package. The atomic concentration percentages (A.C.%) of the characteristic
elements were determined taking into account the corresponding area sensitivity factor
for each measured spectral region. The spectra of the different element core levels were
fitted using Gauss–Lorentz curves [30]. Unfortunately, XPS measurements could not be
performed for the Naf/DTA+ (40 h) sample due to a vacuum loss during analysis.

2.3. Electrical Characterization

The electrical resistance of the Nafion films was determined via impedance spec-
troscopy measurements using a frequency response analyzer (FRA, Solartron 1260, Hamp-
shire, UK) for frequencies ranging between 0.01 and 106 Hz with an ac voltage of 50 mV.
The impedance spectra were collected at room temperature and a relative humidity of
60% by pressing the samples between two porous carbon electrodes (Sigracet, GDL 10 BB,
Texas, USA). The impedance spectra were analyzed using equivalent circuit models and
Distribution of Relaxation Times (DRT) using the ZView (Scribner Associates Inc., Southern
Pines, NC, USA) and DRTtools software DRTtools (1.0, Matlab 7.2) [31], respectively.

2.4. Elastic Characterization

The elastic properties of the films were measured using a Mark-10 Tensile Tester,
equipped with a digital force gauge (ES20 model) and controlled with MESUR gauge soft-
ware v.1.8.2 (Copiague, NY, USA). The tensile strength curves were collected for rectangular
samples of 3 × 1 cm2 at a strength rate of 1 cm·min−1 at ambient conditions. The elastic or
Young modulus (Y) was determined from the slope of the initial linear region of the stress–
strain curves. Two different samples were tested in order to obtain the stress–elongation
curves, and the resulting average elastic modulus values are provided.

2.5. Optical Characterization

The optical characterization was performed by analyzing the light transmittance/reflection
and photoluminescence (PL) spectra. Transmittance/reflection measurements were per-
formed using a Varian Cary 5000 spectrophotometer (Agilent Technologies, Santa Clara,
CA, USA) equipped with an integrating sphere of Spectralon in the wavelength range
of 250 to 2000 nm. Photoluminescence (PL) spectra at room temperature were measured
using a HORIBA Scientific LabRam PL Microscope, which was equipped with a laser as
the excitation light source. The laser had a wavelength range of 325 to 750 nm and a beam
power of 0.28 mW.
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3. Results
3.1. XRD and XPS Characterization

Nafion films are known to have a certain degree of crystallinity in their crystal structure,
which is critical for their structural integrity and mechanical stability [32]. The XRD patterns,
shown in Figure 1a, present two broad diffraction peaks at 2θ ~17 and 39◦, which can be
attributed to the semicrystalline nature of the perfluorocarbon peak chains of the ionomer.
Moreover, no significant changes in the position of the characteristic peaks after DTA+

modification are observed. A closer inspection of the patterns reveals that the unmodified
Nafion films exhibit two overlapped peaks in the 2θ range of 15–20◦ (Figure 1b). One
of these peaks corresponds to the amorphous component near 15◦, with a width of half
maximum (FWHM) of 5.6◦, while the other corresponds to the crystalline phase near 17◦,
with a FWHM of 2.5◦. This peak is assigned to the (100) reflection of the hexagonal crystal
structure of Nafion [32]. The DTA+-modified Nafion films display noticeable changes in
the peak corresponding to the amorphous component (Figure 1c). Specifically, the fraction
of the crystalline phase slightly decreases after DTA incorporation, from 27 wt.% for the
unmodified dry film to 23 wt.% for the Naf/DTA (40 h) sample. Thus, the H+/DTA+

exchange does not alter significantly the crystalline regions, suggesting a reorganization of
the amorphous structure. Similar findings were previously reported for lithiated Nafion
membranes [33].

Figure 1. (a) XRD patterns of Nafion and DTA+-modified Nafion films at different exchange times.
Details of the (100) reflection for Nafion (b) and Naf/DTA+ (40 h) (c), showing the amorphous and
crystalline components.

The incorporation of DTA+ into Nafion membranes was further studied by the FTIR
(Figure S1, Supplementary Information). The transmittance spectrum of the pristine Nafion
film exhibited characteristic bands at 1210 and 1140 cm−1 (asymmetric and symmetric
stretching of CF2 groups, respectively), 1050 cm−1 (symmetric stretching of SO3 groups),
and two bands at 980 and 970 cm−1 (symmetric stretching of C–O–C). Additionally, a
doublet band at about 2350 cm−1 was observed due to atmospheric carbon dioxide [34–36].
After DTA+ modification, the position and intensity of the characteristic peaks of Nafion
remained unchanged, but new bands were clearly discernible at 2930 and 2850 cm−1

(asymmetric and symmetric stretching of CH3 and CH2 aliphatic groups, respectively) and
1490 cm−1 (bending of aliphatic groups). Interestingly, the relative intensity of these bands
increased after DTA+ modification, confirming the progressive incorporation of the cation
into the films with increasing time.

The XPS technique was employed to determine the chemical surface composition of
the Nafion and Naf/DTA+ (t) films. The high-resolution spectra of the Nafion characteristic
elements (C, F, O and S), as well as nitrogen associated with DTA+ incorporation, were
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analyzed (Figure 2). The F 1s core-level spectra (Figure 2a) show a peak of 689.0 eV at
practically the same binding energy for all samples (BE) (C–F2 link [30]). However, the C 1s
spectra (Figure 2b) show two main peaks, one at a BE of 292.0 eV (CA), attributed to CF2 and
CF–O links, and the other at 284.8–285.0 eV (CB), assigned to a C–H bond (aliphatic carbon).
A small shoulder (CC) at 286.7 eV (C–N link) is also detected for modified Naf/DTA+

(t) films. Additionally, two shoulders are observed at 293.6 eV (C–F3 link) and 289.4 eV
(O–C=O link) [37], with a similar area for the Nafion film (~7.5%), but reduced in the case
of the modified Naf/DTA+ (t) films. The O 1s core-level spectra in Figure 2c show two
contributions for the different films at 535.3 eV (OA), attributed to the CF–O link of the
Nafion structure, and the other at 532.7 eV (OB), attributable to the SO3 link [30]. This latter
contribution shifts to lower BE (531.8 eV) in the case of the modified Naf/DTA+ (t) films
due to changes in its chemical environment due to the H+/DTA+ exchange process. The S
2p core-level spectrum for the Nafion film (Figure 2d) displays a broad and symmetric peak
at around 169.6 eV. The inclusion of DTA+ causes a slight modification in the shape of the
curve, shifting the peak maximum to lower BE values (168.2 eV), which is consistent with
the behavior observed for the O1s spectra after H+/DTA+ exchange. Figure 2e presents the
evolution of the N 1s contribution over the exchange time, where a peak assigned to the
protonated nitrogen of DTA+ is observed at 402.5 eV (NA). Another peak attributed to the
hydration of matrix impurities at around 400.0 eV (NB) is also detected, and its intensity
increases with the immersion time [38].

Figure 2. Core-level spectra of the elements detected on the surface of the films: fluorine (a), carbon
(b), oxygen (c), sulfur (d) and nitrogen (e). Nafion (black line), Naf/DTA+ (1 h) (red line), Naf/DTA+

(2 h) (dark-yellow line), Naf/DTA+ (8 h) (green line) and Naf/DTA+ (22 h) (blue line).

The atomic concentration percentages (A.C.%) of the different elements detected
on the surface of the Nafion and Nafion-DTA+ (t) films were obtained by analyzing the
corresponding core-level spectrum curves shown in Figure 2, and are presented in Table 1.
As expected, the inclusion of DTA+ results in a reduction in the percentage of fluorine
(around 40% after 1 or 2 h immersion time, but around 25% for the longer periods analyzed),
and an increase in the contribution of carbon (~38% and 15%, respectively), indicating the
progressive inclusion of DTA+ into the Nafion structure. The Naf/DTA+ (t) samples also
exhibit a higher nitrogen and oxygen content, as a result of the aqueous-DTA+ solution.
The slight increase in sulfur is attributed to the reorganization of surface polymer chains.
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Additionally, the Nafion-DTA+ (t) films show a small percentage of silicon (<4%), but no
chlorine was detected, indicating the adequacy of the proton/cation exchange process.

Table 1. Atomic concentration (wt.%) of the different elements detected on the surface of Nafion and
Naf/DTA+ (t) films.

Sample F 1s (%) C 1s (%) O 1s (%) S 2p (%) N 1s (%)

Nafion-212 50.4 41.8 6.9 0.84 -
Naf/DTA+ (1 h) 29.5 56.8 9.7 0.95 1.0
Naf/DTA+ (2 h) 29.7 58.5 8.8 1.11 1.5
Naf/DTA+ (8 h) 36.3 49.4 8.7 1.26 1.9

Naf/DTA+ (22 h) * 39.0 47.2 8.2 1.14 1.6
* Analysis for Naf/DTA+ (40 h) could not be performed due to technical problems.

Further analysis was conducted by deconvoluting the core-level spectra of carbon,
oxygen and nitrogen, and the corresponding contributions of the different peaks are
summarized in Table 2. The A.C.% for CA and CB contributions (C–F2 and C–H/C–C links,
respectively) clearly show the chemical changes in the film surface as a result of the gradual
inclusion of DTA+. The significant initial increase in the C–H/C–C link percentage (4 times)
is attributed to the surface deposition of DTA+ and the corresponding reduction in the
C–F2 percentage (around 50%), as well as their subsequent decrease/increase due to the
inclusion of DTA+ in the bulk film structure.

Table 2. Atomic concentration percentages obtained deconvoluting the different peaks obtained for
the core-level spectra of carbon, oxygen and nitrogen for the Nafion and Naf/DTA+ (t) films.

Sample CA (%) CB (%) CC (%) CD (%) CE (%) OA (%) OB (%) NA (%) NB (%)

Nafion 24.3 9.3 1.5 3.1 3.2 0.37 0.43 - -
Naf/DTA+ (1 h) 12.0 37.9 4.7 1.3 0.9 0.21 0.79 1.0 -
Naf/DTA+ (2 h) 11.3 36.7 6.9 1.3 1.1 0.25 0.85 1.2 0.3
Naf/DTA+ (8 h) 15.1 24.1 7.4 1.8 1.1 0.26 1.03 1.5 0.4

Naf/DTA+ (22 h) 18.3 19.6 6.3 2.0 1.0 0.24 0.76 1.0 0.6

CA: C–F2; CB: C–H/C–C; CC: C–N/C–O; CD: O–C=O; CE: C–F3; OA = CF–O; OB = SO3; NA = C–N+; NB = C–N.

3.2. Physicochemical and Electrical Characterization of the Thin Films

Electrochemical impedance spectroscopy (EIS) measurements are commonly used
for the electrical characterization of both homogeneous and non-homogeneous materials.
This is achieved by analyzing the Nyquist plots, which show the relationship between
the real (Zreal) and imaginary (Zimg) parts of the impedance data. These parameters are
directly related to the electrical resistance and capacitance of the samples, respectively.
Moreover, qualitative information of interest regarding the effect of modifications on both
the bulk sample and electrode/sample interface can also be obtained [39–42]. In the case
of homogeneous material, the Nyquist plot is a single semicircle with a center in the real
axis, which can be simulated by using a resistance and a capacitance in parallel. For non-
homogeneous materials, the Nyquist plots typically show depressed semicircles and can be
described by (RQ) elements, where R is a resistance in parallel with a non-ideal capacitance
or a constant phase element Q(ω) [39].

Figure 3a,c,e shows the evolution of the Nyquist plots for the Nafion and the modified
Nafion/DTA+ (t) films at various exchange times, where different depressed semicircles,
depending on the exchange time, are observed. To better identify the different contributions
in the Nyquist plots, the Distribution of Relaxation Time (DRT) method was used to
deconvolute them (Figure 3b,d,f). As can be observed, the untreated Nafion film only
shows a broad peak at the lowest frequency (0.1 Hz), which is assigned to the electrode
polarization response, Rel, (Figure 3a). Thus, the Nafion film has a nearly pure resistance,
which was determined by observing the high-frequency intercept with the real axis. In
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contrast, the Naf/DTA+ (t) films show additional contributions at higher frequencies,
denoted as R1 and R2, which are attributed to bulk and interfacial processes, respectively.
It was observed that the electrode polarization response, Rel, appears at approximately
the same frequency ~10−1 Hz for all the films. Interestingly, the resistance of this process
decreases as the immersion time in the DTACl aqueous solution increases.

Figure 3. Nyquist plots of the Nafion and DTA+-modified Nafion films at different exchange times (a,c,e).
The solid lines represent the fitting curve with the equivalent circuit. The corresponding DRT curves with
the different processes are shown on the right (b,d,f).

The Nyquist plots for the DTA+-modified films were adequately fitted by using
equivalent circuit models that consist of serial (RQ) elements. The following parameters
were obtained for each impedance contribution: the resistance Ri, the pseudocapacitance Qi
and the exponential parameter pi. The real capacitance Ci was determined by the following
relation [41]:

Ci =
(RiQi)

1/pi

R
(1)

These data enable the estimation of the electrical resistance and capacitance values
of the different resistive contributions of the films. In general, the capacitance of the high-
frequency semicircle, R1, remains almost constant for all films, at about 2 × 10−10 F; this is
a typical value for bulk ionic conduction in the films [43].

The introduction of DTA+ into the Nafion structure increases the resistance of the bulk
conduction. This is due to the lower electrical mobility of DTA+ compared to protons. This
effect is clearly visible in the DRT curves, where the area under the peaks is proportional to
the resistance of each contribution. As shown, the resistance of R1 increases until t = 8 h due
to the loss of protons associated with DTA+ inclusion. However, the resistance decreases for
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prolonged immersion times, which is attributed to the progressive formation of percolation
paths for the DTA+ conduction inside the film. Similar results have already been observed
for Nafion-112 and regenerated cellulose films modified with different IL-cations (BMIM+,
OMIM+, DTA+ or Aliquat+) [13,40].

The R2 contribution, with a capacitance of 10−8 F, is attributed to interfacial processes,
possible due to the progressive incorporation of DTA+ from the film surface to the bulk.
This process is initially observed for a short immersion time (1 h), increases for t = 2 h
and 8 h, and then decreases for longer immersion times due to the complete exchange
mechanism. Figure 4 shows the trend observed in the total electrical resistance of the films
(R1 + R2), normalized by the electrode area, over the immersion time. An abrupt increase in
resistance, resulting from H+/DTA+ exchange, can be observed from 160 to 4 × 106 Ωcm2

after 8 h of immersion in the DTACl aqueous solution. Furthermore, extended immersion
periods appear to enhance the formation of conductive pathways for DTA+ mobility, which
results in a decrease in the overall resistance of the films.

Figure 4. Variation in the total electrical resistance of the films with the immersion time in the DTACl
aqueous solution. The inset figure shows a schematic representation of the DTA+ incorporation in
the Nafion film over time.

The mechanical properties of Nafion are also crucial for its use in different applications,
including PEMFCs. To investigate the effect of DTA+ inclusion on the elastic characteristics
of the Nafion film, normal tensile stress (F/S) versus strain (∆L/Lo) curves were analyzed,
as shown in Figure 5a. The results suggest that modification with DTA+ increases the
plasticity of the samples prior to reaching the breaking point, which is consistent with the
findings of previous studies on polymeric films modified with different ILs [44]. However,
the elastic limit (e.l.) does not appear to be significantly affected by DTA+ inclusion.

The Young or elastic modulus of the films was determined from the slope of the initial
linear part of the curve (Figure 5b). These results indicate that the Young modulus of
the Nafion film decreases by 43% after 1 h of immersion in the DTACl aqueous solution,
with a further reduction of 38% when the inclusion time increases from 1 h to 8 h. After
this, the Young modulus reaches an almost constant value of 25 MPa for higher time
periods. It is worth noting that the curve shape of the DTA+-modified Nafion films is
similar to that reported for a similar sample measured at 85 ◦C at 85% RH. Nevertheless,
significant changes in both the elastic modulus and elastic limit are observed as a result of
hydrothermal aging in that study [45].
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Figure 5. (a) Stress–elongation curves for the analyzed films: Nafion-212, Naf/DTA+ (1 h), Naf/DTA+

(2 h), Naf/DTA+ (8 h), Naf/DTA+ (22 h), Naf/DTA+ (40 h). (b) Variation in the Young modulus of
the thin films with DTA+–inclusion time.

Light transmission, reflection and photoluminescence are non-destructive and non-
invasive contactless measurements that provide information of interest on the optical
characteristics of thin films or layers deposited on a solid matrix [24,46]. In this study,
wavelength dependence for light transmission curves obtained for the studied Nafion and
Naf/DTA+ (t) films were analyzed (Figure 6). The results show the high transparency
of the samples (>93%) and similar curves in the visible and near-infrared (NIR) optical
regions. However, slight differences are observed at the lower wavelength interval (250 nm
to 400 nm, indicated by the dashed vertical line) for Naf/DTA+ (1 h) and Naf/DTA+ (2 h).
The inset in Figure 6a provides more detailed information on the effect of DTA+ inclusion in
the Nafion film in the visible region. It shows that all the modified samples have a slightly
lower light transmission (<1%) compared to the Nafion film. Additionally, the presence
of DTA+ in the films significantly reduces the deep peak exhibited by the Nafion film at
around 1930 nm, while only slightly affecting the small peak at around 1440 nm. The peaks
observed at 1200 and 1720 nm are related to the presence of DTA+.

Figure 6. (a) Light transmission percentage as a function of wavelength for the analyzed films: the
insert corresponds to the visible region. (b) Enlargement of the light transmission percentage for the
near-infrared region. Nafion-212 (black line), Naf/DTA+ (1 h) (red line), Naf/DTA+ (2 h) (dark-yellow
line), Naf/DTA+ (8 h) (green line), Naf/DTA+ (22 h) (blue line), and Naf/DTA+ (40 h) (magenta line).

The dependence of light reflection on the wavelength for the Nafion film and the effect
of the DTA+ inclusion time are shown in Figure 7. The light reflection percentage remains
practically constant for the wavelengths ranging between 400 nm (vertical dashed line)
and 2000 nm for all DTA+−-modified samples, but there is a 12% reduction in the case of
the untreated Nafion film. However, differences depending on the time inclusion period
also exist. The inclusion of DTA+ in the Nafion film for 1 h reduces the reflectivity of the
samples by around 25%, while different increases in the light reflection are obtained for the
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other Naf/DTA+ (t) films: 12% for Naf/DTA+ (2 h), 20% for Naf/DTA+ (8 h) and around
25% for Naf/DTA+ (22 h) and Naf/DTA+ (40 h). These percentages were determined at a
wavelength of 1000 nm.

Figure 7. Light reflection percentage as a function of wavelength for the analyzed films: Nafion-212
(black line), Naf/DTA+ (1 h) (red line), Naf/DTA+ (2 h) (dark-yellow line), Naf/DTA+ (8 h) (green
line), Naf/DTA+ (22 h) (blue line), and Naf/DTA+ (40 h) (magenta line).

The photoluminescence (PL) properties of Nafion films have been recently studied
by Bunkin et al. [11,12]. Figure 8 shows the PL spectra obtained for the Nafion and the
Naf/DTA+ (t) films under an excitation light of 325 nm. The Nafion film exhibits a broad
shoulder at 382 nm, a peak at 498 nm and a small shoulder at 550 nm, similar to previous
studies for a dry Nafion film irradiated at 369 nm (from 400 nm to 650 nm [12]). The gradual
inclusion of DTA+ in the Nafion structure produces two opposite effects on the PL spectra,
depending on the inclusion time period. For immersion periods of 1 h and 2 h in the DTACl
solution, the photoluminescence intensity significantly increases (around 2–3 times for the
higher peak, but 8–10 times for the broad shoulder). In contrast, for immersion periods of 8,
22 and 40 h, the PL intensity decreases (around 55 and 40% depending on the peak, for the
three samples). Previous studies have already shown an increase in the PL intensity (almost
50% without curve shape change) after immersing the Nafion film in natural water [12].
On the other hand, the inclusion of DTA+ also slightly shifts the higher PL peak to lower
wavelength values, to 480 nm for the Naf/DTA+ (1 h) and Naf/DTA+ (2 h) films, but to
492 nm for the other three samples.

Figure 8. Photoluminescence spectra as a function of wavelength for the analyzed films
(λexc = 325 nm): Nafion-212 (black line), Naf/DTA+ (1 h) (red line), Naf/DTA+ (2 h) (dark-yellow
line), Naf/DTA+ (8 h) (green line), Naf/DTA+ (22 h) (blue line), and Naf/DTA+ (40 h) (magenta line).
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The results of the optical characterizations suggest that it is possible to obtain Nafion-
based films with similar light transmission but different reflection percentages, depending
on the immersion time of the Nafion film in the aqueous DTACl solution. Additionally,
the immersion time has a significant impact on the photoluminescence intensity of the
Naf/DTA+ (1 h) and Naf/DTA+ (2 h) films. However, for prolonged immersion periods
(8 ≤ t (h) ≤ 40), there is a reduction in PL intensity. These changes in the optical properties
of the Naf/DTA+ (t) films could be of interest in various optical applications.

4. Conclusions

A Nafion-212 film was modified via a simple immersion process in a DTACl aqueous
solution, resulting in significant changes to its physical properties. XRD, FTIR and XPS
spectra analyses confirmed the incorporation of DTA+ into the Nafion film, leading to
changes in the elemental superficial composition without altering the crystalline phases.
Impedance spectroscopy data revealed an initial increase in the electrical resistance of the
DTA+-modified films until 8 h, followed by a decrease until 40 h, indicating a complete
H+/DTA+ exchange process. This finding was further supported by the DRT analysis
of the different processes taking place in the modified films. In addition to the electrical
properties, the inclusion of DTA+ affected other film characteristics, such as the elastic
modulus, light reflection and photoluminescence intensity. However, the light transmission
through the modified films remained similar to that of the original Nafion film, making
them excellent candidates for fluorescence, sensing and fuel cell applications.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/polym15112527/s1. Figure S1: FTIR spectra of Nafion and DTA+-
modified Nafion films at different exchange times.
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34. Ostrowska, J.; Narębska, A. Infrared Study of Hydration and Association of Functional Groups in a Perfluormated Nation
Membrane.—Part 2. Colloid Polym. Sci. 1984, 262, 305–310. [CrossRef]

35. Hwang, T.; Palmre, V.; Nam, J.; Lee, D.C.; Kim, K.J. A New Ionic Polymer-Metal Composite Based on Nafion/Poly(Vinyl
Alcohol-Co-Ethylene) Blends. Smart Mater. Struct. 2015, 24, 105011. [CrossRef]

https://doi.org/10.1016/j.snb.2014.01.101
https://doi.org/10.1002/adpr.202100181
https://doi.org/10.1063/1.5042065
https://doi.org/10.1088/1742-6596/1348/1/012030
https://doi.org/10.1002/fuce.201100168
https://doi.org/10.1002/polb.20857
https://doi.org/10.1016/j.memsci.2018.06.042
https://doi.org/10.1016/j.ijhydene.2019.05.210
https://doi.org/10.1016/j.heliyon.2019.e02240
https://doi.org/10.1039/B702537H
https://doi.org/10.1039/C5RA22838G
https://doi.org/10.1016/j.memsci.2010.05.033
https://doi.org/10.1016/j.jpowsour.2006.09.002
https://doi.org/10.1038/nmat2448
https://www.ncbi.nlm.nih.gov/pubmed/19629083
https://doi.org/10.2174/1385272819666150127002529
https://doi.org/10.3390/nano12234131
https://doi.org/10.1016/j.molliq.2019.112038
https://doi.org/10.3390/nano11092401
https://doi.org/10.1039/b501507c
https://doi.org/10.1016/j.memsci.2009.10.004
https://doi.org/10.1016/j.ijhydene.2013.05.046
https://doi.org/10.1016/j.electacta.2015.09.097
https://doi.org/10.1021/acs.chemrev.6b00159
https://doi.org/10.3390/polym13071150
https://doi.org/10.1007/BF01410469
https://doi.org/10.1088/0964-1726/24/10/105011


Polymers 2023, 15, 2527 13 of 13

36. Zakharova, J.A.; Novoskoltseva, O.A.; Pyshkina, O.A.; Karpushkin, E.A.; Sergeyev, V.G. Controlled Modification of Nafion
Membrane with Cationic Surfactant. Colloid Polym. Sci. 2018, 296, 835–846. [CrossRef]

37. Ariza, M.J.; Benavente, J.; Rodríguez-Castellón, E. The Capability of X-Ray Photoelectron Spectroscopy in the Characterization of
Membranes: Correlation between Surface Chemical and Transport Properties in Polymeric Membranes. In Handbook of Membranes:
Properties, Performance and Applications; Nova Science: New York, NY, USA, 2009.

38. Fontàs, C.; Vera, R.; Anticó, E.; de Yuso, M.D.V.M.; Rodríguez-Castellón, E.; Benavente, J. New Insights on the Effects of Water on
Polymer Inclusion Membranes Containing Aliquat 336 Derivatives as Carriers. Membranes 2022, 12, 192. [CrossRef]

39. Macdonald, J.R.; Johnson, W.B. Fundamentals of Impedance Spectroscopy in Impedance Spectroscopy: Theory, Experiment, and Applica-
tions, 3rd ed.; Wiley Online Library: Hoboken, NJ, USA, 2018.

40. Benavente, J. Use of Impedance Spectroscopy for Characterization of Membranes and the Effect of Different Modifications. In
Membrane Modification: Technology and Applications; Hilal, N., Khayet, M., Wright, C.J., Eds.; CRC Press: Boca Raton, FL, USA, 2012;
pp. 21–40.

41. Marrero-López, D.; Ruiz-Morales, J.C.; Peña-Martínez, J.; Martín-Sedeño, M.C.; Ramos-Barrado, J.R. Influence of Phase Segrega-
tion on the Bulk and Grain Boundary Conductivity of LSGM Electrolytes. Solid State Ion. 2011, 186, 44–52. [CrossRef]

42. González, A.S.; Vega, V.; Cuevas, A.L.; de Yuso, M.D.V.M.; Prida, V.M.; Benavente, J. Surface Modification of Nanoporous Anodic
Alumina during Self-Catalytic Atomic Layer Deposition of Silicon Dioxide from (3-Aminopropyl)Triethoxysilane. Materials 2021,
14, 5052. [CrossRef]

43. West, A.; Irvine, J.; Sinclair, D. Electroceramics: Characterization by Impedance Spectroscopy. Adv. Mater. 1990, 2, 132–138.
44. Yuso, M.; Cuevas, A.L.; Benavente, J. Physicochemical Characterization of a Cellulosic Film Modified with Two Room-Temperature

Ionic Liquids. Appl. Sci. 2022, 12, 10290. [CrossRef]
45. Shi, S.; Chen, G.; Wang, Z.; Chen, X. Mechanical Properties of Nafion 212 Proton Exchange Membrane Subjected to Hygrothermal

Aging. J. Power Sources 2013, 238, 318–323. [CrossRef]
46. Algarra, M.; Cuevas, A.L.; de Yuso, M.V.M.; Romero, R.; Alonso, B.; Casado, C.M.; Benavente, J. Optical and Physicochemical

Characterizations of a Cellulosic/CdSe-QDs@S-DAB5 Film. Nanomaterials 2022, 12, 484. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1007/s00396-018-4279-x
https://doi.org/10.3390/membranes12020192
https://doi.org/10.1016/j.ssi.2011.01.015
https://doi.org/10.3390/ma14175052
https://doi.org/10.3390/app122010290
https://doi.org/10.1016/j.jpowsour.2013.03.042
https://doi.org/10.3390/nano12030484
https://www.ncbi.nlm.nih.gov/pubmed/35159829

	Introduction 
	Materials and Methods 
	Material Preparation 
	Structural and Chemical Surface Characterization 
	Electrical Characterization 
	Elastic Characterization 
	Optical Characterization 

	Results 
	XRD and XPS Characterization 
	Physicochemical and Electrical Characterization of the Thin Films 

	Conclusions 
	References

