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Abstract This paper reports the preparation and characteriza-
tion of 10-methacryloyloxydecyl-dihydrogenphosphate
(MDP)-based UV-curable proton-conducting polymer mem-
branes (UVcPMs). Poly(ethylene glycol diacrylate)
(PEGDA), as cross-linking agent, and N-vinyl-2-pyrrolidone
(NVP), as reactive diluent, were used to arrange the mechan-
ical and physical properties of the resulting membrane. The
membrane formulation polymerized under UV irradiation and
membranes were characterized by using Fourier transform
infrared (FT-IR), thermal gravimetric analysis (TGA) and
electrochemical impedans spectroscopy (EIS). The water up-
takes, the volume swelling ratio and ion exchange capacity
(IEC) measurement of the membranes were performed. The
IEC values increase with an increase in MDP monomer con-
tent. Proton conductivities were measured as a function of the
weight fraction of MDP content of the membrane. The con-
ductivities are of the order of 10−4–10−3 Scm−1. The morphol-
ogy of the membranes was also investigated by Atomic Force
Microscopy (AFM). MDP-based UV-cured polymers are first
reported as polyelectrolyte membranes.
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Introduction

Proton exchange membrane fuel cells (PEMFCs) are be-
coming increasingly attractive as choices for alternative
power sources in stationary, automotive, and portable ap-
plications. They offer many advantages such as high op-
erating efficiency, quiet operation, and environmental
friendliness. Commercial PEMFCs such as Nafion®,
Acipex®, and Flemion®, which contain sulfonic acid,
show high proton conductivity under a wide range of
relative humidity (RH) at operating temperature because
of well-defined phase separation between the hydrophobic
main chains and the hydrophilic side chains [1]. However,
they have high cost and limited operation temperature
(<80 °C). Therefore, the development of low-cost polymer
membranes capable of operating at temperatures above
100 °C at low humidities constitutes a major scientific
and engineering challenge [2–4].

To search for an alternative proton-conducting membranes,
investigations have focused on the development of acidic or
Bprotogenic^ groups which have the ability to facilitate proton
conductivity under low-humidity conditions [5]. The poly-
mers carrying phosphonic acid groups are expected to be use-
ful candidates, owing to their high hydrolytic and thermal
stability (due to the strength of the C–P bond [6]) and lower
methanol permeability and have recently attracted attention as
an alternative to sulfonic acid polymers for PEMFCs. They
show a higher degree of hydrogen bonding and lower water
uptake than their sulfonated analogues at comparable ion ex-
change capacities (IECs) [7]. Phosphonated polymers have
enhanced proton conductivity because of the amphoteric
properties provided by phosphonic acid and its high degree
of self-dissociation and hydrogen bonding, and the proton is
transported through structural diffusion (the Grotthus [8]
mechanism) [6, 9–11].
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Relatively few studies have been reported on the polymer-
ization of phosphonic acid functionalized monomers. This is
mainly due to difficulties in the preparation of polymers with
high degrees of phosphonation which is required for high
ionic conductivities [12–14] (in either type of polymeric mem-
brane, a high concentration of acids is important to form large
hydrogen-bonded aggregates, which provide proton transpor-
tation channels [10]). In one such study, Atanasov and Kerres
have reported on the synthesis and conductivity of highly
phosphonated polypentafluorostyrene. This polymer showed
enhanced water attraction with hydration number similar to
sulfonated systems, e.g., Nafion [15]. Jannasch and colleagues
have recently prepared a series of phosphonated ionic
ABA triblock copolymers and studied them as electro-
lyte membranes. The membranes were found to be
phase separated and nanostructured and showed a high
thermal stability under air and also showed significantly
enhanced proton conductivity [16].

A possible alternative acidic group is phosphoric acid (PA).
It shows high proton conductivity (0.568 S cm−1 at 150 °C),
even in anhydrous form due to its unique proton conduction
mechanism by self-ionization and self-dehydration [17].
Therefore, PA and polymer (such as polyacrylamide, Nylon
6-10, polyvinyl alcohol, and polyethylenimine) blends were
prepared [18–21]. Protonic conductivity was found to reach
values as high as 6.8×10−2 S cm−1 at 200 °C and 5%RHwith
a PA doping level (mole number of PA per repeat unit of PBI)
of 5.6 for PA-doped polybenzimidazole membrane [22].
However, high swelling of the membrane up to 200–700 %,
depending on the amount of acid, and PA leaching were found
to be the main disadvantages of this system.

Molecules with phosphoric acid groups could also be used.
For example, it was recently reported that SiO/PEO (polyeth-
ylene oxide) containing nanocomposite membranes show
good protonic conductivities at temperatures above 100 °C
when doped with monododecylphosphate, among a few other
acidic moieties. Monododecylphosphate becomes a proton-
donating molecule in humid conditions, where the proton dis-
sociates from alkyl-phosphate acid functional groups to form a
hydrated proton such as H3O

+ and H5O2
+. The proton carrier

concentration was found to be proportional to the
monododecylphosphate concentration [23, 24].

A polymerizable analog of monododecylphosphate is 10-
methacryloyloxydecyl-dihydrogenphosphate (MDP), with a
hydrophobic decyl group, an acid group, and the methacrylate
functionality giving it polymerizability (Fig. 1) [25, 26]. It has
been widely used as a tooth bonding agent in dental adhesives
and composite resins [27, 28].

Currently, the dominant technology for polyelectrolyte
membrane fabrication is based on thermal polymerization.
However, the high cost of synthesis technique, purification
of rawmaterials, and manufacturing of polymers are the major
drawbacks. On the other hand, UV-curing is a high-speed,

inexpensive, and simple technique widely used in various ap-
plications such as inks, coatings, adhesives, dental restoration,
and optical devices [29–32]. It also combines advantages such
as low-energy consumption and less environmental pollution
due to being a solvent-free process. Recently, we reported the
preparation of UV-curable sulfonated hybrid membranes. The
membranes reached a proton conductivity of 0.138 S cm−1

at 50 °C under fully hydrated conditions with very low
selectivity toward methanol satisfies the requirements for
DMFC applications [33].

In this study, proton-conducting membranes based on
MDP, PEGDA, and NVP were prepared by UV-curing
via free radical photopolymerization and the membrane
properties were investigated. In this system, PEGDA
oligomer acted as a cross-linker and also maintained
high barrier properties, while MDP was chosen to pro-
vide high proton conductivity properties due to its phos-
phoric acid groups. On the other hand, NVP is a very
well-known reactive diluent in UV-curable systems and
incorporation to membrane structure pyrrolidone ring
improves the membrane performances, such as the me-
chanical property and the oxidative stability. In addition,
MDP monomer is soluble very well in PEGDA and
NVP, which are very important criteria to avoid phase
separation. This type of architecture allows the combi-
nation of a polyelectrolyte major component of a
proton-conducting membrane with a cross-linked poly-
mer partner that limits swelling and consequently helps
to improve the mechanical properties.

Various properties of the UV-cured membranes such as
determination of insoluble part of the cured membranes, water
uptake, and volume swelling ratio, IEC, contact angle mea-
surements, TGA, FTIR, AFM, and proton conductivity were
investigated in detail.

Experimental

Materials

N-Vinyl-2-pyrrolidone (NVP, ISP-Turkey), poly(ethylene gly-
col diacrylate) (PEGDA, Mn=258 gmol−1, Fluka), and 1-
hydroxy-cyclohexylphenyl-ketone (Irgacure-184, Ciba
Specialty Chemicals) were used as received. 10-
Methacryloyloxydecyl-dihydrogenphosphate (MDP) was
kindly provided by Ivoclar Vivadent. Deionized water of
18.2 MΩ cm resistivity obtained from a Milli Q-water purifi-
cation system (Millipore, Anamed-Turkey) was used.

Preparation of membranes

The membranes based on MDP, NVP, and PEGDAwere pre-
pared by UV-curing technique (Fig. 1). UV curing is a
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conversion process of polymeric materials from a liquid to
solid by UV light. All formulations contained 2 wt% of
Irgacure-184 as photoinitiator. Before the UV-curing process,
the solution was purged with nitrogen gas for 15 min to elim-
inate dissolved oxygen in the system. Then, the total mixture
was transferred to Teflon molds 50 mm×10 mm×1 mm in
size. Molecular oxygen can scavenge the free radicals or ac-
tive radical centers to produce unreactive peroxide radicals. In
order to prevent the inhibiting effect of oxygen, the mixture in
the mold was covered by transparent 25-μm-thick Teflon film.
Finally, the formulations were irradiated for 180 s under UV
lamp (OSRAM 300 W, λmax=365 nm). The membranes were
removed from the mold and used for further studies. The com-
positions of membranes are listed in Table 1.

Characterization methods

FTIR spectra were recorded on Perkin Elmer Spectrum 100
ATR-FTIR spectrophotometer

The insoluble part of the UV-cured samples was determined
by using a soxhlet extractor, and DMAc was used as solvent.
Samples were refluxed in DMAc for 8 h until the sample
attained a constant weight. After removal of the solvent by
drying at 120 °C for 12 h under vacuum, the remaining mass
was weighed as insoluble part. The insoluble and extractable
linear part of the UV-cured samples was determined by using

(1) and (2) formulas. The residual weights and the initial
weights of the UV-cured films are W2 and W1, respectively.

Insoluble part %ð Þ ¼ W 2=W 1
*100 ð1Þ

Soluble part %ð Þ ¼ 1−W 2=W 1ð Þ*100 ð2Þ

Thermogravimetric analyses (TGA) of the UV-cured mem-
branes were performed using a Perkin-Elmer Thermogravi-
metric Analyzer Pyris 1 TGA model. Samples were run from
30 to 500 °C with heating rate of 10 °C/min under air
atmosphere.

Surface wettability of UV-cured membranes was carried
out with a Kruss (Easy Drop DSA-2) tensiometer equipped
with a camera. Analyses were made at room temperature by
means of the sessile drop technique. For each sample, at least
four measurements were made, and the average was taken.
The measuring liquid was distilled water.

AFM studies of UV-cured membranes were performed by
an Ambios-Quesant Q-Scope Universal Scanning Probe Mi-
croscope (SPM) with AFM attachment.

In order to study the water uptake, all of the mem-
branes were first soaked in distilled water at room tem-
perature for 24 h. The swollen membranes were re-
moved from the distilled water, gently wiped with filter
paper to remove any water on the surface, and weighed
(Ws). All of the swollen membranes were kept under
vacuum at 70 °C overnight, after which the dried

Fig. 1 Reaction scheme for
obtaining proton-conducting
membranes

Table 1 Composition, codes, conductivity, water uptake, volume swelling ratio, and IEC values of the membranes

Sample PEGDA (wt%) NVP (wt%) MDP (wt%) MDP/NVP
(mole ratio)

Conductivity
(×10−4S/cm)

Water uptake (wt.%) Volume swelling
ratio (%)

IEC (mmol H+/g)

M1 80 10 10 0.34 2.78 36.3 50.7 0.27

M2 70 10 20 0.68 3.89 48.7 72.4 0.37

M3 65 10 25 0.85 4.04 51.5 78.8 0.49

M4 60 10 30 1.00 8.65 70.8 93.4 0.68

M5 50 10 40 1.38 11.1 76.1 116.2 0.84

M6 40 10 50 1.72 6.68 62.8 95.1 0.63
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membranes were weighed (Wd). Finally, the water up-
take was calculated by using the formula [34]:

Water Uptake %ð Þ ¼ Ws–Wdð Þ=Wd½ � � 100 ð3Þ

All the data reported in this paper are averages of two
separate measurements; standard deviations of the measured
water uptake were less than 3 % of the mean.

To measure the volume swelling ratio of the mem-
branes, the membranes were equilibrated in deionized
water for 48 h, then they were removed from the water
and gently blotted with filter paper to dry surface. The
dimensions were measured in three directions (length,
width, and thickness) to calculate the wet volume. Then,
the samples were dried in a vacuum oven for 24 h at
70 °C. The ratio of volume of swollen membrane in
water to the volume of dry membrane was reported as
the volume swelling ratio.

The amount of acid equivalents per gram of polymer was
determined as follows: First, the membrane in the acid form
was immersed in 1 M NaCl solution to convert phosphoric
acid to sodium form. Then, the released H+ was back titrated
with a 0.01 N NaOH solution using phenolphthalein as indi-
cator. The IEC is the equivalents per gram of dry membrane.
The IEC values of the membranes were calculated with the
following equation [35]:

IEC mEq=gð Þ ¼ X � NNaOH=weight polymerð Þ ð4Þ
where X is the volume of NaOH consumed and NNaOH is the
normality of NaOH.

Proton conductivity measurements were recorded using a
Gamry (Gamry Series G 750) Potentiostat/Galvanostat/ZRA
with Gamry Framework software system EIS300. The proton
conductivity was measured using AC impedance spectrosco-
py method in the frequency range from 100 Hz to 300 kHz
with potential amplitude of 10 mV. This technique allows for
higher and more easily measurable resistances and a simpli-
fied setup. All measurements were performed after 100 s delay
time. Membranes were fixed between two platinum electrodes
in a Teflon frame (BekkTech Conductivity Clamp), and pro-
ton conductivities were measured at ambient temperature.
Conductivity measurements of fully hydrated membranes
were carried out with the cell immersed in distilled water.
The proton conductivity, σ (S cm−1), in these experiments
was calculated from:

σ ¼ L

RWT
ð5Þ

Where L is the distance (cm) between two electrodes, Tand
Ware the thickness (cm) and width of the membrane (cm), and
R is the measured resistance (Ω) value. The membrane resis-
tances were obtained from Nyquist plots by extrapolating the
impedance data to the real axis on the high frequency side.

Results and discussion

FTIR analysis

The overlap of ATR-FTIR spectra of the MDP-based
proton conductive membranes can be seen in Fig. 2.
To make comparison, the IR spectra of all monomers
were presented in the same figure. Although the ester
carbonyl absorption peak of PEGDA and MDP mono-
mers appears at 1721.50 and 1717.91 cm−1, in the IR
spectra of corresponding membranes (M2, M4, and
M5), the C═O stretching vibrations were observed at
1723.54, 1727.51, and 1724.84 cm−1 respectively. As
it can be seen, slight shifts observed in these peaks
could be attributed to the formation of hydrogen bond-
ing between ethereal oxygens of PEGDA and hydroxyl
groups of MDP [36].

Moreover, the existence of P═O and P–O stretching bands
in the spectra of membranes at 1194.15, 1011.94, and
952.10 cm−1 is a proof of the presence of MDP monomer in
polymer chain. On the other hand, for membranes M2, M4,
and M5, the peaks at 1663.77, 1656.25, and 1677.49 cm−1

belong to the hydrogen bonded C═O of the NVP which is
caused by the interaction between NVP and MDP monomers
[37]. The broadening of the C═O peak caused by the H-
bonding was also observed with the increase of MDP content.
In addition, the characteristic acrylate double bonds at 809.74,
1407.77, and 1618–1636 cm−1 was no longer detected in the
spectra of UV-cured membranes. These findings also demon-
strate the formation of expected structures successfully.

The determination of insoluble part of the UV-cured
membranes

In order to remove unreacted and uncross-linked ingre-
dients from UV-cured membranes, each membrane was
extracted with DMAc. As shown in Table 2, the insol-
uble part (mass %) of UV-cured membranes was found
to be 94–99 %. These results give some information
about the degree of curing of the membranes and the
cross-linked polymer concentration after the membrane
preparation. Additionally, the disappearance of the reac-
tive double bond upon UV irradiation can be observed
in the FTIR spectrum. It is known that, prior to UV
irradiation, the FTIR spectrum of the acrylated polymer
membranes exhibits unsaturated double bonds at 1600–
1650 cm−1. Figure 3 shows that, upon UV irradiation,
the double bond (C═C) at around 1650–1600 cm−1 dis-
appears for the UV-cured membranes [38, 39]. Hence,
the disappearance of double bonds in FTIR spectra and
very high conversions prove that almost all the reactive
monomers and oligomers in the feed was converted to
cross-linked polymer after UV curing.
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Thermal analysis

The thermal behavior of membranes is shown in Fig. 4.
Phosphorous-containing polymers have drawn considerable
attention due to their high thermal stability and proton con-
duction ability [11]. The initial weight loss (5 wt%) at 100–
150 °C may be attributed to the moisture loss due to the hy-
groscopic properties of membrane components, unreacted
monomers, and photoinitiator. The weight loss observed be-
fore 200 °C was attributed to the remaining nonpolimerized
reactive diluent or probably due to volatilization of unreacted
photoinitiator. The first irreversible weight loss occurred at
200–360 °C, depending on the content of MDP. It has been
reported previously that the decomposition temperatures in
the range of 250–350 °C are sufficiently high for fuel cell
applications [40–42]. The char yields at 500 °C were also
collected. It can be clearly seen that approximately 19 to
24 wt% of residue remains at 500 °C. These results show that

proton conductive membrane is thermally stable and suitable
for high temperature fuel cell applications.

Water contact angle

Water contact angle measurement techniques are one of the
most sensitive measurements for obtaining surface informa-
tion from the outermost few Angstroms of solid surfaces and
widely used for the surface characterization of the polymeric
films [43, 44]. The surface hydrophilicity of the membranes
M1–M5, as characterized by water contact angle, is summa-
rized in Table 2. The water contact angle was found in the
range of 86–76°. When the content of MDP increases in the
membrane, the contact angle value decreased. This was an
expected behavior because phosphate groups make more hy-
drophilic surface. Finally, the results indicated that the mem-
brane hydrophilicity was improved by the introduction of the
MDP.

Morphology

Morphological information was obtained by tapping mode
atomic force microscopy (AFM). It is more suitable than con-
tact mode for imaging delicate samples because of the lower
lateral forces. It has been applied to many polymer systems
[45, 46]. In this study, phosphoric acid groups act as the main
proton carriers. By tapping mode of AFM, one can investigate
the possibility of phase separation which would facilitate
proton-hopping in the electrolyte. Figures 5 and 6 show the
AFM topographic and phase images, respectively. Figure 5a,
b displays the topographic images of samples M1 and M5.

Fig. 2 FTIR spectra of PEGDA,
NVP, MDP, and MDP containing
UvcPMs

Table 2 The insoluble part, soluble part, and contact angle values of
UV-cured membranes

Sample Insoluble part (%) Soluble part (%) Contact angel (°)

M1 99 1 86

M2 97 3 84.5

M3 97 3 80

M4 96 4 80

M5 94 6 76

M6 94 6 79
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The sample surfaces have different topographical features and
roughness shown by the vertical profile of the membrane sur-
face denoted by the color intensity, with bright regions being
the highest points and the dark points representing the depres-
sions and pores. When MDP amount increases from 10 wt%
(M1) to 40 wt% (M5), the number of holes and grooves in-
creased drastically as shown in Fig. 5b. Hence, M5 has more
undulating structure, suggesting large hydrophilic domain size
that may correlate with the surface roughness. In addition,
contact angle measurements support this finding. The hydro-
philic domains can be discerned by a brighter color from the
hydrophobic regions of the polymer backbone. As it is obvi-
ous, sample M5 with higher MDP content has bright regions
due to more ionic domains. Compared to membrane M1, the
hydrophilic ionic domains in the membrane M5 become con-
tinuous to form large channels and cluster agglomeration,
which is better for ion conductivity [47]. On the other hand,
the Bbulk-like^ water in our membrane M5 which has larger

domain size than Nafion®membrane causes a lower degree of
water–polymer interaction, so this makes the conductivity less
than Nafion [48].

The phase imaging data is shown in Fig. 6. Phase
imaging in AFM is a powerful technique for producing
contrast on heterogeneous samples. It refers to recording
the phase shift signal in AFM. The phase signal was
described as being sensitive to variations in composi-
tion, adhesion, friction, viscoelasticity as well as other
factors. In these AFM phase images (Fig. 6b), the dark
structures exhibited a larger phase lag and corresponded
to a softer region, in which the hydrophilic phosphoric
acid groups contain more fraction of water; the bright
phase structure corresponds to the harder regions of the
hydrophobic polymer backbone. The dark regions were
not uniform but average size is about 3.5 μm for sam-
ple M5. This value is substantially larger than for
Nafion® membrane [49]. As previously reported, the

Fig. 3 FTIR spectra of MDP and
MDP containing UVcPMs

Fig. 4 TGA spectra of UVcPMs
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properties of ion exchange membranes (IEMs) are
strongly related to their internal structure which includes
morphology of additives’ surface, shape and size of ion-
ic domains, and spatial distribution of ionic sites [50].
Also, ionic aggregation and phase separation are consis-
tently found to play an important role in the proton
conductivity of low IEC membranes, but a less role in
high IEC membranes [47]. Compared to Nafion®

membrane, the sharp increase on ionic domains was
attributed to the changes in MDP particles’ shape, size,
and distribution [51].

Water uptake, volume swelling ratio, and ion exchange
capacity

Water uptake is a vitally important issue in the development of
proton-conducting membranes because the proton conduction
is a water-assisted process. In general, the proton conductivity
depends on the number of available acid groups and their
dissociation capability in water. As can be seen from Table 1,
the water uptake increases with increasing MDP and decreas-
ing PEGDA contents. Water uptakes of UV-cured membranes
changed between 36.3 and 76.1 %. Also, the effect of cross-
linking on water uptake also plays a dominant role. The mem-
brane with 40 wt% of MDP exhibited highest level of water
uptake (76.1 wt%) in comparison to other phosphonated poly-
mers reported in the literature [11, 16, 52]. The decrease in
water uptake for 50 wt% of MDP-containing membranes is
probably due to the formation of hydrogen bonding between
amide and phosphoric acid at high concentrations and also
self-hydrogen bonding ability of phosphoric acids.

The volume swelling ratio of a PEM is a widely reported
volume-related parameter, but it is usually presented in the
context of dimensional stability rather than in correlation with
proton conductivity. It is previously reported that reduced
swelling behavior of PEMs was required for improved endur-
ance and easy control of fuel cell systems [53]. An excessive
amount of ion-conducting moieties causes excessive swelling
of the membrane, which leads to serious deterioration of me-
chanical properties and durability. In this case, it is more ap-
propriate to use membrane swelling based on a volume. The
volume swelling ratio of the UV-cured membranes was mea-
sured and found to be between 50.7 and 116.2 %, as shown in
Table 1.

The ion-exchange capacity (IEC) is defined as the moles of
exchangeable acidic protons per gram of dry polymer, and the

Fig. 5 Three-dimensional images of the surfaces of membranes: a M1
and b M5, respectively

Fig. 6 Phase images of
membranes a M1 and b M5. The
colometric scale indicates the Z
dimension. Scan rate is 1 Hz
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IEC of membranes can be experimentally determined by po-
tentiometric titration of the acid groups. The water uptake of
membranes is directly related to the IEC. In the case of
sulfonated membranes, where proton transport is water-
assisted, a high water uptake is generally required [54]. High
IECs are necessary for good proton conduction because of the
high charge density of the membrane. The IEC values for
MDP-based proton conductive membranes are given in Ta-
ble 1. As expected, the IEC values increase with an increase in
MDP monomer content. As the IEC changed from 0.27 to
0.84 meq/g, the water uptake and volume swelling ratio in-
creased from 36.3 to 76.1 wt% and from 50.7 to 116.2 vol%,
respectively. As previously reported, the decrease in IEC with
increasing PEGDA content resulted in a decrease in water
uptake and proton conductivity at temperatures below 70 °C
[55]. Hence, related reference supports these findings.

Proton conductivity

In PEMFCs, the proton conductivity of the membrane is par-
ticularly important since it plays a significant role in the per-
formance of the fuel cell. The proton conductivity of the mem-
branes was measured for a wide range of compositions of
MDP content using EIS as described in the experimental sec-
tion; Fig. 7 shows the Nyquist diagrams used to extract the
resistance values. The inset figure describes an equivalent cir-
cuit model. As can be seen, a Nyquist representation of the
impedance data exhibits an arc at high frequency, a second arc
at lower frequencies, and a linear portion at the lowest fre-
quencies like many polycrystalline materials. A circuit of re-
sistors, R, and constant phase elements, Q, has the impedance
shown in Fig. 7.

The results are shown in Table 1, where it can be seen that
the conductivity values are of the order of 10−4–10−3 S cm−1,
and that the conductivity increases with the increase in the

number of moles of MDP of the formulation. The mole ratio
between MDP and NVP units has dominant influence on pro-
ton conductivity since in proton conduction, MDP and NVP
may act as proton donor and acceptor, respectively, forming
proton-transferring channels through the membrane. It is
known that each acid can form hydrogen bonds with NVP
(i.e., carbonyl of pyrrolidone ring). This hydrogen bonding
between phosphoric acid group and NVP decreases the release
of protons of phosphoric acid groups. Through the forming
and breaking of these hydrogen bonds, protons can hop
among atoms, being efficiently transported from one end of
the membrane to the other [56, 57].

Also, the proton conductivities of UV-cured membranes all
followed similar trends as observed for the water uptakes,
volume swelling ratio, and IEC (see Table 1) except for mem-
brane M6. As can be seen from Table 1, the lowest conduc-
tivity value obtained in the case ofMDP/NVP ratio is 0.34. On
the other hand, the highest proton conductivity obtained for
sample M5 with MDP/NVP ratio of 1.38 as 1.11×
10−3 Scm−1. Moreover, it was supposed that swelling ratio
by volume increased with the water uptake and IEC increasing
for membranes M1–M5. The water uptake and swelling of the
cross-linked membranes increased gradually with MDP con-
tent due to the strong hydrophilicity of the phosphoric acid
groups, and the IEC also increased with increasing MDP con-
tent in soaking medium. This can be attributed to the increas-
ing percentage ratio of phosphoric acid-containing membrane
in the total structure. This is because the phosphoric acid
groups on backbone can decrease the covalent nature while
increasing the ionic nature of the membrane. Additionally, the
contact angle results indicated that the membrane surface hy-
drophilicity was improved by the introduction of the MDP.
Finally, swelling of the cross-linked membranes may provide
space for the transport of protons and thus increase the mobil-
ity of protonic charge carriers, leading to slightly increased

Fig. 7 A typical Nyquist plot of the MDP containing UVcPMsmeasured by EIS under fully hydrated conditions (frequency increases from right to left)
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proton conductivities. The conductivity of sample M6 is
unexpectedly lower than that of M4 and M5. It is estimated
that the strongest interaction between MDP and NVP will be
in a molar ratio of 2:1 [58]. Therefore, sample M6 (the
molar ratio of MDP:NVP is 1.72) has the strongest interac-
tion among these series of membrane and exhibits lower
proton conductivity when compared with M4 and M5 [59].
These results are consistent with the IEC, water uptakes, and
volume swelling ratio of the membranes.

Moreover, the proton conductivity of membranes was at
least one order lower compared to Nafion 115 and Nafion
117 measured under the similar experimental conditions.
The measured conductivity of 1.2 × 10−2 and 8.0×
10−2 Scm−1 for Nafion 115 and Nafion 117 membranes, re-
spectively, in our laboratory was in the same order reported
elsewhere [60–62]. As IEC increased from 0.27 to
0.84 meq/g, the volume swelling ratio increased from
50.7 to 116.2 %. Compared with the volume swelling
ratio of Nafion 117 (IEC 0.91 meq/g) which is about
85 %, the swelling of sulfonated poly(vinyl fluoride)
PEMs (IEC 1.5 meq/g) is about 93 % [63]. The analysis
results clearly show that ionic conductivity was too low
compared with previous studies. The proton conductivity
of the UV-cured membranes was mainly influenced by
excessive swelling. The hydrophilic character results in a
relatively high water uptake and volume swelling ratio,
which is detrimental to the mechanical properties of the
polymer electrolytes [64]. Additionally, large water do-
mains result in a lower degree of water–polymer interac-
tion and more ‘bulk-like’ water than smaller water do-
mains as compared to Nafion® membrane. This morpho-
logical feature has a profound impact on the macroscopic
membrane properties such as mechanical stability and also
related transporting proton [48]. Furthermore, it was re-
ported that the water sorption characteristics and proton
conductivities are depending not only on the water content
but also on the state of water [65, 66].

The proton conductivity of phosphoric acid-based mem-
branes in different experimental conditions can be seen in
Table 3 [67–70]. From the results, it is hard to make a direct
comparison of UV-cured membranes with other proton-
conducting non-sulfonated membranes due to difference in
temperature, polymer type, relative humidity, and method.

Therefore, this side of the study can be considered as a pre-
liminary investigation of proton-conducting properties of
MDP-based UV-cured membranes.

Finally, in our study, the loosened connectivity of the
proton-conducting moieties caused by the excessive swelling
resulted in comparably low proton conductivities. Therefore,
much more work is required in the study of these systems.

Conclusions

A series of novel polymeric proton-conducting membranes
based on MDP for possible use in PEMFC were prepared by
UV-curing process. These are the first PEMFCswhosemonomer
units contain phosphoric acid group. The membrane with
40 wt% of MDP showed high level of water uptake
(76.1 wt%) and volume swelling ratio (116.2 vol%). This is
attributed to the optimal concentration of phosphoric acid moie-
ties. Above this concentration, specific interactions dominate
followed by a decreased swelling. At the optimal phosphoric acid
content, membrane with 40 wt% ofMDP reached a conductivity
of 1.11 mScm−1 and IEC value of 0.84 meq/g at room tempera-
ture under fully hydrated conditions. This result clearly indicates
the dependence of the proton conductivity on two factors. The
first is the local concentration of the acidic sites (IEC) available in
the hydrophilic domain, and the second factor is its ability of
forming hydrogen bonds with the surrounding molecules which
mainly contribute to the proton-hoppingmechanism. Surely, ion-
ic conductivity was too low compared with previous studies for
both of sulfonated and phosphonated electrolytes, but also we
proposed a new type of electrolyte which can be obtained by
simple, cheap and fast preparation method. Furthermore, the
synthesized membranes possess thermal stability up to 200 °C.
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