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A B S T R A C T   

High temperature proton exchange membrane fuel cells are being lately investigated because of their high energy 
efficiency, their superior heat/water management, CO tolerance, and electrode reaction kinetics. To further 
advance this technology, the polymer membrane portfolio and performance should be improved for intermediate 
or high temperature operation (>100 ◦C). In this work we present new poly(diallylmethylammonium) proton 
conducting membranes with high ionic conductivity at 120 ◦C. First, new protic ionic liquids, hereafter called 
DAMAH+X− , were synthesized leading to diallylmethylammonium monomers with different counter-anions. By 
radical cyclopolymerization through thermal and photoinitiation mechanisms, self-standing protic polymeric 
membranes of poly(diallylmethylammonium X− ) were obtained. Membranes showed good thermal stability 
(>250 ◦C) and mechanical properties without the need of additives such as (protic) ionic liquids, solvents or 
inorganic charges. Great attention was paid to understand the effect of the different counter-anions on the 
membrane properties. As a general trend, fluorinated anions coming from strong acids confer high ionic con
ductivity and allow to reduce the hygroscopic properties on the protic polymeric membranes. Proton structural 
and dynamical stability at different temperatures and humidification conditions were investigated by Neutron 
Scattering (QENS and NR). The optimized poly(diallylmethylammonium X− ) shows similar ionic conductivity 
values than Nafion 212 under varying relative humidity conditions at 80 ◦C. Furthermore, it shows a high ionic 
conductivity value of 1.9 × 10− 3 S cm− 1 at 120 ◦C under dry conditions.   

1. Introduction 

Nowadays, proton exchange membrane fuel cells (PEMFCs) are 
considered to be a highly efficient and clean technology for energy 
conversion due to high energy/power densities, low/zero emission 
operation, silent operation and broad range of applications [1–3]. Three 
major types of hydrogen PEMFCs are currently being investigated, 
designed to operate at i) low (<80 ◦C); ii) intermediate (80–120 ◦C 
aprox.), and iii) high temperatures (120–200 ◦C) [4]. Particular atten
tion is being developed around intermediate or high temperature 
PEMFCs (IT-PEMs) because of their superior heat/water management 

regarding easier heat dissipation and potentially elimination of PEM 
hydration, good CO tolerance, and enhanced electrode reaction kinetics 
[4–6]. Although improved FC performances are usually achieved at high 
relative humidity, in the case of IT-PEM, operation use at lower relative 
humidity (RH) is desirable because of the higher saturated vapour 
pressure at 120 ◦C [4]. 

Nowadays perfluorinated sulfonic acid (PFSA) membranes, like 
Nafion, are the most common membranes used in low temperature 
PEMFCs systems due to their high performances and lifetime [7,8]. 
Nevertheless, several non-fluorinated polymer alternatives have been 
developed to overcome the drawbacks inherent to PFSA membranes, 
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mainly high cost, high gas crossover and restricted operation under 
anhydrous conditions [9–12]. Thus, a common problem associated with 
PFSA membranes is the drastic loss of proton conductivity at tempera
tures >100 ◦C due to the membrane dehydration. Therefore, 
proton-conducting materials that exhibit high proton conductivity, su
perior thermal/electrochemical stability and good mechanical proper
ties above 100 ◦C are actively searched [1]. Developments in this 
direction include modified PFSA membranes, sulfonated hydrocarbon 
polymers membranes, phosphoric acid doped polybenzimidazole 
membranes or acid base membranes (doped membranes with ionic liq
uids) [4,13]. The low proton conductivity, the poor mechanical prop
erties, insufficient thermal stability and, most of the times, the presence 
of free added acids that may evaporate or degrade the membrane, are 
common drawbacks when designing PEMs with optimal performance at 
high temperatures [14–16]. Furthermore, the increasing interest in 
green hydrogen production technologies using electrolysers is also 
showing the need of new membranes for high temperature operation. 

An approach to design new PEMs is to adapt the chemistry of protic 
ionic liquids to new polymers [3,17,18]. Protic ionic liquids have 
recently attracted much attention since they exhibit high proton con
ductivity around 10− 2 and 10− 3 S cm− 1 at temperatures >100 ◦C and 
under anhydrous conditions [2,19–21]. Moreover, they exhibit high 
thermal and electrochemical stabilities, with a degradation temperature 
about 200–300 ◦C and a width operational electrochemical window 
[22–27]. As an illustrative example, Isik et al. synthesized protic poly 
(ionic liquid)s employing commercial phosphonium counter-cations 
achieving high dry ionic conductivity of 2 × 10− 4 S cm− 1 at 150 ◦C 
[28]. In another study, Rao et al. developed novel proton conducting 
ionogels based on a non-protic poly(ionic liquid) host and 60 wt% of a 
free protic ionic liquid, N,N-diethylmethylammonium triflate, leading to 
a membrane that presented a high ionic conductivity of 5.8 × 10− 3 S 
cm− 1 at 100 ◦C [27]. Another good example is the recent work carried 
out by Huang et al., in which they increased the ionic conductivity of a 
polystyrene type protic poly(ionic liquid) with the incorporation of 
protic ionic liquids with similar chemical structure as the polymer, 
presenting a conductivity of 5 × 10− 3 S cm− 1 at 120 ◦C [29]. These 
previous works indicate the promising strategy of developing proton 
conducting membranes based on protic poly(ionic liquid)s with high 
ionic conductivity at temperatures higher than 100 ◦C. 

Among the different poly(ionic liquid)s investigated in energy ap
plications, cationic poly(diallyldimethylammonium) (PDADMA) back
bone in combination of different anions has shown superior mechanical 
and electrochemical properties. As one illustrative example, the work 
presented by Huang et al. in which they mixed PDADMA with protic 
ionic liquids to develop self-standing composite PEMs [30–32]. For 
these reasons, PDADMA poly(ionic liquid)s have been actively investi
gated in different applications such as binders for battery electrodes or 
polymer electrolyte membranes for lithium or sodium batteries [30,32]. 
As an alternative in this work, we present the synthesis of new protic 
poly(diallylmethylammonium X− ) PDAMAH+X− polymers and their 
properties as high conducting membranes for intermediate temperature. 
For this purpose, seven new protic ionic liquid monomers were syn
thesized based on diallylmethylammonium cation and different fluori
nated and non-fluorinated anions. The synthesis of protic monomers, 
instead of the usually direct polymer protonation offers polymer design 
possibilities and ensures full protonation. Next, for the first time, free 
radical cyclopolymerization of these new monomers using thermal ini
tiators and photoinitiators was investigated. The protic PDAMAH+X−

PEMs were processed as free-standing membranes and their thermal 
stability, ionic conductivity and, for some of them, mechanical and 
humidity uptake properties were studied. Particular attention was paid 
to understand the effect of the different counter-anions on the mem
brane properties and the proton conduction at intermediate 
temperatures. 

2. Experimental section 

2.1. Materials 

Diallylmethylamine (DAMA, 98%) was bought from Acros Organics. 
Phosphoric acid (H3PO4, 99%, 85 wt% in H2O), sulfuric acid (H2SO4, 
95–98%), hydrochloric acid (HCl, 37 wt% in H2O), tri
fluoromethanesulfonic acid (HTf, 97%), methanesulfonic acid (MSA, 
99,99%), triallylamine (TAA, 99%) and bis(trifluoromethanesulfonyl) 
imide acid (HTFSI, 95%) were purchased from Sigma Aldrich. Thermal 
initiators, 2,2′-azobis(2-methylpropionamide)dihydrochloride (AIBA) 
and N,N′-azobisisobutyronitrile (AIBN), and the UV photoinitiator 2-hy
droxy 2-methylpropiophenone (Darocur 1173, 97%) were purchased 
from Sigma Aldrich. Acetonitrile (ACN) was obtained from Fisher. All 
reagents were employed with no further purification. 

2.2. Preparation of new polymerizable protic diallylmethylammonium 
(DAMAH+X− ) ionic liquids 

Protic ionic liquid monomers, DAMAH + H2PO4
− , DAMAH+Cl− , 

DAMAH + HSO4
− , DAMAH+MsO− , DAMAH+Tf− , and DAMAH+TFSI− , 

were synthesized by reacting diallylmethylamine (DAMA) with the 
corresponding inorganic/organic acid. To this end, each acid was added 
dropwise slowly to DAMA under agitation in a ratio 1:1 mol and left 
during 24 h to form the protic ionic liquid. As shown on Scheme 1, one 
H+ is exchanged from the acid to the monomer DAMA, creating the 
protic ionic liquid. As shown also in the scheme, a protic ionic liquid 
based on triallylamine (TAA) and methanesulfonic acid (MSA), 
TAAH+MsO− , was also synthesized for its use as a crosslinker. All the 
synthesized compounds were characterized to confirm their structure 
and properties through 1H NMR, FTIR, TGA and ionic conductivity. 

2.3. Synthesis of protic poly(ionic liquids) through thermal and 
photopolymerization 

PDAMAH+X− were prepared by thermal polymerization using 2,2′- 
azobis(2-methylpropionamide)dihydrochloride (AIBA) initiator or N,N′- 
azobisisobutyronitrile (AIBN) (depending on the hydrophilicity of the 
protic ionic liquid). DAMAH + H2PO4

− , DAMAH + HSO4
− , DAMAH+Cl− , 

DAMAH+MsO− and DAMAH+Tf− were deoxygenated for 30 min in 
water (30 wt%) and stirred at 70 ◦C together with AIBA (3 wt% with 
respect to the protic ionic liquid monomers) in water for 24 h. In the case 
of DAMAH+TFSI− , the polymerization procedure was the same as the 
other protic ionic liquids but instead of water, ACN was employed. A 
dialysis step was then carried out to purify the obtained polymers and 
ensure removal of unreacted protic ionic liquid monomers. Each liquid 
mixture was then poured into a silicon mold and left dry for 24 h at 70 ◦C 
to obtain the final membrane. 

Protic PDAMAH+X− membranes were also prepared via UV- 
photopolymerization using a protic ionic liquid version derived from 
TAA, TAAH+MsO− , as crosslinker. Some selected protic ionic liquid 
monomers were mixed with the crosslinker (5 or 10 wt% with respect to 
the protic ionic liquid monomers) and Darocur 1173 photoinitiator (5 wt 
% with respect to the protic ionic liquid monomers), avoiding the use of 
extra solvent since the pre-polymeric mixture is liquid. The resulting 
mixture was then poured into a silicone mold and exposed to UV light for 
photopolymerization: samples were irradiated for 60 s using a UVC-5 
(DYMAX) UV Curing Conveyor System with an intensity up to 400 
mW cm− 2, 30 mm lamp-to-belt distance, and belt speed at 7 m min− 1. An 
additional cleaning step was carried out to remove unreacted protic 
ionic liquid monomers, by leaving the resulting photopolymerized 
membranes in water for 2 h. The purity of the final dried membranes was 
checked by FTIR. 
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2.4. Characterization methods 

1H NMR spectra were recorded in a Bruker Avance DPX 300 at 
300.16 MHz, using deuterated water (D2O) or dimethylsulfoxide 
(DMSO) as solvents at room temperature. Protic ionic liquid monomers 
and their polymeric version were properly dissolved before the experi
ments. Fourier transform infrared (FTIR) spectra were measured for all 
protic monomers and their polymeric version on a Bruker Alpha II 
spectrophotometer employing Platinum ATR module with diamond 
window. 

The thermal stability of the protic ionic liquid monomers and their 
corresponding protic polymers were investigated by thermogravimetric 
analysis (TGA) performed on a TGA Q500 from TA Instruments. The 
samples were heated at 10 ◦C min− 1 under a N2 atmosphere from room 
temperature to 800 ◦C. Differential scanning calorimetry was employed 
to detect the Tg of the protic poly(ionic liquids) by measurements on a 
DSC Q2000 from TA Instruments. The DSC scans were performed at 
heating and cooling rates of 10 ◦C min-1 from − 60 ◦C to 200 ◦C. Dy
namic Mechanical Analysis (DMA) was performed using a TA In
struments DMA Q800 apparatus. Scans were conducted from 0.01 to 35 
Hz at 25 ◦C. 

Electrochemical impedance spectroscopy (EIS) was employed to 
determine the ionic conductivity of the protic ionic liquids and their 
protic polymers in an Autolab 302 N potentiostat galvanostat at different 
temperatures (30–100 ◦C). An equilibration time of 20 min was required 
before every measurement. The samples were placed in between two 
stainless steel electrodes (surface area of 0.5 cm2). Measurements were 
recorded in the 100 kHz to 1 Hz range, with 10 mV amplitude. Samples 
had an average thickness between 0.8 mm and 0.1 mm. When protic 
ionic liquid monomers were measured, the cell assembly was carried out 
inside a glovebox to avoid any humidity that may increase the ionic 
conductivity of the ionic liquids. Protic polymeric membranes were 
maintained in the oven at 60 ◦C during 48 h before every conductivity 
measurement. 

2.4.1. Humidity uptake (%) 
Humidity uptake of protic poly(ionic liquid)s was evaluated at room 

humidity as a function of time. Once dried in oven during 48 h at 60 ◦C 
(W0), PEMs were exposed to a room humidity of 75.5% during t time and 
were weighted (Wt). This process was repeated until a constant weight 

was reached. The swelling percentage was calculated as follows: 

Humidity uptake (%)=
Wt − W0

W0
x 100 

Each point of the humidity uptake curve belongs to the average of 
three individual determinations. 

2.4.2. Tensile strength test 
For the tensile tests, protic poly(ionic liquid) membrane samples 

with bone shapes of 25 mm in length and cross-section 3.5 mm × 1 mm 
were used. Tests were carried out using a TA HD plus Texture Analyzer 
equipment (Texture Technologies) at 23 ◦C, 50% relative humidity, and 
an elongation rate of 25 mm min− 1. At least five tests were carried out 
for each sample. 

2.4.3. Cyclic voltammetry (CV) 
CV measurements were performed using a Bio-Logic Multi Poten

tiostat VMP3 in an Ar filled dry box. Protic ionic liquids (8 mM) were 
dissolved in a solution of 0.1 M TBAPF6 in anhydrous ACN used as 
supporting electrolyte. Experiments were performed using a standard 
three-electrode electrochemistry system, which involved a platinum 
disk as the working electrode, a Pt wire as the counter electrode, and an 
Ag wire as the quasi-reference electrode. The Pt disk working electrode 
was polished using 0.3 μm alumina with subsequent ultrasonic cleaning 
for 30 s in ethanol. All data were recorded with a 0.1 V/s scanning rate at 
room temperature and monomers were dried under vacuum before 
analysis to avoid water traces. 

2.4.4. Neutron scattering of protic P(DAMAH+MsO− ) 
An aqueous dispersion of the thermally synthesized homopolymer P 

(DAMAH+MsO− ) was produced by stirring solid polymer in water for 1 
h. The aqueous dispersion (10 or 1 wt% for reflectivity and QENS 
studies, respectively) was then: i) casted on aluminum foil (QENS 
studies); ii) spin-coated onto Silicon blocks at 1800 rpm for 2 min 
(reflectivity studies). Films were completely dried in a vacuum oven at 
60 ◦C for 48 h before measurements. 

The polymer thermal stability was evaluated by determining the 
structural and dynamic response. Dynamical studies were performed on 
BASIS [33] spectrometer at SNS (US) using an Energy resolution (Eres) 
of 3.5 μeV; this specific configuration allows investigating relaxation 

Scheme 1. Synthesis procedure and chemical structure of protic ionic liquid monomers DAMAH + X− .  
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processes up to a few nanosecond timescale. Polymer samples of varying 
water/humidity uptake were loaded into thin-walled annular Al cans 
that were hermetically sealed with Indium wire; experiments were 
performed to follow the evolution of both elastic and quasielastic signal 
over a temperature scan (i.e., Elastic/Inelastic fixed window scans; 
EFWS/IFWS). Structural studies were performed at the Institut Laue 
Langevin (France) using the D17 reflectometer [34]. Polymer thin films 
(40–55 nm) were loaded in a sealed oven with humidity control pro
vided by exposure to combined dry and hydrated gas flows to achieve 
desired temperature and humidity. 

3. Results and discussion 

3.1. Synthesis and characterization of protic ionic liquid monomers 

First, new protic ionic liquid monomers were synthesized according 
to Scheme 1 by direct neutralization of the base diallylmethylamine 
(DAMA) and different organic or inorganic acids. Since the neutraliza
tion is an exothermic process, an ice bath was used during proton ex
change reaction. As shown in Scheme 1, different protic ionic liquid 
monomers were synthesized by reacting equimolar amounts of base and 
acids leading to DAMAH + H2PO4

− , DAMAH+Cl− , DAMAH + HSO4
− , 

DAMAH+MsO− , DAMAH+Tf− and DAMAH+TFSI− . Furthermore, we 
synthesized one trifunctional allyl protic ionic liquid monomer based on 
triallylamine (TAA) to be used as an ionic crosslinker: TAAH+MsO− . 

Ionic liquid properties like viscosity, hydrophilicity and ionic con
ductivity are strongly dependent of the anion type [35]. Normally, the 
decrease of viscosity means an increase of ionic conductivity. All the 
protic ionic liquid monomers show a homogeneous liquid appearance 
with an increasing apparent viscosity governed by the anion in the order 
TFSI− < Tf− < MsO− < HSO4

− < H2PO4
− < Cl− . As an exception, DAM

AH+Cl− formed a solid protic ionic salt, with a melting point tempera
ture at 65 ◦C, instead of a liquid which may be due to the strong ionic 
interaction between the cation and chorine Cl− . The same trend 
observed for protic ionic liquids apparent viscosity was detected with 
respect to hydrophilicity: DAMAH+TFSI− is a hydrophobic monomer 
(commonly observed for fluorinated compounds) while DAMAH+Cl− is 
a strong hydrophilic monomer. Viscosity, hydrophilicity and ionic 
conductivity are governed by electrostatic interactions and charge 
delocalization. Cl− protic ionic liquid presents a strong H-bonding but a 
poor charge delocalization, which makes it a solid ionic liquid at room 
temperature and the most hydrophilyc monomer among the others, 
while HSO4

− and H2PO4
− protic monomers present a better charge delo

calization than the chloride one but still a good hydrogen bonding, 
following the viscocity and hydrophilicity tendency. Following the 

trend, mesylate and triflate monomers are protic ionic liquids able to 
delocalize better the charge than the inorganic anions due to the S––O 
group, being Tf− a fluorinated anion that decreases the polarizability of 
the group. Finally, TFSI− , a hydrophobic protic ionic liquid monomer 
due to its highly electronegative group. 

The chemical structure of the corresponding protic ionic liquid 
monomers was first corroborated by 1H NMR in DMSO. Fig. S1 presents 
the spectra of DAMA, the base, H2SO4, the acid, and DAMAH + HSO4

− , 
the formed protic monomer. This last one presents all base and acid 
signals with the corresponding shifting of the labile cationic proton, 
confirming the formation of the ionic liquid. DAMAH+TFSI− spectrum is 
shown in Fig. 1, as an example for peak assignment, where He singlet at 
2.75 ppm chemical shift belongs to N+-CH3, Hd multiplet between 3.5 
and 4 ppm corresponds to N+-CH2- hydrogens, Hb-c multiplets represent 
the characteristics vinylic signals (5.5 and 6 ppm) CH––CH2 and Ha 
singlet belongs to NH + proton chemical shift at 9.7 ppm. The presence 
of the NH + proton and proper integration of all peaks confirmed the 
successful protic ionic liquid monomer formation. All integration peaks 
of 1H NMR spectra can be observed for the seven protic ionic liquid 
monomers in Figs. S2–8, confirming the stoichiometric formation of 
each protic compound, following the peak assignation of Fig. 1. The 
labile proton associated to the ammonium cations appear between 8.5 
and 12 ppm as a singlet, and in the case of DAMAH + H2PO4

− and 
DAMAH + HSO4

− , the corresponding integration peak represents three or 
two protons depending on the extra hydrogens in the anionic structure. 
Fig. S9a presents the peak assignation of DAMAH+MsO− spectrum, as an 
example of the methylated anionic protic monomer. As observed, a good 
integration and peak assignment was carried out indicating a high level 
of purity. 

The new protic ionic liquids chemical structures were also confirmed 
by FTIR as shown in Fig. 1b and S9b. The appearance of a broad band at 
frequencies between 3000 and 2500 cm− 1 evidences the presence of the 
ammonium group by the successful formation of the proton transferred 
salts. All spectra present an absorption band at around 1470 cm− 1, 
characteristic of N+-CH3 bending vibration from the pendant methyl 
units of the polycation backbone. Other characteristics bands are the 
ones present in sulfonic or sulfone anions, like DAMAH + HSO4

− , DAM
AH+MsO− , DAMAH+Tf− , and DAMAH+TFSI− protic ionic liquid based 
spectra, which present S––O strong asymmetric vibration absorption 
bands between 1270 and 1170 cm− 1. S–C stretching vibration peak 
appears for MsO− (strong), Tf− (weak) and TFSI− (weak) at 770 cm− 1. 
C–F3 asymmetric bending peak appears at 576 cm− 1 for the trifluoro
methane anions, and a doublet TFSI− molecular vibration band is 
observed in the region of 700–800 cm− 1 due to the hydrogen interaction 
N–H–N between DAMA and the anion [36]. At 1100 cm− 1 a broad band 

Fig. 1. 1H NMR spectra of DAMAH+TFSI− in DMSO‑d6 (a) and FTIR spectra of some polymerizable protic ionic liquids compared to the amine base DAMA employed 
for their synthesis (b). 
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appears due to PO4 presence in DAMAH + H2PO4
− structure. DAMA most 

important bands are also present in the protic ionic liquid monomer 
spectra at 1400 cm− 1 and 1000-900 cm− 1 regions that belong to the 
double bond monosubstituted bending absorption peaks. 

Ionic conductivities of all the DAMA protic ionic liquid monomers 
are shown in Fig. 2a. At 100 ◦C, DAMAH+TFSI− presented the highest 
ionic conductivity of 1.6 × 10− 2 S cm− 1 while the lowest 8 × 10− 4 S 
cm− 1 was achieved by DAMAH + H2PO4

− . The ionic conductivity trend 
matches with the aforementioned viscosity and hydrophilicity of the 
synthesized protic ionic liquid monomers and it is also related to the 
ΔpKa value of the acid, in which when viscosity decreases and ΔpKa 
increases, the ionic conductivity increases [37]. Thus HTFSI is the 
strongest acid and leads to protic ionic liquids with higher ionicity, the 
lowest hydrophilicity and lowest viscosity of the formed protic ionic 
liquid; while H3PO4 is the weakest acid and presents the lowest ionic 
conductivity; both of them present similar, but yet higher, conductivities 
than their non-polymerizable imidazolium protic verison, where TFSI−

protic ionic liquid presents a value around 6 × 10− 3 S cm− 1 and the 
phosphate one shows an ionic conductivity around 1 × 10− 5 S cm− 1 at 
100 ◦C [18,31,38]. The triflate protic, DAMAH+Tf− is the second protic 
ionic liquid of highest ionic conductivity around 1.2 × 10− 2 S cm− 1 at 
100 ◦C on dry conditions, an expected behavior since it is known that 
protic ionic liquids with fluorinated anions present high ionic conduc
tivity [39]. Mesylate protic ionic liquid shows a slightly lower conduc
tivity, around 9.7 × 10− 3 S cm− 1. Sulfonated protic ionic liquid 
monomers present similar ionic conductivities than their triethy
lammonium or triethanolammonium non-polymerizable protic ionic 
liquid versions reported in the literature [24,25,31]. However, DAM
AH+HSO−

4 , DAMAH+Cl− and in particular DAMAH + H2PO4
− present 

much lower ionic conductivity at 100 ◦C than the fluorinated ones, 
following the viscocity and hydrophilicity trend mentioned before, 
goberned by the electrostatic interactions between the protic cation and 
the anion, and the charge delocalization. Finally, regarding the cationic 
contribution of the ionic conductivity performance, it has been reported 
that protic ionic liquids possessing allylammonium cations exhibit 
higher conductivities than the corresponding alkyl cation ones [40]. In 
general, these results are in agreement with the ionic conductivity data 
of the literature in other types of protic ionic liquids [23,24]. 

Cyclic voltammetry (CV) was performed to investigate the proton 
activity of DAMAH+MsO− and DAMAH+Tf− as examples. As shown in 
Fig. 2b, the CV curve of both protic ionic liquid monomers presented the 
characteristics reduction and oxidation peaks of protons: the negative 
peak at around − 1 V vs Ag/Ag+1 is assigned to the reduction reaction of 
the labile H+ to H2, and the anodic peak at − 0.4 V and − 0.1 V vs Ag/ 
Ag+1 for DAMAH + Tf− and DAMAH+MsO− , respectively can be 
assigned to the hydrogen oxidation reaction (HOR). Considering that 
both protic ionic liquids have the same amount of dissociable protons in 

the cation, the triflate one shows higher reduction current and a more 
reversible redox process. The electrochemical behavior confirmed that 
the labile H+ on both protic ionic liquid monomers are active and thus, 
they are of great potential for the synthesis of membranes for fuel cell 
applications. 

Thermal stability of all protic DAMA monomers are shown in 
Fig. S10. It can be observed that, for the majority of the protic mono
mers, the Td (temperature at a weight loss of 5%) below 200 ◦C that can 
be attributed to the removal of residual moisture adsorbed from the air 
during the experiment. This observation agrees with the hydrophilicity 
trend since the triflate and TFSI− protic based monomers present the Td 
at much higher temperatures due to the presence of fluorinated anions 
[35,39]. In particular, DAMAH+Tf− and DAMAH+TFSI− present good 
thermal stability with degradation temperatures higher than 250 ◦C. 

3.2. Polymerization of DAMAH + X− protic ionic liquid monomers 

3.2.1. Thermal free radical polymerization 
Diallylammonium monomers such as diallyldimethylammonium 

chloride are known to polymerize using radical initiators through a 
cyclopolymerization mechanism [41–44]. Mechanisms and polymeri
zation conditions for similar diallylmethylamines and its protonated and 
quaternary forms were studied before by Timofeeva et al. [45]. From the 
seven protic monomers synthesized here, DAMAH+Cl− was discarded 
due to its high hydrophilicity regarding the future potential application, 
while DAMAH + H2PO4

− was discarded due to its low ionic conductivity. 
Finally, the mesylate trifunctional monomer was unwanted for thermal 
polymerization because its only use was as a crosslinker. Thus, poly
merization of the protic ionic liquid monomers DAMAH + HSO4

− , 
DAMAH+MsO− , DAMAH+Tf− , and DAMAH+TFSI− was carried out 
using free radical initiators. The scheme at Fig. 3 represents as an 
example the thermal polymerization process employing DAMAH+MsO− . 
A similar procedure was carried out for the hydrophilic monomer 
DAMAH + HSO4

− . In these cases, monomers were polymerized in high 
yields (95% for DAMAH+MsO− and 91% for DAMAH + HSO4) in water 
as solvent at 70 ◦C employing a water soluble diazo thermal initiator 
(AIBA). However, for the fluorinated monomers such as DAMAH+Tf− or 
DAMAH+TFSI− the polymerization yield was very low (19 and 21% 
respectively) and their use to explore this polymerization technique was 
left-over. After purification, the protic poly(ionic liquid)s were casted on 
silicon molds to obtain a homogeneous and transparent self-standing 
PEM of around 400 μm thickness, as observed in scheme. P(DAM
AH+MsO− ) was obtained as a flexible but self-standing membrane while 
P(DAMAH + HSO4

− ) was a harder and brittle membrane. 
Fig. 3 shows the 1H NMR spectrum in D2O of P(DAMAH+MsO− ) 

which confirms the typical cyclopolymerization mechanism of dia
llylammonium monomers [42,43]. The spectrum shows that the 

Fig. 2. Ionic conductivity determined by EIS of all synthesized protic ionic liquid monomers and crosslinker (a) and cyclic voltammetry measurements (CVs) of 8 
mmol of DAMAH+MsO− and 8 mmol of DAMAH+Tf− in 0.1 M TBAPF6/ACN solution (b). 

A. Gallastegui et al.                                                                                                                                                                                                                            



Polymer 280 (2023) 126064

6

unreacted monomers (aprox. 5 wt%) were completely removed after the 
dialysis purification process. The associated signals with vinylic protons 
between 5.5 and 6.0 ppm (see Figs. S2–9, 1H NMR spectra of the pre
pared protic ionic liquid monomers) disappeared after the thermal 
polymerization reaction, showing that the monomer complete conver
sion was accomplished. Furthermore, the characteristic chemical shifts 
arising from the cyclic pyrrolidinium backbone can be clearly observed 
(Ha-d of the spectrum) along with the methylic hydrogens from the 
mesylate anion (He at 3 ppm). 

FTIR was carried out to corroborate not only the disappearance of 
the vinylic absorption peaks of the monomers, but also to identify the 
characteristics bands of the protic poly(diallylammonium) materials. 
Fig. S11a shows that all main protic ionic liquid peaks are present and 
that those that correspond to the C––C groups disappear after the 
polymerization: 1400 and 1000-900 cm− 1, confirming again the suc
cessful polymerization process. The N+-CH3 bending vibration at around 
1470 cm− 1 and the S––O strong asymmetric vibration absorption band 
between 1270 and 1170 cm− 1 are present, demonstrating that the pol
ycation and anions from P(DAMAH + HSO4

− ) and P(DAMAH+MsO− ) 
were not affected by the polymerization procedure. Thermal stability is 
a key parameter that determines the application and temperature range 
of the obtained membranes. TGA analysis is shown in Fig. S11b, in 
which a Td was shown for values above 200 ◦C for both protic polymeric 
membranes, a high degradation temperature. Considering Td, P(DAM
AH+MsO− ) presents higher thermal stability than P(DAMAH + HSO4

− ), 
where the first protic polymer starts to degrade with a 5 wt% at 300 ◦C 
and the sulfonate one does it at 250 ◦C. At the end of the last section 
(3.2.3 Characterization of membranes) thermal stability and hydration 
reversibility of P(DAMAH+MsO− ) via neutron experiments were carried 
out in order to guarantee the potential application of this material as 
PEMFCs. 

3.2.2. Photoinitiated free radical polymerization of DAMAH + X− based 
protic ionic liquid monomers 

It is well known that diallylammonium monomers can be photo
polymerized using radical photonitiators under a similar mechanism 
leading to polymer membranes or coatings [47]. Photopolymerization is 
also considered as a fast and versatile method to obtain membranes for 
energy applications [48]. Thus, we investigated the photo
polymerization of some protic ionic liquid monomers. DAMAH+MsO− , 
DAMAH+Tf− and DAMAH+TFSI− liquid monomers (chosen among all 
synthesized protic monomers due to their better thermal and conduc
tivity properties, compared on section 3.1) were mixed with 5 wt% of 
Darocur as photoinitiator and with 5 or 10 wt% of the trifunctional 
monomer TAAH+MsO− as crosslinker. Once the photopolymerization 
was carried out, the crosslinked membranes were purified in Milli Q 
water during 2 h in order to eliminate unreacted monomers or initiator. 
Scheme 2 shows an example of the photo co-polymerization process of a 
monomer mixture of DAMAH+Tf− and DAMAH+MsO− . 

Photopolymerization allows to obtain crosslinked homopolymers in 
a simple process. It is worth to mention that this easy polymerization 
process allowed to mix diverse protic ionic liquid monomers with the 
intention of combining their different properties in a cross-linked 
random copolymer. Following Scheme 2, relatively thin membranes 
(between 100 and 250 μm) were prepared through photopolymerization 
of different homopolymers such as P(DAMAH+MsO− ) and P(DAM
AH+TFSI− ) or copolymers with different composition ratios P(DAMAH 
+ MsO70

- /TFSI30
- ), P(DAMAH + MsO50

- /TFSI50
- ) and P(DAMAH + MsO50

- / 
Tf50

- ). The protic copolymer compositions were chosen with the inten
tion of seeing an effect on the protic polymer properties when hydro
philic (mesylate) and hydrophobic (TFSI− ) protic monomers are 
employed. P(DAMAH + MsO50

- /Tf50
- ) was also sinthesized in order to 

prepare and characterize a protic copolymer based on hydrophilic 
monomers with one of them fluorinated. After the photopolymerization, 
membranes could be easily handled and showed good apparent me
chanical properties. Membranes with only 5 wt% of protic crosslinker 

Fig. 3. Free-radical cyclopolymerization of diallylammonium mesylate DAMAH+MsO− and 1H NMR spectrum of P(DAMAH+MsO− ) in D2O.  
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were also synthesized but the manageability of the membranes was not 
good enough since they were too soft (the apparent mechanical prop
erties were lower than employing 10 wt% of crosslinker in the protic 
polymers). 

Fig. 4a shows the FTIR spectra and thermal stability of the materials. 
The FTIR spectra show the almost absence of the vinylic absorbance 
peaks at 1400 and 900 cm− 1 indicating that the polymerization was 
quantitative and the presence of the characteristic peaks of the different 
anions in the region of 1270-600 cm− 1. Again, the characteristic peak of 
the polydiallylmethylammonium, N+-CH3, was still present at 1470 
cm− 1 and sulfonic and sulfone bands between 800 and 500 cm− 1 are 
present in the spectrum, like S–C stretching vibration peak at 770 cm− 1, 
C–F3 asymmetric bending peak at 576 cm− 1 for the trifluoromethane 
anions, and a particular doublet TFSI− molecular vibration band in the 
region of 700–800 cm− 1 due to the hydrogen interaction N–H–N named 
before. TGA curves (Fig. 4b) demonstrate the good thermal properties of 
the materials, where a Td 5 wt% weight loss was observed between 200 
and 300 ◦C, considering also the moisture lost during the experiment. 
Even if all of them present a quite proper thermal stability, the anion 
involved in the polymer governs this important property. Poly
diallylmethylammonium TFSI− based materials are more thermally 
stable and exhibit a 5 wt% weight loss at higher temperatures than the 
polymers based on MsO− or Tf− -. 

3.2.3. Characterization of protic P(DAMAH+X− ) membranes 
Next, obtained membranes by thermal and photopolymerization 

with different compositions were characterized in terms of mechanical, 
humidity uptake and ionic conductivity properties. Dynamic mechani
cal, tensile and humidity uptake tests were carried out only for the most 
promising photocured protic materials. 

Dynamic mechanical analysis (DMA) was carried out in order to, first 
of all, give an idea of the storage modulus (E’) that the polymeric 
membranes present, synthesized in this work for the first time with no 
adition of extra plastizasers, ILs, among others; and also to compare E’ 
when different anions were involved in the protic poly(ionic liquid) 
membranes (Fig. 5a). High E’ modulus results were observed for the 

analyzed membranes with values between 107 and 105 Pa, values 
considered as high taking into account that Nafion 212 presents storage 
modulus around 108 Pa at the same conditions [46]. It is clearly 
observed the contribution of the different anions to E’ at 1 Hz frequency 
and 25 ◦C: when MsO− protic poly(ionic liquid) is synthesized, the 
storage modulus is 6.6 × 105 Pa, and when fluorinated anions intervene, 
E’ modulus decreases to 4 × 105 Pa (for 30 wt% TFSI− ) and increases to 
9 × 106 Pa (for 50 wt% Tf− ). In all cases, storage modulus (E’) and loss 
modulus (E’’) values were not only independent of frequency but also 
the values obtained for E’ were higher than E’’ for all membranes, 
confirming that the materials are crosslinked protic poly(ionic liquids). 
As a reference point, and due to the lack of mechanical properties studies 
of neat protic polymers, membranes based on non-protic PDADMA TFSI 
mixed with protic ionic liquids (HMIM TFSI− or Tf− ) in a 75:25 wt ratio 
present storage modules between 107 and 108 Pa at 25 ◦C. This module 
values are one order of magnitude higher than the protic polymers 
presented in this work, meaning that these last ones, with no additives, 
are quite proper and can compete with the cited work published by 
Huang et al. [31]. In terms of anion contribution effect, it can be clearly 
observed the negative charge nature effect from the anion on the me
chanical performance. MsO− and Tf− are sulfonate anions while TFSI− is 
a sulfonamide anion that may not strongly interact with MsO− like Tf−

does. Finally, it has also been observed that Tf− interacts preferably with 
protic ammonium cations than TFSI− , other possible explication of the 
higher storage modulus of the protic co-polymer based on MsO− and Tf−

anions than the sulfonamide anion [31]. 
Tensile tests were carried out in order to evaluate the strain capacity 

and to compare the effect of its composition. As observed in Fig. S12, 
between 25 and 30% strain was achieved for all polymeric protic ionic 
liquids: while for P(DAMAH+MsO− ) 10% TAAH+MsO− a stress of 0.07 
MPa was needed to break the membrane, only 0.04 MPa stress was 
required to break a membrane with 50 wt% of P(DAMAH+TFSI− ) for the 
same strain. When TFSI− or Tf− were copolymerized with MsO− the 
applied stress for breaking the membranes were in the middle of the 
homopolymers materials, following the trend. It is important to mention 
that Nafion 212, at the same conditions (dry state and 25 ◦C), normally 

Scheme 2. Photo co-polymerization process of diallylmethylammonium monomers DAMAH+Tf− and DAMAH+MsO− .  

Fig. 4. FTIR spectra (a) and TGA results (b) of thin protic membranes crosslinked with 10% of TAAH+MsO-crosslinker.  
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presents three orders of magnitud higher (15 MPa aprox.) than the re
sults obtained for these protic membranes. 

The humidity uptake of the membranes was also evaluated since it is 
an important aspect for the development of PEMs due to its effect in the 
membrane mechanical stability and ionic conductivity. As observed in 
Fig. 5b, the membrane composition and, in particular the anion, shows a 
strong effect. The moisture uptake clearly depends on the content of the 
TFSI− , a hydrophobic anion due to the highly electronegative tri
fluoromethylsulfonyl group. Thus, P(DAMAH + MsO70

- /TFSI30
- ) 24 h 

exposed to 75.5% humidity absorbs less than 10% of weight, while the 
homopolymer P(DAMAH+MsO− ) absorbs 25% of its weight. All of them 
reach their equilibrium humidity uptake between 2 and 4 h of exposure. 
Interestingly, the copolymers show an intermediate behaviour. The 
fluorinated anion, Tf− , also contributes decreasing the hydrophilicity 
with a less marked effect than TFSI− . 

The ionic conductivities of the polymers were determined by 
impedance spectroscopy (EIS) from 30 to 100 ◦C in the dry membranes. 
Fig. 6a presents the ionic conductivity of P(DAMAH + HSO4

− ) and P 
(DAMAH+MsO− ) obtained by thermal radical polymerization. A typical 
Arrhenius increase of the ionic conductivity with the temperature is 
observed. As expected, the protic polymer versions present a lower ionic 
conductivity, following the trend observed in Fig. 2a, than the protic 
monomers and, as expected, a hard membrane (P(DAMAH + HSO4

− )) will 
present a lower conductivity (6.7 × 10− 5 S cm− 1 at 100 ◦C) than a soft 
and flexible one such as P(DAMAH+MsO− ) 5.1 × 10− 4 S cm− 1 at 100 ◦C. 
Interestingly, the lowest conductivities observed in Fig. 6a belong to the 
thermally polymerized membranes which may be due to its higher 
thickness. 

As mentioned before, Fig. 6a presents also the ionic conductivity of 

the dry membranes obtained by photopolymerization, all of them pre
sented superior conductivity than the ones thermally synthesized, with 
higher values than 1 × 10− 3 S cm− 1 at 100 ◦C. These results are in 
agreement also with the effect of the anion trend observed in the protic 
ionic liquid monomers. At 100 ◦C, P(DAMAH+MsO− ) homopolymer, P 
(DAMAH + MsO50

- /TFSI50
- ), and P(DAMAH + MsO50

- /Tf50
- ) showed an 

ionic conductivity of around 1.2 × 10− 3 S cm− 1 while P(DAMAH +

MsO70
- /TFSI30

- ) presented a slightly higher value of 2.2 × 10− 3 S cm− 1. 
Considering the anhydrous condition of the experiment and the absence 
of any other compound that may help to increase the conductivity, these 
mobility values are surprisingly good. It is worth to remark that the 
polydiallylmethylammonium membranes presented a high ionic con
ductivity without the presence of any extra low molecular weight 
molecule like water, ionic liquids or acids. Neat non-protic version of the 
polymer, PDADMA, having TFSI− or Tf− as anions, present low ionic 
conductivities around 10− 6 for the first one and 10− 9 S cm− 1for the 
triflic ionic polymer at 100 ◦C, lower ionic conductivities than the protic 
version presented in this work, showing the clear protic effect on the 
ammonium polymer [31]. On the other hand, other neat 
non-ammonium protic polymers present ionic conductivities between 
10− 4 and 10− 7 S cm− 1 at high temperatures [28,29,49,50], and Nafion 
212, at low humidity (below 5%), conductivities of 10− 9 to 10− 5 S cm− 1 

have been reported [51]. 
Based on the obtained results, ionic conductivity measurements were 

made by varying the relative humidity (RH) at 80 ◦C to compare the 
behaviour of P(DAMAH+MsO− ) 10% TAAH+MsO− and Nafion 212 
reference membrane. Photocured P(DAMAH+MsO− ) was chosen due to 
the observed mechanical and tensile, humidity uptake and ionic con
ductivity properties. When compared, P(DAMAH + MsO50

- /Tf50
- ) was 

Fig. 5. Dynamic mechanical analysis (a) and humidity uptake of protic poly(diallyl ammonium) membranes obtained by photopolymerization (b).  

Fig. 6. (a) Ionic conductivity measured from 30 to 100 ◦C of all best and dried protic thermally and photo-crosslinked membranes; (b) ionic in plane-conductivity of 
photocured P(DAMAH+MsO− ) and Nafion 212 measured at 80 ◦C with variable relative humidity (RH) from 20 to 100% employing a climatic chamber to control 
both temperature and RH. 
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also a suitable candidate as it exhibits humidity uptake (a necessary 
characteristic for comparation with Nafion), but the idea was to further 
compare with a non-fluorinated protic polymer. As appreciated in 
Fig. 6b the ionic conductivity is similar as the one obtained when the 
fluorinated commercial membrane is employed. This is an indication 
that the conductivity properties of the developed protic poly(ionic 
liquid)s are exceptional with the potential advantage that at higher 
temperatures the protic synthesized materials may not need hydration to 
keep the high ionic conductivity values. Is also important to remark that 
the photocure protic polymer was compared specifically with Nafion 
212 because this one is commonly used as membranes in fuel cells. 

Next, ionic conductivity was measured for the best membranes at 
intermediate temperatures in anhydrous conditions from 70 to 120 ◦C. 
Photocured P(DAMAH+MsO− ) and P(DAMAH + MsO50

- /Tf50
- ) were 

chosen due to their mechanical and ionic conductivity properties 
compared to the other protic materials, while P(DAMAH+TFSI− ) was 
chosen due to its high hydrophobicity and ionic conductivity. As 
observed in Fig. 7, protic polymeric materials showed high ionic con
ductivity with an increasing trend for higher temperatures. P(DAM
AH+MsO− ) presented a conductivity of 1.9 × 10− 3 S cm− 1, a close value 
to P(DAMAH+TFSI− ) (1.8 × 10− 3 S cm− 1). When P(DAMAH + MsO50

- / 
Tf50

- ) was evaluated, a slightly higher ionic conductivity was obtained: 
2.1 × 10− 3 S cm− 1. This highlights that these protic polymeric mem
branes employing MsO− , TFSI− or Tf− anions showed very high ionic 
conductivities at intermediate temperatures. 

Finally, thermal stability and hydration reversibility of the thermally 
polymerized P(DAMAH+MsO− ) were evaluated via neutron experiments 
following two approaches: i) investigating intrinsic dynamics 
(Fig. 8a–b), and ii) studying membrane thickness and water uptake 
evolution (Fig. 8c–d). Thermally polymerized P(DAMAH+MsO− ) was 
chosen for these experiments due to its high solubility and easy casting 
process, in comparation to the non-soluble chemically crosslinked protic 
polymers. Polymer dynamics were studied by following the scattering 
signal upon ramping the temperature up to 100 ◦C in dry (Fig. 8b; black 
symbols) and hydrated protic polymers (Fig. 8b; light to dark blue 
symbols - 5, 23 and 32 wt%). Complementary sample stability was 
ensured by the complete overlap of profiles after cooling (inset Fig. 8b). 
When increasing the temperature, protons-containing species become 
mobile; this causes a loss in elastic intensity associated with the 
appearance of QENS broadening. It is, therefore, possible to disentangle 

processes by following the evolution of the scattering signal by scanning 
the temperature, and more specifically, by evaluating slope shifts in the 
EFWS. 

As shown in Fig. 8b, the initial loss of elastic intensity, accompanied 
with an increase in mean square displacement (d<u2>/dt = 6.8 ± 0.5 
10− 4 Å2 K− 1), is associated with the activation of –CH3 rotation at low 
temperature (~− 220 ◦C) [52]. Increasing the temperature gets acti
vated the polymer side chain relaxation (~− 125 ◦C), followed by water 
dynamics (~− 20 ◦C), which is mostly visible by the extremely pro
nounced change in slope in the hydrated sample (32 wt%; dark blue 
symbols; Fig. 8b). The level of hydration, as expected, affects water 
dynamics; we were, therefore, able to disentangle nanoconfined vs 
bulk-like dynamics by testing different samples. More specifically, 
nanoconfined dynamics (EA = 10.1 ± 0.4 kJ mol− 1) are visible when the 
polymer is hydrated at 5 or 23 wt% as suggested by the Q-independency 
of the IFWS; bulk-like dynamics (EA = 23.4 ± 0.6 kJ mol− 1) are visible 
when the polymer is fully hydrated (IFWS is Q-dependent). These values 
are comparable with results previously found for a different membrane 
[53]. 

Finally, dynamics are associated with the ion (localised) dynamics, 
which appears in the spectroscopic window as remaining intensity at 
high temperature for the dry polymer (>50 ◦C; mauve shaded area in 
Fig. 8b). The analysis of both side chain and ion dynamics suggest a 
strong coupling between these two processes, when examined in the 
nanosecond time-window, as they seem to have similar activation en
ergy (5.6 ± 0.5 kJ mol− 1). 

Dynamical stability is confirmed by the structural stability, when the 
polymer is investigated in form of a thin film. Upon heating (≥60 ◦C) we 
found that the membrane shrinks (~25%; inset Fig. 8d). This is due to a 
loss in hydration water, which is, however, completely recovered upon 
cooling, suggesting that the inner structure and porosity is not affected 
by the heating treatment. It is clearly observed that the material retains 
its properties after temperature cycling up to 120 ◦C. It is worth noticing 
at this point, that due to instrumental limitations, for instance the dif
ficulty of ensuring exact reading of relative humidity while testing the 
sample at high temperature is difficult to asses the amount of water loss. 
However, if we compare the thickness of the same membranes fully-vs 
partially-hydrated (32 vs ~ 10 wt%) at high temperature (42 vs 39 nm), 
it is reasonable to assume that a certain level of hydration is retained, as 
confirmed by the dynamical studies. Alltogether, these results suggest 
the feasibility of this chemistry to be used for intermediate and poten
tially high-T operations. 

4. Conclusions 

This article presents poly(diallylmethylammonium X− ) proton con
ducting membranes with high ionic conductivity. First, the synthesis and 
characterization of a new protic ionic liquid monomers family was 
carried out based on a diallylmethylammonium cation and a variety of 
anions. Then, protic diallylmethylammonium monomers were poly
merized using free radical thermal and photopolymerization. The protic 
ionic liquid monomers were sucessfully polymerized through a cyclo
polymerization mechanism. Polymer membranes were prepared and 
characterized showing that mechanical and hygroscopic behaviours can 
be modulated and adjusted by the choice of the protic monomers. Poly 
(diallylmethylammonium X− ) membranes with MsO− and TFSI− anions 
showed the highest ionic conductivity values and the best combination 
of mechanical and thermal stability properties. Photocured P(DAM
AH+MsO− ) shows similar ionic conductivity values than Nafion 212 
under varying relative humidity conditions at 80 ◦C. Furthermore, it 
shows a high ionic conductivity value of 1.9 × 10− 3 S cm− 1 at 120 ◦C 
under dry conditions. These results make the protic poly(dia
llylmethylammonium X− ) membranes promising candidates as inter
mediate or high temperature PEMs for fuel cells without additives that 
may leach. Fig. 7. Ionic conductivity measurement through EIS of P(DAMAH+MsO− ), P 

(DAMAH + MsO50
- /Tf50

- ), and P(DAMAH+TFSI− ) membranes. 
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