Ionic (Proton) Transport and Molecular Interaction of Ionic Liquid–PBI Blends for the use as Electrolyte Membranes
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ABSTRACT
[bookmark: _Hlk76049293][bookmark: _Hlk67040438][bookmark: _Hlk67472418]Protic ionic liquids (PILs) are discussed as new candidates for the use as non-aqueous electrolytes for fuel cells operating at temperatures above 80 °C. The molecular interactions in Diethylmethylammonium triflate ([Dema][TfO]) doped polybenzimidazole (PBI) blend membranes and the proton transport mechanism were investigated by means of TGA, IR and NMR. The mobility of the PIL ions is restricted to the PBI host polymer. The [Dema]+ cations and [TfO]− anions interact strongly via H bonds with the polar groups of the PBI chains. This will significantly confine the proton conductivity of the membrane to vehicular transport. The proton transport was investigated by comparing to an analogous liquid state model using the monomer benzimidazole (BIm) instead of the PBI polymer. During fuel cell operation, it is unavoidable that residual water is present in significant quantities. Resulting from 1H-NMR and PFG self-diffusion measurements, proton transport in the liquid state model takes place via a cooperative mechanism involving all of the species NH[Dema]+/NHBIm/H2O depending on the water fraction. Thus, it is suggested that conductivity in the PIL–PBI membrane be mainly provided by the cooperative transport of the protons. This study is intended to broaden understanding of the structure and proton transport mechanism, as well as to give possible ways to optimize PIL electrolyte doped polymer blend membranes for intermediate operating temperatures.

1. INTRODUCTION
Research on polymer electrolyte fuel cells (PEFCs), able to operate at temperature of 80–160 °C, has attracted much attention. An elevated operating temperature offers several advantages compared to fuel cells operated at lower temperatures (< 80 °C), such as: simplified water management (no feed gas humidification, respectively no water recyclation), more effective cooling of the cell, reduced poisoning due to feed gas impurities, and improved activity of the Pt electrode catalyst leading to a reduced Pt catalyst loading of the electrodes.[1, 2] However, the development of this intermediate temperature PEFC is also facing challenges: at elevated temperatures (>80 °C), the water vapor pressure (relative humidity) is very low. The proton transport mechanism that only relies on the presence of water will not take place.[3]
[bookmark: _Hlk76053114]Currently, so-called high temperature (HT-)PEFCs are based on phosphoric acid (H3PO4)-doped polybenzimidazole (PBI) membranes and can be operated at 160–180 °C.[4-9] Protonic charge carriers are formed due to a strong autoprotolysis (H4PO4+ + H2PO4−), which provides high proton conductivity also at very low water concentrations.[10, 11] However, the presence of H3PO4 is causing a slow cathodic oxygen reduction reaction (ORR) kinetics.[12] This is primarily due to an inhibition (poisoning) effect by the specific adsorption of H3PO4 and its anionic species on active sites of the redox catalyst platinum but also due to an insufficient oxygen solubility and diffusivity.[13, 14] Meanwhile, these membranes are difficult to operate below 160 °C as the conductivity will drop to insufficient values. Thus, there is a necessity for alternative non-aqueous proton-conducting electrolytes operational for the intermediate temperature range of 80-160 °C.[15-19]
Protic ionic liquids (PILs) have received much attention for possible use as an electrolyte in PEFCs at temperatures above 80 °C. [20-24] PILs with anions based on very strong acids, respectively super acids as trifluoromethanesulfonic acid or bis-trifluoromethylsulfonimid, have a less inhibiting effect than H3PO4 because these anions, e.g. triflate CF3SO3− or triflimid (CF3SO2)2N−, are less strongly adsorbed on Pt than H3PO4 or H2PO4−.[13, 25, 26] Diethylmethylammonium triflate ([Dema][TfO]), a commercially available PIL, has been widely investigated, due to its excellent properties in terms of a wide electrochemical window, high thermal stability and sufficient oxygen solubility and diffusivity. [27] Nakamoto et al. investigated almost 70 different PILs and noted the well-balanced bulk properties of [Dema][TfO] as a fuel cell electrolyte at medium temperatures. [28] Meanwhile, Liu et al. tested the properties of [Dema][TfO] doped PBI membranes. A high ionic conductivity of up to 20.73 mS cm−1 at 160 °C was observed. [29] 
In a water-free PIL, protons can only be transported via the protonated cations by means of a vehicular mechanism, as has been observed in bulk [Dema][TfO].[30] However, in a solid proton exchange membrane (PEM) electrolyte, the vehicular transport of the relatively large PIL cations (and anions) is sterically restricted due to the constrained space and directed interactions. During fuel cell operation water will be produced on the cathode side. A water uptake depending on the equilibrium water vapor pressure of the PIL will unavoidably take place also above 100 °C.[31, 32] Thus, the investigation of the molecular interaction and proton transport mechanism[33-36] would be essential to optimize the durability and conductivity of PEMs based on PIL electrolytes. 
In this contribution, we present an experimental study of PEM electrolytes, consisting of the ionic liquid [Dema][TfO] and PBI as a host polymer with basic moieties. Membrane with a composition from 1 to 4 [Dema][TfO] molecules per PBI repeating unit were prepared, and are denoted as [Dema][TfO]-PBI, λPIL = 1–4 (abbreviated to DP1–DP4). The interactions between the [Dema][TfO] cations and anions and the PBI chains were determined by means of TGA, IR, (MAS-) 1H-NMR and 19F-NMR. The thermal stability of the membranes under the operating condition was ensured and the capacity for water uptake was calculated. To maximize understanding of the interaction with water, as well as the proton transport mechanism, a liquid state model was used. The monomer benzimidazole (BIm) features the same basic functional group as the polymer PBI. By mixing appropriate amounts of [Dema][TfO], BIm and H2O at various molar ratios, liquid state models with a composition varying from 2 : 1 : n (n = 0–4) were used. The cooperative proton transport mechanism was determined by means of 1H-NMR spectroscopy, respectively by applying the pulsed-field gradient technique (PFG). Thereby, a model of proton transport processes in the [Dema][TfO]-PBI membrane during operating condition could be compiled.
2. EXPERIMENTAL
2.1 Materials
Diethylmethylammonium triflate [Dema][TfO] (CAS No.: 945715-39-9), with a nominal purity of > 98 wt%, was purchased from IoLiTec GmbH (Germany). Poly-[(1-(4,4′-diphenylether)-5-oxybenzimidazole)-benzimidazole] powder (PBI-OO) was obtained from FuMA-Tech GmbH (Germany). The PBI-OO is denoted as PBI hereinafter for the sake of simplicity. Dimethyl sulfoxide (DMSO) (≥99.9%) was purchased from VWR chemicals and Benzimidazole (BIm) (99%) from Alfa Aesar GmbH (Germany) and used without further purification.
2.2 Preparation of PIL-PBI blend membranes
[bookmark: _Hlk69155002]PBI powder was dissolved in DMSO to obtain a 5 wt.% solution. An appropriate amount of the PIL [Dema][TfO] was added to the solution. The ratio λPIL of the molar amount  of the PIL to the molar amount  of the repeat units of the PBI polymer is defined as follows:
	(1)
Samples with a ratio λPIL adjusted to a value of 1, 2, 3 and 4 were prepared. The homogeneous solution was stirred for 4 h at 70 °C. Then, the solution was cast onto a glass slide and dried at 80 °C for 48 h and subsequently at 150 °C for 8 h to remove the residual solvent (DMSO) and water. The content of the [Dema][TfO] in the PIL-PBI blend membrane was 36 – 70 wt. %, corresponding to λPIL = 1 – 4. For the sake of simplicity, the casted [Dema][TfO]-PBI blend membranes with a λPIL = 1, 2, 3 and 4 were denoted as DP1, DP2, DP3 and DP4, respectively.
2.3 Characterization of the PIL-PBI blend membranes
The thermal stability of the PIL-PBI blend membranes and as well of the pure PBI and the pure PILs, was examined using a TGA (Perkin Elmer STA 6000). The samples were heated up in air, starting at room temperature up to 800 °C with a rate of 5 °C min−1. The weight loss was measured and reported as a function of temperature. The baseline correction was performed with an empty crucible by using the identical measurement program. ATR-IR spectra of the PIL-PBI blend samples and of the neat PIL were measured in reflection mode in the range of 500–4000 cm-1 (Monolithic diamond GladiATR, PIKE Technologies). The experiments were carried out at room temperature.
1H and 19F MAS NMR spectroscopy were performed using a Bruker Avance 500 MHz spectrometer at a magnetic field of 11.7 T, corresponding to resonance frequencies of 500.2 MHz and 470.6 MHz, respectively. Spinning was performed in 2.5mm rotors at 25 kHz. The spectra were acquired with a single-pulse sequence, a /2 pulse length of 3.4 s for 1H and 7.0 s for 19F, and a recycle delay of 20 s for 1H and 30 s for 19F. Chemical shifts are referenced to tetramathylsilane for 1H and to CFCl3 for 19F.
1H and 19F PFG-NMR was performed at a magnetic field of 7.0 T and with pulsed field gradient of up to 10 T/m. A stimulated-echo pulse sequence with bipolar gradients was used to observe the echo damping as a function of gradient strength.
2.4 The equilibrium water content of the PIL-PBI blend membranes
The moisture sensitivity of the PIL-PBI blend membranes DP2 and DP4 was investigated at a temperature of 80 °C and at 40% relative humidity (RH). The weight of the 2 cm × 4 cm rectangular test PIL-PBI blend membrane strips, was measured with a microbalance before equilibrating them in a climate chamber at 80 °C/40% RH for a certain time. The test strips were taken out and immediately weighed to measure the membrane’s weight in its hydrated state. After weighing, the membrane was placed back to the climate chamber to proceed with the treatment. The equilibration and weighting steps were repeated until a total equilibration time reached 45 h. The final weight in its hydrated state will be denoted as. The composition of the sample DP4 before and after the treatments was checked by TGA.
The original and final equilibrium water content in the membrane samples was measured by Coulometric Karl-Fischer titration (852 Titrando / Metrohm company) before and after the humidification. For each membrane sample, three pieces with a size of 1 cm × 1.5 cm were measured before and after the treatment to obtain the original water content,  and the final water content,. The equilibrium number of water molecules λ in the membrane per repeating unit of the polymer before and after the humidification experiment is defined as in Eq. (2):
 	   and	  	(2)
where  and  are the molar amounts of H2O before and after the humidification and  is the molar amount of the PBI repeating units in the membrane sample. According to Eq. (1), the number of PIL (ion pairs) in the membrane per repeating unit of the polymer after the humidification experiment is defined as follows:
	(3)
where  is the molar amounts of the PIL in the membrane sample after the humidification experiment. Considering that the molar mount  of the polymer, respectively its mass , does not change during the humidification, the mass of the samples before and after the humidification as well as Eq. (2) and (3):
	and	,	(4)
it can be derived: [footnoteRef:1] [1:  Taking also the molar weights into account:
, and  			] 

 	(5)
Hereby,  and  are the mass fractions of water, respectively,  and  are the weights of the membrane sample before and after the humidification treatment. Eq. (2) and (5) yield the equilibrium number  of water in the membrane before and after the humidification measurement λ:
	and		(6)
During the humidification measurements, the PIL in the blend membrane may leak out and thus the composition  of the membrane after the humidification may differ from the originally adjusted composition , see Eq. (1). The changed composition  of the membrane can be obtained:
	(7)
In the case of the samples DP2 and DP4, the originally adjusted composition  before the treatment is 2 and 4, respectively.
2.5 Preparation of the liquid state PIL-BIm-H2O model system
The liquid state model systems [Dema][TfO]-BIm were prepared to analyse the molecular/ionic interactions. As there are two imidazole groups per PBI repeating unit in PIL-OO, in the case of the DP2 and DP4 membrane samples the molar ratio of the PIL:imidazole groups is 1:1 and 2:1 (λ=2 and 4), respectively. Thus, to obtain a liquid state model compound with a ratio PIL:imidazole groups that corresponds to the DP4 samples a molar ratio of PIL:BIm = 2:1 is required. The mixture of the ionic liquid [Dema][TfO] and BIm was prepared by slowly adding BIm powder into [Dema][TfO] while stirring at 60 °C. The mixture was stirred for 4 h at 60 °C until completely homogenisation.
To investigate the influence of water, an appropiate amount of water was added into the [Dema][TfO]-BIm mixture. The molar ratio of [Dema][TfO] : BIm : H2O was adjusted to 2 : 1 : n (n = 0–4). For the sake of simplicity, the samples are denoted hereinafter as DBH (n = 0–4).
2.6 Spectroscopic investigations of the liquid state PIL-BIm-H2O model system
The acquisition of the NMR data was performed by using a Bruker 600 MHz spectrometer, equipped with a 5 mm cryoprobe. Capillaries filled with D2O were included in the sample tubes to be used as a field lock.
The self-diffusion coefficients were measured by using the PFG/DOSY technique. The values of the gradient duration δ, diffusion time Δ and gradient strength were optimized to give rise to at least 80 % signal attenuation at strongest gradient field.
2.7 Proton conductivity
The conductivities of the liquid state model compounds were measured in a four-probe conductivity cell by applying an AC voltage and using platinum electrodes. The cell constant as a function of the sample volume was determined by using a 0.1 M KCl solution for calibration. The intended H2O contents of the ternary [Dema][TfO] + BIm + H2O =2 : 1 : n (n = 0–4) mixtures were verified by Karl-Fischer titration at the beginning of each measurement. The total ohmic resistance σ of the [Dema][TfO] : BIm : H2O mixtures as a function of temperature T was determined by means of impedance spectroscopy. The temperature T was increased in increments of 10 °C from 60 to 100 °C and vice versa. The AC excitation amplitude was adjusted to 10 mV. The specific conductivity σ is calculated by using the cell constant.
3 RESULTS AND DISCUSSION
3.1 Molecular interaction of PIL-PBI blend membranes
IR-Spectroscopy
The interaction between [Dema][TfO] and PBI can be monitored by IR-ATR spectroscopy. The IR-ATR spectra of the PBI membrane, [Dema][TfO] and the DP4 membrane are depicted in Figure 1. In the case of the PBI, the spectral region comprising 1550 and 1650 cm−1 is characteristic for the benzimidazole moiety. The band at 1598 cm−1 is generally assigned to a resonance between the fused benzene and imidazole rings, whereas that at 1633 cm−1 is caused to a C=C/C=N stretching mode. [37, 38] In the [Dema][TfO]-PBI blend membrane DP4, i.e. with four equivalents [Dema][TfO] per repeat unit PBI, the bands at 1598 and 1633 cm−1 slightly shift up to 1600 and downwards to 1631 cm−1, respectively. This can be attributed to a weakened conjugation effect as a result of a partial proton transfer to a N atom which shifts electron density the imidazole ring and thus a decreasing absorption frequency of the second mode. Correspondingly, the increasing electron density on the C=N bonds of the hetero cycle leads to a raising absorption frequencies of the first mode. [39] These observations indicate a direct interaction between the [Dema][TfO] and the imino nitrogen atoms of the benzimidazole moieties in PBI chains. [38, 40, 41]
[image: ]
[bookmark: _Hlk67051649]Figure 1. IR-ATR spectra of neat PBI (blue), neat [Dema][TfO] (orange) and of the DP4 blend membrane (red).
[bookmark: _Hlk67051879]NMR-Spectroscopy
[bookmark: _Hlk67051896]Neat PBI and the DP2 and DP4 samples were investigated by solid-state MAS-NMR. The 1H and 19F NMR spectra of the membrane samples are depicted in Figure 2. In all membrane samples, the 1H signals of PBI polymer are extremely broad and thus difficult to discern. Only the protons of the CH3 and CH2 groups of the [Dema]+ cation, i.e. the signals e, f and g (as shown in the NMR spectra of the liquid state model systems in Figure 5) have an FWHM that allows a clear assignement by MAS-NMR. They can be observed at 3.3, 2.8 and 1.3 ppm, respectively. The signal of the F atoms in the [TfO]− anion can be found at −177.6 ppm in the case of the sample DP2, and slightly shift to −177.5 ppm for the sample DP4. The narrow 1H-signals of the [Dema]+ cation and as well narrow 19F-signal of the [TfO]− anion suggest a certain mobility of the [Dema][TfO] ions between the PBI chain which shortens the relaxation time, which may indicate the weak interaction between the cation, anion and PBI.
[image: ][image: ]
[bookmark: _Hlk67052162]Figure 2. (a) 1H-MAS-NMR and (b) 19F-MAS-NMR spectra of the DP2 and DP4 membrane samples and neat PBI.
[bookmark: _Hlk67052286]Thermogravimetric analysis (TGA)
[bookmark: _Hlk67052311]In order to maintain stable PEFC operation in the intended temperature range of 80–160 °C at varying humidity, the electrolyte membranes should provide sufficient thermal and moisture stability. TGA measurements of the DP1, DP2, DP3 and DP4 membrane samples, as well as of neat PBI and [Dema][TfO] were performed to evaluate the thermal properties, as depicted in Figure 3 (m/m0 vs. T).
Various experimental studies on PBI doped with H3PO4 have been reported in the literature. It is shown that the benzimidazole moieties of the polymer are fully protonated by H3PO4 due to its high acidity. [39] However, in the case of the [Dema][TfO]-PBI blend membranes, the acidity of [Dema][TfO] (of the Dema+ cation [42]) is according to its pKA value of 10.55 and is not able to fully protonate the benzimidazole moieties of PBI as the pKA of the conjugated acid, i.e. benzimidazolium+, has a value 5.6. Thus, the observed interaction between [Dema][TfO] and PBI may be different compared to high acidic electrolytes like H3PO4.
[image: ]
[bookmark: _Hlk67054509]Figure 3. TGA curves of the DP1, DP2, DP3 and DP4 membrane samples in comparison to the curves of neat PBI and [Dema][TfO]. The relative weight m/m0 is plotted against the temperature T.
[bookmark: _Hlk67052453][bookmark: _Hlk67052465][bookmark: _Hlk67052502]According to Figure 3, neat PBI shows an excellent thermal stability. The polymer begins to decompose above 480 °C. [43] The weight loss below 200 °C might be attributed to residual water and solvent. In the case of neat [Dema][TfO], the decomposition starts at about 290 °C. The [Dema][TfO]-PBI blend membranes exhibit a good thermal stability. At a temperature of 250 °C, 380 °C and 500 °C, three weight loss steps Δm/m0 can be observed, marked with (s1), (s2) and (s3) respectively. The step (s3) at 500 °C can be safely attributed to the decomposition of the PBI polymer:
[bookmark: _Hlk67052535]s3:	PBI + x O2 = CO2 + N2 + volatile hydrocarbons + C-rich residuals	(8)
Hereby, “PBI” represents one polymer repeating unit. In the case of the decomposition step (s2) at 250 °C, the increasing (relative) mass loss Δm/m0 at 250 °C, i.e. from DP1 to DP4, is proportional to the increasing content of [Dema][TfO].
The first weight loss step (s1) found in the TGA curves of the DP membranes is lower than the decomposition temperature of neat [Dema][TfO], i.e. due to a proton transfer from [Dema]+ to [TfO]− and subsequent evaporation of diethylmethylamine and TfOH at 290 °C:
s1:	(C2H5)2CH3NH+ ∙ CF3SO3− = (C2H5)2CH3N ↑ + CF3SO3H ↑	(9)
but higher than the boiling point of the diethylmethylamine at 66 °C. Thus, the [Dema]+ cation may be interacted with PBI by weak H-bonds. The decomposition by proton transfer from [Dema]+ to the benzimidazole moiety of the polymer and subsequent evaporation of the neutral base does not start before 250 °C due to its significant lower acidity compared to the protonated benzimidazole moiety:
s1’:	2x (C2H5)2CH3NH+ ∙ CF3SO3− + x PBI =
		x (C2H5)2CH3N ↑ + (PBI-H2+)x ∙ (CF3SO3−)2x           (10)
In the case of a ratio of two equivalent PIL units per repeat unit of the polymer PBI, both imidazole groups of the repeat unit will be occupied by direct interactions with the acidic [Dema]+ cations, and with the [TfO]− anions, respectively. If more than two equivalents of the PIL are present, i.e., in the cases of samples DP3 and DP4, no direct interaction between the excess [Dema][TfO] and imidazole moieties is (theoretically) possible. Only weak H-bonds among the PIL ions can be expected. The first weight loss step (s1) may include both, a loss of diethylmethylamine due to the decomposition of the excess [Dema][TfO] as given in Eq. (8) and a loss of diethylmethylamine due to a proton transfer to the polymer as conveyed in Eq. (9). A “polymer salt” (PBI-H2+)x ∙ (CF3SO3−)2x is formed. The following weight loss step (s2) at about 380 °C indicates its decomposition temperature: [44]
s2:	(PBI-H2+)x ∙ (CF3SO3−)2x = x PBI + 2x CF3SO3H ↑	(11)
The assumptions above could be confirmed by calculating the compositions of the samples. The mass percentage of each steps in the TGA curves, assigned as % in TGA, and the theoretical mass percentages of each compositions in the prepared samples, assigned as % in theo., are calculated for comparison. The results are as listed in Table 1. For all the samples, the theoretical calculated compositions in the membranes fit well to the TGA weight losses. Thus, when considering the extent of the steps in the TGA, the weight losses in the TGA curves at 250 °C, 380 °C and 500 °C can be attributed to (s1) the loss of excess (free) [Dema][TfO] and the diethylmethylamin due to the protonation of the PBI, forming (PBI-H2+)x ∙ (CF3SO3−)2x , (s2) the loss of TfOH due to the decomposition of  (PBI-H2+)x ∙ (CF3SO3−)2x and finally (s3) a complete decomposition of PBI, forming CO2, N2, hydrocarbons and C-rich residuals.
[bookmark: _Hlk67054213]Table 1. Mass percentage of the compositions in the membranes and TGA curves.
	Sample
	(s1) a : weak bonded [Dema][TfO] + bonded [Dema]
	(s2) a : bonded [TfO]
	(s3) a : PBI

	
	% in theo.b
	% in TGAc
	% in theo.
	% in TGA
	% in theo.
	% in TGA

	DP1
	13.3
	9.2
	23.0
	23.4
	63.7
	65.5

	DP2
	19.5
	17.0
	33.7
	30.2
	47.0
	51.0

	DP3
	36.4
	32.3
	26.6
	28.1
	36.9
	37.7

	DP4
	47.5
	42.8
	22.0
	25.3
	30.0
	30.5



a  The decomposition steps in Figure 1.
b	The theoretical mass percentage in the membrane samples according to the initial membrane preperation composition.
c	The mass percentage obtained roughly by the TGA curves.
[bookmark: _Hlk67054262]The molecular interaction in [Dema][TfO]-PBI blends was also investigated by R. Pant et al. by a MD simulation. [45] Both the results of the computational study and the experimental study suggest that the cation and the anion interact with the N atoms of the benzimidazole moiety via hydrogen bonds. The interaction of the [TfO]− anion is stronger compared to the [Dema]+ cation. [45]
[bookmark: _Hlk67054934]3.2 Impact of H2O on the molecular interaction and proton transport
[bookmark: _Hlk67054954]Stability and equilibrated water/ PIL content of the PIL-PBI membranes
[bookmark: _Hlk67054979]During fuel cell operation, the presence of a significant amount of residual water is unavoidable even at elevated temperatures. In the temperature range of 80–160 °C, a dynamic change of water content will unavoidably take place depending on the electrical load. A water uptake may challenge the stability of the membrane regarding demixing phenomena. The moisture sensitivity of the [Dema][TfO]-PBI membranes are evaluated by treating the membranes under high humidity operating condition 80 °C/40% RH for 48 h. Compared to H3PO4 doped PBI membranes [46] with a doping level of 11 H3PO4 molecules per PBI repeat unit which corresponds to weight fraction of 87 wt% H3PO4 in the membrane, the DP4 membrane sample with 70 wt% [Dema][TfO] is substantially more stable. Only < 5 wt% weight loss can be observed in both the DP2 and DP4 membranes. By comparing the TGA curves of the DP4 membrane before and after the 48 h moisture treatment, the composition of the weight loss is due to the trace leakage of the [Dema][TfO], as can be reckoned in Figure 4 (a). Thus, the interaction between the [Dema][TfO] and PBI is relatively stable during the operation condition.
It is well known that PBI is hydrophilic and has an affinity for moisture. It has been reported that it is able to absorb about 15 wt% of water under an ambient atmosphere (40 RH%) at room temperature. This corresponds to about three water molecules per repeating unit, i.e. molar ratio H2O : PBI of 3 : 1. [47] Figure  4 (b) shows the composition of the membrane, as well as the equilibrium water/ PIL content in DP2 and DP4 membrane samples before and after the 48 h moisture treatment. Prior to the treatment, the membranes were placed at ambient condition for more than 5 days. This yielded an initial value of the membrane water capacity. After the 48 h moisture treatment, a molar ratio H2O : [Dema][TfO] : PBI of 1.8 : 1.8 : 1 could be measured in the DP2 membrane sample and of 2.8 : 3.8 : 1 in the DP4 membrane sample (per PBI repeat unit).
The neat [Dema][TfO] has a relatively low hygroscopicity. [42] The equilibrium water content of the neat [Dema][TfO] at 80 °C / 40 RH% was 4.4 wt%, i.e. a molar ratio H2O : [Dema][TfO] of 0.63 : 1. Considering the [Dema][TfO]-PBI blend membranes, the introduction of [Dema][TfO] occupies the N and N-H functional groups of the PBI polymer. This may suppress a direct H-bond formation between H2O and the polymer.
[image: ]
[image: ]
[bookmark: _Hlk67055630]Figure 4. (a) Weight change of the DP2 and DP4 membrane samples and as a reference of H3PO4 doped PBI (87 wt% H3PO4) as a function of time at 80 °C/40% RH, (inset) TGA curves of a DP4 membrane sample before and after the moisture treatment. (b) Equilibrium water/ PIL content per PBI repeat unit in DP2 and DP4 membrane samples before and after the 48 h moisture treatment.
[bookmark: _Hlk67055843]Molecular interaction in the DBH model system 
[bookmark: _Hlk67055865]Ionic conductivity is an essential parameter that governs the overall performance of a PEM. The conductivity of PIL-PBI blend membrane is highly depended on both, the temperature and the relative humidity, as shown in Figure  S1 in supplementary information section. The proton transport mechanism can be investigated by NMR measurements. However, using the NMR technique on solid materials is usually limited due to anisotropic dipole-dipole and quadrupole interactions, respectively long relaxation times, leading to very broad and complex signals. Thus, a liquid state model system is prepared for proton transport investigation using the pulsed field gradient (PFG) technique. In order to obtain a liquid state model that maintains the functional groups of the ionic liquid and the PBI polymer, the polymer is replaced by its monomer with the characteristic moieties, i.e. a liquid state model system consisting of [Dema][TfO] and benzimidazole (BIm) is prepared. In the liquid state model system, a ratio [Dema][TfO] : BIm of 2 : 1 is adjusted, corresponding to the ratio PIL : basic moieties in the [Dema][TfO]-PBI blend membrane samples DP4. In addition, the water content in the liquid state model systems were varied in the range of 0 to 4 molar equivalents per BIm functional group to obtain conditions comparable to the (humidified) DP4 membrane samples. Thus, the molar ratio of [Dema][TfO] : BIm : H2O is adjusted to 2 : 1 : n (n = 0–4). The samples are denoted as DBH (n = 0–4).
[bookmark: _Hlk76061228][image: ]
[bookmark: _Hlk67056060]Figure 5. 1H-NMR spectra of (a) the DBH (n = 0–4) samples and (b) a mixture of neat [Dema][TfO] and H2O with a molar ration of 1 : 1.
[bookmark: _Hlk67056178]The 1H-NMR spectra of the DBH (n = 0–4) samples and a mixture of neat [Dema][TfO] and H2O with a molar ration of 1 : 1 are depicted in Figure  5. The measurements were performed at room temperature. The five spectra of DBH (n = 0–4) for different water contents in Figure 5. (a) are superimposed with a common baseline in order to facilitate the detection of signal shifts. The spectra are plotted in different colour according to the water content n. In the case of sample with a composition [Dema][TfO] : H2O of 1 : 1 in Figure 5. (b), the CH3 protons of the methyl group f can be found at 2.8 ppm and the signals of the CH2 and CH3 protons of the ethyl group, e and g, are at 3.2/3.3 and 1.3 ppm, respectively. A singlet is expected in the case of signal f, a quartet for signal e and a triplet for signal f. Actually, a two multiplets are observed for the CH2 protons. This is also described by Mori et al. and can most likely be attributed to a hindered rotational motion around the C-N bonds (at room temperature), resulting in unisochronous CH2 protons.[48, 49] The rotational hindrance is caused by the protonation on the amine N, as in case of the free base the CH2 protons appear (as expected) as a quartet. The signal at 8.3 ppm can be assigned to the N-H proton d. The signal of the H2O protons can be identified at 4.0 ppm. The signals of the H2O and N-H protons are clearly detectable and discernible. The detected chemical shifts suggest that no comparatively fast exchange process take place. [31, 48] The rate constant for the proton transfer from the [Dema]+ cation to H2O is obviously only very small due to the significant acidity difference between the [Dema]+ (pKA = 10.55) and the hydroxonium cation (pKA = 0) of about ten orders of magnitude. [42, 50] Thus, in the system [Dema][TfO] + H2O, the proton resides largely on the amine-N during the NMR sampling process. No averaged signal of H2O and the [Dema]+ cation can be detected due to an extremely slow proton exchange rate between cation and H2O.[31] 
In the liquid state model system DBH ([Dema][TfO]-BIm-H2O), for the protons situated at the benzene ring of the BIm only two signals b, c can be identified at 7.8 and 7.4 ppm, respectively. This indicates a fast exchange of the N-H proton, resulting in isochronous protons in the ortho- and para-position of the benzene ring. At a water content n of 0, the C-H proton a of the imidazole moiety of BIm is found at about 8.4 ppm. The signal of a slightly shift (+0.2 ppm) towards higher magnetic field when n increases from 0 to 4. A slight shift (+0.1 ppm) is also observed in the case of the protons e and f signals from the [Dema]+ cation. The CH3 protons of the ethyl group are not influenced by H2O content and can be found at 1.3 ppm. This is the same for the binary system [Dema][TfO] + H2O. The slight shift of the protons e, f and a may due to the changing of the local electron density of the N-H moieties in [Dema]+ cation and also in the BIm monomer.
In contrast to the binary system [Dema][TfO] + H2O, in the ternary liquid state model system DBH the signal of the H2O protons does not show up for all investigated H2O contents. There is only one broadened signal d thah shifts to a higher field and increases its integral area when increasing the water content n, which indicates a fast proton exchange between N-H groups of the [Dema]+ cations and of BIm as well as with water. Thus, only an averaged (and broadened) signal d can be detected in the spectrum. This indicates an interaction between [Dema][TfO], BIm and the H2O molecules. The interaction of the [Dema][TfO] with both the BIm and the H2O molecules is also comfirmed by the shift of the N+-H band with IR in Figure  S2 and the 1H-NOESY spectra in Figure S3 in the supplymentary information section.
[bookmark: _Hlk67056286]Protolysis equilibria
[bookmark: _Hlk67056301]The pKA values of [Dema]+ and H3O+ differ significantly by 10 orders of magnitude. Thus, considering the protolysis equilibrium with H2O the proton resides most of the time on the [Dema]+ cation, because k1 should be 10 orders of magnitude smaller than k2, i.e. the equilibrium constant :k1

	CH3(CH3CH2)2NH+ + H2O ⇄ CH3(CH3CH2)2N + H3O+	(12)k2

The pKA of HBIm+ has a value of 5.6 and is therefore in the middle between the values of [Dema]+ and H3O+. The acidity differences between [Dema]+ and HBIm+, as well as between HBIm+ and H3O+, are much smaller compared to [Dema]+ and H3O+. Due to the presence of BIm, the protolysis equilibrium in Eq. (12) will be split up in a sequence of two protolysis equilibria involving [Dema]+, BIm/HBIm+ and H2O/H3O+ as follows:
	CH3(CH3CH2)2NH+ + C6H4N(NH)CH ⇄ CH3(CH3CH2)2N + [C6H4(NH)2CH]+	(13)k4
k3

	[C6H4(NH)2CH]+ + H2O ⇄ C6H4N(NH)CH + H3O+	(14)k6
k5

The equilibrium constant of the reaction in Eq. (14) is given by the pKA value of HBIm+, i.e., . The equilibrium constant of the reaction in Eq. (13) is the quotient KA([Dema]+) / KA(HBIm+) = k3 / k4 = (k1 k6) / (k2 k5) = 10−4.95. Thus, rate constants k3 and k5 are about 5 orders of magnutude smaller than k4 and k6. However, the rate constants k3 and k5 are still fast compared to the difference in NMR frequencies of the species. The active protons of the species [Dema]+, BIm/HBIm+ and H3O+/H2O, involved in the equilibria in Eq. (12) to (14), cannot be separated by 1H-NMR, if the proton exchange rates are fast compared with the spacings (in Hz) of the corresponding peaks in case of no interaction, leading to a signal at an averaged ppm value, assigned as d in Figure 5. The averaging is weighed by the molar fractions of the species in the equilibrium. Despite the deshieding effects of the H-bonds, this may explain why the (averaged) signal shifts towards a lower ppm value, when the water content is increased. When the water fraction n is 0, i.e. in the (quasi-) anhydrous [Dema][TfO]-BIm samples, only the fast proton exchange reaction according Eq. (13) will occur.
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[bookmark: _Hlk67057231]Figure 6. (a) Self-diffusion coefficients of the active protons, respectively of different proton carrying species and the TfO− anion of the liquid state [Dema][TfO] : BIm : H2O = 2 : 1 : n model system vs. the H2O content n at a temperature of 25 °C. (b) (Total) conductivity of the liquid state [Dema][TfO] : BIm : H2O = 2 : 1 : n model system vs. the H2O content n.
[bookmark: _Hlk67056635]
Diffusion coefficients and conductivities
[bookmark: _Hlk67056677]These observations were confirmed by 1H-PFG-NMR measurements of the self-diffusion coefficients. The results for the liquid state model system [Dema][TfO]-BIm-H2O vs. the H2O content n are shown in Figure 6 (a). For all of the investigated water contents n, the diffusion coefficients of the non-active/non-acidic CH protons of BIm and [Dema]+ and thus the self-diffusion coefficients DBIm and D[Dema]+ are nearly equal. A coupled movement due to an interaction by e.g. an H bond can be inferred. The self-diffusion coefficients DBIm and D[Dema]+ should be identical to the diffusion coefficient DH+,vehicle of the protonic charge carriers due to a vehicular mechanism. With the increasing water content n, the slight increase of DBIm and D[Dema]+ are most likely caused by a decrease of the viscosity.
[bookmark: _Hlk76060919][bookmark: _Hlk67056696]The self-diffusion coefficient of the active N-H and O-H protons of [Dema]+, BIm/HBIm+ and H3O+/H2O is significantly higher than the values of DBIm and D[Dema]+ measured for the entire BIm and [Dema]+ cation molecules. The diffusion coefficients of individual protons of the DBH (n =4) model systems measured by DOSY spectroscopy are shown in Fig. S4 in the supplementary information section. The measured value also demonstrates a strong dependence on the water fraction n and a linear increase can be observed. Considering the strong shift of the averaged signal of the [Dema]+, BIm/HBIm+ and H3O+/H2O protons d in Figure 5 as a function of the water content n, the increased mobility is most probably due to fast proton exchange processes between these species, see equilibria in Eq. (12) to (14). Thus, the total self-diffusion coefficient of all mobile protonic charge carriers, i.e. of the active NH and OH protons of [Dema]+, BIm/HBIm+ and H3O+/H2O can be identified as a sum of the self-diffusion ceoefficent DH+,coop for cooperative transport and of DH+,vehicle for vehicular transport of the protonic charge carriers. [31]
[bookmark: _Hlk67056755]	DH+ = DH+,coop + DH+,vehicle	(15)
The linear increase may indicate an increased probability/frequency of proton exchange processes due to an increasing water content.
The (total) conductivity σ of the liquid state DBH (n = 0–4) model systems vs. the H2O fraction n is depicted in Figure 6 (b). The measurements were performed in the temperature range of 60 to 100 °C. Consistent with a diffusion coefficient DH+ of all mobile protonic charge carriers, the (total) conductivity, , increases as a function of the water fraction n, indicating an (quasi-)linear behavior. The conductivity should be provided by the vehicular motion of the [Dema]+ cation, [TfO]− anion and the cooperative transport among the positive charge ions [Dema]+, BIm+ and H3O+. The diffusion coefficient DH+ of all mobile protonic charge carriers can be connected by the Nernst-Einstein equation to the (partial) proton conductivity σH+:
		(16)
[bookmark: _Hlk67056828][bookmark: _Hlk67056880]The concentration  of mobile protonic charge carriers cannot exceed the concentration of [Dema][TfO]. Using this value with Eq. (16), the obtained partial conductivity  is higher than the measured (total) conductivity in Figure 6 (b), indicating a significant fraction of oppositely charged ions moving together in the time scale of diffusive motion (ion pairs). [51, 52] It can be expected that due to the coupled movement of the [Dema]+ cation, the [TfO]− anion and BIm molecules, the motion of these neutral, short-lived ion clusters [Dema][TfO]-BIm-[Dema][TfO] only contributes to a (local) vehicular self-diffusion but not to the (long distance) charge transport. The estimation is supported by the identical self-diffusion coefficients of the [Dema]+ cation, [TfO]− anion and BIm molecular. Thus, the conductivity is mainly provided by the proton exchange between the active N-H and O-H protons of [Dema]+, BIm/HBIm+ and H3O+/H2O. Considering the dynamic protolysis equilibrium, the positive charges may partially participate in the fast exchange process and be detected as DH+,coop. The fraction of [Dema][TfO], i.e. of the positive charge ions, that participate in fast exchange process can be estimated in accordance with experimental macroscopic conductivity. In the case of the liquid model system DBH with a water fraction of 1.4, at 60 °C, the DH+,coop calculated by Eq. (15) yields to 2.1 · 10−6 cm2 s−1. To achieve a conductivity of 17 mS cm−1, as depicted in Figure 6 (b), about 40% of the positive charge carriers should participate to the cooperative transport. At 80 °C, the fraction totals about 22%. When also considering the contribution of the negative charge carriers to the total conductivity, the fraction will further decrease. However, compared to the fraction of the cooperative transport of the positive charge carriers, no more than halved reduction should be caused by the vehicular motion of the [TfO]− anion. 
Thus, in the [Dema][TfO]-BIm model system, the active protons are migrating via cooperative mechanism, while the molecules by vehicular mechanism. The presence of water protons also has a role in the proton exchange processes, which benefits the cooperative transport and so the conductivity.
[bookmark: _Hlk67056914]3.3 Proton transport in the PIL-PBI membrane
[bookmark: _Hlk67056943][bookmark: _Hlk67056963]As noted above, the equilibrium water fraction in the DP4 membrane at 80 °C/40% RH amounts to 2.8 per PBI repeat unit. However, the conductivity of the DP4 membrane at 80 °C/40% RH amounts to 0.1 mS cm-1 (see FigureS1 in the supplementary information section), which is two orders of magnitude lower compared to the liquid-state DBH (n=1.4) model system, which is due to the higher steric hindrance of the long PBI chains and the possible inhomogeneous distribution of the PIL/H2O molecules in the solid membrane. Drawing on the solid-state PFG-1H-NMR at 30–70 °C, the diffusion coefficients of the DP2 and DP4 membrane samples are shown in Figure 7. Only the diffusional motion of the [Dema]+ cation and [TfO]− anion are available here. The diffusion coefficients are 2-3 orders of magnitude lower compared to the bulk [Dema][TfO]. [31]
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[bookmark: _Hlk67057433][bookmark: _Hlk69237425]Figure 7. The normalized 1H-NMR signal intensities of the DP2 and DP4 membranes at 30–70 °C are plotted vs. the gradient strength. The diffusion coefficients of the ions are obtained by fitting the exponential decay of the signal.
[bookmark: _Hlk67057595][bookmark: _Hlk67057608]It is worth noticing that, the Di of both 1H and 19F barely change in the temperature range of 30–70 °C, especially in DP2 membrane. The effect of temperature is potentially subdued and exhibits an insignificantly influence on the diffusion motion of the molecules. In light of the above discussion, it can be assumed that the PIL ions may be spatially restricted by the molecular interaction between the PIL and the PBI. The H-bonds may lead to a (quasi-) localized motion of the [Dema]+ cation and [TfO]− anion. A non-monotonically slight increase is observed in the case of 1H diffusion of DP4. Compared to the DP2, the higher Di may due to the weaker H-bonding interaction of the “excess” PIL, thus enhanced mobility. The possible restriction of the molecular motion leads to a limited vehicular proton transport. Thus, the share of cooperative proton transport in the membrane is increasing compared to vehicular transport of protonic charge carriers. This conclusion corresponds to the findings of Liu et al., who calculated the activation energy Ea of the proton conductivity of [Dema][TfO] doped PBI membranes. Ea is in a range that is common for a cooperative mechanisms, [29] whereas in neat [Dema][TfO] it fits to a vehicular mechanism. [30]
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[bookmark: _Hlk67058478]Figure 8. Proton transport in the DP4 membrane during an operation condition.
[bookmark: _Hlk67058402]In accordance with the discussion above, a schematic of the proton transport processes in the [Dema][TfO]-PBI membrane during the operation condition is depicted in Figure 8, i.e. considering the presence of water molecules. The composition of the DP4 blend membranes is used as an example. At 80 °C and 40% RH, the number of water molecules totals about 3 per PBI repeating unit. [Dema][TfO] is interacting with the imidazole group, as can be inferred through the unified decomposition temperature in TGA curve in Figure 2. However, the proton transfers from the [Dema]+ cation back to the [TfO]− anion are highly improbable, due to the large difference in acidity between the conjugated acid and anion. With the presence of water, fast proton exchange between the NH[Dema]+ / NHBIm / H2O protons is observed by PFG-1H-NMR in the liquid state model system. This should also be the case in the solid membrane, assuming that no further interactions with the ether group and benzene ring on the PBI (PBI-OO) chain occur. The fast proton exchange in the range of the PBI chain would provide dynamic pathways for proton transport. Thus, it is expected that the presence of cooperative proton transport may improve the conductivity in ionic liquid based PBI blend membranes suitable for the application in a future medium temperature fuel cell.

[bookmark: _Hlk67058615]4. CONCLUSION
[bookmark: _Hlk67058637]In this study, the molecular interaction and proton transport mechanism of a diethylmethylammonium triflate ([Dema][TfO]) doped polybenzimidazole (PBI) membrane was investigated by means of various experimental methods. It was found that in solid [Dema][TfO]-PBI blend membranes, the [Dema]+ cation and [TfO]− anion are evidently interacting with the imidazole moieties of the PBI. The mobility of the ions is restricted, which leads to a limited degree of vehicular transport. The proton transport mechanism was investigated by using liquid state model system using the benzimidazole (BIm) monomer instead of PBI polymer. A fast proton exchange process of the NH[Dema]+ / NHBIm protons occurred as a result of the interactions between the [Dema]+ cation and BIm. The presence of residual water during the fuel cell operation is able to elevate the rapid cooperative transport in the electrolyte. By varying the water fraction in model compounds, proton conduction takes place via a cooperative mechanism that involves all of the species of NH[Dema]+ / NHBIm / H2O, that result from 1H-NMR and PFG self-diffusion measurements. Thus, it is suggested that the conductivity in the PIL-PBI membrane is primarily provided by the cooperative transport of these protons. Therefore, this work establishes a pathway to understanding the structure and proton transport mechanism, as well the optimization of the intermediate temperature polymer electrolyte membranes.
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