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Abstract

Protic ionic liquids (PILs) are promising candidates as non-aqueous proton-conducting
electrolytes for use in polymer electrolyte membrane fuel cells with operating tempera-
tures over 100 °C. 2-sulfoethylammonium triflate [2-Sea][TfO] is one such PIL elec-
trolyte, in which the highly Bragnsted acidic sulfoalkylammonium cations act as mobile
protonic charge carriers and proton donors. In order to gain a molecular-level under-
standing of proton transfer in a PIL electrolyte containing a small amount of residual
water from fuel cell operation, the protolytic equilibrium of the highly acidic cation was
investigated by means of Raman spectroscopy. Density functional theory (DFT) calcu-
lations were conducted to identify the vibration modes sensitive to protonation and to
gain information on the possible conformation of the cation. The deprotonation of the
2-sulfoethylammonium cation resulted in a characteristic upward frequency shift in the
v(SC) stretching vibration. An equilibrium constant of 0.23 = 0.09 was calculated for
the protolytic reaction, indicating [2-Sea][TfO] as a promising proton donor for the fuel
cell application.
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Residual water; Raman spectroscopy;

1 Introduction

Atmospheric operation of a polymer electrolyte fuel cell (PEFC) at elevated tempera-
tures above 100 °C has several advantages: i) no feed gas humidification and water
recirculation is needed; ii) more efficient heat management (a smaller cooling system,
recovering high-grade waste heat); and iii) a higher tolerance against feed gas impu-
rities [1-3]. However, the use of proton exchange membranes based on sulfonated
fluoropolymers, such as NAFION® or AQUIVION®, limit the operating temperature to
below 80 °C (ambient pressure) because the proton conductivity relies on the uptake of
water. Protic ionic liquids (PILs) immobilized in a host membrane material constitute
promising candidates for proton-conducting electrolytes for fuel cells operated above
100 °C [4].

An ionic liquid generally consists of bulky cations and counter anions, resulting
in a low-lattice energy and thus a melting point close to room temperature. In a PIL, the
cation or anion are able to function as a proton donor and carrier, respectively. A PIL
with an acidic cation BH" can be prepared by a protolytic reaction between an (organic)
base B and a super acid HA (1:1 stoichiometry) [5]:



B+HA — BH" + A (1)

PILs of BH*A™ type are intrinsic proton conductors. In non-aqueous protic electro-
lytes—as the solvent is no longer available as an omni-present proton donor—the cation
BH™ acts as mobile protonic charge carriers and underlies a vehicular transport mecha-
nism [6]. PILs are usually miscible with water and tend to absorb it from the air due to
their high-polarity character. Under the operating conditions of a fuel cell, the
amphoteric H»0O, as well as the free base B, is continually electrochemically produced
on the cathode side:

2 BH* +1/2 0, +2 & —2 B + H,0 )

Thus, a certain steady state content of water should be taken into consideration when
using a PIL as an electrolyte in a fuel cell at even elevated temperatures. Former studies
show that the addition of water to an ionic liquid enhances the ion conductivity and
improves the oxygen reduction reaction (ORR) kinetics [7]. An *H-PFG-NMR study
on PILs demonstrates a transition between vehicular and cooperative proton transport
depending on the concentration of residual water and the cation acidity [8].

PILs with a sulfoalkylammonium cation (NH3"(CH2)»SO3zH) have recently been sug-
gested for potential PEFC applications. The high acidic cation can act as a strong proton
donor in the ORR [9]. 2-Sulfoethylammonium triflate ([2-Sea][TfO]) was selected for
investigation in this work as a model of such PILs. In a recent study, we found that [2-
Sea][TfO] exhibits extraordinary electrochemical properties. Its ORR kinetic current
density of 95 wt% [2-Sea][TfO] at 0.8 V vs. NHE at 110 °C is about five times higher
than equiconcentrated HsPO.. At 100 °C, a total conductivity of ~2.5 mS cm™ is
reached [10]. This PIL can be prepared via a protolysis reaction of the weak zwitterionic
Bransted base taurine and trifluoromethanesulfonic acid CF3SO3zH:

NH3"(CH2)2SO3™ + CF3SO3H — NH3"(CH2)2SO3H + CF3SO3~ 3)

The resulting PIL consists of [2-Sea]* cations and triflate anions [TfO] . In contrast to
the findings of many studies on the acidity of taurine, there is only little data available
on the acidity of the [2-Sea]* cation, i.e., on the strength of the base taurine. King repor-
ted the pKa value of the [2-Sea]* cation in an aqueous solution according to the follo-
wing stepwise dissociation [11]:

NH3*(CH2)2SOzH + H20 = NH3*(CH2)2SO3™ + H:O0*  pKa1 = —0.33 4)
NH3*(CH2)2SO3™ + H20 = NH2(CH2)2SO3™ + H30* pKaz = 9.05 (5)

As is conveyed in Eqg. (4), the acidity of [2-Sea]" is clearly much higher compared to
most commercially-available ammonium- or imidazolium-based PILs. For instance, the
pKa of diethylmethylammonium [Dema]® and 1-ethylimidazolium [1-EIm]* cations,
which are 10.35 and 7.26, respectively [12,13], indicate that the cation acidity of [2-
Sea]" is much higher than [Dema]* and [1-EIm]* cations. However, pKa values are only
valid for describing proton transfer equilibria in diluted aqueous solutions. In the mass
action laws corresponding to Eq. (4) and Eqg. (5), the change in activity coefficients
cannot be disregarded when changing to highly concentrated systems. Thus, it is of



great importance to investigate the protolytic equilibria of PILs with a low concen-
tration of water, which could facilitate further progress in the design of PIL electrolytes
for fuel cell applications.

Raman spectroscopy provides insights into the molecular structure and inter-
actions in ILs [14]. Unfortunately, only very few investigations of PILs with strong
Brensted acidic sulfoalkylammonium cation by means of vibrational spectroscopy are
to be found in the literature. This study seeks to analyze the protolysis of [2-Sea][TfO]
at low water concentrations (up to 7% weight content) using Raman spectroscopy. Den-
sity functional theory (DFT) calculations were conducted to assign the vibration modes
sensitive to protonation and determine the most probable cation conformation preferred
in the liquid PIL.

The protolysis reaction of a strong Brensted-acidic PIL and residual water can be
quantified via the mass action law. The mass action law includes the activities a; of all
species i, i.e. the PIL cation BH", its conjugated base B, water, and hydroxonium ions:

4B Ay,o+
Ky =——2—
A aBH+ 'aHzo (6)
The equilibrium constant Ka depends on the free standard reaction enthalpy ARG® of
the protolysis in Eq. (4). The activities a; can be related to molar concentration c; of
species using the activity coefficient y, where a;j = vi ¢i. Thus, the relationship between
the ratio of concentration and the equilibrium constant yields as:

CB Chyot 7B+ " THy0
fj = a0 g, T oo ™
Cpy+ "CH,0 78" T30t

There is no simple way to consider the activity constants yi. The well-known Debye-
Huckel limiting law is not valid for concentrations as high as treated in this study, see
also the study by Edwards, investigating the protolysis equilibrium in concentrated
triflic acid [15]. In an extended model for such systems, e.g., the formation of ion pairs
has to be considered. For the sake of simplicity, a new equilibrium constant K, are
included, see Eq. (7). Thus, its value is only an average of the investigated concentration
range, depending on the concentration dependence of the activity constants. In the
following considerations, the concentrations c; and K, are used.

The relationship between the initial concentration of the cations of the PIL and
the initial concentration of water to the equilibrium concentrations are expressed as:

ch+ = cgy+ + Cp (8)
CI(-)IZO = Cy,0 t CHyot 9)
and  cg = cy,o+ (20)

The ratio of the initial concentration of cations and water is introduced as a (dimension-
less) composition parameter &. The ratio of the equilibrium concentration of the cations
and their initial concentration is introduced as protolysis parameter .

£ = 20 (11)



o= 3 (12)
BHT
By inserting Eq. (8) into (12) in the mass action law in Eq. (7), a quadratic relationship
between the protolysis parameter a, the initial composition parameter &, and the equili-
brium constant Ka can be derived. Depending on the value of K, the following solu-
tions can be derived for a:

f . _q o OHDK, L [AHK | EK)

Ki # 1: a=1+ 05751 JZ o i (13)
P 1. —1_2

K; = 1: a=1- (14)

The positive sign in Eq. (13) must be applied if K, > 1, and the negative sign if K; < 1.
Thus, the equilibrium constant K, can be experimentally-determined by measuring the
protolysis parameter o as a function of the initial composition parameter &.

2 Experimental section
2.1 Sample preparation

[2-Sea™][TfO] was prepared as follows: 10 ml of trifluoromethanesulfonic acid (98%,
Sigma Aldrich) was added dropwise to 13.9 g of 2-aminoethanesulfonic acid (taurine,
>99%, Sigma Life Science). The mixture was stirred at 80 °C for 1 h. The clear, color-
less liquid was then stored under dry conditions to prevent water absorption. The water
content was determined via Karl-Fischer titration and found to be 0.4 wt%, and was
referred to hereinafter as a “neat” ionic liquid. The neat ionic liquid was diluted with
aliquot amounts of water in order to obtain a series of samples with water contents
ranging from 1 wt% to 7 wt%. To ensure the stoichiometric composition of the prepared
PIL, a N/S elementary analysis (ICP-MS) and an acid-base titration were performed
(details in Fig.S1). The deviation regarding an excess of trifluoromethanesulfonic acid
or of taurine is estimated to be less than 1-2 mol%.

2.2 Raman measurements

The Raman spectra were recorded using a diode laser (Oxxius Laserboxx LBX-
785S100-CIR-PP) with a wavelength A = 785 nm for excitation. The Rayleigh scatte-
ring signal at the laser wavelength was blocked by a thin film interference filter. A
microscope objective was to direct the beam to a quartz cuvette with the sample and
collect the back-scattered light (Zeiss EC Epiplan 10x/0.2 M27; working distance:
14.3 mm; NA: 0.2; parfocal length: 45.0 mm). The scattered light was directed to a
spectrograph via a dichroic mirror and a plano-convex lens (Andor Shamrock SR-303i-
A, f/4, Czerny-Turner arrangement, diffraction grating: 1200 lines/mm). A back-illu-
minated CCD camera was used to record the signal (Andor iKonM 934, 1024x1024
pixels, Peltier-cooled to —60 °C). For the used setup and an entrance slit of 40 um, the
spectral resolution was about 2 cm™. Raman spectra were collected from both the neat
[2-Sea][TfO] and diluted series. The spectra were background subtracted due to an
appreciable fluorescence background. The spectra of a diluted (50 mol%) aqueous solu-
tion of CFsSO3H and a saturated aqueous solution of taurine were then collected for
comparison.



2.3 Theoretical calculations

DFT calculations on the B3LYP level (VWN5) were performed, in combination with a
polarizable continuum model (PCM). Using the ab initio quantum chemistry package
(US-)GAMESS (2013 R1), a geometric optimization and an analysis of the vibrational
frequencies were carried out for the most probable conformers of the cation and anion
(OPTTOL = 1e-05, NCONV = 6) [16]. The split-valence basis set 6-311++G(3df,2p)
was used to take account on the d-type orbitals of the sulfur atom and on the diffuse s
and | shells of hydrogen and the heavy atoms. In a second run, the Raman intensities
were calculated to obtain spectral data for [2-Sea][TfO].

The polarizable continuum model was used to take the dielectric environment of
the ions into account. Due to a lack of data for the relative dielectric constant g of the
surrounding medium, the default model of water was chosen for all reported calcula-
tions, i.e. an g of 78. In the case of a highly acidic sulfonic acid-based PIL, it is reason-
able to assume a high &r value in the range between 50 and 100. Values of 61 for neat
H3PO4 and 101 for neat H2SO4 can be found in the literature [17-19].

When analyzing the conformational degree of freedom of the [2-Sea]" cation, the
free energy should primarily depend on the rotational conformation of the CC bond. A
ring-like CC-gauche and an open-chain CC-trans conformation can be distinguished,
due to the mutual orientation of the NH3* and SO3H group; see Fig. 2. According to
Ohno et al., the CC-gauche conformation prevails in aqueous solutions [20].
Apparently, the presence of an internal H bond reduces the free energy. The free
energy in the [2-Sea]" cation should also depend to a lesser extent on the orienta-
tion of the OH group. Thus, according to the mutual orientation of the NH3*™ and
SOsH group, one must also distinguish an SC-gauche and SC-trans conforma-
tion, which will result in four conformers being considered in the calculations, i.e.

[2-Sea]” (9,9), (9.1), (t,9), and (t1).
3 Results and discussion
3.1 Raman spectra of neat [2-Sea][TfO] and [2-Sea][ TfO] with 7 wt% H20

Fig. 1 displays the experimental spectra of neat [2-Sea][TfO], [2-Sea][TfO] + 7 wit%
H20 in comparison to a saturated aqueous solution of taurine and a diluted aqueous
solution of CF3SOsH (50 mol%). The peaks of a saturated aqueous solution of taurine,
marked by blue dotted lines, are consistent with the reported spectra of taurine [20,21].
The vibrational bands observed in the spectrum of CF3SOsH solution are assigned on
the basis of the previous studies [22—24], as marked by the black dotted lines in Fig. 1.
In the spectrum of neat [2-Sea][TfO], the four most intense Raman bands at 319, 350,
768, and 1033 cm™! are assigned to v(SC), p(SOs), 8s(CF3) and vs(SO3). In turn, the
weak and medium bands located at 517, 576, 1188, and 1232 cm™ are assigned to
3as(SO3), 8as(CF3), vas(SO3) and vs(CF3) of the [TfO]™ anion. The positions correspond
well with the findings from the aqueous solution of CF3SO3H and with other experi-
mental studies on the aqueous solutions of alkali triflates and triflate-based ionic
liquids [22—-25]. The other Raman bands in the spectrum of neat [2-Sea][TfO] at 448,
500, 589, 728, 783, 836, 881 and 1163 cm™* in Fig. 1 are supposed to stem from the [2-
Sea] " cation. Most of these bands are weak, expect the prominent bands at 500, 728



and 1164 cm™*. The medium-intensity Raman band at 500 cm™* has an obvious shoul-
der at 483 cm 1. Meanwhile, the weak band at 209 cm™ is relatively broader and may
constitute a superposition of an anion and a cation band.

The mixture of [2-Sea][TfO] with 7 wt% water exhibits fairly similar peak po-
sitions compared to the neat PIL. However, a complex change is apparent in the broad
band at around 500 cm™ and an upward shift of the medium peak at 728 cm™ to
735 cm™L. In the spectra of the saturated aqueous solution of taurine shown in Fig. 1, a
peak at about 735 cm ™ is also observed. According to the study by Ohno et al., this
peak is assigned to the v(SC) stretching mode of taurine [20].

3.2 DFT calculation of the Raman spectra

In order to support the evaluation of the spectroscopic data, DFT calculations were per-
formed using the software GAUSSUM [26]. The calculated Raman activities
(A% amu™) shown in Table 1 and Table 2 and in the supplementary material were con-
verted into Raman intensities for the experimental excitation wavelength of 785 nm and
a temperature of 25 °C. Fig. 2 depicts the relative Raman intensities of the [2-Sea]"
(9,9), (g,1), (t,9), and (t,t) conformers, each of which is superposed with the Raman
intensity of the [TfO]™ anion.

Conformations

The [TTO] anion has a Csy symmetry. There is an energy barrier impeding the rotation
of the CF3 and SOs groups, and therefore only the staggered conformation can be found.
According to the calculations, the free energy of the eclipsed conformation is in the
order of 12 kJ mol™* higher than the staggered conformation. The calculated values for
the bond lengths and angles are summarized in the supplementary material (see the
normal coordinates). The values deviate from the literature data reported for other ILs
with [TfO] ™ anions by only 0.5-2% [27].

The four probable [2-Sea]* cation conformers were analyzed by DFT, as shown
in Fig. 2. The free energy of both of the CC-gauche conformers [2-Sea]* (g,9) and [2-
Sea]* (g,t) is significantly lower compared to the open-chain CC-trans conformers [2-
Sea]” (t,t) and [2-Sea*] (t,g). According to the calculations, [2-Sea]* (g,9) is the most
stable conformer.

Vibrational analysis

Anharmonicity effects are neglected and polarization may not be sufficiently taken into
account in this DFT study. The former are the origin of an overestimation of the vibra-
tion frequencies in the high-frequency range above 1800 cm™, whereas the latter can
cause an underestimation of low vibration frequencies below 1800 cm™ [28,29].
Therefore, a scaling factor of 1.02 for both the anion and cation was introduced, which
results in the best match between the experimentally- and DFT-calculated Raman
spectra.

The calculated vibration frequencies and Raman activities of the [TfO] ™ anion are
compiled in Table 1. 18 vibration modes were obtained, corresponding to the number
of atoms of the [TfO] ™ anion. The assignments of the vibration modes shown in Table 1



was performed by only considering only the internal coordinates, whose energy contri-
butions distinctly predominate in the potential energy distribution (PED). Only energy
contributions of internal coordinates above 5% were considered. The assignments in
Table 1 are also in agreement with the results of Miles et al., Huang et al., Frech et al.,
Schwenzer et al. and Singh. et al. [22-25]. Only the assignment of the Raman band at
1188 cm™ is ambiguous. As is shown in Fig. 2, the most intensive peaks of [2-
Sea][TfO] are contributed by the [TfO] anion. A good match between the calculated
[TfO] vibration modes and the experimental Raman bands was obtained for a scaling
factor of 1.02, with deviations in the range of 5-10 cm™?, except for the Raman band at
319 cm™2, which was approximately 20 cm™ higher than the calculated frequency.

Among the four conformers of the [2-Sea]" cation, the calculated vibration spec-
trum of the [2-Sea]* (g,g) conformer presents the best agreement for the experimental
Raman spectra, as is shown in Fig. 2. The medium Raman band at 728 cm™ and the
broad and complex weak band at about 500 cm™ are characteristic of the cation. Table 2
shows the calculated vibration frequencies for the [2-Sea]™ (g,g) conformer. The calcu-
lated vibration frequencies for the other conformers can be found in the supplemental
material. According to the calculations, the 6(SO2) and 6(SO2) + §(NCC) deformations
mode of the (g,g) conformer can be found at 493 and 468 cm ™. The analogue vibration
modes for taurine, d5(SO3), and S(NCC) + 6s(SO3), were observed by Ohno et al. at 526
and 458 cm™ [20]. Therefore, the weak Raman band at 500 cm™ and its shoulder at
483 cmt in the experimental Raman spectra could most likely be assigned to a defor-
mation mode of the SOsH moiety.

The calculated frequencies of the v(SC) vibration mode for the ring-like CC-
gauche conformations were lower than that of the CC-trans conformations. The calcu-
lated v(SC) vibration was found at 727 cm™* for the (g,g) conformer and 716 cm™ for
the (g,t) conformer, whereas it occurred at 776 cm™ for the (t,t) and 761 cm™ for the
(t,0) conformer. In the experimental spectra of neat [2-Sea][TfO] shown in Fig. 2, a
medium peak can be observed at 728 cm™. This indicates that the ring-like CC-gauche
conformations of the [2-Sea]* cation are more prevalent in the ionic liquid [2-Sea][TfO]
than CC-trans conformations. It was reported by Ohno et al. that the CC-gauche con-
formation also prevails in an aqueous solution of taurine [20]. However, it is difficult
to determine whether the (g,g) or (g,t) conformers prevail in the [2-Sea][TfO]. The (g,9)
conformers better resemble the experimentally-observed broad and complex band at
500 cm?, and it also has the lowest free energy. In the case of the (g,t) conformer, only
one Raman band at 508 cm™* is present.

3.3 Protolytic equilibrium of [2-Sea][ TfO] and residual water

The protolysis reaction of the strong Brensted-acidic [2-Sea][TfO] and residual water
is investigated by varying the mass fractions of the ionic liquid wseaso, respectively of
water wy, o. Samples consist of [2-Sea][TfO] and aliquot amounts of water with mass
fractions from 0.4 wt% to 7 wt% (5.8 mol% to 53.5 mol%) water. Essentially, there is
only a protolytic equilibrium between the [2-Sea]* cation and water in the PIL-H20
binary system, as shown in the following equation:

NH3"(CH2)2SO3H + TfO™ + Ho.0 = NH3*(CH2)2S0s™ + H3O* + TfO™ (15)



The [TfO]  anion is not involved in any protolysis equilibrium with water due to its
very low basicity. [2-Sea][TfO]-H2O is regarded as a binary system.

The Raman spectra in the region between 680-870 cm ™! of neat [2-Sea][TfO] and
of mixtures consisting of [2-Sea][TfO] with water are depicted in Fig. 3(a). We assume
that the corresponding Raman band intensities of the [TfO]™ anion should not change
when adding only a small amount of water. Thus, the spectra were normalized with
respect to the intensity of the 8s(CFs) band located at 768 cm™, which is the most
intense band in the range of 500-1500 cm™. According to the considerations above, the
[2-Sea]” cation and taurine are most likely present in a CC-gauche conformation. The
v(SC) vibration modes of [2-Sea]" (g,g) appear at 728 cm™*, and of taurine (g) at
739 cmL. The protonation of the adjacent SO3~ group results in a shift of about 11 cm™
to lower wavenumbers. The two Raman bands partially overlap, resulting in a broad
peak with a distinct shoulder when increasing the water content. Using Voigt functions
for the peak deconvolution of the v(SC) vibration modes of [2-Sea]™ and taurine, as well
as of the 6s(CF3) bending mode of the anion results in very small Lorentz components
in comparison to the Gaussian components. Hence, the Raman spectra were fitted by
using only Gaussian peak functions to deconvolute the peaks in the spectral region bet-
ween 680-870 cm ™. As is depicted in Fig. 3(c), the peak position obtained from fitting
does not depend on the H>O content, i.e., the fit procedure is stable. This reveals that
the intensity of the deconvoluted peak at 728 cm™ decreases with the addition of water,
whereas the peak at 739 cm™ is increasing; see Fig. 3(b). This confirms the de-
protonation of the SOzH group of the [2-Sea*] cations with increasing H2O content, and
the presence of the conjugated base taurine in the equilibrium. The normalized integral
intensities can be utilized to monitor the protolysis.

The normalized integral intensity I72s of the band at 728 cm™ should be propor-
tional to the equilibrium concentration ¢+ of the [2-Sea]” cation. Meanwhile, the nor-
malized integral intensity l7s9 of the band at 739 cm™ should be proportional to the
equilibrium concentration cg of the conjugated base taurine. When neglecting again the
change in intensity when adding only small amounts of water, the protolysis parameter
a in Eq. (12) can be expressed by the ratio of the normalized integral intensities I72g at
a certain H20 content wy, o and for the neat PIL (wy,o = 0):

Cup+ _ Cseat _  I728(WH,0) (16)

a = = =
0 0 -
Cup+  Cseat  I728(WH,0=0)

The composition parameter & in Eq. (11), i.e. the ratio of the initial concentrations of
the cations cgea+ (= 2.a0) @nd water cono, can be calculated from the mass fraction of
water wy, o, according to Eq. (17). The precise value of wy, o in the samples can be
determined by Karl-Fischer titration.

0 0

£ = ‘Hp0 _ Msearfo ™Hz0 _ Msearfo WH20 (17)
0 0
Cseat Muy,0 Mgeqrso Mu,0 1-whyo

In Fig. 4, the spectroscopically-determined protolysis parameter a is plotted as a func-
tion of the composition parameter & Using Eq. 7. to fit the data, this yields a value of
0.23 £ 0.09 for K, (25 °C).



The error of K, of about £50% is appreciably high. The scattering of the data is
supposed to be caused by the limitations of spectroscopic measurements as well as by
the data analysis procedure. In particular, the intensity of the Raman band of the neat
sample was used for normalization, which increases the relative errors especially for
low water fractions. E.g., as the normalized integrated intensity of l72¢/l76s at a water
fraction of 1 wt% is slightly larger than that of neat sample in Fig.3 (b), this leads to an
outlier at £=0.15 in Fig. 4. A possible non-stoichiometry of the PIL had been checked
but found not to be a responsible reason for the errors. An acid or base excess is
determined to be only in the range of 1-2 mol% (details in Fig.S1). An acid excess of
e.g. 2 mol% would correspond to ~2 mol% of additional water necessary to deprotonate
the excess TfOH. In terms of the composition parameter &, this would produce an error
of 0.02 at maximum and thus is far beyond the detection limits. Moreover, concentra-
tions were used to describe the equilibrium constant. Possible variations of the activity
constants have not been taken into account and might lead to systemic derivations.

To our best knowledge, there is only one experimental measurement on the pKa
of protonated taurine, i.e., [2-Sea] * cations. In this study, the pKa value is estimated
from measurements in an aqueous solution by explicitly considering the levelling effect
of water. A pKa value of —0.33 was reported [11]. This corresponds to a Ka value of
2.1. A pKa acidity value is defined for an ideal diluted aqueous solution, i.e., for a
constant water activity ay,o of approximate unity. This may explain the fact that the
measured value for the PIL-H»O system in the case of only small amounts of water is
significantly lower, as it can be considered as a solution of water in a salt melt. The
activity of the water and the activity coefficients of the ionic species are far from unity,
which leads to the deviation of the equilibrium constant. However, the K value of [2-
Sea] " cation is found to be in the same order of magnitude as HzO™. This indicates that
the acidity/proton donor activity of the [2-Sea]™ cations is comparable to that of the
hydroxonium ions. The high acidity of the [2-Sea]" cation implies fast proton exchange
processes between the PIL cations and water molecules. An increasing share of coope-
rative proton transport was found in a previous study when increasing the water content
from 0.4 wt% to 5.7 wt%. (1:1 molar ratio PIL:H20) [8]. According to the measured
protolysis constant value, about 30% of the sulfoalkylammonium cations transfer their
proton to the water molecules. A high proton donor activity is beneficial for the ORR
at the electrode interface. This indicates that PILs with sulfoalkylammonium cations
are promising candidates to be used as electrolytes in future fuel cells operating above
100 °C.

4 Summary

By using Raman spectroscopy, the protolysis of a high Brgnsted acidic PIL [2-
Sea][TfO] was measured in highly concentrated systems, i.e., in the presence of an only
small amount of water with a concentration of up to 7 wt%. DFT calculations were
carried out to investigate the conformations of the [2-Sea] * cation and identify the peaks
of the Raman spectra. The four most probable conformers of the cation were conside-
red, depending on the rotational positions of the CC and SC bond. The best match of
the calculated spectra to the experimental was found for the CC-gauche conformations.
This suggests an annular conformation with an internal H-bond between the NH3* and
SOzH group.



A characteristic frequency shift of the v(SC) stretching vibration was observed with the
addition of water in [2-Sea][TfO]. The broad band could be deconvoluted into two
peaks at 728 cm tand 739 cm™. The intensity of the peak at 739 cm™, related to the
concentration of the neutral taurine was increasing with increasing water content. The
intensity of the peak at 728 cm™, which corresponds to the concentration of the proto-
nated cation [2-Sea] ¥, decreases with increasing water content in the PIL. For a quan-
titative analysis of the proton transfer, a protolysis equilibrium constant was calculated
by fitting the function of the protolysis parameter o and the initial composition para-
meter &. This yields a value of K, = 0.23 £ 0.09 for [2-Sea][TfO] (assuming constant
activities coefficients). The acidity is comparable to that of hydroxonium cations. For-
mer investigations have indicated that the presence of a strong proton donor is necessary
to avoid a high activation overvoltage due to a slow ORR kinetics. Thus, this PIL is a
promising non-aqueous electrolyte for future fuel cell application, due to its strong
proton donor abilities.
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Fig. 1. Raman spectra of: a) a diluted aqueous solution of

trifluoromethanesulfonic acid [TfO], neat [2-Sea*][TfO],

[2-Sea*][TfO] with 7 wt% of H20, and a diluted aqueous
solution of taurine [2-Sea].
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Table 1. Vibration modes of the [TfO], from the

DFT calculations on the B3LYP level with the
basis set 6-31+G(d,p) and the PCM model for

water as a solvent.

Table 2. Vibration modes of the [2-Sea*] from the
DFT calculations on the B3LYP level with the basis
set 6-31+G(d,p) and the PCM model for water as a

Wavenumbers R4 Vibration modes
/ecm™? /amu of [TfO']
71 0.00 7(0S-CF)
194 0.07 p(SO3) + p(CFs)
300 5.09 v(SC)
342 2.06
322 .05 P(CF3) + p(SOs)
511 0.31 6as(S03) +
513 0.31 8as(CF3)
571 2.35 8as(CF3) +
572 2.38 8.5(S03)
623 0.17 64(S03)
761 9.44 8¢(CF3)+ v(SC)
1034 28.82 v(SO3)
1124 1.77
1130 1.76 Vas(CFs)
1221 10.05 | vs(CF3) +Vv(SC)
1261 6.80 §:5(505)
1265 6.73

solvent.
Wavenumbers As Vibration modes
Jem™L Jamu of [2-Sea*] (g,g)
120 0.09 7(05-CC)
211 0.39 8(SCC) +1(SO2)
287 2.24 7(S0,) + 5(NCC)
308 0.76 8(C-S-OH) + T(SC-CN)
358 0.71 7(CS-OH)
T(SC-CN) + 8(NCC) +
388 1.88
5(SCC)
447 1.68 5(0-S-0OH) + 5(NCC)
468 431 5(S0,) + 5(NCC)
493 3.20 5(S05)
587 1.77 w(SO2)+ 8(SCC)
727 14.85 v(SC) + v(S-OH)
837 1.59
T(NH3) + v(S-OH)
847 2.04
866 6.81 v(NC) + v(5-OH)
969 1.79 | v(CC) + V(NC) + p (CoH,)
1001 0.63 p (CBH,) + p (CeH,)
1074 1.49 v(CC) + v(NC)
1145 118 5(S-0-H) +T(CHy) +
T(NH3)
1154 9.45 8(S-0-H) + v(S0)
1189 16.53 vs(S0,) + 6(5-0-H)
1276 3.17 T(CoH,) + p(NH;)
1311 2.07 @(CHz) + p(NH3) +
v(SO)
1384 4.79 Vas(SO3)
1426 0.76 p(NH3) + T(CPH,)
1479 3.00 8(Co-CB-H) + p(NH)
1497 4.63 5(CH,)
1573 4.51 5(CBH,)
1736 1.63 w(CBH,)
1760 1.60
1942 430 Bs(NHs)
1956 4.49 825(NH3)
3145 99.45 v(CoH,)
3200 68.81
3207 To0g0 | Vi) va(CoH)
3260 35.00 Vas(CPHy)
3412 63.07 V(NH)
3554 62.23 Vs(NH,)
3590 30.45 Vas(NH,)
3788 76.54 Vv(OH)
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Fig. 3. (a) Raman spectra of [2-Sea*][TfO"] with different amounts of water in the range between 680
and 860 cm™. The experimental curves indicated in black and the fittings in green. The blue, red and
gray lines represent the deconvoluted Gaussian function components; (b) normalized integral Raman
intensities of the v(CS) vibration modes as a function of the water content; and (c) peak positions of

850 Wy - 100%

vibrations as a function of the water content.
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