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1 Introduction

Ionic liquids (ILs) are solvents that consist entirely of ions.*™*
They are receiving a lot of attention due to their unique prop-
erties, such as low volatility, high (electro)chemical stability,
intrinsic electrical conductivity, thermal stability and their
highly tuneable properties. Research on gas solubility in ionic
liquids is mainly focussed on CO, due to the high solubility of
this gas.>” Less data are available on the solubility of other
gases such as CO, N,, H, and O, in ionic liquids, because the
dissolved gas concentrations are considerably lower. However,
this does not mean that such data would be less important.
Recently, the dissolution of oxygen in ionic liquids is gaining
a lot of interest, thanks to its application in (electro)catalysis
and energy storage technologies.®® In oxidative catalysis, dis-
solved oxygen is used as oxidant for the oxidation of various
reagents, such as alcohols, olefins, nitrotoluene and
cysteine.'* For the latter reaction, Shan et al. observed that the
performance of the catalyst was directly proportional to the
solubility of oxygen and that a higher oxygen concentration
resulted in higher yields. Ionic liquids with dissolved oxygen
have also been used in metal-free catalytic systems for the
depolymerization of lignin model compounds and lignin,*** or
as solvent for transition-metal catalyzed oxidation of lignin
model compounds.*
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anion. This approach maintains the freedom to design an ionic liquid for a specific application, while at
the same time the oxygen solubility is increased.

In the field of energy storage, more specifically for fuel cells
and metal-air batteries, there is a lot of interest in the use of
ionic liquids as electrolytes. For fuel cells, a high oxygen solu-
bility in ionic liquids is crucial when they are use in (nano)
composite electrodes, where it improves the catalytic four-
electron oxygen reduction reaction which is necessary for fuel-
cell commercialization.>*>° On the other hand, rechargeable
metal-air batteries use oxygen from the atmosphere as active
cathode material and thus present a higher energy density than
the conventional lithium-ion battery, which is based on inter-
calation of ions (Li") into a metal oxide host. The mechanism of
metal-air batteries with non-aqueous electrolytes is based on
a different principle and starts by the reduction of oxygen to the
superoxide radical O,"". Subsequently this radical reacts,
ideally with the metal ions in solution. Due to the high reactivity
of these radicals, special attention has to be paid to the devel-
opment of appropriate electrolytes that can withstand their
attack. Several molecular solvents have been investigated as
electrolyte for metal-air batteries, e.g. ethylene carbonate,
propylene carbonate, 1,2-dimethoxyethane, diethylene glycol
diethyl ether, tetraethylene glycol dimethyl ether, dime-
thylsulfoxide and acetonitrile.**** Unfortunately all these
solvents have issues such high volatility, flammability, a limited
stability in the presence of superoxide radicals or singlet O,,*
and a low oxygen solubility. Therefore, ionic liquids are being
investigated as alternative electrolytes for metal-air
batteries.**™*

For biological applications, such as artificial blood, per-
fluorinated carbons (PFCs) are typically used to increase the
oxygen solubility in the solution.**-** The beneficial effect of PFC
additives on the performance of metal-air batteries has already
been reported in the literature.’** Nevertheless, the limited
miscibility of PFCs in organic solvents remains an issue. One
proposed strategy is to make a dispersion of the liquid
medium.> However, this approach does not meet the long-term
stability requirement of the two-phase liquid/liquid dispersion.
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Another type of organic solvents with a high fluorine content
besides the perfluorinated hydrocarbons are some type of ionic
liquids (ILs). Typically, fluorine is introduced in the ionic liquid
via the anion. Examples include tetrafluoroborate, hexa-
fluorophosphate and bis(trifluoromethylsulfonyl)imide anions.
Much less examples are known of ionic liquids with fluorinated
alkyl chains in the cation.”*** An alternative approach is via
perfluorinated alkyl chains in the anion.®** However, this
approach leads in general to ionic liquids with higher melting
points.

In this paper, ionic liquids were functionalized with fluori-
nated alkyl chains in the cation or anion, making them an
inherent part of the electrolyte and not an additive. After the
characterization of the physical properties of these fluorinated
ionic liquids such as their density, viscosity and thermal
stability, electrochemical experiments were conducted to
determine the oxygen solubility in those fluorinated ionic
liquids, which was shown to be increased with fluorinated chain
length.

2 Experimental

The detailed synthesis and characterization of precursor mole-
cules and ionic liquids is described in the ESL{ The ionic
liquids were characterized by NMR (‘*H, '*C, '°F), FTIR-ATR,
CHN elemental analysis and TGA. In addition, the water
content, the viscosity and density of the ionic liquids were
measured. All ionic liquids were dried on a vacuum line at 70 °C
for 72 hours and subsequently stored in an argon-filled glove
box with oxygen and water concentrations below 1 ppm. The
water content in the ionic liquids was determined by Karl
Fischer coulometry (Mettler-Toledo model DL39) and was
always below 20 ppm. Viscosity (dynamic and kinematic) and
density of the ionic liquids were measured by an Anton Paar
Lovis 2000 M/ME, DMA 4500 M rolling-ball viscometer at 25 °C.
Thermogravimetric analysis was performed by using a SDT
Q600 (TA Instruments) under a constant argon flow. First the
mass was monitored for 60 min at 25 °C to evaluate the volatility
at room temperature. Subsequently the temperature was
increased to 450 °C at a heating rate of 5 °C min ™", to evaluate
the volatility and thermal stability at higher temperatures. All
electrochemical experiments were performed using a three-
electrode set up. The electrochemical cell was filled and
closed inside the glove box, followed by gas bubbling outside
the glove box. Oxygen gas (=99.9995%, Air Liquide, ALPHAGAZ
2) was used for the oxygen dissolution measurements in the
ionic liquids. The gas was bubbled through the ionic liquid via
a glass tube with a P2 glass filter for 30 minutes. The bubbler
was connected to the gas bottle using silicone tubing. To avoid
water contamination during bubbling, an extra drying tower
(Sigma-Aldrich) was used, filled with activated molecular sieves
3 A (beads, 4-8 mesh, Sigma-Aldrich) and placed in between the
gas bottle and the electrochemical cell. The molecular sieves
were activated overnight at a temperature of 250 °C under a flow
of argon. All glassware used for the experiments was dried
overnight in an oven at 120 °C and transferred into the glove box
while still hot. All electrochemical measurements were
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performed using an Autolab 302N bipotentiostat controlled by
NOVA 1.11.1 software. Two different working electrodes were
used: (1) a gold disk macroelectrode (¢ = 0.6 mm) or (2) a gold
ultramicroelectrode (¢ = 25 pm, CH Instruments Inc.). The real
reference electrode was a silver wire (=99.98%, Chempur) in
a glass tube filled with a dry acetonitrile solution of 0.01 M silver
nitrate and 0.1 M tetrabutylammonium perchlorate, which was
separated from the electrolyte by a glass frit. The reference tube
was assembled at least 30 minutes prior to the electrochemical
measurement. A platinum coil was used as counter electrode.
The electrochemical cell was placed in an oil bath at 25.0 +
0.2 °C.

3 Results and discussion
3.1 Synthesis and characterization

The perfluorinated cations were based on a piperidinium or
pyrrolidinium heterocycle or a quaternary ammonium. The
perfluorinated anions were based on a carboxylate ion (Fig. 1).
For the synthesis of the perfluorinated cations, a general
synthetic procedure was followed: (1) synthesis of the fluori-
nated amino ether, (2) synthesis of the iodide salt and (3)
preparation of the final bis(trifluoromethylsulfonyl)imide
(Tf,N7) ionic liquid by a metathesis reaction with LiTf,N. The
first step was based on a modified procedure described by Kim
et al.*

The physical properties of the fluorinated ionic liquids are
reported in Table 1. It is evident that the density and viscosity of
the ionic liquids increased with the fluorine content of the alkyl
chain. All six ionic liquids with a fluorinated chain attached to
the cation (1a, 1b, 2a, 2b, 3a, 3b) were liquid at room temper-
ature and the dissolved oxygen concentration could be
measured as such in the pure ionic liquid. The two ionic liquids
4a and 4b with the fluorinated chain attached to the anion, were
solid at room temperature and had to be mixed with N-butyl-N-
methylpyrrolidinium bis(trifluoromethylsulfonyl)imide ([BMP]
[Tf,N]) in a 1 : 1 mass ratio. The resulting ionic liquid mixture
was liquid around room temperature and could be used for the
electrochemical measurements.

3.2 Dissolved oxygen concentration

The dissolved oxygen concentration was obtained via electro-
chemical measurements and was calculated by combining the
Cottrell equation (eqn (1), Fig. 2) on a macroelectrode and the
steady-state current on an ultramicroelectrode described by eqn
(2) (Fig. 3), for the reduction of oxygen: O, +e~ = O, . Detailed
experimental conditions can be found in the ESL{

I’lFAl)ozl/zC()z 1
cl/241/2 ( )

i) =
iss = 4nFco Do r (2)

Combining these equations gave values for the dissolved
oxygen concentration co, and oxygen diffusion coefficient Do,
(Table 2). In Fig. 4, an increase of the oxygen concentration with
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Fig.1 Structures of the fluorinated ionic liquids studied in this work, 1a,
b: piperidinium-based ionic liquids with the fluorinated chain attached
to the cation. 2a, b: pyrrolidinium-based ionic liquids with the fluori-
nated chain attached to the cation. 3a, b: quaternary ammonium-based
ionic liquids with the fluorinated chain attached to the cation. 4a, b:
carboxylate-based ionic liquids with the fluorinated chain attached to
the anion. [BMPipl[Tf,N]: N-butyl-N-methylpiperidinium bis(trifluoro-
methylsulfonyllimide,  [BMP][Tf,N]:  N-butyl-N-methylpyrrolidinium
bis(trifluoromethylsulfonyl)imide,  [DEME][Tf,N]:  N,N-diethyl-N-(2-
methoxyethyl)-N-methylammonium bis(trifluoromethylsulfonyl)imide.

the fluorine content of the alkyl chain is observed. Compared
to the non-fluorinated ionic liquids oxygen solubility
increases for the piperidinium cations 2.5 and 4.1 times, for
the pyrrolidinium cations 3.9 and 5.1 times and for the
quaternary ammonium cations 3.1 and 5.8 times when
respectively a trifluoroethoxy and an octafluoropentoxy chain
is attached to the cation. The highest oxygen concentration of
34.0 mol m~* was measured for IL 2b. The oxygen solubility
increases from 9.6 mol m ™ to 19.5 mol m > upon increasing
the fluorinated chain length on the carboxylate-based anion,
from hexafluorobutanoate to heptadecafluorononanoate,
respectively. The results are summarized in Table 2 and in the
ESLY

3.3 Oxygen supply capacity for metal-air batteries

Since ionic liquids are in general more viscous than molecular
solvents and even more so upon increasing the fluorinated
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Table 1 Physical properties of the fluorinated ionic liquids used in this
work measured at 25 °C

Density Dynamic viscosity =~ Decomposition
Ionic liquid (kgm™)  (mPas) temperature® (°C)
[BMPip][Tf,N] 1379 166 385
la 1501 228 327
1b 1583 587 341
[BMP][T£,N] 1395 82 357
2a 1530 116 329
2b 1609 320 337
[DEME][Tf,N] 1407 77 325
3a 1481 144 329
3b 1566 446 302
4a*? 1295 178 137
4b“ 1442 185 141

“ Tonic liquids 4a, b were solid at room temperature and were mixed
with [BMP][Tf,N] in a 1:1 mass ratio. ° Measured at 35 °C. °
Dynamic TGA, heating rate 5 °C min '. The decomposition
temperature is determined as the temperature where 1% of the initial
mass of the ionic liquid is decomposed.
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Fig. 2 Linear fit for the determination of the slope the Cottrell equa-
tion (egn (1)). A potentiostatic signal of —1.65 V vs. Ag*/Ag was applied,
using IL 2a as electrolyte, a gold macroelectrode (¢ = 0.6 mm) and
a platinum counter electrode at room temperature.

chain length, there is a tradeoff between the length of the
fluorinated chain to increase the oxygen solubility on one hand
and keeping viscosity as low as possible on the other hand. This
is also reflected in the decrease of the diffusion coefficient of
oxygen with an increasing viscosity and fluorinated chain
length (Table 2). Especially for heterogeneous reactions, this is
an important parameter to consider. For example, in metal-air
batteries the current at the electrode interface is proportional to
0,1/Do,- This value can be seen as the oxygen supply capacity in
a stagnant solution and therefore it is a more appropriate
parameter to compare the various ionic liquids as electrolytes
for metal-air batteries.®” In Fig. 5 it can be seen that for the
perfluorinated cations, IL 2a and 3b perform the best with an
oxygen supply capacity that is 1.6 and 1.4 times higher than that
of a commercial ionic liquid [BMP][Tf,N] and [DEME][Tf,N],
respectively. Note that the oxygen concentration is a more

RSC Adv., 2018, 8, 4525-4530 | 4527
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Fig. 3 Steady state current on the ultramicroelectrode i equation
(egn (2)). A potentiostatic signal of —1.65 V vs. Ag*/Ag was applied,
using IL 2a as electrolyte, a gold ultramicroelectrode (¢ = 25 um) as
working electrode and a platinum counter electrode at room

temperature.

Table 2 Dissolved oxygen concentration (co,). oxygen diffusion

coefficient (Do,) measured at 25 °C

Ionic liquid

¢o, (mol m~?)

Do, (107" m* s7")

[BMPip][T£,N] 6.3 2.2
1a 16.0 0.8
1b 26.1 0.2
[BMP][Tf,N] 6.7 5.0
2a 26.0 0.8
2b 34.0 0.3
[DEME][Tf,N] 5.1 4.8
3a 16.0 0.7
3b 29.5 0.2
4a%? 9.6 1.2
ab° 19.5 1.0

“ Ionic liquids 4a, b were solid at room temperature and were mixed
with [BMP][Tf,N] in a 1 : 1 mass ratio. * Measured at 35 °C.

important factor than the oxygen diffusion coefficient for the
oxygen supply capacity. For IL 4a and 4b it can be seen that
mixing the fluorinated ionic liquids with [BMP][Tf,N] results in
a comparable viscosity and thus a comparable oxygen diffusion
coefficient. Doubling the oxygen solubility by increasing the
fluorinated chain length, results thus in an oxygen supply
capacity that is twice as high. For flow-type systems or homo-
geneous catalysis, the contribution of the diffusion coefficient
becomes even less pronounced for the supply of oxygen. Due to
the limited diffusion path length, a high dissolved oxygen
concentration will be more important and result in higher
reaction rates.

3.4 Stability of the ionic liquids

An extra advantage of using fluorinated ionic liquids is their
hydrophobicity and low volatility. Therefore, these ionic liquids
can be used as solvents in open or half open systems, and even
in flow gas systems. The volatility was assessed using
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Fig. 4 Influence of fluorine chain length on the dissolved oxygen
concentration.
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Fig. 5 Oxygen supply capacity of different ionic liquids for the
heterogenous oxygen reduction reaction, where the current
I ~ ¢o,+/Do,. ®lonic liquids 4a, b were solid at room temperature and
were mixed with [BMP][Tf,N] in a 1 : 1 mass ratio. °"Measured at 35 °C.

thermogravimetric analysis. The mass of the ionic liquids was
monitored for 1 hour at 25 °C and subsequently, the tempera-
ture was increased until the ionic liquid started to decompose.
For none of the ionic liquids a mass decrease was observed
before the decomposition temperature (Fig. S4-S77). This is
a clear indication that the ionic liquids are non-volatile, not only
at room temperature, but also at elevated temperatures. For all
ionic liquids with the fluorinated chain attached to the cation,
the decomposition temperature was higher than 300 °C. Ionic
liquids with a fluorinated carboxylate-anion decomposed at
lower temperatures starting at 137 °C for IL 4a and 141 °C for IL
4b (Table 1). The stability of the ionic liquids against attack of
the superoxide radical was assessed by cyclic voltammetry. This
is important for applications where dissolved oxygen is reduced
to its radical, e.g. metal-air batteries. Although the time
required to measure a cyclic voltammogram is relatively short, it
provides an insight in the stability and complexation of the
superoxide radical in the ionic liquid. All ionic liquids showed

This journal is © The Royal Society of Chemistry 2018
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a reversible oxygen reduction reaction and oxygen evolution
reaction at a slow scan rate of 10 mV s~ " during a cyclic vol-
tammogram (Fig. S8-S117).

4 Conclusions

In conclusion, various fluorinated ionic liquids were synthe-
sized to improve the oxygen solubility. Both cations and anions
were fluorinated and this resulted in an increase in oxygen
solubility. Concentrations up to 34 mM were measured. This is
more than five times the concentration of dissolved oxygen in
the commercial ionic liquid without a fluorinated alkyl chain.
The dissolved oxygen concentration was determined via elec-
trochemical measurements on a and ultra-
microelectrode. The stability, low vapor pressure and
hydrophobic character of the ionic liquids make them suitable
for use in open, half-open or flow systems. Since fluorination of
both the cation and anion results in a higher oxygen solubility,
there is a freedom to operate and thus, depending on the
application, the cation or anion can be used to increase the
dissolved oxygen concentrations in the ionic liquid.
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