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Abstract

Electro-synthesis of ammonia, especially at ambient temperature and pressure, could provide a
facile and efficient renewable energy transportation and storage process. However, the nitrogen
reduction reaction (NRR) often exhibits low Faradaic efficiencies due to (i) the low solubility of
nitrogen gas (N2) in water and (ii) the hydrogen evolution reaction that is prominent in the same
range of potentials in aqueous systems. Ionic liquids (ILs) have been shown to overcome these
issues to some extent. In this work, we describe the synthesis and characterization of a family of
phosphonium-based ILs with highly fluorinated anions, which are shown to display high N2
solubilities. Their thermal properties were examined, with perfluorosulfonate-based ILs showing
high decomposition temperatures in comparison to a low, two-step decomposition process found
with perfluorocarboxylate-based ILs. Their transport properties, including viscosity and ionic
conductivity, were fitted to the VTF (Vogel-Tammann-Fulcher) equation over a wide temperature
range, and the VTF parameters are described. The electrochemical window for all of the
synthesized ILs extend past the reduction potentials required for N2 reduction. Thus, these high N2
solubility ILs show scope as non-aqueous electrolytes for the electrochemical NRR.
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Introduction
Ammonia is of growing interest as a carbon-free fuel for transporting (and storing) renewable
energy and as means of alleviating the intermittency of renewable energy supply. At present,
ammonia is produced using fossil fuels by the industrial Haber-Bosch process, generating intense
energy requirements and CO2 emissions.1 An attractive alternative that is based on renewable
energy involves the electrochemical reduction of N2 to ammonia, especially if it can take place
efficiently under ambient conditions.2-7 However, recent reports of the electrochemical nitrogen
reduction reaction (NRR) require significant improvements in Faradaic efficiency (FE), in order
to be a scalable industrial process. The low FE stems from the highly competitive water or proton
reduction to hydrogen gas reaction which is considerably more facile on most electrode materials
and occurs in a similar reduction potential range to that of nitrogen reduction. Part of the reason
for this stems from the intrinsically low N2 solubility in water and many other solvents.8 By moving
away from aqueous media and exploring ILs that offer unusually high N2 solubility,9 N2 availability
to the reaction can be enhanced while at the same time suppressing the hydrogen evolution
reaction. On this basis, we have recently reported FE values for N2 reduction of up to 60%, using
a stable hydrophobic IL [P66614][eFAP].10
ILs, as electrolyte media, have other advantageous properties in this context including their nonvolatility which would allow facile separation of products from the electrolyte, as well as their
chemical and electrochemical stability.11 Mixtures of ILs with aprotic solvents have also been
shown to be viable in NRR.12 Furthermore, the N2 solubility and hydrophobicity of these ILs can
be tailored to enhance the efficiency of the electrochemical NRR. One approach to IL design to
further enhance N2 solubility is functionalization of one or both of the ions. Gomes et al.13 have
observed up to a 50% increase in N2 solubility by partial fluorination of the octyl-imidazolium
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cation compared to the non-fluorinated analogue. On the other hand, Noble et al.14 examined the
influence of nitrile functionality on the imidazolium cation and found that the N2 solubility
decreased by approximately 36% and attributed this effect to the polar nature of the nitrile group.
Gomes et al.13 also explored the influence of the anion and showed a 30% increase in N2 solubility
from [C8mim][NTf2] ([NTf2] is the bis(trifluoromethanesulfonyl)imide ion) to [C8mim][BETI]
([BETI]= bis(pentafluoroethanesulfonyl)imide)13. Other ILs with low fluorine content were
generally found to display lower N2 solubilities,14-21 so it may appear that higher fluorine content
leads to high N2 solubility.
Fluorinated ILs have been investigated for a number of applications such as lubricants,
surfactants, artificial blood substitutes and biomedical applications; a useful review has been
provided by Pereiro and co-workers.22 A number of fluorinated ILs have been described23-29
although some tend to form solids upon a large degree of fluorination. However N2 solubility
studies of these highly fluorinated ILs are relatively limited, and the underlying physico-chemical
relationships need to be investigated further.13, 30
Triolo and co-workers31 have identified the appearance of “fluorous domains” in some
fluorinated ILs. Given the known high N2 solubility in fluorous solvents such as perfluoroheptane
and perfluorotributylamine, we hypothesize that such domains may support high N2 solubility in
such ILs. In this work, we explore a range of novel fluorinated ILs with various fluoroalkyl
moieties to investigate the effect of these moieties on N2 solubility. Herein we describe the
synthesis and characterization of a series of phosphonium-based ILs with fluorinated anions and
examine their solubility and transport properties. Initial investigation of electrochemical stability
indicates their applicability in the electrochemical NRR.
Experimental
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Materials: The chemical structures and abbreviations of ILs investigated in this work are shown
in Figure 1. Potassium nonafluorobutane-sulfonate (98%, Fluka), potassium tridecafluorohexanesulfonate (>98%, Sigma-Aldrich), potassium heptadecafluorooctane-sulfonate (>98%, SigmaAldrich), nonafluoropentanoic acid (97%, Sigma-Aldrich), heptadecafluorononanoic acid (97%,
Sigma-Aldrich), tributylphosphine (99%, Sigma-Aldrich), tributyl(octyl)phosphonium chloride
(>98%, CYPHOS), trifluoroethanol (>99%, Sigma-Aldrich), N-butyl-N-methyl-pyrrolidinium
bromide (99%, Sigma-Aldrich), tributylamine (99%, Sigma-Aldrich), 3,3,4,4,5,5,6,6,7,7,8,8,8tridecafluorooctyl

iodide

heptadecafluoroundecyl

(>96%,
iodide

Sigma-Aldrich),
(>97%,

4,4,5,5,6,6,7,7,8,8,9,9,10,10,11,11,11-

Synquest),

1-butyl-1-methylpyrrolidinium

tris(pentafluoroethyl)trifluorophosphate (99%, [C4mpyr][eFAP], Merck) were used without
further purification. Nitrogen gas (99%, Alphagaz) was supplied by Air Liquide.
Trihexyltetradecylphosphonium chloride (>95%, [P66614][Cl], CYPHOS) was purified with
activated charcoal and alumina (basic, Sigma-Aldrich), using dichloromethane as an eluent
according to a published procedure.32
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Figure 1. The IL structures and acronyms used in this study
Synthesis: A series of phosphonium-based ILs paired with highly fluorinated anions were
synthesized via metathesis reactions in water and dichloromethane.11 Potassium salts of the desired
anion were added with water and dichloromethane, and after several extractions, affords the
desired IL. The acid precursors of fluorinated anions were added in the same manner and extracted
until a neutral pH was obtained in the water wash. In both procedures, the organic layer was
washed with water until the silver nitrate test produced no precipitation, indicating a halide of
content <5 ppm. Further details and characterization are included in Supporting Information.
Characterization: Proton (1H), fluorine (19F) and phosphorus (31P) NMR was conducted using
a Bruker DRX400 spectrometer operating at 400 MHz, 376 MHz, 162 MHz respectively.
Electrospray ionization mass spectrometry was recorded using a Micromass Platform II QMS
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instrument (cone voltage 35 V), with methanol as the solvent. Density measurements were carried
out using an Anton Paar DMA 5000 Density Meter that utilizes the “oscillating U-tube principle”.
Viscosity measurements were undertaken on an Anton Paar Lovis 2000M micro-viscometer via
the falling ball technique. A Hewlett Packard 4284 LCR meter was used to measure conductivity
by using AC impedance spectroscopy over a range of 0.1 Hz to 10 MHz with a 2-electrode
platinum wire dip cell, calibrated using a 0.01 mol L-1 aq. KCl solution. By taking the data point
closest to the x-axis on the impedance plot, the resistance was then used to calculate the
conductivity.
Thermogravimetric analysis (TGA) was performed using a Mettler Toledo TGA/DSC 1 STARe
System over a range of 25 – 550 °C under N2 (30 mL/min), at a heating rate of 10 °C/min.
Thermogravimetric-infrared (TG-IR) spectroscopy experiments were conducted using a PerkinElmer STA8000 and FT-IR Frontier spectrometer instruments at a heating rate of 10 °C/min.
Differential scanning calorimetry (DSC) was performed on a DSC Q 100 instrument at 10 °C/min.
Water content was measured using a Metrohm 831 KF coulometer.
The electrochemical windows of the ILs, as determined by the onset potentials, were measured
using a Princeton Applied Research VMP2 instrument, and the data was analyzed with EC-Lab
software (Bio-Logic Science Instruments). Cyclic voltammetry was performed using a threeelectrode cell setup: a glassy carbon disk with 1 mm diameter as the working electrode, coiled
platinum (Pt) wire as the counter electrode, and a mixture of silver trifluoromethanesulfonate (10
mM) dissolved in [C4mpyr][eFAP] was used for the reference electrode.
Diffusion NMR Measurements: The self-diffusion coefficients of ILs were measured using a
pulsed-gradient stimulated echo (PGSTE) pulse sequence. These experiments were performed
using a Bruker DRX600 spectrometer for 1H nuclei exclusive to the cation, and a Bruker DRX400
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spectrometer was used for 19F nuclei contained on the anion. DMSO-d6 was used as the external
solvent reference, surrounding the inner sample tube to minimize any convection effects. The
diffusion coefficient was calculated by fitting data to the Stejskal-Tanner equation:33
Ln(!
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where S is the spin-echo signal intensity, γ is the gyromagnetic ratio of the nucleus being
observed, g is the strength of the gradient, D is the self-diffusion coefficient, δ is the duration of
the field gradient, and Δ is the time between two gradient pulses.
The self-diffusion coefficient of Milli-Q water was measured to be 2.3 x 10-9 m2 s-1 at 25 °C,
within 1% of literature.34 The uncertainty of self-diffusion coefficient measurements is ± 5%
N2 Solubility Measurements: N2 solubility was measured using a dual-volume apparatus based
on the isochoric saturation method, similar to that used by other groups.18, 35-36 In this method, a
ballast chamber was used to deliver a known amount of N2 to the equilibrium chamber containing
the degassed liquid sample. Once pressure equilibrium was established between the sample and its
headspace, the solubility of N2 can be determined as described below:
Our pressure apparatus, constructed in stainless steel, consists of a ballast chamber (Bc),
equilibrium chamber (Ec) and bellow-sealed valves (V1, V2) to control the flow of gas between
chambers (see Figure S1 in the Supporting Information). The pressure in each chamber, that
determines the number of moles of N2, was recorded by Super-TJE pressure transducers
(Honeywell Test & Measurement, 0.05% accuracy). The transducers connect to a digital meter
and subsequently connect to the computer where pressure data was processed using Sensocom
software.
The internal volume of the Bc and the Ec were measured to be 7.29 ± 0.02 cm3 and 15.38 ± 0.02
cm3, respectively. These volumes were obtained by filling and weighing each chamber with
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methanol (at constant temperature) and using the density to calculate volume; furthermore, these
volumes were cross-checked via pressure expansion tests with (and without) non-absorbing
stainless-steel balls of known volume. The temperature of the dual-volume apparatus was
maintained within a water bath ± 0.04 °C and monitored using a RTD Pt100 probe ± 0.03 °C.
Stirring was maintained throughout each experiment to enhance the mass transport of gas into the
liquid sample. ILs were degassed by directly applying vacuum (0.5 mbar) overnight to the sample
whilst stirring.
A typical experiment consisted of adding a known volume of sample, between 4-9 cm3, to the
Ec which was degassed overnight. The Ec was isolated by closing valve 2 (refer to Figure S1 in
the Supporting Information). Then, valve 1 was opened to allow a desired amount of N2 into the
Bc. After valve 1 was closed and thermal equilibrium was established, the number of moles of N2
(initial) in Bc was calculated from pressure P1 (using transducer 1). After opening and immediately
closing valve 2, the number of moles of N2 (after) was calculated from pressure P2 (using transducer
1). The number of moles of N2 admitted to the Ec can then be determined from equation 2, using
the second virial coefficient to account for non-ideality.37
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Where, VBc is the volume of Bc, R is the universal gas constant, T is the temperature, and Z is
the compressibility factor at a given temperature and pressure.
Once equilibrium with the liquid sample was attained, the number of moles of N2 in the
headspace of the Ec can be determined from pressure P3 (using transducer 2) using equation 3.
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The difference between the number of moles that entered the Ec, and the number of moles of N2
in the headspace allows calculation of the solubility of N2 in the sample (equation 4).
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The solubility of N2 in IL at the obtained equilibrium pressure can then be expressed as a molar
concentration value 𝐶#$ (calculated via the known density), mole fraction χ2 value, the Henry’s
law constant KH, or as the molal concentration value 𝑏#$ . See Table S1 and Table S2 in the
Supporting Information for further information.

Results and Discussion:
Thermal Properties: The thermal properties of the synthesized fluorinated ILs are shown in
Table 1. In order to enhance the N2 solubility a range of highly fluorinated anions are chosen on
the basis of the hypothesis that –CF2– functionality supports N2 dissolution.13 These anions are
paired with large tetraalkylphosphonium cations to maintain liquid state since a high degree of
fluorination on both the cation and anion tend to form solids at room temperature.22 As a result,
most of these salts are liquid at room temperature with the exception of some waxy solids and
some high-melting [C4mpyr]+-based solids. The glass transition temperature of the ILs varies
depending on their anion, where tris(pentafluoroethyl)trifluorophosphate ([eFAP]-)-based ILs tend
to show slightly lower Tg values. This suggests that a smaller amount of energy is required for
diffusion and rotation of the [eFAP]- anion at lower temperatures; this may also reflect a lower
total cohesive energy within these ILs due to charge delocalization within the [eFAP]- anion.38 ILs
that contain long perfluorosulfonate anions, such as [P66614][C6F13SO3] and [P66614][C8F17SO3], show
an additional DSC transition below melting that is often associated with solid-solid transitions.
Interestingly, such solid-solid transitions were not observed with long perfluorocarboxylate
anions. This difference may be attributed to the increase in conformation flexibility with
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perfluorosulfonate anions, not only from extending the linear perfluoroalkyl chain, but changing
from a carboxylate group to a sulfonate group (i.e., trigonal planar compared to tetrahedral
geometry).39 Comparing the cations, changing the alkyl chain length on the phosphonium cation
from [P66614][eFAP] to [P4448][eFAP] does not appear to change the Tg significantly. On the other
hand, [P444(8f)][eFAP] displays a more positive Tg by ~10 °C than [P4448][eFAP], which shows the
effect of a more rigid fluoroalkyl chain compared to a simple alkyl chain.

Table 1. Thermal properties of fluorinated ILs investigated in this study
T
Fluorinated IL

Tg
/°C

[P4448][eFAP]
[P444(8f)][eFAP]
[P66614][eFAP]40

-82
-72
-85

[P66614][C4F9SO3]41
[P66614][C6F13SO3]
[P66614][C8F17SO3]42

-78
-74
-61

[P66614][C4F9CO2]43
[P66614][C8F17CO2]
[C4mpyr][C8F17SO3]44

-80
-71
-68

[C4mpyr][B(oTFE)4]
[P66614][B(oTFE)4]

Tss
/°C

-61
-32

m

Tdec
/
/°C
°
C
299
257
- 353
7
1
416
410
- 415
1
9
151
154
1 397
0
2
1 204
1
9
1 200
5
a

[N44411f][C4F9SO3]

-22

6 314
5
a
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,
b
a

forms a waxy solid upon cooling to room temperature

b
c

did not crystallize after initial melt

references therein indicate prior synthesis

The decomposition temperature as determined by TGA experiments on the phosphonium-based
ILs is usually highly dependent on the IL anion. The perfluorosulfonate-based ILs show high
thermal stabilities, up to 416 °C, with no apparent effect in increasing perfluoroalkyl chain length.
On the other hand, the perfluorocarboxylate-based ILs show relatively low thermal stabilities with
a two-step decomposition process that begins at ~150 °C. Further investigation using TG-IR
spectroscopy shows decomposition of the perfluorocarboxylate anion in the first step, evident from
the CO2 and C-F signals at 2400 cm-1 and 1200 cm-1 respectively (Figure S2). The second
decomposition step shows C-H peaks found at ~2900 cm-1, consistent with the breakdown of the
phosphonium cation. Typically, phosphonium-based ILs with non-fluorinated carboxylate anions
show a single decomposition step from 250 °C onwards.45 It is interesting to note that
perfluorosulfonate anions, although similar to perfluorocarboxylate anions, exhibit a single
decomposition step above 400 °C, which highlights the differing reactivity of the -SO3- and -CO2functionalities of the anion.

N2 Solubility:
Data Validation: It is critical to benchmark the solubility data for N2 due to its intrinsic low
solubility;39 this makes N2 solubility difficult to measure accurately compared to other gases.14-15,
21, 46

For example, Gomes et al.9 and Blath et al.19 have both measured the solubility of CO2 and N2

in [P66614][eFAP] at 60 °C, where it was found that the obtained Henry’s law constants of CO2 are
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in much closer agreement between the two laboratories than comparable data for N2. Therefore,
we compared data from our apparatus to literature data for a range of different solvents including
hexane, perfluoroheptane, perfluorotributylamine, and ILs [C4mim][BF4] and [C4mim][NTf2] (see
Table S1 in the Supporting Information). In addition, repeated measurements to establish the
precision of our solubility data indicated repeatability to better than 2%. The N2 solubility data for
the solvents in Table S1 display agreement with literature data within 4%, which is satisfactory
given the precision of the measurements. The agreement for the ILs is within 19%, which likely
reflects greater variation in IL sample purity across different laboratories.

N2 Solubility of Fluorinated ILs: The N2 solubilities for the fluorinated ILs prepared in this work
are presented in Figure 2 and Table S2 in the Supporting Information. Although it is common to
report gas solubility in terms of the Henry’s law constant KH or mole fraction χ2, electrochemical
current density is typically dependent on the molar concentration of dissolved species.47 Hence
solubility

data

is

reported

in

this

unit

system

in

Figure

2.
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Figure 2. N2 solubilities of fluorinated ILs at 30 °C and P = 1 atm, expressed as molar
concentration (mmol L-1). Data for water8 and [C2mim][NTf2]14 (at 25 °C) are shown for
comparison

Gas solubility is typically a result of (i) physical mixing of the molecules, reflecting the
thermodynamics of transferring a gas molecule into the liquid solvent and to some extent the
availability of unoccupied or “free” volume in the solvent; and (ii) interaction effects between the
gas molecule and the solvent molecules or parts of them. Therefore, the range of IL structures
synthesized here allows some discussion of the nature of N2 dissolution in these ILs. N2 tends to
be of very low solubility in many solvents because of its non-polar, strongly internally bonded,
low polarizability nature that results in very weak interactions with other molecules. Thus, the
highest solubilities for N2 tend to be exhibited by solvents that can be characterized as displaying
only weak van der Waals intermolecular interactions (e.g. the perfluorocarbons listed in Table S1
in the Supporting Information). Indeed, all of the highly fluorinated ILs in Figure 2 display higher
N2 solubilities compared to common ILs, as shown in Table S3 in the Supporting Information,
such as [C2mim][NTf2] (2.5 mmol L-1 at 25 °C)14 and [C2mim][OTf] (2.0 mmol L-1 at 40 °C).48
Focusing on comparisons on a molar concentration basis, [P4448][eFAP] was found to dissolve a
higher concentration of N2 than [P66614][eFAP] (Figure 2). Thus, significantly extending the length
of the alkyl chains seems to disfavor N2 dissolution. This may be the result of van der Waals
interactions between long alkyl chains that tend to increase cohesive energy density in these
regions and thereby decrease free volume49 or increase the energy required to create cavities for
gas dissolution. Further studies of varied alkyl chain lengths on the phosphonium cation would be
useful in elucidating this trend.
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Comparing ILs of the phosphonium cation and its fluorinated analogue ([P444(8f)][eFAP] versus
[P4448][eFAP]) shows only a slight increase in N2 solubility with the fluorinated cation, as found
by other groups with CO2 solubility when they incorporate a fluorinated chain onto an imidazolium
cation.30, 50 On the other hand, the series of perfluorosulfonate-based ILs show an increase in N2
solubility compared with the [eFAP]--based ILs, and also with increasing perfluoroalkyl chain
length. For example, extending this chain on the anion from [C4F9SO3]- to [C8F17SO3]- produces a
29% increase in N2 solubility. This trend is also observed with the perfluorocarboxylate-based ILs,
which suggests a similar change in interactions related to the perfluoroalkyl chain length. Triolo
and co-workers31 have observed the formation of distinct fluorous domains in ILs with a high
degree of fluorination, and these domains may represent favourable sites for N2 dissolution. Gomes
et al.51 also point to an effect of rigidity of the fluoroalkyl chain increasing overall free volume.
The nanostructure of the IL (e.g., the appearance of fluorous domains) may also have an effect on
its ionicity as discussed further below.

Transport Properties
Viscosity: Figure 3 shows an Arrhenius plot of viscosity for the fluorinated ILs prepared in this
study. The viscosity of [P66614][eFAP], obtained by Fernández et al.,52 was found to be 347 mPa s
at 25 °C, within error of our measured value of 375 mPa s at 25 °C. Examining the effect of
extending the perfluoroalkyl chain length, an increase from a perfluorobutyl to a perfluorooctyl
alkyl chain produces almost a three-fold increase in viscosity (~2.7 times increase from
[P66614][C4F9SO3] to [P66614][C8F17SO3] at 25 °C); this is probably due to decreased motional
freedom with the larger molecule. However, the effect of extending the phosphonium cation alkyl
chains from [P4448]+ to [P66614]+, when paired with the [eFAP]- anion, does not impact the viscosity
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as much. For example there is only ~12% increase in viscosity (333 mPa s to 375 mPa s
respectively at 25 °C). Fluorination of a cation side chain in [P444(8f)][eFAP] produces a 40%
increase in viscosity (465 mPa s at 25 °C) compared to the non-fluorinated analogue [P4448][eFAP],
suggesting increased frictional forces when a fluoroalkyl chain is present on the cation.

Figure 3. Arrhenius plot of viscosity versus inverse absolute temperature for the fluorinated ILs
in this study
Additionally, the type of anion in the IL significantly affects its viscosity. [P66614][C8F17SO3] is
~5 times more viscous than [P66614][eFAP] (2090 mPa s and 375 mPa s respectively, at 25 °C)
which may highlight the effect of anion geometry on its viscosity (a linear rodlike anion compared
to an approximately spherical anion). Interestingly, [P66614][C4F9SO3] is ~2.5 times more viscous
than the perfluorocarboxylate analogue [P66614][C4F9CO2], showing the influence of the SO3- and
CO2- anions, and their differences in molecular geometry and electron-withdrawing nature. In
addition, the temperature dependence is well described by the VTF equation53 (equation 5) with
fitted parameters shown in Table S4 in the Supporting Information.
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*
η = η0 exp&-9'
#

(5)

Here, η0 is the viscosity at infinite temperature (in mPa s), Bη is the pseudoactivation energy that
is related to the energy required for ions to move past each other (K), and T0 is the ideal glass
transition temperature (in K). The pseudoactivation energy Bη was found to increase with the
different classes of anions in the order of perfluorosulfonates > perfluorocarboxylates > [eFAP]-.
This suggests that ILs with perfluorosulfonate anions require a larger amount of energy to diffuse
past each other, and this is related to their inherently high viscosities. The ideal glass transition T0
values appear to correlate well with the glass transitions of the ILs, typically lying 10 K to 45 K
below Tg.

Ionic Conductivity: Ionic conductivity plays a significant role in electrochemical applications,
particularly for NRR. The Arrhenius plot of ionic conductivity for the fluorinated ILs is shown in
Figure 4. The perfluorosulfonate-based ILs display the lowest conductivities, as expected from
their high viscosities. The [eFAP]--based ILs display higher ionic conductivities than
perfluorocarboxylates despite their similar viscosities; this shows an influence from other effects,
as discussed further below. As expected, [P4448][eFAP], with a smaller phosphonium cation,
displays a higher ionic conductivity than [P66614][eFAP]. While the ionic conductivity of
[P444(8f)][eFAP] is slightly larger than [P66614][eFAP] at 25 °C, this difference becomes increasingly
larger at higher temperatures. The temperature dependencies are well described by equation 6,
where the fitted parameters are shown in supporting Table S5.
98

σ = σ0 exp&-9-+ '
#

(6)

Here, σ0 is the ionic conductivity at infinite temperature (S cm-1), and B: is the pseudoactivation
energy that is related to the critical free volume for ion transport (K).
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Figure 4. Arrenhius plot of ionic conductivity versus inverse absolute temperature for the
fluorinated ILs in this study

Walden Plot, Self-Diffusion Coefficients and Ionicity: The Walden plot of the transport data
is shown in Figure 5, which combines the density (see Figure S3 in the Supporting Information),
viscosity and conductivity to show the relationship between molar conductivity (Λ) and fluidity
(1/η) and qualitatively assess the ionicity of the ILs.54 This relationship, as described by Angell et
al.,55 compares the data to an ideal reference electrolyte of aq. KCl (0.01 mol L-1), where ions are
considered to be completely dissociated. ILs that lie within an order of magnitude, as denoted by
the 10% ionization line, are generally classed as ‘good’ ILs.
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Figure 5. The Walden plot of the fluorinated ILs in this study
Whilst ILs containing the [eFAP]- anion fall within this region, ILs with perfluorosulfonate and
perfluorocarboxylate anions lie similarly close to the 10% ionization line. ILs based on the large
phosphonium cations are often observed to sit near or below this line.56 The perfluoroalkyl chain
on the anions here may the support the formation of fluorous domains. Such domains will hinder
the independent movement of cations and anions, thus may result in a low ionicity for the
perfluorocarboxylate- and perfluorosulfonate-based ILs.
As the Walden plot is only a qualitative approach to assessing ionicity, a more quantitative
approach was adopted by measuring the self-diffusion coefficients of these ILs.57 Using PGSTE
NMR, the self-diffusion coefficients were measured via 1H and 19F nuclei in order to differentiate
between the cation and anion respectively. As expected from the trends of conductivity and
viscosity, [eFAP]- anions display larger self-diffusion coefficients, followed by the
perfluorocarboxylate and perfluorosulfonate anions (see Table 2). For the perfluorocarboxylateand perfluorosulfonate-based ILs, extending the perfluoroalkyl chain length on the anion produces
a decrease in the self-diffusion coefficients of both the cation and anion in all cases, as expected
from the viscosity and conductivity data.
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Table 2. Self-diffusion coefficients (m2 s-1) and the degree of ionicity (Λimp/ΛNMR) for the
fluorinated ILs in this study at 25 °C
Dcation Danion
𝚲𝐢𝐦𝐩
/10-12 /10-12
Fluorinated IL
m2 s-1 m2 s-1 𝚲𝐍𝐌𝐑
± 5% ± 5% ± 10%
[P4448][eFAP]
2.4
2.6
0.79
[P444(8f)][eFAP]
1.8
1.7
0.67
[P66614][eFAP]
2.2
2.2
0.56
[P66614][C4F9SO3]
1.1
0.87
0.23
[P66614][C6F13SO3]
0.83
0.50
0.18
[P66614][C8F17SO3]
0.47 0.30*
0.21
[P66614][C4F9CO2]
2.5
1.8
0.22
[P66614][C8F17CO2]
1.2
0.87
0.19
*Data point was extrapolated from 5 temperature points

The ionicity values are determined58 by calculating the molar conductivity ratio Λimp/ΛNMR,
where Λimp is the molar conductivity obtained experimentally from impedance measurements of
ionic conductivity, and ΛNMR is the molar conductivity calculated using the self-diffusion
coefficients of the cation and anion (Dcation +Danion) via the Nernst-Einstein equation:
ΛNMR =

A $ (C',-./0 DC,0./0 )
,-

(7)

Here, F is Faraday’s constant, and R is the universal gas constant.
This equation assumes that all diffusive motions contribute to the molar conductivity, whereas
Λimp only reflects the response of charged species to an electric field. Therefore, any ratio less than
unity can indicate that there are some diffusing species present, e.g., ion pairs or neutral aggregates,
that are not contributing to Λimp on the time-scale of the measurement.59 This provides a measure
of the “ionicity” of the IL.60
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All of the fluorinated ILs in this work display ionicity values less than 1 (see Table 2), as usually
observed for ILs due to their strong cation-anion interactions. Both the perfluorosulfonate and
perfluorocarboxylate-based ILs were found to have similarly low ionicity values, suggesting
similar interactions with the [P66614]+ cation.. As discussed above, highly fluorinated anions that
contain perfluoroalkyl chains lengths greater than four can form fluorous domains within the IL,31
(or at least create more ordering of fluorous counterparts) and this is likely to result in low ionicity
values due to the ion-ion correlations that such domains represent.
Examination of the cation effect shows a significant rise in ionicity with [P4448][eFAP] compared
to [P66614][eFAP], which reflects the increased ion aggregation with the larger phosphonium
cation.56 The influence of a fluoroalkyl chain on the cation of [P444(8f)][eFAP], compared to
[P4448][eFAP], results in lower self-diffusion coefficients and a corresponding decrease in ionicity
(i.e., ~3/4 of the non-fluorinated analogue). Again, this may arise from associations between the
fluoroalkyl chain on the cation and the perfluorinated anion.

Electrochemical Stability: The electrochemical limits of stability of the fluorinated ILs were
examined to determine their stability in the electric potential range in which NRR would usually
be conducted i.e. between -0.5 V and -1.5 V vs. Ag/Ag+. Electrochemical stabilities for the neat
ILs are shown in Table 3, and cyclic voltammograms are shown in Figure S4 in the Supporting
Information. The perfluorosulfonate-based ILs display the highest electrochemical stabilities with
a potential range of up to -3.7 V to +1.4 V vs. Ag/AgCl in [P66614][C8F17SO3]. Perfluorocarboxylatebased ILs show reduced stability, with both reductive and oxidative limits lower than that of
perfluorosulfonate-based ILs. This reflects both the stronger electron-withdrawing nature of the
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perfluorosulfonate functionality and also the more facile reductive chemistry of the carboxylate
group.
As expected, incorporating an electron-withdrawing fluoroalkyl chain into the phosphonium
cation significantly decreases the reductive stability such that [P444(8f)][eFAP] displays a reductive
onset at -2.4 V vs. Ag/Ag+ compared to the onset of -3.2 V vs. Ag/Ag+ for [P4448][eFAP]. On the
other hand, the oxidative limit around -0.2 V vs. Ag/Ag+ for [P444(8f)][eFAP] compared to the nonfluorinated analogue is unexpectedly low, since this limit is usually associated with the anion. This
is the subject of further investigation in our laboratories as to the chemical nature of this process.
These studies indicate that all of the fluorinated ILs are sufficiently reductively stable to be
viable media in which to carry out the NRR. However, the reduced oxidative stability of the
[P444(8f)]+ cation indicates that such structures may not represent a fruitful direction in further
developing ILs for this purpose. Detailed NRR studies of these ILs are underway and will be
reported in a future publication.

Table 3. Anodic and cathodic limiting potentials (vs. Ag/Ag+) and the electrochemical potential
ranges of fluorinated ILs investigated in this study

Fluorinated IL

E
cathodic
/V

E
anodic
/V

ΔE
total
/V
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[P4448][eFAP]
[P444(8f)][eFAP]
[P66614][eFAP]
[P66614][C4F9SO3]
[P66614][C6F13SO3]
[P66614][C8F17SO3]
[P66614][C4F9CO2]
[P66614][C8F17CO2]

-3.2
-2.4
-3.2
-3.8
-3.8
-3.7
-3.1
-3.0

0.6
-0.2
0.8
1.1
1.2
1.4
0.6
0.8

3.8
2.6
4.0
4.9
5.0
5.1
3.7
3.8

Conclusions: A series of phosphonium-based ILs with highly fluorinated anions were
synthesized and studied in terms of their physicochemical properties. The N2 solubility of these
FILs have been measured using the isochoric saturation technique. Although there are difficulties
associated with measuring N2 solubility, due to its inherently low solubility in liquids, comparisons
conducted across a range of solvents and ILs show satisfactory agreement to literature data. All of
these ILs display high N2 solubility, whereby increasing the perfluoroalkyl chain on the anion
produces an increase in N2 solubility. The highest N2 solubility observed was 6.5 mmol L-1 in
[P66614][C8F17CO2]. The perfluorocarboxylate- and perfluorosulfonate-based ILs tend to also exhibit
low ionicity. Introduction of a fluorous chain into the [P4448]+ cation was also found to slightly
increase N2 solubility and lower ionicity. The perfluorosulfonate-based ILs show high thermal
stability whereas the perfluorocarboxylate-based ILs undergo a two-step thermal decomposition
process at relatively low temperatures.
All of the fluorinated ILs in this study display sufficient electrochemical stability within the
reduction potential range for the electrochemical NRR. Thus, this study exemplifies a number of
new ILs that offer high N2 solubility and illustrates their potential in the context of the
electrochemical NRR, either as pure IL electrolytes or mixed aprotic solvents.
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