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Abstract 18 

Electrochemical ammonia synthesis at ambient temperature and pressure shows promise as a route 19 

to a carbon–free chemical fuel for renewable energy transportation and storage. However, before 20 

this process can be industrialized, issues with the low Faradaic efficiencies for the nitrogen 21 

reduction reaction must be overcome. This stems from the low nitrogen (N2) solubility in 22 

commonly used aqueous electrolytes, and the hydrogen evolution reaction that is usually the more 23 

dominant process therein. On the other hand, fluorinated ionic liquid (IL) – based electrolytes can 24 

dissolve large amounts of N2 and reduce the extent of the hydrogen evolution reaction. In this 25 

work, the IL 1–butyl–1–methylpyrrolidinium tris(pentafluoroethyl) trifluorophosphate 26 

[C4mpyr][eFAP] was studied in binary mixtures with three fluorinated solvents: trifluorotoluene 27 

(TFT), 1H,1H,2H–heptafluorocyclopentane (HFCP) and 1H,1H,5H–octafluoropentyl 1,1,2,2–28 

tetrafluoroethyl ether (FPEE), all of which were found to have high N2 solubility. The salt–solvent 29 

mixtures were found to be miscible in all proportions. The N2 solubility followed an increasing 30 

trend with increasing volume fraction of fluorinated solvent. The interactions within these binary 31 

mixtures were investigated in terms of their volumetric properties revealing negative values of 32 

excess molar volume that were also correlated with higher than expected measured viscosity ratios. 33 

The thermodynamic properties of solvation in relation to the role of free volume and the effects of 34 

fluorous domains are discussed. At compositions around χ2 ~0.2, the mixtures showed a maximum 35 

in ionic conductivity and this was examined in terms of the ionicity. This study demonstrates the 36 

scope for the design of fluorinated IL–based electrolytes for electrochemical nitrogen reduction, 37 

both in terms of N2 solubility and mass transport properties. 38 

 39 
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1.0 Introduction 40 

Ammonia is of increasing interest as an easily transportable hydrogen energy carrier, providing 41 

a means of accessing the abundant sources of renewables that have been identified in some remote 42 

parts of the world.1 Currently, ammonia is produced for fertilizers via the energy–intensive Haber–43 

Bosch process, generating millions of tonnes of CO2 emissions, and contributing 1—2 % of the 44 

world’s energy usage.2-3 An environmentally–benign alternative is the electrochemical reduction 45 

of nitrogen gas (N2) to ammonia at ambient temperature and pressure using renewable sources of 46 

energy.4 However, this reaction suffers from low Faradaic efficiencies and requires substantially 47 

better performance before this approach can be implemented on a practical scale.5  48 

One significant factor behind the low Faradaic efficiencies is the hydrogen evolution reaction 49 

that is kinetically more favorable than the nitrogen reduction reaction (NRR).6 Part of the reason 50 

for this derives from the inherently low solubility of N2 in aqueous electrolytes (e.g. 0.6 mmol L-1 51 

in water) and many other solvents.7 Using ILs as electrolyte media, we have achieved high Faradaic 52 

efficiencies of up to 60% and 40% using [P66614][eFAP] and [C4mpyr][eFAP] respectively8, both 53 

of which exhibit high N2 solubility (e.g. 4.1 mmol L-1 in [P66614][eFAP]).9 As these ILs are otherwise 54 

excellent electrolytes (e.g. electrochemical stability, intrinsic conductivity, etc.),10 this suggests a 55 

strategy of moving away from aqueous electrolytes for NRR towards IL–based electrolytes, 56 

particularly if they display high N2 solubility.  57 

Fluorinated ILs can serve in a range of applications including catalysis,11 biomedicine,12-13 58 

surfactants 14-15 etc.  Their nano-level structure has been shown to exhibit fluorous domains (in 59 

addition to polar and non–polar C–H dominated domains),16-18 enhancing their range of solvation 60 

properties,  in particular for gases such as N2. In our previous work,9 we investigated a hypothesis 61 
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that related the high N2 solubility in an IL to the degree of fluorination of one or both of the ions 62 

(and its possible role in increasing free volume), preparing a number of novel ILs that demonstrated 63 

even higher N2 solubility than [P66614][eFAP]. Also, Gomes and co–workers have observed similar 64 

trends in increased N2 solubility by the fluorination of the 1–methyl–3–octylimidazolium cation 65 

of the IL.19-20 In addition to these highly fluorinated ILs, many fluorinated solvents exhibit very 66 

high N2 solubility (as high as 17.9 mmol L-1 for perfluoroheptane and 11.8 mmol L-1 for 67 

perfluorotributylamine).21 Hence, we explore here the potential to mix this family of solvents with 68 

ILs, where miscibility is possible, to further enhance N2 solubility. 69 

The addition of fluorinated solvents to an IL can offer other unique properties (e.g. tailored 70 

solvation ability, chemical inertness) and significantly change its physical properties,22 including 71 

higher ionic conductivity and reduced viscosity.23-24 For example, fluorinated solvent/IL-based 72 

electrolytes have recently found interest in the field of lithium–sulfur batteries25-27 where they 73 

display high fluidity,28 and also inhibit polysulfide dissolution. Hence, the transport properties of 74 

these fluorinated solvent/IL–based electrolytes present high relevance with regards to the reaction 75 

rate at which the NRR takes place. While the use in general of such fluorinated solvents, which 76 

are members of the polyfluoroalkyl substances (PFAS) family of compounds, raises environmental 77 

concerns, it is important to recognize that their use in electrochemical devices is essentially in a 78 

hermetically closed system. 79 

It is important to understand the nature of the interactions at play in these fluorinated IL–based 80 

electrolytes, and broaden the range in which they can be utilized. Here, we examine 81 

[C4mpyr][eFAP] dissolved in various proportions of TFT, HFCP, and FPEE and study the N2 82 

solubility of the binary mixtures ranging from a slightly diluted network of ions to the other 83 

extreme of a solution of solvated ions. This particular fluorinated IL–based electrolyte system 84 
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demonstrates an extensive range of miscibility, enabling the tuning of desired properties based on 85 

composition. The N2 solubility trends in these binary mixtures are determined and discussed in 86 

terms of the excess volumes of mixing, thermodynamic properties of solvation, and free volume. 87 

Furthermore, their transport properties are examined and discussed in relation to the observed 88 

trends in ionicity.  89 

2.0 Experimental Section 90 

Materials 91 

The chemical structures of [C4mpyr][eFAP] and the three fluorinated solvents used in this work 92 

are shown in Figure 1. 1–butyl–1–methylpyrrolidinium tris(pentafluoroethyl)trifluorophosphate 93 

(99%, [C4mpyr][eFAP], Merck), σ, σ, σ–Trifluorotoluene (> 99%, TFT, Synquest Laboratories), 94 

1H,1H,2H–Heptafluorocyclopentane (> 99%, HFCP, Synquest Laboratories), 1H,1H,5H–95 

Octafluoropentyl 1,1,2,2–tetrafluoroethyl ether (> 97%, FPEE, Synquest Laboratories) were used 96 

without further purification. Nitrogen gas (N2, Alphagaz) was used as received from Air Liquide. 97 

Recognizing that the fluorinated solvents used here are members of the PFAS family of 98 

compounds, all materials were handled and disposed of with all required safeguards. 99 
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 100 

Figure 1. Chemical structures of [C4mpyr][eFAP], and the fluorinated solvents used in this study. 101 

Characterization 102 

[C4mpyr][eFAP]–fluorinated solvent mixtures were prepared immediately prior to all 103 

measurements to prevent any vapor losses and changes to composition over time. Density 104 

measurements were conducted on an Anton Paar DMA 5000 Density Meter via the “oscillating 105 

U–tube principle” with an estimated uncertainty of < 0.1%. The viscosity was measured on an 106 

Anton Paar Lovis 2000M micro–viscometer using the falling ball technique with an estimated 107 

uncertainty of < 2%. For conductivity measurements, the Hewlett Packard 4284 LCR meter carried 108 

out AC impedance spectroscopy over a range of 0.1 Hz to 10 MHz using a two–electrode platinum 109 

wire dip cell, calibrated using an aqueous solution of 0.01 mol L-1 KCl. The ionic conductivity was 110 

calculated by taking the data point closest to the x–axis in the touch down region of the impedance 111 

plane plot. The electrochemical stability of the [C4mpyr][eFAP] binary mixtures were measured 112 

using a Princeton Applied Research VMP2 instrument and EC-Lab software (Bio–Logic Science 113 
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Instruments). The three–electrode cell setup was used: a glassy carbon disk (1 mM diameter) as 114 

the working electrode, coiled platinum wire as the reference electrode and a mixture of silver 115 

trifluoromethanesulfonate (10 mM) dissolved in [C4mpyr][eFAP] as the reference electrode. 116 

N2 Solubility Measurements 117 

The solubility of N2 in ILs and their mixtures were measured near atmospheric pressure via the 118 

isochoric saturation method using a dual–volume apparatus, as detailed previously.9 In each 119 

experiment, a known volume of N2, contained in a ballast chamber, was delivered into an 120 

equilibrium chamber which holds the degassed liquid sample. After the pressure of N2 has reached 121 

equilibrium, between the sample and its headspace, the moles of N2 dissolved in the sample can 122 

be determined. The overall calculation is shown in equation 1, where detailed calculations 123 

(including non–ideality and vapor phase corrections to ensure high accuracy of measurements) are 124 

shown in the Supporting Information. 125 

𝑛!!
"#$%&#'( = 𝑛!!

"()*++'( − 𝑛!!
,'"($-".' (1) 126 

The solubility of N2 in a given IL or sample mixture can be expressed as a molar concentration 127 

𝐶!!, mole fraction χ2, or molal concentration 𝑏!!. N2 solubility measurements were repeated to 128 

ensure reproducibility/high precision with tabulated data shown in Table S1 of the supporting 129 

information. The repeatability in N2 solubility measurements was estimated to be within ± 0.2 130 

mmol L-1. 131 

Diffusion NMR Measurements 132 

Self–diffusion coefficients were measured using a pulsed–gradient stimulated echo (PGSTE) 133 

pulse sequence. A Bruker DRX600 spectrometer was used to carry out diffusion NMR 134 

experiments for 1H nuclei, and a Bruker DRX400 spectrometer for 19F nuclei. Deuterium oxide 135 
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(99.9%, Sigma–Aldrich) was used as the external solvent reference, to surround the inner sample 136 

tube and minimize any convection effects. The self–diffusion coefficient D was calculated by 137 

fitting data to the Stejskal–Tanner equation:29 138 

Ln( /
/"#$

) = -γ2g2Dδ2(Δ - δ
0
)  (2) 139 

Here, s is the spin–echo signal intensity, γ is the gyromagnetic ratio of the observed nucleus, g 140 

is the gradient strength, δ is the duration of the field gradient, and Δ is the time between two 141 

gradient pulses. 142 

The self–diffusion coefficient value of milli–Q water was measured to be 2.3 x 10-9 m2 s-1 at 143 

25°C, within 1% of literature data.30 The uncertainty associated with self–diffusion coefficient 144 

measurements was ± 5%. 145 

 146 

3.0 Results and Discussion 147 

3.1 Miscibility of IL – Fluorinated Solvent Binary Mixtures 148 

The mixing of two different substances as a binary mixture leads to the redistribution of 149 

intermolecular forces between the species, resulting in different physical properties. The 150 

intermolecular forces within an IL, as compared to within a fluorinated solvent can be expected to 151 

differ enormously in strength, typically resulting in low solubility of the salt. In the context of 152 

lithium battery research, a co-solvent (such as dimethoxyethane or propylene carbonate) is usually 153 

required to achieve high concentrations of dissolved lithium salt in these highly fluorinated 154 

solvents.25-27 However in the present case, the binary mixtures of [C4mpyr][eFAP] with TFT, 155 

HFCP, and FPEE were all found to be miscible in all proportions without the need of a co–solvent.  156 

This allows us to study the solubility of N2 across a wide range of compositions in the binary 157 

systems and identify any trends related to the volumetric properties such as density, excess molar 158 
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volume (VE), and partial molar volume. Lastly, the electrochemical limits of stability are shown in 159 

Figure S1, where all of these mixtures display reductive limits far beyond the reductive potentials 160 

applied in the electrochemical NRR in non-aqueous solvents (-1.1 V versus NHE).8, 31 161 

3.2 N2 Solubility in [C4mpyr][eFAP]–Fluorinated Solvent Mixtures 162 

The plot of N2 solubility in [C4mpyr][eFAP]–fluorinated solvent mixtures with TFT, HFCP, and 163 

FPEE is presented in Figure 2. While it is common to represent gas solubility as the Henry’s law 164 

constant, KH, or mole fraction in gas capture applications, the measured current density in 165 

electrochemical applications is typically dependent on the molar concentration of dissolved 166 

species.32 Our aim to achieve high N2 solubility stems from the desire to improve the kinetics and 167 

selectivity in the electrochemical NRR. Hence, we report here solubility data in units of mmol(N2) 168 

L-1. 169 

 170 

Figure 2. Solubility of N2 (mmol L-1) in [C4mpyr][eFAP] binary mixtures, as a function of volume 171 

fraction Φ, with trifluorotoluene TFT ( ▲ ), heptafluorocyclopentane HFCP ( ★ ) and 172 

octafluoropentyl tetrafluoroethyl ether FPEE (⏹) at 30°C and P = 1 atm. Lines serve as a guide 173 

only. 174 
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 175 

All of the fluorinated solvents investigated display a higher N2 solubility than [C4mpyr][eFAP] 176 

in the order of HFCP > FPEE > TFT > [C4mpyr][eFAP] (Φ = 0 in Figure 2). The lack of strong 177 

interactions (i.e. from hydrogen bonding, or functional groups) within these solvents33 contributes 178 

to a high solubility of N2. Though the IL itself has high N2 solubility, the electrostatic interactions 179 

in ILs nonetheless produce a high cohesive energy density, and it is not unexpected that the 180 

fluorinated solvents display even higher N2 solubility. In comparison of the fluorinated solvents: 181 

HFCP likely exhibits the lowest overall cohesive energy density due to its high degree of 182 

fluorination and lack of any functional groups, producing the highest N2 solubility. With FPEE, 183 

the large number of fluorine atoms likely mitigates the polar contribution of the ether group, 184 

resulting in its relatively high N2 solubility. TFT is not as highly fluorinated as the other solvents, 185 

as it contains only three fluorine atoms, and this may result in its relatively lower N2 solubility. 186 

Further insight to the effect of fluorine groups is shown by studying the N2 solubility of these 187 

fluorinated solvents with their hydrogenated counterparts: TFT displays a two–fold increase in N2 188 

solubility compared to toluene7 (10 mmol L-1 cf. 5 mmol L-1 respectively) and HFCP shows ~1.7 189 

times higher N2 solubility in comparison to, similarly structured, cyclohexane34 (12 mmol L-1 cf. 7 190 

mmol L-1 respectively). Thus, this demonstrates the capability of fluorine substituents (displacing 191 

hydrogen groups) in enhancing the N2 solubility in these solvents. 192 

Examining the N2 solubility of [C4mpyr][eFAP] mixtures in Figure 2, the solubility of N2 193 

follows an approximately linear dependence, where the solubility appears to be simply governed 194 

by the volume fraction of each component. Furthermore, Pádua et al carried out molecular 195 

simulations and found that the small quadrupole moment of N2 does not affect the calculated N2 196 

solubility in ILs, in contrast to CO2 solubility.35 Therefore, N2 dissolution into these fluorinated 197 

mixtures is likely to be dominated by physical processes,36-37 where N2 solubility trends are best 198 
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observed as a function of IL (or solvent) volume fraction (Figure 2).  Plotting the same data on a 199 

mole fraction χ2 basis, although useful for thermodynamic analysis, results in a skewed plot (see 200 

Figures S1—S2) from the large molecular weight of [C4mpyr][eFAP] compared to the fluorinated 201 

solvent. Further discussion on the nature of N2 solubility in these mixtures is presented below. 202 

3.3 Volumetric Properties 203 

Density 204 

The experimental densities of neat [C4mpyr][eFAP], and TFT were concordant with the 205 

literature amongst the temperature ranges included in this study,38-42 whilst the density of HFCP 206 

and FPEE were not found in the literature. The densities of [C4mpyr][eFAP] mixtures in TFT, 207 

HFCP, and FPEE at 25°C are shown in Figure 3 (and Tables S2—S4). The addition of 208 

[C4mpyr][eFAP] to HFCP (and FPEE) produces an increase in density, from the pure solvent, until 209 

a peak in density is reached (see inset). At this observed peak, there may be increased packing or 210 

attractive interactions present between the IL and the solvent, resulting in the contraction of 211 

volume and thus larger density. Subsequent addition of IL then reduces the density until it 212 

approaches that of pure [C4mpyr][eFAP]. On the other hand, addition of [C4mpyr][eFAP] to TFT 213 

shows an initial increase in density until it becomes linear with further addition. Figure S3 shows 214 

the temperature dependence of density with [C4mpyr][eFAP]–fluorinated solvent mixtures. When 215 

[C4mpyr][eFAP] is mixed with HFCP, and FPEE, a shift in the peak maximum to a higher 216 

composition of IL is observed with increasing temperature.  217 
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  218 

Figure 3. Densities of [C4mpyr][eFAP] binary mixtures, as a function of mole fraction χ2, with 219 

trifluorotoluene TFT ( ▲ ), heptafluorocyclopentane HFCP ( ★ ) and octafluoropentyl 220 

tetrafluoroethyl ether FPEE (⏹) at 25°C. Inset shows enlarged change in density with mole 221 

fraction χ2. 222 

Excess Molar Volume 223 

The calculation of the excess molar volume, VE, allows discussion of the deviation from ideal 224 

mixing volumes, in terms of packing efficiency and the intermolecular forces between the two 225 

components (compared to each pure component). The values of VE are calculated from the 226 

experimentally obtained density values (shown in Tables S2—S4) using equation 3: 227 

VE = 1%2%31!2!
4%!

	− 	1%2%
4%∗

	− 	1!2!
4!∗
	 (3) 228 

Here, 𝜒5, M1 and 𝜌5∗ refer to the mole fraction, molecular weight and density of [C4mpyr][eFAP] 229 

respectively, 𝜒7 , M2 and 𝜌7∗  refer to the mole fraction, molecular weight and density of the 230 

fluorinated solvent respectively, and 𝜌57 is the density of the mixture at a given mole fraction. The 231 

values of VE can be fitted as a function of mole fraction χ2 by the Redlich–Kister equation:43  232 

VE = 𝑥7(1- 𝑥7) ∑ 𝐴8(1 − 2𝑥)889:  (4) 233 
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Here, An are adjustable parameters obtained by least squares regression.  234 

Figure 4 shows a plot of VE of [C4mpyr][eFAP] mixtures in TFT, HFCP, and FPEE with increasing 235 

temperature. The calculated parameters, based on the Redlich–Kister fit, and standard deviations 236 

are presented in Table S5. All three systems show a negative deviation from ideal mixing volume 237 

up to χ2 ~0.7, indicating a combination of greater intermolecular interactions and better volumetric 238 

packing, between the IL and fluorinated solvent. Minima are observed around a mole fraction χ2 239 

~0.3 for TFT and FPEE, and the corresponding minimum for HFCP around a mole fraction χ2 240 

~0.2. These minima represent the optimum mole fraction of IL to solvent, where i) the volumetric 241 

packing is optimized and ii) the attractive interactions between [C4mpyr][eFAP] and the solvent 242 

are strongest. These are likely to be ion–dipole interactions which may become significant 243 

compared to the weak dipole–dipole forces within the neat fluorinated solvent. 244 
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 258 

Figure 4. Excess molar volumes (VE) of [C4mpyr][eFAP] binary mixtures, as a function of mole 259 

fraction, with a) trifluorotoluene TFT (▲ ), b) heptafluorocyclopentane HFCP (★ ) and c) 260 

octafluoropentyl–tetrafluoroethyl ether FPEE (⏹) at 25°C, 30°C, 35°C, 40°C, 45°C and 50°C. 261 

Lines are fitted based on the Redlich–Kister equation, and dotted lines indicate the line of ideal 262 

mixing (VE = 0). 263 
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As more IL is present in the environment (χ2 > 0.7), VE deviates toward positive values in all 264 

cases, indicating that the intermolecular interactions become weaker than those of the individual 265 

components. By comparison, Gadžurić et al reported positive deviations of VE across all 266 

compositions for an organic system where [C4mpyr][eFAP] was mixed with N,N–267 

dimethylformamide, N,N–dibutylformamide and N,N–dimethylacetamide.41 These differences in 268 

overall interactions suggest that the fluorinated regions of these fluorinated solvents may interact 269 

favorably with the fluorinated anion of the IL, compared to amide–based solvents. Further 270 

discussion on the parameters of the reduced VE and partial molar volume can be found in the 271 

supporting information. Increasing temperature does not appear to change such trends, other than 272 

that VE becomes more negative with increasing temperature across all compositions. This suggests 273 

that the increasing free volume in both components with increasing temperature offers more 274 

opportunity for improved packing. 275 

To put these values of VE in some perspective we have made some estimations of the likely 276 

amount of free volume that is present in these liquids, based on a comparison of their crystal 277 

structure molar volumes with their liquid-state molar volumes (details provided in the 278 

Supplementary Information). From this we estimate the free volume of TFT to be ~25 cm3 mol-1 279 

(~20 vol %); sufficient data is not available for [C4mpyr][eFAP], however for [C2mim][BF4] we 280 

estimate to be ~18 cm3 mol-1. Therefore, the negative VE values appear to be relatively small 281 

compared to the expected total free volume.  282 

The Nature of N2 Solubility 283 

Returning to the N2 solubility in [C4mpyr][eFAP]–fluorinated solvent mixtures, one could 284 

hypothesize a link between N2 solubility and free volume, and therefore expect sensitivity to 285 

changes in the free volume available. Since VE displays a negative values up to -2.2 cm3 mol-1 at 286 
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25°C (near χ2 ~0.3 in each IL–solvent system), a decline in N2 solubility might be expected. 287 

However, this does not appear to be the case in the solubility data presented in Figure 2. In other 288 

words, the negative values in VE are small compared to the total free volume estimates above and 289 

therefore no correlation to N2 solubility is observable.  290 

To explore this further and summarize the factors that contribute to N2 solubility, we briefly 291 

revisit the thermodynamics of gas dissolution, using: 292 

ΔsolG = ΔsolH – TΔsolS 293 

where T is the temperature, ΔsolH and ΔsolS are the enthalpy of solvation and entropy of solvation 294 

respectively. If we separate the enthalpy term into its contributing components: 295 

ΔsolH = ΔH1 + ΔH2 + ΔH3 296 

where, ΔH1 refers to the change of solute–solute interactions, which is essentially zero for a gas 297 

phase solute (ΔH1 ~0); ΔH2 represents the disruption of solvent–solvent interactions, which is 298 

expected to be large for the IL, though increasingly less so as the IL content decreases (ΔH2 > 0); 299 

and ΔH3 represents the energetics of N2–solvent interactions. Referring to the known 300 

thermodynamics of solvation of N2 in pure [C4mpyr][eFAP], as determined by Stevanovic et al,38 301 

these values are calculated to be ΔsolH = -4 kJ mol-1 and ΔsolS = -58 J mol-1 K-1. The overall negative 302 

ΔsolH term suggests that in the pure IL, the N2-IL interactions, ΔH3, are sufficient to out-weigh the 303 

disruption of IL-IL interactions, ΔH2. Indeed, distinct N2-IL interactions have been identified 304 

previously in this family of ILs by DFT calculations, originating in binding between the N2 305 

molecule and the [eFAP]- anion.8 The fact that the disruption of solvent-solvent interactions does 306 

not have a dominant effect in ΔH2 may be related to the large amount of free volume available (i.e. 307 

low energy required for the necessary cavity formation) in these systems, as discussed above. To 308 

illustrate this further we can make an estimate of the free volume in TFT as ~201 cm3 per liter of 309 

TFT, which is substantially larger than the estimated additional volume required to dissolve 10 310 
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mmol(N2) L-1 @ 0.35 cm3, (see supporting information for calculations). We hypothesize that this 311 

relatively small amount of required cavity formation is easily accommodated by free volume 312 

rearrangement such that the disruption of IL-IL interactions (ΔH2) is relatively small.  313 

The entropic term ΔsolvS is dominated by the loss of entropy of the gaseous component and is 314 

therefore always negative and is not expected to show a strong dependence on the solvent 315 

structure.38  316 

The nanostructure of the IL (or mixture) will certainly have an effect on the thermodynamic 317 

factors discussed above, especially if fluorous domains are present. Fluorous domains (particularly 318 

in highly fluorinated solvent mixtures) tend to be weakly interacting33 and the chains themselves 319 

tend to be more rigid44; both of these factors can be expected to allow elevated levels of free volume 320 

in these domains.  321 

To summarize, fluorinated solvent systems such as those investigated here exhibit a noticeable 322 

proportion of free volume (~20 %) and this is likely to be partly occupied by N2 upon dissolution. 323 

This reduces the enthalpic cost of the disruption of solvent-solvent interactions due to N2 324 

dissolution. Although negative excess molar volumes are observed here (at most compositions), 325 

these remain relatively small compared to the total free volume and no noticeable impact of this 326 

on N2 solubility is found.  This nexus between free volume and fluorous domains may be a key in 327 

further extending the N2 solubility in IL–fluorinated solvent based electrolytes.  328 

 329 

3.4 Transport Properties 330 

Viscosity 331 

Figure 5a shows the increase in viscosity as [C4mpyr][eFAP] is added to each fluorinated 332 

solvent across a range of compositions with the temperature dependence plots shown in Figure 333 



 18 

S8. The inset in Figure 5a shows that the viscosity of the binary mixtures are highly dependent on 334 

the viscosity of the neat fluorinated solvent, which follows the order FPEE > HFCP > TFT.  335 

 336 

  Figure 5. (a) Viscosity and (b) non–ideality ratios of [C4mpyr][eFAP] binary mixtures, as a 337 

function of mole fraction χ2, with trifluorotoluene TFT (▲), heptafluorocyclopentane HFCP (★) 338 

and octafluoropentyl tetrafluoroethyl ether FPEE (⏹) at 25°C. Dotted line indicates the viscosity 339 

of ideal mixtures (ηm/ηi = 1). 340 

 341 

Comparing the viscosity of the neat fluorinated solvents (χ2 = 0) to their hydrogenated 342 

counterparts shows that TFT is only slightly more viscous than toluene45 (0.58 mPa s cf. 0.47 mPa 343 

s respectively) as a result of trifluoromethyl replacing the methyl group. A larger difference is 344 

found when HFCP is compared to cyclopentane46 (1.59 mPa s cf. 0.42 mPa s respectively) 345 

indicating that the replacement of seven hydrogen atoms with fluorine results in this larger increase 346 

in viscosity. 347 

To describe the viscosity of the [C4mpyr][eFAP]–fluorinated solvent mixtures, the Grunberg–348 

Nissan equation47 can be used to describe the data and highlight non–ideality:  349 

ln ηm = χ1 ln η1 + χ2 ln η2 + ln ;'
;(

 [5] 350 
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where ηi = χ1η1 + χ2η2 describes an ideal mixture (where the viscosity is given by the weighted 351 

average viscosity of each component). Here χ1 and χ2 are mole fractions of component 1 and 2, η1 352 

and η2 are the viscosities of the pure molecular components 1 and 2, ηm is the viscosity of the 353 

mixture. The non–ideality ratio ηm/ηi describes the deviation in viscosity of the mixture from the 354 

viscosity of an ideal mixture. A ratio of 1 would describe binary mixtures that exhibit ideal 355 

viscosity. This ratio, calculated from equation 5, is plotted versus [C4mpyr][eFAP] composition 356 

in Figure 5b. The mixtures display non–ideal behavior across all compositions with maxima near 357 

χ2 ~0.3. Positive deviations are observed at χ2 < 0.8, where the viscosity is higher than that of an 358 

ideal mixture. Conversely, when χ2 > 0.8, the mixtures exhibit lower than expected viscosities, 359 

where the non–ideality ratios are < 1. This behavior is strongly correlated with the VE trends 360 

observed in Figure 4, i.e. that strong positive deviations in viscosity appear to be correlated to 361 

strong negative deviations in VE.  Clearly a reduction in free volume due to more effective packing 362 

in the mixtures, as well as intermolecular forces between the two components, will lead to 363 

increased frictional forces and higher than ideal–mixture viscosity. 364 

Ionic Conductivity 365 

The plot of ionic conductivity vs mole fraction χ2 of [C4mpyr][eFAP] in the binary mixtures at 366 

25°C is shown in Figure 6a with the temperature dependence shown in Figure S9. The ionic 367 

conductivity increases as [C4mpyr][eFAP] is added to each of the three fluorinated solvents until 368 

a maximum is observed near χ2 ~0.20 for TFT and HFCP and χ2 ~0.40 for FPEE. In terms of ionic 369 

conductivity, this peak reflects a near–optimal composition of [C4mpyr][eFAP] to fluorinated 370 

solvent for use as an electrolyte for electrochemical applications, particularly for NRR. Further 371 

addition of IL, despite increasing the concentration of charge carriers, then lowers the ionic 372 

conductivity as a result of increased viscosity (thus slower movement of ions). The magnitude of 373 
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peak ionic conductivity for [C4mpyr][eFAP]–fluorinated solvent mixtures follows the order  TFT 374 

> HFCP > FPEE.  375 

 376 

Figure 6. Plot of (a) ionic conductivity and (b) molar conductivity of [C4mpyr][eFAP] binary 377 

mixtures, as a function of mole fraction χ2, with trifluorotoluene TFT ( ▲ ), 378 

heptafluorocyclopentane HFCP (★) and octafluoropentyl tetrafluoroethyl ether FPEE (⏹) at 379 

25°C. (Note two of the fluorinated solvents had vanishingly small ionic conductivities close to χ2 380 

= 0). 381 

 382 

In addition to viscosity, such differences in ionic conductivity also arise from IL–solvent 383 

interactions where the solvent plays a significant role in the dissociation of ions within these binary 384 

mixtures. For further insight into this, the molar conductivities of these mixtures are plotted in 385 

Figure 6b. When [C4mpyr][eFAP] is dissolved in TFT, and FPEE, the molar conductivity rises 386 

through a distinct maximum at the lower IL compositions before falling away towards that of the 387 

pure IL. This slightly unusual behavior is expected of very low dielectric constant solvents in 388 

which ion pairing and aggregation are strong.48 On the other hand when [C4mpyr][eFAP] is 389 
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dissolved in HFCP at low IL content, the molar conductivity falls away rapidly and continuously 390 

from much higher initial values; this is more usual electrolyte behavior and likely reflects the fact 391 

that HFCP exhibits a higher dielectric constant which is able to provide screening of the 392 

electrostatic attraction between the dissolved ions.48-49 Although this data shows strong qualitative 393 

trends in the solvent’s dielectric constant in terms of ionic associations, quantitative data was not 394 

found in the current literature and is currently beyond our capabilities to be measured in our 395 

laboratories. Lastly, the temperature dependence of molar conductivity does not strongly alter any 396 

of these trends shown (see Figure S10). 397 

Ionicity 398 

To directly assess the degree of ionicity in [C4mpyr][eFAP]–fluorinated solvent mixtures, both 399 

PGSTE–NMR and impedance measurements are carried out. The self–diffusion coefficients of 400 

each component are distinguished by differing 1H nuclei for the [C4mpyr]+ cation, and 19F nuclei 401 

for the [eFAP]- anion.  Self–diffusion coefficients of the cation and anion in [C4mpyr][eFAP] are 402 

presented in Table S7, where the addition of fluorinated solvent to pure IL enhances the self–403 

diffusion coefficients by up to two orders of magnitude. Interestingly, in Figure 6a, the magnitude 404 

of peak ionic conductivity in [C4mpyr][eFAP] mixtures containing TFT, and HFCP are relatively 405 

similar (at χ2 ~0.2), yet the self–diffusion coefficients are not as comparable (e.g. 2.5 x 10-10 m2s-1 406 

cf. 1.6 x 10-10 m2s-1 for the [C4mpyr]+ cation in TFT and HFCP respectively).  407 

To shed more light on this surprising result, the degree of ionicity is calculated from the ratio 408 

Λimp/ΛNMR,50 where Λimp is the molar conductivity that is calculated from impedance measurements 409 

of ionic conductivity and ΛNMR is the molar conductivity that is calculated via the self–diffusion 410 

coefficients of the IL ions (Dcation + Danion) through the Nernst–Einstein equation: 411 

ΛNMR = <
!(>)*+(,-3>*-(,-)

@A
 (6) 412 
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Here, F is Faraday’s constant, T is temperature and R is the universal gas constant. 413 

The Nernst–Einstein equation includes the contribution of all diffusing species in calculating the 414 

molar conductivity, whereas Λimp measures only the charged species responding to an electric field. 415 

As a result, any ratio less than unity indicates the presence of ion pairing and/or neutral aggregates 416 

that cannot contribute to Λimp on the time–scale of the measurement.51 417 

The degree of ionicity in [C4mpyr][eFAP]–fluorinated solvent mixtures is graphically 418 

represented in  Figure 7a, with numerical data tabulated in Table S7. For comparison a Walden 419 

plot which provides a qualitative approach to the same phenomenon by plotting Λimp versus inverse 420 

viscosity is shown in Figure 7b. In the ionicity plot, one can immediately recognize the decline in 421 

ionicity in some mixtures as IL concentration decreases. These ionicity values are compared to the 422 

ideal molar conductivity line corresponding to simple Nernst–Einstein behavior where Λimp =  423 

ΛNMR.52 Full concordance to the Nernst Einstein relationship is not expected in concentrated 424 

electrolytes such as these for a number of reasons;53-54 nonetheless the deviation from this line 425 

provides a guide as to the trends within a range of compositions. In contrast, [C4mpyr][eFAP]–426 

HFCP mixtures display relatively constant ionicity values at lower IL concentrations (χ2 < 0.33). 427 

This reflects the difference between TFT and HFCP in their ability to dissociate the ions of 428 

[C4mpyr][eFAP], where HFCP is the better solvent in this regard. 429 
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 430 

Figure 7. (a) The ionicity plot and (b) the Walden plot of [C4mpyr][eFAP] binary mixtures in 431 

various compositions with trifluorotoluene TFT (▲), heptafluorocyclopentane HFCP (★) and 432 

octafluoropentyl tetrafluoroethyl ether FPEE (⏹) at 25°C. 433 

 434 

Shown in Figure 7b, is the corresponding Walden plot, that qualitatively compares ionicity to 435 

an “ideal” electrolyte of aqueous potassium chloride (0.01 mol L-1).55-56 This displays similar trends 436 

to that of the ionicity plot although the decreases in the degree of ionicity are more extreme. The 437 

temperature dependence is shown in Figure S11, where a slight decrease in ionicity with 438 

increasing temperature is observed.  439 

The decreasing ionicity at lower concentrations of [C4mpyr][eFAP] in TFT and FPEE likely 440 

indicates ion pairing and ion–aggregation in these mixtures. This suggests a structure for these 441 

mixtures that is based on fluorous domains and neutral and low-charge clusters of ions. On the 442 

other hand, the [C4mpyr][eFAP]–HFCP mixture displays an approximately constant ionicity under 443 

similar concentrations which suggest better solvation of individual ions in this case. Despite these 444 
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differences in likely structure, the N2 solubility trends are relatively similar. This suggests that 445 

these structural differences are not significant in the N2 solubility mechanism. 446 

 447 

4.0 Conclusions 448 

[C4mpyr][eFAP]–fluorinated solvent mixtures, which are miscible over a wide–range of 449 

compositions, were investigated in regard to their N2 solubility, volumetric and physicochemical 450 

properties. The already high N2 solubility of [C4mpyr][eFAP] can be enhanced by the addition of 451 

the fluorinated solvents investigated. N2 solubility was demonstrated to be dependent on the 452 

volume fraction of each component, rising to a maximum at the pure fluorinated solvent in each 453 

case. The N2 solubility was not strongly correlated to the significantly negative excess molar 454 

volumes that are observed in these [C4mpyr][eFAP]–fluorinated solvent mixtures. However, these 455 

negative excess molar volumes were only a small fraction of the estimated total free volume 456 

present and therefore N2 dissolution into this free volume remains a likely component of the 457 

solubility mechanism. Free volume is proposed as an important factor in supporting high N2 458 

solubility in these mixtures. Viscosity was shown to decrease rapidly with increasing solvent 459 

component in all cases. Additionally, the viscosity non–ideality ratio indicated a higher than 460 

expected mixture viscosity in the solvent-rich region and this was strongly correlated with the 461 

trends in the VE. The ionic conductivity followed the order TFT > HFCP > FPEE where ion 462 

dissociation played a significant role, as well as the viscosity. The ionicity of the [C4mpyr][eFAP]–463 

HFCP mixture remained approximately constant with composition, in contrast to the TFT and 464 

FPEE mixtures where it decreased markedly at low IL content. The improved mass transport of 465 

these fluorinated IL–based electrolytes compared to the neat IL demonstrate their utility for 466 

electrochemical applications, particularly for NRR due to their high N2 solubility.  467 
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