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A new all-atom force field for the tris(pentafluoroethyl)trifluorophosphate ([FAP]−) anion was developed and 

paired with an existing force field for 1-n-hexyl-3-methylimidazolium ([C6C1im]+). Molecular dynamics simula- 

tions were employed to compute the density, shear viscosity, self-diffusivity, local dynamics, and liquid structure 

of [C C im][FAP]. Computed densities, isothermal compressibility, isobaric expansivity, and shear viscosities 
6 1 

all agree well with experimental data. The octahedral geometry of the [FAP]− anion results in facial ([fFAP]−) 

and meridional ([mFAP]−) isomers. Simulations with varying ratios of the two [FAP]− isomers show modest but 

non-negligible differences in properties as a function of isomer composition.  

 

 

1. Introduction 

 

The tris(perfluoroalkyl)trifluorophosphate ([FAP]−) anion was intro- 

duced in 2005 by Ignat’ev et al., who demonstrated that when it is 

paired with a number of different classes of cations, it yields ionic liq- 

uids (ILs) that are hydrolytically stable when compared to more tradi- 

tional ILs containing hexafluorophosphate ([PF6]−) or tetrafluoroborate 

([BF4]−) anions (Ignat’ev et al., 2005). Several experimental studies (Li 

et al., 2011; Liu et al., 2010; Minami et al., 2008; Součková et al., 2012; 

Yao et al., 2009; Zaitsau and Verevkin, 2019) have been conducted to 

explore the physicochemical properties of [FAP]-based ILs. Properties 

such as density, viscosity, ionic conductivity, heat capacity, vapor pres- 

sure, and surface tension have been measured. Compared to ILs with 

the [PF6]− or [BF4]− anion, [FAP]-based ILs tend to have lower viscosi- 

ties, higher ionic conductivities and molar heat capacities, and larger 

gravimetric densities. [FAP]-based ILs are miscible in organic solvents 

(Li et al., 2011) and are much more hydrophobic than conventional ILs, 

such that ILs containing a [FAP]− anion can be prepared with water con- 

tents of less than 15 ppm. In addition to low viscosity, [FAP]-based ILs 

tend to have high thermal and electrochemical stability and low melt- 

ing points. These properties make them ideal for a number of differ- 

ent applications, including separations (Althuluth et al., 2012; Zhang 

et al., 2008), tribology (Li et al., 2013; Viesca et al., 2016), electrochem- 

istry (Drüschler et al., 2011; Seki et al., 2012), and chemical synthesis 

(Ignat’ev et al., 2005). 

The octahedral geometry of the [FAP]− anion results in two isomers: 

facial ([fFAP]−) and meridional ([mFAP]−); see Fig. 1. During the syn- 

thesis of the [FAP]− anion, tris(perfluoroalkyl)trifluorophosphoric acid 

([(C2F5)3PF3]−H+ or [HFAP]) is formed. 19F NMR measurements of 

[HFAP] suggest that 85 mol% of the [FAP]− anions are in the merid- 

ional form, while 15 mol% are in the facial form (Ignat’ev et al., 

2005). This implies that ILs containing [FAP]− anions are actu- 

ally isomeric mixtures, although only the [mFAP]− isomer was 

detected in 19F NMR measurements of [C8C1IM][FAP]. Mao and 

Damodaran (2015); Mezger et al. (2013) showed using density func- 

tional theory (DFT) that [mFAP]− is more stable than [fFAP]− 

by 7.1 kJ/mol; the relatively small energy difference suggests that 

both isomers exist in solution. The DFT calculations also pointed 

to the existence of hydrogen bonds between [FAP]− and the imida- 

zolium cation. Voroshylova et al. (2016) utilized DFT and infrared 

spectroscopy to investigate the electronic and structural properties 

of 1-ethyl-3-methylimidazolium tris(perfluoroethyl)trifluorophosphate 

([C2C1im][FAP]). They also found that the [mFAP]− isomer was more 

stable, and that the coordination environment about the [C2C1im]+ 

cation was different for the two different [FAP]− isomers. They found 

that [FAP]− can exist in multiple conformations at room temperature. 

The [fFAP]− isomer tends to stabilize its inter-ionic interactions with 

the cation due to its cup-shaped geometry where the three most nega- 

tively charged fluorine atoms are on the same side and lie closer to the 

cation than in [mFAP]−. This raises the intriguing possibility that the 
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Fig. 1. 2D chemical structures and names of the cation 

[C6 C1 im]+ (top), anion [fFAP]− (lower left), and anion 

[mFAP]− (lower right). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
physical properties of ILs containing the [FAP]− anion could depend on 

the relative concentration of the two isomers. We are unaware of any 

physical property studies on [FAP]-based ILs that have examined this or 

even reported the isomeric composition. 

Since the earliest days of contemporary IL research, molecular mod- 

eling and simulation have played an important role in helping un- 

derstand and predict how thermophysical properties of ILs are re- 

lated to their structure and chemical composition (Izgorodina et al., 

2017; Jiang et al., 2019; Zhang et al., 2015b). Given the importance 

of [FAP]-based ILs, it is surprising that there are very few molecular 

simulation studies of ILs containing the [FAP]− anion, and no liter- 

ature on how physical properties might depend on the two different 

[FAP]− isomers. Zhang et al. (2009) developed a united-atom force 

field for [FAP]− and computed CO2 absorption isotherms in 1-n-hexyl- 
3-methylimidazolium ([C6C1im]) [FAP]. Their simulations helped ex- 
plain why CO2 is more soluble in [C6C1im][FAP] than in [C6C1im][PF6 ]. 

Shimizu et al. (2010) developed a new force field parameter set for 

generic fluoroalkylfluorophosphate ([𝑃 𝐹𝑦 (𝐶𝑚𝐹𝑛 )𝑥 ]
−) anions based on 

the OPLS-AA force field. They used ab initio calculations to obtain miss- 

accuracy of the [FAP]− force field and to determine the impact the an- 

ion isomer composition has on physical properties. Properties computed 

include density, isobaric expansivity, isothermal compressibility, self- 

diffusivity, shear viscosity, rotational dynamics, ion pair residence time, 

and liquid structure. Overall, the simulations agree with available exper- 

imental data reasonably well. We find that the anion isomer composition 

has a negligible effect on liquid structure, but it does have a small effect 

on liquid density and liquid dynamics. Computed shear viscosities match 

experimental data when a mixture of [fFAP]− and [mFAP]− anions are 

modeled. 

 
2. Methods 

 
2.1. Force field 

 
Fig. 1 shows two-dimensional chemical structures and key atom la- 

bels of the [C6C1im]+ cation and the two anion isomers [fFAP]− and 

[mFAP]−. 

The force field uses the GAFF functional form Wang et al. (2004) 
ing bond, angle, and torsion parameters and partial charges. Then, they 

used molecular dynamics (MD) simulations to study the crystal struc- 𝐸 = 𝑘𝑟 (𝑟 − 𝑟0 )
2 + 𝑘𝜃 (𝜃 − 𝜃0 )

2 

ture of 1,3-dimethoxy-2-methylimidazolium [FAP]− and the liquid den- 

sity of [C2 C1im][FAP] and [C4 C1iM][FAP]. Their force field was able 

to capture experimental liquid densities to within 2–3%, but gave a 

𝑏𝑜𝑛𝑑𝑠 
∑ 

+ 
𝑡𝑜𝑟𝑠𝑖𝑜𝑛𝑠 

𝑎𝑛𝑔𝑙𝑒𝑠 

𝑘𝜙 × [1 + 𝑐𝑜𝑠(𝑛𝜙 − 𝛾)] 

crystal density that was almost 8% smaller than experiment. They at- 𝑁∑−1 ∑𝑁 
{ + 4𝜀 

[( 
𝜎
  
𝑖𝑗 

)12 ( 𝜎 − 
 
𝑖𝑗 

)6 
] 

+ 
} 

𝑞𝑖 𝑞𝑗  (1) 
tributed this to distortions in P-C-C angles caused by packing in the 
crystal phase, which were not accounted for in the force field. This 𝑖=1 𝑗>𝑖 

𝑖𝑗 
 

𝑟𝑖𝑗 
 

𝑟𝑖𝑗 
 

4𝜋𝜀0 𝑟𝑖𝑗 

force field was subsequently used to calculate the solubility of car- 

bon dioxide, nitrous oxide, ethane, and nitrogen in [C2C1im][FAP] and 

[C6C1im][FAP], along with various site-site radial distribution functions 

where 𝐸 is the total potential energy of the system, 𝑘𝑟 , 𝑘𝜃 , and 𝑘𝜙 are 

force constants; 𝑟0, 𝜃0, and 𝛾 are nominal bond length, angle, and phase 

angle, respectively; 𝑛 is periodicity; 𝜀 and 𝜎 are Lennard-Jones energy 
for the IL (Almantariotis et al., 2012). Note that only the [mFAP]− iso- and size parameters; 𝑞𝑖 and 𝑞𝑗 are partial charges on atoms 𝑖 and 𝑗; 𝑟  

𝑖𝑗 

mer was considered in all of the simulations noted above. We are un- 

aware of any simulation studies where a range of physical properties of 

[FAP]-based ILs were cpomputed and compared with experiment. 

The objective of the present work is to develop and validate an all- 

atom force field for both the [fFAP]− and [mFAP]− isomers. The force 

field is based on the General Amber Force Field (GAFF) (Wang et al., 

2004) to make it consistent with other IL force field parameterizations 

from our group, Lourenço et al. (2018); Zhang et al. (2015b) though 

it should be possible to adapt it for use with other popular IL force 

fields having a similar functional form Canongia Lopes et al. (2004); 

Doherty et al. (2017). We conduct MD simulations on [C6C1im][FAP] 

at various temperatures and [mFAP]−:[fFAP]− ratios to both test the 

is the distance between atoms 𝑖 and 𝑗 at positions 𝑟𝑖 and 𝑟𝑗 ; and 𝜀0 is 

the vacuum permittivity. The summation over torsion angles includes 

both conventional and improper dihedrals. Except where noted below, 

intramolecular bonded parameters as well as 𝜀 and 𝜎 were taken di- 

rectly from GAFF. The structure of each isolated ion was optimized at 

the B3LYP/6-311++g(d,p) level using Gaussian 16 (Frisch et al., 2016). 

Partial charges for each atom were computed using the RESP method 

(Bayly et al., 1993). To account for polarizability and charge transfer 

in the condensed phase (Zhang and Maginn, 2012), the gas phase RESP 

partial charges were uniformly scaled by a factor of 0.8. For [FAP]−, 

the nominal bond lengths and angles were determined from the opti- 

mized stuctures. The bond and angle force constants that are unavailable 

∑ ∑ 
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𝑃 𝑇 

𝐵 

 

in GAFF were adopted from a previous model for hexafluorophosphate 

([PF6]−) (Liu et al., 2004). The parameters for the C-C-P-C dihedral in 

[mFAP]− and [fFAP]− were obtained by fitting to energy profiles com- 
puted at the B3LYP/6-311++g(d,p) level. Finally, the 𝜎 parameters in 

Table 1 

Isobaric expansivity and isothermal compressibility of [C6C1im][FAP] with 

different mole fraction of isomers. 
 

𝛼 × 10−4 ( 1 ) 𝜅 × 10−4 (  1  ) 
 

both [mFAP]− and [fFAP]− were scaled uniformly by a factor of 0.93 

to better match the experimental density at 293 K (Almantariotis et al., 

2012).A complete listing of force field parameters is provided in the 

Supplementary Material. 
 

2.2. Simulation Procedure 

 
MD simulations were conducted in the isothermal-isobaric (NPT) 

and canonical (NVT) ensembles using the LAMMPS package (Plimpton, 

K 

Expt. 7.0 5.5 

x[𝑓𝐹𝐴𝑃 ]− =0 8.5 5.1 

x[𝑓𝐹𝐴𝑃 ]− =0.25 8.6 5.0 

x[𝑓𝐹𝐴𝑃 ]− =0.5 8.5 5.0 

x[𝑓𝐹𝐴𝑃 ]− =0.75 8.5 5.0 

x[𝑓𝐹𝐴𝑃 ]− =1 8.5 5.1 

Mean Difference 21.7% −8.4% 

MPa 

1995; Thompson et al., 2022). For each simulation, 400 [C6C1im]+ 

cations were used together with 0, 100, 200, 300, or 400 [fFAP]− 

ions and 400, 300, 100, or 0 [mFAP]− ions, resulting in mixtures with 

[fFAP]− mole fractions of 0, 0.25, 0.5, 0.75, and 1. NPT simulations 

were performed at the following state points: 300 K, 1 atm; 300 K, 

100 atm; 300 K, 200 atm; 300 K, 300 atm; 300 K, 500 atm; 350 K, 

1 atm; 400 K, 1 atm; 450 K, 1 atm; and 500 K, 1 atm to obtain den- 

sity. All NVT simulations were conducted at 300 K and 1 atm to obtain 

other properties. We used real units, periodic boundary conditions in all 

directions, and the Lorentz-Berthelot combining rule (Leach, 2001) for 

unlike atom interactions. The timestep was 1 fs. The cutoff of Lennard- 

Jones and Coulombic interactions was set to 12 Å. A standard Ewald 

summation method (Ewald, 1921) with an accuracy within 0.0001 and 

a particle-particle particle-mesh method (Hockney and Eastwood, 1988) 

point are provided in Table S1 of the Supplementary Material. The sim- 

ulations predict that the isomeric mixture of [C6C1im][FAP] behaves 

like an ideal solution. That is, the density of the mixture is approxi- 

mately equal to the weighted average densities of pure [C6C1im][fFAP] 

and [C6C1im][mFAP]. The density of [C6C1im][mFAP] is slightly higher 

than [C6C1im][fFAP], and the density of the mixture slightly decreases 

with an increase in the fraction of the [fFAP]− anion. 

Qualitatively, the MD simulations capture the trends in density with 

temperature and pressure quite well. To make the comparison more 

quantitative, least squares linear fits were applied to the simulation re- 

sults to calculate the isobaric expansivity (𝛼𝑃 ) and isothermal compress- 
ibility (𝜅𝑇 ) from the thermodynamic expressions 

𝛼𝑃 = 𝑉 −1(𝜕𝑉 ∕𝜕𝑇 )𝑃 = −𝜌−1(𝜕𝜌∕𝜕𝑇 )𝑃 = −(𝜕 ln 𝜌∕𝜕𝑇 )𝑃 (3) 

with a desired relative error in forces within 0.0001 were used as the 

long-range electrostatics solver for NPT and NVT simulations, respec- 𝜅𝑇 = −𝑉 −1(𝜕𝑉 ∕𝜕𝑃 )𝑇 = 𝜌−1 (𝜕𝜌∕𝜕𝑃 )𝑇 = (𝜕 ln 𝜌∕𝜕𝑃 )𝑇 (4) 

tively. Temperature and pressure were maintained by the Nosé-Hoover 

(Hoover, 1985) thermostat and the extended Lagrangian (Shinoda et al., 

2004) barostat, respectively. Initial configurations were generated by 

inserting ions into a cubic box using Packmol (Martínez and Martínez, 

2003; Martínez et al., 2009). Energy minimization was then carried out 

to relax the initial high energy state. A maximum of 10,000 interations 

were used. The stopping tolerance for energy and force was 0.0001 and 

0.000001, respectively. Following the minimization, NPT simulations 

were carried out for 2 ns to reach the desired average volume followed 

by an 8 ns production run, which was used to compute the density. Fi- 

nally, thirty independent 10 ns NVT production runs were conducted at 

the average density for dynamic analysis and a single 30 ns NVT simu- 

lation was used for structural analysis. 

3. Results and discussions 

Table 1 shows a comparison of the simulated and experimental expan- 

sivity and compressibility. The average deviation or mean difference 

from experiment is 10–20%, which is reasonable considering that these 

are derivative quantities that are small in magnitude. The values of 𝛼𝑃 

and 𝜅𝑇 show little dependence on the anion isomer composition. 

 
3.2. Shear viscosity 

 
The shear viscosity was calculated from NVT simulations using a 

time decomposition method (Zhang et al., 2015a), in which thirty inde- 

pendent trajectories were run at the same condition but with different 

initial velocities. The viscosity of each trajectory was computed from 

Allen and Tildesley (2017) 
   𝑉     ∑ ∞     

̄ ̄ 

𝜂 = 
6𝑘 𝑇 

 
𝛼≤𝛽 

∫0 
⟨𝑃𝛼𝛽 (𝑡) ⋅ 𝑃𝛼𝛽 (0)⟩𝑑𝑡 (5) 

3.1. Density 
where 𝑉 is the box volume, 𝑇 is the temperature, 𝑘𝐵 is the Boltzmann 
constant, and 𝑃̄ is the modified pressure tensor: 𝑃̄ = 𝑃 , 𝑃̄ = 𝑃 , 

Densities as a function of temperature and pressure were calculated ̄ 𝛼𝛽 ̄ ̄ 𝑥𝑦 𝑥𝑦 ̄ 𝑦𝑧 𝑦𝑧 

from the NPT simulations and are plotted in Fig. 2. We divided the con- 

verged part of the NPT production runs into three blocks and took the 

block average as the reported density. Uncertainties were assumed to be 

equal to the standard deviation, computed as 
√  

𝑃𝑥𝑧 = 𝑃𝑥𝑧, 𝑃𝑥𝑥 = 0.5(𝑃𝑥𝑥 − 𝑃𝑦𝑦), 𝑃𝑦𝑦 = 0.5(𝑃𝑦𝑦 − 𝑃𝑧𝑧), and 𝑃𝑧𝑧 = 0.5(𝑃𝑥𝑥 − 
𝑃𝑧𝑧). The final viscosity value was obtained by performing a weighted 

fit of the average over thirty simulations as a function of time to a dou- 
ble exponential function. The uncertainty in the calculated viscosity was 

estimated from a bootstrapping method by randomly re-sampling these 
√∑ ∑𝑛 𝜌̄ thirty trajectories with replacement (Zhang et al., 2018). Notably, the √  𝑛 (𝜌𝑖̄ −  𝑖=1 𝑖 )2 

𝜎 = 
√   𝑖=1 𝑛  

𝑛 
(2) final viscosity depends on the number of bootstrapping trials. As shown 

in Figure S1, the value of viscosity starts to converge when the number 

where 𝑛 is the number of blocks, and 𝜌̄𝑖 is the average density of block 
𝑖. As expected, density decreases with increasing temperature and in- 

creases with increasing pressure; both follow a linear relation. There 

are several experimental reports of the density of [C6C1im][FAP] (Akbar 

et al., 2016; Almantariotis et al., 2012; Jacquemin et al., 2008; Li et al., 

2011; Součková et al., 2012). The agreement between measurements is 

excellent, with deviations within 0.045%. We therefore use one set of ex- 

perimental data when comparing with simulations (Almantariotis et al., 

2012). Compared with experiments, the MD simulations slightly under- 

estimate the density, with a deviation of less than 3.5%. Computed den- 

sity, standard deviation, and deviation from experiments for each state 

of bootstrapping trials is greater than 20. To better estimate the final 

value and the corresponding uncertainty, we decide to use results from 

30 trials to represent the final reported value. Detailed values are pro- 

vided in Table S2 of the Supplementary Material. Surprisingly, Fig. 3 

shows that the computed viscosity of the IL having 50% [fFAP]− iso- 

mers are higher than those of both pure [C6C1im][mFAP] and pure 

[C6C1im][fFAP] and are very close to the experimental values. Values 

for viscosity at 𝑥[𝑓𝐹𝐴𝑃 ]− = 0, 0.25, 0.75, and 1 are insensitive to isomer 

mole fraction. The simulations therefore suggest that the viscosity of ILs 

with 50% [fFAP]− isomer is slightly higher than the ILs with either pure 

[mFAP]− or [fFAP]− anions. We caution, however, that the error bars in 
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Fig. 2. Density of [C6 C1 im][FAP] with different mole fraction 

of [fFAP]− and [mFAP]− vs. temperature at 1 atm (left) and 

vs. pressure (right) at 300 K (simulation) and 303.18 K (exper- 

iment) (Almantariotis et al., 2012). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 3. Computed shear viscosity of [C6 C1 im][FAP] as a function of [fFAP]− iso- 

mer mole fraction at 300 K compared with an average of multiple experimental 

results (Almantariotis et al., 2012; Dutt, 2010; Li et al., 2011) interpolated to 

300 K using the Vogel–Fulcher–Tammann equation. The red dotted line repre- 

sents the average of experimental values, and the width of the red shaded region 

refers to one standard deviation between different experiments. (For interpreta- 

tion of the references to color in this figure legend, the reader is referred to the  

web version of this article.) 

 
 

computed viscosity are large and so any trend with isomer composition 

is difficult to establish with certainty. It would be interesting, however, 

to see if this prediction holds up to experimental scrutiny, which would 

require additional experiments on the pure isomers. 

 
3.3. Self-diffusivity 

 
As an assessment of translational dynamics, the self-diffusivity was 

computed by fitting the linear region of the mean squared displacement 

 
 
 
 

Fig. 4. Computed self-diffusivity of [C6 C1 im][FAP] versus mole fraction of 

[fFAP]− at 300 K. 

 
 

(MSD) versus time according to the Einstein equation (Allen and Tildes- 

ley, 2017) using the PyLAT package (Humbert et al., 2019). Values were 

computed as the average over thirty independent simulations, and er- 

ror bars for ILs with different 𝑥[𝑓𝐹𝐴𝑃 ]− were estimated as the standard 

deviation of the thirty simulations. The final reported values account- 
ing for the system-size correction using the approach of Yeh and Hum- 

mer (2004) are documented in Table S3. As shown in Fig. 4, the simula- 

tions predict that the [C6C1im]+ cation diffuses faster than both anions. 

In the mixture, [mFAP]− and [fFAP]− have similar self-diffusivities, 
within the uncertainty of the calculations. There is a slight increase in 

self-diffusivity as the concentration of [fFAP]− increases, but the trend 
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Fig. 5. Rotational time constant calculated from rotational correlation function 

using N1 -N3 as the vector for [C6 C1 im] (blue) and C2 -C3 as the vector for [fFAP]− 

(orange) and [mFAP]− (green) as a function of [fFAP]− isomer mole fraction at 

300 K. (For interpretation of the references to color in this figure legend, the  

reader is referred to the web version of this article.) 

 

is modest. More interesting is the fact that the self-diffusivity trend does 

not follow the inverse of the viscosity trend. That is, the viscosity re- 

sults would suggest that the pure [mFAP]− and [fFAP]− systems have 

higher self-diffusivities than the mixtures, but this is not the case. Thus 

simple Stokes–Einstein behavior is not observed in these mixtures. Un- 

fortunately, we are unaware of any experimental self-diffusivity data 

Fig. 6. Residence time of [C6 C1 im]+-[FAP]− interaction as a function of [fFAP]− 

isomer mole fraction at 300 K. 

 

observed with increasing [fFAP]− concentration. Overall, considering 

the uncertainty, the decreasing trend is modest, and the rotational dy- 

namics has a weak dependence on anion composition. 

 
3.5. Residence time 

 
The average residence time of all anions in the first solvation shell 

of a cation (or vice versa) was determined by computing the residence 

time autocorrelation function (RTACF) 𝑅(𝑡) 

⟨𝐻 (0)𝐻 (𝑡)⟩ 

against which to compare the simulation results. 𝑅(𝑡) = 
⟨𝐻⟩ 

(9) 

3.4. Rotational dynamics 

 
To study the rotational dynamics of [C6C1im][FAP] with different 

mole fractions of the facial and meridional isomers, the rotational cor- 

relation function 𝐶(𝑡) was computed for the cation and anion as 

𝐶(𝑡) = ⟨ 
1 

[3𝑐𝑜𝑠2𝜃 (𝑡) − 1]⟩ (6) 
2 𝑖 

where 𝜃𝑖 (𝑡) is the angle between a vector in a given ion 𝑖 at time 0 and 
at time t (Wu et al., 2011). The time constant 𝜏𝑟𝑜𝑡 was determined by 
fitting the correlation function to a multi-exponential function 

∑ 

where 𝐻(𝑡) equal to 1 means an anion (cation) is still in the first sol- 

vation shell about a central cation (anion) after elapsed time 𝑡, while 

𝐻(𝑡) equal to 0 means the counterion has been exchanged from the first 

solvation shell over time 𝑡. The residence time correlation function was 

fit to a multi-exponential function like that in Eq. (7) and the residence 

time was evaluated from the infinite time integral as in Eq. (8). Res- 

idence times were computed from the average of thirty independent 

simulations, and the corresponding error bars were estimated from the 

standard deviation of the thirty independent simulations. Numerical val- 

ues are provided in Table S5. As shown in Fig. 6, the residence times 
of both [C6C1im]+-[mFAP]− and [C6C1im]+-[fFAP]− decrease slightly 

𝐶(𝑡) =   𝐴𝑖 × 𝑒𝑥𝑝(−𝑡∕𝐵𝑖 ) (7) 
𝑖 

with 1 to 4 terms used for different systems and integrating the fitting 

result from time 0 to infinity. 
 

𝜏𝑟𝑜𝑡 = 
∫0  

𝐶(𝑡)𝑑𝑡 (8) 

The vector chosen for [C6C1im]+ is the one connecting N1 and N3 in the 

plane of the ring, and the vectors chosen for [fFAP]− and [mFAP]− con- 
nect atoms C2 and C3, as shown in Fig. 1. Computed time constants were 
obtained from thirty independent simulations for each data point, and 

the corresponding uncertainty was estimated from the standard devia- 
tion of these thirty independent simulations. Detailed values are listed 

in Table S4. As shown in Fig. 5, the relative order of rotational time 

constant for different ions follows: [C6C1im]+ > [mFAP]− > [fFAP]−. 

The larger the time constant, the slower the ion rotates. Thus, [fFAP]− 

rotates slightly faster than [mFAP]− because of [mFAP]−’s relatively 
longer rotational axis, and the cation rotates much more slowly than 

either anion. We believe this is due to relatively long alkyl chain on the 
cation hindering rotation of the cation ring. Time constants for all three 

ions decrease modestly with increasing [fFAP]− mole fraction, meaning 

that the addition of [fFAP]− will slightly enhance the rotational dynam- 
ics of the IL; this is consistent with the slight increase in self-diffusivity 

with increasing concentration of [fFAP]− in the mixture. The differences 

in residence times between the two anions are small. These results are 

consistent with the self-diffusivity and rotational dynamics trends, in 

which dynamics increase slightly as [fFAP]− composition increases. 

 
3.6. Effect of isomer composition on liquid structure 

 
3.6.1. Radial distribution functions 

The center of mass (COM) radial distribution function (RDF) was 

calculated using the PyLAT package (Humbert et al., 2019) to study the 

effect of isomer composition on liquid structure. Fig. 7 shows the typi- 

cal charge alternation structure common to ILs. Very little difference is 

observed as a function of anion isomer composition, which is consistent 

with the ideal mixing observed with density. 

Since COM RDF sometimes cannot provide detailed insight on spe- 

cific molecular interactions, various site-to-site partial RDFs were also 

computed. In Fig. 8, we focus on the C2 carbon on the ring of the cation, 

the F3 fluorine at the end of the alkyl chain of the anion, and the F16 

fluorine directly connected to the central phosphorus (P) of the anion. 
The intensity of the first peak for C2-F16 interactions is greater than that 

for C2-F3, suggesting that the positive cation prefers to sit close to the 

negatively charged central P atom of the anion. Once again, there is very 

∞ 
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Fig. 7. Computed center of mass RDF of [C6 C1 im][FAP] with different mole 

fraction of [FAP]− isomer at 300 K. [FAP]−-[FAP]− interaction refers to 

[mFAP]−-[mFAP]− for x[𝑓𝐹𝐴𝑃 ]− =0, [fFAP]−-[mFAP]− for x[𝑓𝐹𝐴𝑃 ]− = 0.25, 0.5, 

and 0.75, and [fFAP]−-[fFAP]− for x[𝑓𝐹𝐴𝑃 ]− = 1. 

 

Fig. 8. Computed partial RDF of [C6 C1 im][FAP] with different mole fraction of 

[FAP]− isomer at 300 K. 

 
little difference between the partial RDFs for the two anions, consistent 

with ideal mixing behavior. 

 
3.6.2. Structure factor 

Finally, both the X-ray and the neutron total structure factors were 

computed using the following expression 

 
 
 
 
 
 
 
 
 
 
 

Fig. 9. The computed total and decomposed X-ray (left) and neutron (right) 

structure factors of [C6 C1 im][FAP] with different mole fraction of [FAP]− iso- 

mer at 300 K. 

 

For [C6C1im][FAP] mixtures with different isomer composition, 

𝑆 𝑡𝑜𝑡𝑎𝑙 (𝑞) = 𝑆 [𝐶6 𝐶1 𝑖𝑚]+−[𝐶6 𝐶1 𝑖𝑚]+ 
(𝑞) + 𝑆 [𝐶6 𝐶1 𝑖𝑚]+−[𝑓𝐹𝐴𝑃 ]− 

(𝑞) 

+ 𝑆 [𝐶6 𝐶1 𝑖𝑚]+−[𝑚𝐹 𝐴𝑃 ]− 
(𝑞) + 𝑆 [𝑓 𝐹𝐴𝑃 ]−−[𝑓 𝐹𝐴𝑃 ]− 

(𝑞) 

+ 𝑆 [𝑓𝐹 𝐴𝑃 ]−−[𝑚𝐹 𝐴𝑃 ]− 
(𝑞) + 𝑆 [𝑚𝐹 𝐴𝑃 ]−−[𝑚𝐹 𝐴𝑃 ]− 

(𝑞) (12) 

The calculated total and decomposed X-ray and neutron structure 
factors of [C6C1im][FAP] are shown in Fig. 9 and Figure S2. Total X- 
ray and neutron structure factors include a charge alternation peak and 
an adjacency peak (Araque et al., 2015). The highest peak in the to- 

tal structure factor is the peak at 0.74 Å−1 which is associated with 

charge alternation. [C6C1im]+-[fFAP]−, [C6C1im]+-[mFAP]−, [fFAP]−- 

[fFAP]−, and [mFAP]−-[mFAP]− subcomponents make a crucial con- 
tribution to the total S(q). The charge alternation peak is positive for 
ions with the same charge and is negative for ions with opposite charge. 

With increasing mole fraction of the [fFAP]− isomer, the intensity for 

[C6C1im]+-[fFAP]− and [fFAP]−-[fFAP]− increases whereas the inten- 

sity for [C6C1im]+-[mFAP]− and [mFAP]−-[mFAP]− decreases due to 

 

𝑆(𝑞) = 
𝜌0 

∑𝑛 ∑𝑛 

𝑖=1𝑗=1 
𝑥𝑖 𝑥𝑗 𝑓𝑖 (𝑞)𝑓𝑗 (𝑞) 0 4𝜋𝑟 (𝑔𝑖𝑗 (𝑟) − 1) 𝑠𝑖𝑛(𝑞𝑟) 𝑤 𝑟 𝑑𝑟 

𝑞𝑟 

 

 
(10) 

the concentration effect. The peak at 1.37 Å−1 is an indication of ad- 

jacency correlation of neighboring atoms. It is interesting to notice 

that, for [C C im][FAP] with different isomers, both [fFAP]−-[fFAP]− 
∑𝑛 6 1 

[  𝑥𝑖 𝑓𝑖 (𝑞)]2 
𝑖=1 

where 𝜌0 is the number density, 𝑥𝑖 and 𝑥𝑗 are the fractions of atom types 
𝑖 and 𝑗, respectively, 𝑛 is the total number of atom types, 𝑓 (𝑞) is the X-ray 

form factor or neutron scattering length (which is independent of q), 𝑟 is 

the distance between two atoms, 𝑔𝑖𝑗 (𝑟) is the RDF between sites 𝑖 and 𝑗, 

𝑞 is the scattering factor, and 𝑤(𝑟) is the Lorch window function to miti- 
gate finite truncation effects (Kashyap et al., 2012; Kaur et al., 2016). To 

examine the decomposed cation-cation, cation-anion, and anion-anion 

correlations, the total structure factor was partitioned conforming to the 

following rule. For pure [C6C1im][fFAP] or [C6C1im][mFAP], 

𝑆 𝑡𝑜𝑡𝑎𝑙 (𝑞) = 𝑆 [𝐶6 𝐶1 𝑖𝑚]+−[𝐶6 𝐶1 𝑖𝑚]+ 
(𝑞) + 𝑆 [𝐶6 𝐶1 𝑖𝑚]+−[𝐹𝐴𝑃 ]− 

(𝑞) 

+𝑆 [𝐹 𝐴𝑃 ]−−[𝐹 𝐴𝑃 ]− 
(𝑞) (11) 

and [mFAP]−-[mFAP]− contributions show a positive signal at around 

0.2 Å−1 . The length scale of this signal is similar to the polar-nonpolar 

alternation structure reported previously for other ILs (Annapureddy 

et al., 2010; Araque et al., 2015). However, detailed study of this struc- 

ture needs a much larger simulation box, which will be explored in fu- 

ture studies. Overall, the total S(q) presented in the current study shows 

no composition dependence, but most subcomponents do change with 

isomer composition. 

 
4. Conclusion 

 
A new GAFF-based force field parameter set was devel- 

oped for both the facial and the meridional isomers of the 

tris(pentafluoroethyl)trifluorophosphate anion ([fFAP]− and [mFAP]−, 
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respectively). The new FAP force field was able to capture experimental 
density and viscosity of the IL [C6C1im][FAP] reasonably well, when 

paired with a previously validated force field for [C6C1im]+. 

Because ILs containing the [FAP]− anion are typically composed of 

a mixture of the two anion isomers, the effect of [FAP]− isomer compo- 

sition on the physical and structural properties of [C6C1im][FAP] was 

studied. The liquid structure showed essentially no difference as a func- 

tion of anion isomer composition, suggesting an ideal mixture. Inter- 

estingly, however, liquid density and dynamical properties did show a 

slight dependence on isomer composition. Liquid density shows a subtle 

decrease with increasing [fFAP]− isomer composition. Self-diffusivity, 

ion rotational dynamics, and ion pair exchange dynamics all became 

slightly faster as the fraction of the [fFAP]− isomer increased. The com- 

puted viscosity of [C6C1im][FAP] having [fFAP]− mole fractions of 0.5 

agreed remarkably well with experimental data. Interestingly, the vis- 

cosities of pure [C6C1im][fFAP] and [C6C1im][mFAP] were lower than 

those of the isomer mixtures, suggesting that the dynamics of the mix- 

ture do not follow a simple Stokes–Einstein model. We hope these find- 

ings stimulate additional experimental investigations of ILs containing 

this important anion. 
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