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INTRODUCTION 

Hydrofluorocarbon (HFC) refrigerants, known as third- 
generation refrigerants, are widely used in industrial, 
residential, and commercial cooling systems because of their 
zero ozone depleting potential. However, some HFC 
refrigerants have high global warming potential (GWP). For 
example, HFC-125 (CHF2CF3) in HFC-410A (GWP: 2088), 
the near-azeotropic mixture of HFC-32 (CH2F2) (GWP: 675) 
and HFC-125 (GWP: 3500), has a much higher GWP value 
than pure HFC-32.1 It is, therefore, desirable to separate HFC- 
410A into its two components so that HFC-32 can be reused 
and HFC-125 repurposed. The Kigali Amendment,2 signed in 
2016 by 197 countries, mandates the phaseout of high GWP 
HFC refrigerants. Furthermore, on April 30, 2021, the US 
government proposed rules reducing the allowance of HFC 
production and consumption.3 These announcements imposed 

Shiflett and Yokozeki conducted systematic research on 
HFC-32 in 19 ILs, showed that the types of both cation and 
anion determine the solubility of HFC-32 in the ILs and, for 
the first time, indicated that HFC-32 has high solubility in ILs 
with fluorinated anions and low solubility in ILs with 
nonfluorinated anions.8 The same authors also discovered 
large negative excess molar volumes in HFC-125 and 1-n- 
butyl-3-methylimidazolium hexafluorophosphate ([C4C1im]- 
[PF6]) binary systems9 implying strong interactions between 
HFC-125 and [C4C1im][PF6] molecules. They also extensively 
investigated the diffusivity and solubility of various HFCs in 
two ILs, 1-n-butyl-3-methylimidazolium tetrafluoroborate 
([C4C1im][BF4]) and [C4C1im][PF6], verified that there are 
large solubility differences among HFCs,10 and suggested that 
[C4C1im][PF6] is an efficient solvent to separate HFC-32 and 
HFC-125 via extractive distillation.11 Lepre et al. measured 
HFC-134a (CF3CH2F) solubility in 1-ethyl-3-methylimidazo- 

a huge push to solve this important environmental problem.   

However, separating and recycling HFCs is difficult because 
many of them exist as azeotropic mixtures. Also, existing 
technology is infeasible due to high energy requirements or 
lack of separating agents. Promisingly, extensive publications 
have indicated that ionic liquids (ILs) can serve as an entrainer 
to efficiently perform azeotropic HFC separations.4−7 
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ABSTRACT: The physical properties of four ionic liquids (ILs), including 1-n-butyl-3- 
methylimidazolium tetrafluoroborate ([C4C1im][BF4]), 1-n-butyl-3-methylimidazolium hexa- 
fluorophosphate ([C4C1im][PF6]), 1-n-butyl-3-methylimidazolium thiocyanate ([C4C1im]- 
[SCN]), and 1-n-hexyl-3-methylimidazolium chloride ([C6C1im][Cl]), and their mixtures 
with hydrofluorocarbon (HFC) gases HFC-32 (CH2F2), HFC-125 (CHF2CF3), and HFC-410A, 
a 50/50 wt % mixture of HFC-32 and HFC-125, were studied using molecular dynamics (MD) 
simulation. Experiments were conducted to measure the density, self-diffusivity, and shear 
viscosity of HFC/[C4C1im][BF4] system. Extensive analyses were carried out to understand the 
effect of IL structure on various properties of the HFC/IL mixtures. Density, diffusivity, and 
viscosity of the pure ILs were calculated and compared with experimental values. The good 
agreement between computed and experimental results suggests that the applied force fields are 
reliable. The calculated center of mass (COM) radial distribution functions (RDFs), partial 
RDFs, spatial distribution functions (SDFs), and coordination numbers (CNs) provide a sense 
of how the distribution of HFC changes in the liquid mixtures with IL structure. Detailed analysis reveals that selectivity toward 
HFC-32 and HFC-125 depends on both cation and anion. The molecular insight provided in the current work will help the design of 
optimal ILs for the separation of azeotropic HFC mixtures. 
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lium bis(trifluoromethylsulfonyl)imide ([C2C1im][TFSI]), 1- 
n-octyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide 
([C8C1im][TFSI]), 1-(3,3,4,4,5,5,6,6,7,7,8,8,8-trideca- 
fluorooctyl)-3-methylimidazolium bis(trifluoromethyl- 
sulfonyl)imide ([C8H4F13C1Im][TFSI]), 1-n-octyl-3-methyli- 
midazolium bis(pentafluoroethylsulfonyl)imide ([C8C1im] 
[BETI]), and 1-(3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluorooctyl)-3- 
methylimidazolium bis(pentafluoroethylsulfonyl)imide 
([C8H4F13C1Im][BETI]) and found the solubility of HFC- 
134a follows the order of [C2C1im][TFSI] < [C8C1im][TFSI] 
< [C 8 C 1 im][BETI]   <  [C 8 H 4 F 13 C 1 Im][TFSI]   < 
[C8H4F13C1Im][BETI].12 They concluded that the fluorina- 
tion of both the cation and the anion can increase solubility of 
HFC-134a with the effect of the cation being more significant. 
They also carried out molecular dynamics (MD) simulations 
to calculate radial distribution functions to better understand 
the solvation environment of HFC-134a in these five ILs. It 
was found that the anions favor the −CH2F site rather than the 
−CF3 site in HFC-134a, while the terminal carbon of cations 
shows the opposite trend. In addition, HFC-134a was found to 
localize more around the terminal carbon of the cation alkyl 
chain than the imidazolium ring atoms. Dong et al. studied 
HFC-32 and HFC-152a (CH3CHF2) solubility in 1-ethyl-3- 
methylimidazolium trifluoromethanesulfonate ([C2C1im]- 
[OTf]) and 1-n-butyl-3-methylimidazolium trifluoromethane- 
sulfonate ([C4C1im][OTf]) and proposed that the alkyl chain 
length of the cation can affect the solubility of these two HFCs: 
The longer the chain length, the higher the solubility.13 Sosa 
and co-workers studied HFC-32, HFC-125, and HFC-134a 
and found that ILs with anions containing a fluorinated alkyl 
side chain with four carbon atoms like perfluoropentanoate 
([C4F9CO2]) and perfluorobutanesulfonate ([C4F9SO3]) can 
improve the ideal selectivity of HFC-134a over HFC-32 in 
their binary mixtures, while fluoro-containing ILs without a 
fluorinated alkyl chain in the anions like triflate ([CF3FO3]) 
and bis(trifluoroethylsulfonyl)imide (N(CF3SO2)2) are more 
selective toward HFC-32 over HFC-125 and toward HFC- 
134a over HFC-125.14 

There are extensive molecular modeling works on 
HFCs15−19 and ILs,20−24 but little has been done on HFC/ 
IL mixtures. Asensio-Delgado et al. applied the soft-SAFT 
equation of state and Aspen Plus simulator to model the 
separation of HFC-410A with ionic liquids.25 They identified 
[C2C1im][TFSI] as the most promising candidate among three 
imidazolium ILs with fluorinated anions, 1-n-hexy1-3-methyl- 
imidazolium bis(trifluoromethylsulfonyl)imide ([C6C1im]- 
[TFSI]), [C2C1im][TFSI], and [C4C1im][PF6]. They sug- 
gested that although these three ILs present no remarkable 
difference from a thermodynamic aspect, [C2C1im][TFSI] 
showed better performance in mass transfer due to its lower 
viscosity than the other two ILs. As far as we know, there have 
been no detailed molecular simulation studies of the structure 
and dynamics of HFC-32 and HFC-125 in ILs. The lack of 
molecular level explanation limits the understanding of how IL 
structure affects HFC separations. 

A recent experimental work studied the refrigerants HFC-32 
and HFC-125 in [C4C1im][BF4], [C4C1im][PF6], 1-n-butyl-3- 
methylimidazolium thiocyanate ([C4C1im][SCN]), 1-n-hexyl- 
3-methyl-imidazolium chloride ([C6C1im][Cl]), 1-n-butyl-3- 
methylimidazolium acetate ([C4C1im][C1CO2]), and 1-n- 
hexyl-3-methylimidazolium tris(pentafluoroethyl)trifluoro- 
phosphate ([C6C1im][FAP]) and demonstrated that HFC-32 
has higher solubility in ILs with fluorinated anions ([BF4], 

[PF6], and [FAP]) than HFC-125 and that [C4C1im][SCN] 
has low absorption capacity for both HFC-32 and HFC-125.26 
It was also found that HFC-32 has higher diffusivity than 
HFC-125 in the binary mixtures, and the choice of IL 
significantly affects the solubility of HFCs, which provides a 
motivation for us to apply molecular modeling techniques 
along with experimental measurements to study these 
mixtures. In the current work, we performed MD simulations 
and experiments to study HFC-32 and HFC-125 in [C4C1im]- 
[BF4]. We found that the simulations match the experimental 
data quite well. Based on this, we extended our simulation 
study to include HFC-32 and HFC-125 in [C4C1im][PF6], 
[C4C1im][SCN], and [C6C1im][Cl]. We also studied the 
mixture of HFC-410A with all four ILs. Detailed chemical 
structures and shorthand names of the studied ILs and HFCs 
are given in Figure 1. We investigated density, diffusivity, 

 

 

Figure 1. 2D chemical structures and shorthand names of ILs and 
HFC refrigerants. 

 

viscosity, radial distribution functions (RDFs), and spatial 
distribution functions (SDFs). We verified the experimentally 
observed negative excess volume in HFC/IL mixtures and the 
diffusivity differences of HFC-32 and HFC-125 in the ILs. 
Finally, we discussed how IL structure plays a role in the 
solubility of HFCs in these ILs. 

METHODS 

Force Field. The general Amber force field (GAFF)27 was 
applied to describe the bonded and nonbonded interactions of 
ILs. The functional form is 

  (1) 

where 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 parameters for the Lennard-Jones (LJ) 
potential; qi and qj are partial charges to account for 
electrostatic interactions; and ε0 is the vacuum dielectric 

https://pubs.acs.org/doi/10.1021/acs.jpcb.2c05787?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.2c05787?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.2c05787?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.2c05787?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.2c05787?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.2c05787?fig=fig1&ref=pdf
https://doi.org/10.1021/acs.jpcb.2c05787?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/doi/10.1021/acs.jpcb.2c05787?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.2c05787?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.2c05787?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.2c05787?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.2c05787?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.2c05787?fig=fig1&ref=pdf
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constant. Conventional dihedrals and improper dihedrals are 
all considered in the summation of torsions. Dihedral 
parameters that are not available in GAFF were fitted to 
quantum calculations at the B3LYP/6-311++g(d,p) level. The 
missing bond and angle parameters in GAFF for [BF4] and 
[PF6] were adapted from other works.28,29 The [Cl] anion was 
described using the model from ref 30. For each isolated ion, 
structure optimization was carried out using the Gaussian 16 
package31 at the B3LYP/6-311++g(d,p) level. Partial charges 
were computed by fitting the electrostatic potential surface 
using the RESP method32 and uniformly scaled by a factor of 
0.8 to account for polarizability and charge transfer.33 Force 
fields of HFCs were chosen and reproduced from one of the 
optimized parameter sets from ref 34. A complete listing of 
parameters is provided in Tables S1−S6. 

Simulation Procedure. The LAMMPS package35,36 was 
employed to perform MD simulations under isothermal− 
isobaric (NPT) and canonical (NVT) ensembles. The initial 
configuration was constructed using Packmol37,38 by randomly 
inserting molecules into a cubic box. There were 400 ion pairs 
for each IL in all simulations and 30, 150, and 570 HFC 
molecules were added to the liquid phase resulting in the HFC 
mole fractions of 0.071, 0.272, and 0.588, respectively. These 
compositions correspond to experimentally determined state 
points of HFC-32 in [C4C1im][BF4] from ref 10. Fewer data 
points were simulated for HFC-32 and HFC-125 in [C4C1im]- 
[SCN], HFC-125 in [C4C1im][BF4], and HFC-125 in 
[C4C1im][PF6] because these systems have lower solubility. 
Temperature and pressure for the pure IL simulations were set 
at 300 K and 1 atm, except for [C6C1im][Cl], where the 
conditions were 350 K and 1 atm. Temperatures, pressures, 
and HFC compositions for the HFC/IL binary and ternary 
systems are listed in Table 1. Periodic boundary conditions 

 

Table 1. Detailed Simulation Temperatures, Pressures, and 
Corresponding HFC Composition for HFC/IL Binary and 
Ternary Systems 

 

 T (K) P (atm) x 

 298.2 0.984 0.071 

HFC-32 in [C4C1im][BF4] 298.2 3.95 0.272 
 298.2 9.868 0.588 
 298.2 0.92 0.071 

HFC-32 in [C4C1im][PF6] 298.2 3.95 0.272 
 298.2 10.22 0.588 

HFC-32 in [C4C1im][SCN] 298.2 2.45 0.071 
 298.2 7.57 0.272 

HFC-32 in [C6C1im][Cl] 

 
 

HFC-125 in [C4C1im][BF4] 

 
HFC-125 in [C4C1im][PF6] 298.2 8.87 0.272 

HFC-125 in [C4C1im][SCN] 298.2 7.382 0.071 
 298.2 0.84 0.071 

HFC-125 in [C6C1im][Cl] 298.2 3.7 0.272 
 298.2 8.72 0.588 

HFC-410A in [C4C1im][BF4] 298.2 0.984 0.177 

HFC-410A in [C4C1im][PF6] 298.2 0.984 0.177 

HFC-410A in [C4C1im][SCN] 298.2 0.984 0.177 

HFC-410A in [C6C1im][Cl] 298.2 0.984 0.177 

were applied in all directions. The time step was set to 1 fs and 
the cutoff of nonbonded interactions was 12 Å. A standard 
Ewald summation method39 and a particle−particle particle− 
mesh method40 with a precision of 0.0001 were used as long- 
range electrostatics solver for NPT and NVT simulations, 
respectively. For each system, an energy minimization for 
10 000 iterations was first performed to reach a local energy 
minimum, which was followed by an NPT equilibration for 2 
ns to reach the desired average volume. Density, isobaric 
expansivity, isothermal compressibility, and excess volume 
were computed from a 10 ns NPT production run, while self- 
diffusivity and structural properties were calculated from a 30 
ns NVT production run. Shear viscosity was calculated from 30 
independent 10 ns NVT production run following the 30 ns 
NVT production run mentioned before. Initial velocities were 
assigned randomly at the given temperature. The Nose− 
Hoover41 thermostat and the extended Lagrangian42 barostat 
were used to maintain the temperature and pressure, 
respectively. The nonbonded pairwise coefficients εij and σij 
for interactions between different atom types obey the 
Lorentz−Berthelot combining rules43 

  (2) 

  (3) 

Property Calculations. Density was obtained from an 
NPT production run and block averaged over converged parts 
of the simulation. The uncertainty was estimated from the 
standard deviation, calculated as 

  (4) 

where n is the number of blocks, and ρ ̅i is the average density 
of block i. Isobaric expansivity (αP) and isothermal 
compressibility (κT) were calculated from the following 
thermodynamic expressions: 

 

(5) 
 

(6) 

The self-diffusivity was calculated from the following 
Einstein equation44 using the PyLAT package:45 

            (7) 

where ⟨[r(t) − r(0)]2⟩ is the mean-squared displacement 
(MSD) whose formula is 

 

(8) 

ri is the position of the center of mass (COM) of molecule i, N 
is the number of molecules, t0 are different time origins, n + 1 
is the number of time origins used, and the angle bracket 
denotes an ensemble average. A system-size correction was 
applied to simulated self-diffusivity values of pure ILs 
according to the approach of Yeh and Hummer46 using the 
calculated viscosity. 

298.2 1.55 0.071 

298.2 5.94 0.272 

298.2 16.44 0.588 

298.2 3 0.071 

298.2 8.1 0.272 

298.2 2.9 0.071 

 

https://doi.org/10.1021/acs.jpcb.2c05787?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.2c05787/suppl_file/jp2c05787_si_001.pdf
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The shear viscosity was calculated using a time decom- 
position method47 applying the Green−Kubo equation to each 
trajectory 

        (9) 

where V is the box volume, T is the temperature, kB is the 
Boltzmann constant, and P ̅αβ is the modified pressure tensor. 
The standard deviation and average over 30 trajectories as a 
function of time were calculated and fit to a power law function 
and a double exponential function, respectively. Modified 
pressure tensors conform to the following rules: P̅xy = Pxy, P ̅yz = 
Pyz, P ̅xz = Pxz, P ̅xx = 0.5(Pxx − Pyy), P̅yy = 0.5(Pyy − Pzz), and P̅zz 
= 0.5(Pxx − Pzz). A bootstrapping method was utilized to 
estimate the standard deviation of the calculated viscosity,48 
which was taken as the uncertainty. 

The liquid structure was studied in terms of RDF 

           (10) 

where Ni and Nj are the numbers of particles i and j, rij is the 
distance between particles i and j, and δ(r − rij) is the Dirac 
function. Coordination number of species j around species i 
was computed according to the following formula 

  (11) 

where r′ is the cutoff distance. SDF is another way to present 
the liquid structure which was calculated similarly to RDF but 
in a 3D manner. 

Experimental Methodology. Vapor−Liquid Equilibrium, 
Density, and Viscosity. A multifunctional apparatus was 
utilized to measure the gas solubility, density and shear 
viscosity. A detailed description of the apparatus and its 
operation will be provided in an upcoming publication. An 
overview will be given here. A high-pressure viscometer and 
high-pressure densitometer were combined in series with a 
view cell similar to a Jurgenson cell. The working apparatus 
was heated in an ESPEC climate-control chamber (model 
BTZ-475) with a temperature range of −70 to 180 °C with an 
approximate ±0.2 °C control. A given amount of ionic liquid 
was initially introduced to the system and dried again at 
elevated temperatures and vacuum pressures (∼2 mbar). A 
measured mass quantity of the gas was introduced and mixing 
of the components was performed by circulating the liquid 
using an Eldex reciprocating piston pump (model Optos 
2HM) that drew the liquid from the bottom of the view cell, 
circulated it through the densitometer and viscometer in series, 
and re-entered the view cell where the liquid droplets fell 
through the vapor phase back to the liquid phase. At each 
pressure, the system was circulated for approximately 1 h (at 
flow rates ranging between 5 and 30 mL/min) to reach phase 
equilibrium. Gas solubility measurements were obtained from 
a mass balance method knowing the mass of IL and gas 
introduced to the system, the liquid density, and the total 
volume of the system including lines. The uncertainty of the 
gas solubility measurements was nominally ±0.005 mole 
fraction but whose uncertainty was calculated for each 
individual point. The temperature of the system was measured 
with a Pt100 RTD with an uncertainty of ±0.1 °C. The 
pressure was measured using an OMEGA digital pressure 

gauge (model PX309−500AI) with a 34.47 bar maximum limit 
and an uncertainty of 0.25% full scale (±0.09 bar). 

Viscosity was measured with a modified Cambridge Applied 
Systems (Currently: Cambridge Viscosity, a unit of Petroleum 
Analyzer Company) ViscoPro 2000, 4-SPL-440 high-pressure 
viscometer. The viscometer measurements are based on the 
principle of annular fluid flow around an axially oscillating 
piston in a cylindrical chamber.49 A controlled magnetic field 
oscillates a piston a certain distance and the time of travel is 
correlated to the viscosity of the fluid sample. The measuring 
system is capable of 190 °C and 1379 bar with viscosities 
ranging from 0.2 to 10 000 cP. The nominal viscosity accuracy 
is reported as ±1% full scale of the viscosity range of the 
specific piston installed. However, better results are often 
achieved in practice with a run-to-run repeatability of about 
±0.5%. Each reported viscosity measurement is the average of 
10 measurements with its standard deviation. A detailed 
description of the device is reported elsewhere.50 

Density measurements were conducted using an Anton Paar 
DMA HPM external measuring unit capable of pressures up to 
1400 bar and temperatures up to 200 °C. The measuring unit 
employs the principle of a vibrating U-tube densitometer in 
which the vibration frequency of a vibrating U-tube filled with 
a fluid of interest is measured and correlated to the period of 
oscillation. The period of oscillation, temperature, and pressure 
are relayed to a mPDS 5 evaluation unit where they are fit to a 
conversion polynomial that correlates the measured variables 
to density. The density is corrected for minor viscosity effects 
using a factory-supplied calibration. The densitometer unit 
includes a temperature sensor with a reported uncertainty of 
<0.1 °C. Density measurements have an estimated overall 
accuracy of ±0.15%. Further information on the aforemen- 
tioned polynomial and evaluation unit operation is provided 
elsewhere.51 

Diffusivity. The self-diffusivity of the IL cation and anion, 
and the dissolved gas were measured by following our 
previously reported NMR procedure.52 Typically, 1H and 19F 
NMR was used here to determine the self-diffusion of both the 
cation and anion of IL and the dissolved refrigerant gas. A 
Bruker 500 MHz NMR instrument was used to measure the 
translational diffusion with a pulsed-field gradient (PFG) 
method. In a PFG, the reduction of a signal intensity resulting 
from the combination of molecular diffusion and magnetic 
force gradient pulses on nuclear spins can be measured. The 
reduction of the signal intensity is based on the diffusion time 
as well as the gradient parameters: gradient strength and length 
of gradient. The intensities for the sample are given by the 
following equation:53 

         (12) 

where g is the gradient strength (G/m), I is the integral value 
at given g, I° is integral value at given g = 0, γ is the 
gyromagnetic ratio in G/s (26752 for 1H NMR and 25182 for 
19F NMR), δ is the length of gradient pulse in s (p30 × 2)), Δ 
is the diffusion time in s, τ is the delay for refocusing in s, and 
D is the diffusion coefficient (m2/s). A more detailed 
description of the NMR method used for diffusion is discussed 
elsewhere.54,55 

To measure the diffusion coefficient of molecules of a liquid 
mixed with a compressed gas, a medium pressure NMR tube 
from Wilmad Lab Glass (Model PV-ANV Pressure/Vacuum 
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NMR Valve) which is capable of pressures to 13 bar was used. 
Under N2 in a glovebox, the IL sample was injected into the 
tube to the height of ∼3 cm. The valve assembly was 
connected to the NMR tube. The NMR tube was then 
removed from the glovebox and connected to the pressure 
gauge (through a 5 ft. 1/16 in. PEEK tube) and followed by 
gas cylinder. Before injecting refrigerant gas into the IL, the 
system was degassed for 1 h under vacuum. Later, the vacuum 
line was closed and a certain amount of gas was injected. The 
tube was rocked back and forth to increase mixing and reduce 
the time to equilibrium. After several hours, the NMR tube was 
placed in the temperature controlled chiller (at 25 °C) for a 
couple of days. The NMR tube was placed within the NMR 
instrument for 2 h to avoid any temperature differences, and 
the NMR tube pressure was monitored to ensure that the 
pressure remained constant. 

RESULTS AND DISCUSSIONS 

Properties of Pure ILs. Density. To validate the force 
fields, the properties of the pure ILs were studied first. As an 
initial test, the density as a function of temperature and 
pressure was calculated for the pure ILs. The results are plotted 
in Figure 2 and compared with available experimental results. 

 

 

Figure 2. Density of pure [C4C1im][BF4] (blue), [C4C1im][PF6] 
(orange), [C4C1im][SCN] (green), and [C6C1im][Cl] (red) as a 
function of temperature (left) at 1 atm for the simulations and similar 
pressures for experiments (0.997 atm for [C4C1im][PF6] and 0.987 
atm for the rest), and as a function of pressure (right) at 300 K for the 
simulations and at 298.15 K for experiment (blue diamond) in this 
work, and similar temperatures for experiments in literature (300.65 K 
for [C4C1im][BF4], 298.15 K for [C4C1im][PF6] and [C4C1im]- 
[SCN], and 303.15 K for [C6C1im][Cl]). Simulation results are in 
filled symbols whereas experimental data are in open symbols. The 
estimated error bars are smaller than the symbols. 

 

 
Both calculated and experimental56−59 density values are 
summarized in Table S7. Deviation among different exper- 
imental data for the same IL is within 0.1%. As shown in the 
figure, the density decreases with increasing temperature and 
increases with increasing pressure, and all follow linear 
relations. The averaged deviation between simulation and 
experiment is summarized in Table S7 and was calculated as 

, where N is the number of state points, ρsim. is 

the simulated density, and ρexpt. is the experimental density. 
Each state point at experimental condition was estimated based 
on a linear fit of the simulation results. The MD simulations 
slightly underpredict the density. The maximum averaged 
deviation was found to be around −5.1%. As shown in Figure 

2, MD simulations perfectly capture the relative order of 
density: [C4C1im][PF6] > [C4C1im][BF4] > [C4C1im][SCN] 
> [C6C1im][Cl]. The temperature and pressure dependence of 
the density is captured as demonstrated by the isobaric 
expansivity αP and isothermal compressibility κT values shown 
in Table S8. 

Self-Diffusivity. Based on the Einstein relation (eq 7), the 
self-diffusion coefficients of the cations and anions at 300 K 
(350 K for [C6C1im][Cl]) and 1 atm were derived from the 
diffusive region of the calculated MSD. The results are shown 
in Figure 3 and compared with available experimental results. 

 

 

Figure 3. Self-diffusivity of pure ILs at 300 K and 1 atm except for 
[C6C1im][Cl] which is at 350 K and 1 atm compared with experiment 
in this work (open) at 298.15 K and in literature60 (hatched pattern). 

 

We also report our experimental diffusivities for [C4C1im]- 
[BF4], which are slightly lower than previous experimental 

measurements. For all the ILs studied in the current work, the 
calculated diffusivity of the cations is higher than or close to 
that of the corresponding anions, although the anions are 
smaller than the cations in all ILs. Compared with experi- 
ments,60 MD simulations overestimate the cation diffusivity 
and underestimate the anion diffusivity for both [C4C1im]- 
[BF4] and [C4C1im][PF6]. In addition, the simulations predict 
that the cation diffusivity is larger than the anion diffusivity, 
which is not observed experimentally. However, the trend that 
[C4C1im][BF4] tends to have faster dynamics than [C4C1im]- 
[PF6] was captured by the simulations. No experimental data 
were found for the other two ILs. Overall, the calculated self- 

diffusivities show reasonable agreement with experimental 
results. Table S9 provides a summary of the calculated and 

experimental diffusivity values from literature, and Table S10 
provides experimental diffusivity values measured in this work. 
Shear Viscosity. The calculated shear viscosities for the pure 
ILs are shown in Figure 4 and compared to experimental 

results. All simulations were done at 300 K except for 
[C6C1im][Cl] which was calculated at an elevated temperature 

of 350 K due to its high viscosity at 300 K. For each IL, 
multiple experimental results were found in the literature 
which deviate from each other significantly in some cases. 
Experimental values at simulation temperatures were estimated 

from the Vogel−Fulcher−Tammann equation and are 
summarized in Table S11. For a comprehensive comparison, 

the average and standard deviation of experimental results for a 
given IL were computed and plotted with simulation values in 

Figure 4. As shown in the figure, for two of the four ILs studied 
in the current work, [C4C1im][BF4] and [C4C1im][PF6], the 
simulated viscosities agree with experimental values very well. 
Our experimental results for [C4C1im][BF4] also agree well 
with previous experiments. For the other two ILs, simulation 
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Figure 4. Shear viscosity of pure ILs simulated at 300 K and 1 atm 
except for [C6C1im][Cl] which was simulated at 350 K and 1 atm. 
The average and the corresponding standard deviation from multiple 
experimental results interpolated at simulation temperature are 
included for comparison. All the data are summarized in Table S11. 
Experimental (unfilled orange bar) viscosity of [C4C1im][BF4] 
measured at 298.15 K in the present work is also shown, with the 
value documented in Table S12. 

 

significantly underestimates the viscosity of [C6C1im][Cl] and 
slightly overestimates that of [C4C1im][SCN]. Aside from the 
[C6C1im][Cl] result and considering that the viscosity is a 
property that is hard to predict accurately for ILs, the 
agreement between simulation and experiments presented here 

pure IL density is 5.6%. Pure component HFC-125 has a 
saturated liquid mass density of 1.189 g/cm3 with a density to 

pressure sensitivity, , of 0.0015 g/cm3·bar.61,62 If the density 

of the dissolved HFC-125 in the mixture is assumed to have a 
similar dependency on pressure, the density of the pure 
component would not be expected to have comparable density 
values as that of the IL until higher pressures (compositions; > 
20 bar) are achieved. The IL density also has a slight 
dependency on pressure within the pressure regimes 

investigated (  = 0.0005 g/cm3·bar per data reported by 

Matkowska et al.).63 Hence, the increase in density cannot be 
explicitly attributed to potential hydrostatic pressure effects, 
but effects due to composition and intermolecular interactions. 

The simulated density of the HFC and IL binary mixtures 
were calculated from MD simulations, and the results with 
corresponding standard deviation are summarized in Table 
S13. From Figure 5, the simulated density of HFC-32/ 
[C4C1im][BF4] shows a slight increase followed by a slight 
decrease with increasing HFC-32 mole fraction, while the 
simulated density of HFC-125/[C4C1im][BF4] shows a steady 
increase with increasing HFC-125 mole fraction, which is 
consistent with experiments. Simulations of both systems 
consistently underestimate density by less than 5%, which is 
similar to what was observed for the pure IL. 

The simulated excess mixing volume ΔV was calculated as 

  (13) 
is reasonable. The results suggest that the model for [Cl] needs 
refinement. where V 

 
mix is the actual molar volume of the mixture from the 

Overall, the applied force fields in the current work can 
predict both the density and the dynamics reasonably well for 
the studied ILs. The force field parameters for the HFCs were 
already carefully validated previously.34 The mixtures of the ILs 
and HFCs were studied next. 

HFC/IL Mixtures. Density and Excess Volume. The 
experimentally measured and simulated mass density for 
both HFC/IL systems are illustrated in Figure 5, and the 

 

 

Figure 5. Experimental (orange) and simulated (blue) density ρ as a 
function of HFC mole fraction x for the mixtures of [C4C1im][BF4] 
with HFC-32 (left) and HFC-125 (right), respectively. The estimated 
error bars are smaller than the symbols. 

 

data are reported in Tables S12 and S13. The mass density of 
the HFC-125/IL system exhibits an increase with increased 
molar composition of the dissolved gas, while the HFC-32/IL 
system exhibits a gradual decrease in density across the 
composition regime investigated. The decrease in density for 
the HFC-32/IL system at a dissolved HFC-32 molar 
composition of 0.65 compared to the pure IL density is 
1.7%. The increase in density for the HFC-125/IL system at a 
dissolved HFC-125 molar composition of 0.46 relative to the 

simulations and Videal is the molar volume of the mixture under 
the ideal mixing assumption 

  (14) 

where x is the mole fraction of HFC, VHFC is the molar volume 
of pure HFC at the saturation pressure that corresponds to the 
system temperature, and VIL is the molar volume of the pure IL 
at the same temperature. The calculated relative excess mixing 
volumes (ΔV/Videal) are shown in Figure 6 for mixtures of ILs 
with HFC-32 and HFC-125, respectively. There are fewer data 
points for HFC-32 and HFC-125 in [C4C1im][SCN], HFC- 
125 in [C4C1im][BF4], and HFC-125 in [C4C1im][PF6] 
because these systems have lower solubility. As shown in the 
figure, the mixing of HFCs with ILs is not ideal, and a negative 
excess volume is observed for all the mixtures, suggesting that 

 

 

 
Figure 6. Calculated relative excess volume (ΔV/Videal) as a function 
of HFC fraction for the mixtures of ILs with HFC-32 (left) and HFC- 
125 (right), respectively. The estimated error bars are smaller than the 
symbols. 
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the HFCs can find free space among the IL molecules, 
therefore making the mixture volume smaller than expected by 
assuming ideal mixing. HFC-125 has larger excess volumes in 
the studied ILs than HFC-32. For both HFCs, the excess 
volume increases (more negative) as the HFC mole fraction 
increases. On the other hand, the excess volumes are the same 
for a given HFC at the same mole fraction in all ILs except for 
HFC-32 at the highest concentration. For the mixtures with 
the highest HFC-32 concentration, the absolute value of the 
excess volume follows the order [C6C1im][Cl] > [C4C1im]- 
[BF4] > [C4C1im][PF6]. Detailed values of the calculated 
excess volumes are documented in Table S13. 

Self-Diffusivity. The self-diffusion coefficients for binary 
mixtures of [C4C1im][BF4] and HFC-32 or HFC-125 were 
measured at 298.15 K and various pressures using an 1H and 
19F NMR methods for the cation and anion, respectively. The 
data are provided in Table S10. The self-diffusivity of pure 
[C4C1im][BF4] IL (both cation as well as anion) was 
measured at 298.15 K and ambient pressure and compared 
with literature data.64 The measured self-diffusion coefficient of 
the cation [C4C1im] and anion [BF4] were 1.42 × 10−11 and 
1.38 × 10−11 m2/s respectively and compare well with the 
literature values of 1.45 × 10−11 m2/s ([C4C1im]) and 1.34 × 
10−11 m2/s ([BF4]).64 

The self-diffusivities of the [C4C1im][BF4] IL saturated with 
compressed HFC gas (HFC-125 or HFC-32) were measured 
at the same temperatures and pressures as the simulation data, 
and results are summarized in Figure 7 and Table S10. Similar 
to the viscosity measurements, vapor−liquid equilibrium data 
were interpolated to calculate the compositions at the 
measured diffusivities. With increasing mole fraction of either 
of the HFC gases, the self-diffusivities of the cation, anion, and 
HFC gas were significantly increased (see Figure 7). Generally, 
the diffusivity of the cations and anions are similar whether in 
the pure IL or the HFC mixture. While the cations may diffuse 
slightly faster than the anions for the pure IL, the anions may 
diffuse faster at high concentration of the dissolved HFC. The 
HFC-32/[C4C1im][BF4] system showed higher diffusivities 
than in the HFC-125/[C4C1im][BF4] system at similar 
compositions. Based on PFG-NMR data, the following general 
diffusivity trend has been confirmed at our investigated 
condition: HFCs > [BF4] > [C4C1im]. No direct comparisons 
of self-diffusivity are available in the literature for ionic liquids 

 

 

Figure 7. Calculated (filled) and measured (open) self-diffusion 
coefficients for the binary mixtures of HFC-32 (left) and HFC-125 
(right) in [C4C1im][BF4] (first row), [C4C1im][PF6] (second row), 
[C4C1im][SCN] (third row), and [C6C1im][Cl] (last row), 
respectively. The estimated error bars are smaller than the symbols 
and not shown in the plots. 

with compressed HFC-125/HFC-32. One of the authors has   
measured the self-diffusivity of [C6C1im][TFSI] IL cation with 
HFC-134a using 1H NMR.52 At 298.15 K and a pressure of 4.2 
bar (∼55% mole composition of HFC-134a), the diffusivity of 
the cation [C6C1im] was 2.55 × 10−11 m2/s, while here with 
the smaller cation and anion for [C4C1im][BF4] at 55% mole 
of HFC-32, the cation diffusivity is 19.7 × 10−11 m2/s. 

The diffusivity results obtained from MD simulations in 
different ILs as a function of HFC-32 or HFC-125 mole 
fraction are shown in Figure 7 and Table S14. Since the 
viscosity calculations are expensive and we are only interested 
in the diffusivity trend, the system size correction was not 
applied to HFC/IL mixtures. However, based on the system- 
size corrections for pure ILs, we expect the correction to be 5− 
11%. Uncertainty analysis was performed for the HFC-125 in 
[C4C1im][BF4] at the lowest concentration system based on 
three independent simulations. The standard deviation for 
each species was calculated using 

(15) 

where n is 3, the number of independent simulations 
conducted; Di is the diffusivity result from one simulation; 
and D ̅ is the average of diffusivity values over n simulations. 
The relative uncertainty δ = σ/ D̅ was found to be 0.07, 0.06, 
and 0.25 for the cation, anion and HFC, respectively, as shown 
in Table S15. To save CPU time, the same δ was assumed for 
all the binary mixtures studied in the current work. As shown 
in Figure 7, with increasing HFC mole fraction, diffusivities of 
all species increase for mixtures of both HFCs. Diffusivities of 
HFCs are around a factor of 2−27 greater than those of the ILs 
with the actual ratio varying depending on the HFC and IL. 
HFC-125 diffuses slower than HFC-32 due to the relatively 
larger size of HFC-125 compared to HFC-32, which is 
consistent with experimental observations.26 In the binary 
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mixtures of HFC in [C4C1im][BF4] and [C4C1im][PF6], the 
cation diffusivity is higher than that of the anion in 
[C4C1im][BF4] and [C4C1im][PF6]. However, the diffusivities 
are similar for the cation and the anion in [C4C1im][SCN] and 
high HFC fractions in [C6C1im][Cl]. These behaviors are 
similar to those observed in the pure ILs. The only exception is 
the HFC-125 mixture in [C6C1im][Cl] at the lowest HFC-125 
fraction, in which the diffusivity of the [C6C1im] was found to 
be slightly higher than that of the [Cl]. Overall, the calculated 
diffusivities of the HFC/[C4C1im][BF4] systems agree 
extremely well with our experiments. These results suggest 
that the addition of HFC does not change the relative 
dynamics of the cations and anions significantly, although the 
pressures are different. 

Shear Viscosity. The experimental and simulated shear 
viscosity of [C4C1im][BF4] as a function of mole fraction of 
saturated HFC-32 and HFC-125 are shown in Figure 8; a 

 

 

HFC gas 1,1-difluoroethane (HFC-152a) as well as [C6C1im]- 
[TFSI] saturated with the hydrofluoroolefins trans-1,3,3,3- 
tetrafluoropropene and 2,3,3,3-tetrafluoroprop-1-ene 
(R1234ze(E) and R1234yf).66,67 Tomida et al. measured the 
viscosity of [C4C1im][BF4] subsaturated with CO2 at various 
compositions and elevated pressures.68 The CO2/[C4C1im]- 
[BF4] system exhibits a similar decrease in viscosity with 
increasing dissolved gas composition as the HFC-32 and HFC- 
125 saturated [C4C1im][BF4] systems investigated here. The 
viscosity decrease in all of the [C4C1im][BF4] systems is 
evidently steeper than the viscosity decrease exhibited in any of 
the [C6C1im][TFSI] systems. 

The simulated shear viscosities of binary mixtures of HFC- 
32 and HFC-125 in [C4C1im][BF4] are plotted along with 
experimental data in Figure 8. Numerical values from 
simulations are documented in Table S16. The simulations 
agree reasonably well with the experimental data, though they 
systematically underestimate absolute values. They capture the 
trend of decreasing viscosity with increasing mole fraction of 
HFC. This can be explained by the dilution effect that adding 
relatively low viscosity HFC to high viscosity IL will make the 
mixture viscosity lower. The simulation and experimental 
viscosity data were fit to an empirical model69 

 
 
 
 

Figure 8. Simulated and experimental shear viscosity for the binary 
mixtures of HFC-32 (left) and HFC-125 (right) in [C4C1im][BF4], 
respectively. Dots are real state points obtained from simulation or 
experiment, and the solid line is the fitting curve. 

 

 
listing of all experimental values are given in Table S12. 
Vapor−liquid equilibrium was measured simultaneously with 
the viscosity and density data. Both HFCs are very soluble in 
the ionic liquid. The solubility data reported in Table S12 have 
a percent average absolute relative deviation (%AARD) of 
4.1% for the HFC-32 system relative to interpolated literature 
data in a similar range of pressure10 and 3.8% for the HFC-125 
system.26 From the vapor−liquid equilibrium data measured 
here for each of the systems, the compositions are interpolated 
at the conditions of the viscosity measurement and are used in 
Figure 8 and Table S12. The viscosity significantly decreases 
with increasing HFC composition for both gases across the 
composition regimes investigated. The viscosity decreases 
relatively linearly with composition of either HFC to 
approximately 30% mole of the dissolved gas. Beyond this 
composition, the linearity changes slightly. The percent 
decrease in liquid viscosity at a HFC-32 molar composition 
of 0.51 in the liquid mixture is 93% from pure [C4C1im][BF4]. 
Similarly, the percent decrease in viscosity at a HFC-125 molar 
composition of 0.46 in the liquid mixture is 88%. 

No data have been reported on the viscosity of [C4C1im]- 
[BF4] and these HFC gases in the literature. However, the 
viscosity of [C6C1im][TFSI] saturated with the HFC gas 
HFC-134a (one fluorine less than HFC-125) has been 
reported.52 In addition, we have reported on the viscosity of 
CO2-saturated [C6C1im][TFSI].65 Similar to what is obtained 
in the current work, there is a large decrease in viscosity with 
pressure/composition of the gas for this system. Zhang et al. 
measured the viscosity of [C6C1im][TFSI] saturated with the 

      (16) 

where x1 and x2 are the mole fraction of HFC and IL in the 
mixture, respectively, η is the viscosity, and G12 is a parameter 
to reflect nonideality. When G12 = 0, it indicates ideal mixing, 
while larger values of G12 indicate greater deviation from 
ideality. As shown in Figure 8, both simulations and 
experiment show positive deviations from ideality (G12 > 0), 
but the simulations predict a smaller deviation from ideality 
than experiment. Overall, the simulations agree with the 
experimental data reasonably well. 

Liquid Structure. COM RDF. The liquid structures in the 
binary mixtures of HFC in ILs were studied in terms of the 
COM RDFs. Results for HFC-32 and HFC-125 in [C6C1im]- 
[Cl] are shown in Figure 9; RDFs for other systems are shown 

 

 

 
Figure 9. Left: Calculated COM RDFs in the binary mixtures of 
HFC-32 (top) and HFC-125 (bottom) in [C6C1im][Cl] at HFC 
mole fractions of 0 (dotted line) and 0.588 (solid line). Right: 
Calculated coordination numbers (CN) for the same mixtures with a 
cutoff distance of 6.1 Å (the distance corresponding to the first 
solvation shell of [C6C1im]−[Cl] interaction defined by the distance 
of the first minimum between the first two maxima in the [C6C1im]− 
[Cl] RDF). 
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in Figure S1. The typical charge alternating structure is 
observed in each system, with an initial sharp peak at short 
distance, corresponding to cation−anion interactions. This is 
followed by weaker peaks at longer distances, corresponding to 
cation−cation and anion−anion interactions. For the studied 
binary mixtures, the cation−cation, cation−anion, and anion− 
anion RDFs change very little with HFC concentrations for 
HFC-32 in all ILs and HFC-125 in [C4C1im][BF4], 
[C4C1im][PF6], and [C4C1im][SCN]. However, the cation− 
anion RDF of HFC-125 in [C6C1im][Cl] binary mixtures 
shows a slight increase in peak height at the highest HFC-125 
composition. This RDF at the highest HFC-125 composition 
is shown in Figure 9. The results for HFC-32 in [C6C1im][Cl] 
are also included for comparison. 

The coordination number (CN) between the cation and 
anion as a function of HFC-125 composition was calculated for 
these mixtures, and the results are shown in Figure 9. With 
increasing concentration of HFC, the [C6C1im]−[Cl] CN 
decreases slightly from 3.3 in pure IL to 2.7 when the HFC- 
125 mole fraction is 0.588. Similar behavior was observed for 
HFC-32 in [C6C1im][Cl] mixtures. These results show that 
the addition of HFCs does not significantly affect the IL 
packing structure in the liquid phase, even at these high 
concentrations. The slight increase in the peak height in 
[C6C1im][Cl] mixture with HFC-125 is likely due to the 
decrease of the average number density of the cation and anion 
used to normalize the RDF (see eq 10). The increase in peak 
height was not observed in other HFC-125 mixtures because of 
lower HFC concentrations. It was not observed for HFC-32 
mixtures due to its small size. The RDFs and CNs of HFC 
surrounding the cation and anion were also calculated and are 
included in Figure 9. For a fair comparison, the same cutoff 
distance of 6.1 Å as for cation−anion interaction was used. 
With increasing HFC concentrations, the CNs of HFC 
surrounding cation and anion increase in a similar manner. 
At 0.588 HFC mole fraction, each cation or anion is 
surrounded by about three HFC-32 or two HFC-125. 

The distributions of the HFC and anion surrounding the 
cation were visualized in terms of SDF and shown in Figure 10 
for pure IL and HFC/IL binary mixtures. As shown in the 
figure, the anion tends to localize around the C2, C4, and C5 
atoms of the cation, while the HFC molecules find the 
interstices above and below the ring to fill in (see Figure 1 for 
definitions of atom labels). Similar behavior is observed for all 
the binary systems with the anion cloud slightly varying in 
terms of shape and area. Overall, with the addition of HFC, the 
distribution of the anions surrounding the cations is almost 
unaffected, consistent with the RDF and CN results shown in 
Figure 9. 

Partial RDF. To further study the interaction between HFC 
and the ILs, the partial RDFs between specific interaction sites 
were calculated. Figure 11 depicts the partial RDFs of HFC-32 
(left) and HFC-125 (right) in the binary systems with ILs at 
the lowest HFC mole fraction 0.071. The terminal carbon of 
the cation alkyl chain (Ct), central atom of the anion (an.), C 
of HFC-32, and C1 of HFC-125 were considered in this 
analysis. Interactions with the C2 atom of HFC-125 show 
similar or weaker structure than that to C1, as shown in Figure 
S2. Interactions between HFCs and C2, C4, and C5 of cations 
are shown in Figure S3, which are much weaker than that 
between HFC and Ct. The atom labels are provided in Figure 
1. As shown in Figure 11, the Ct−C and Ct−C1 RDFs are 
similar in all HFC/IL binary mixtures except for the slightly 

 

 

Figure 10. Calculated SDFs of pure IL at 300 K (except for pure 
[C6C1im][Cl] at 350 K), and the binary mixtures of HFC-32 and 
HFC-125 in IL mixtures at the highest HFC mole fraction as 
documented in Table 1. Central molecule is the cation. The blue 
cloud refers to the distribution of anion, and the green cloud 
represents the distribution of HFCs. The isodensity surface was 
chosen to be 40 and 80% of the maximum probability for anions and 
HFCs, respectively. 

 

 

Figure 11. Partial RDFs of HFC-32 (left) and HFC-125 (right) in 
[C4C1im][BF4] (orange), [C4C1im][PF6] (green), [C4C1im][SCN] 
(red), and [C6C1im][Cl] (blue) at the lowest HFC mole fraction 
0.071. The atom labels are shown in Figure 1. The central atom of the 
anion (an.) was used in the analysis. 

 

 
higher intensity between 4 and 6 Å in the mixture with 
[C6C1im][Cl] for both HFC-32 and HFC-125. On the other 
hand, the first peak for an.-C and an.-C1 interactions are higher 
and sharper in [C6C1im][Cl] mixtures than that in other ILs. 
The peak positions also appear at a shorter distance due to the 
smaller size of [Cl] relative to that of other anions. For the 
other three ILs, the peak position follows the size of the anion 
[PF6] > [BF4] > [SCN]. The an.−C and an.−C1 interactions 
in [C4C1im][SCN] present the lowest peak height, indicating 
that [SCN] does not interact with HFCs as strongly as the 
other anions. This result is consistent with previous experi- 
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ment26 which found that [C4C1im][SCN] has low molar 
solubility for HFC-32 and HFC-125. 

To understand the solubility difference of HFC-32 and 
HFC-125 in different ILs, the near-azeotropic mixture HFC- 
410A was studied in the four ILs. The mole fractions of 0.177 
for HFC-410A with 0.1235 mol % HFC-32 and 0.0535 mol % 
HFC-125 (a 50:50 wt % mixture of HFC-32 and HFC-125) 

an.−C1 interactions in [C4C1im][BF4], [C4C1im][PF6], 
[C4C1im][SCN], and [C6C1im][Cl], respectively. 

For the ILs with the same cation ([C4C1im][BF4], 
[C4C1im][PF6], and [C4C1im][SCN]), the anions have an 
effect on the liquid structure. In [C4C1im][SCN], both CNCt−C 

and CNCt−C1 
are larger than those in [C4C1im][BF4] and 

were considered. The simulated density, relative excess 
volume, and self-diffusion coefficients of the ternary mixtures 
are documented in Tables S13 and S14. The densities of these 
ternary systems follow the same order as that of pure ILs: 
[C4C1im][PF6]  >  [C4C1im][BF4]  >  [C4C1im][SCN]  > 
[C6C1im][Cl]. The calculated partial RDFs are shown in 
Figure 12, which are similar to those in the binary mixtures 

 

 

Figure 12. Calculated partial RDFs for the mixtures of HFC-410A in 
[C4C1im][BF4] (orange), [C4C1im][PF6] (green), [C4C1im][SCN] 
(red), and [C6C1im][Cl] (blue) and the corresponding coordination 
numbers (dashed lines, right axis) at 298.2 K and 0.984 atm. 

 

 
shown in Figure 11, indicating that the addition of the second 
HFC at this concentration does not significantly affect the 
liquid structure established in the HFC/IL binary systems. The 
corresponding CNs were also calculated for each interaction 
and included in Figure 12. The CNs in the first solvation shell 
and the corresponding uncertainty estimated from block 
average are summarized in Table 2. The cutoff distance 
defining the first solvation shell was determined as the distance 
of the first minimum between the first two maxima in the 
corresponding RDF, which is 7.3 Å for both Ct−C and Ct−C1 
interactions in all ILs and 5.9, 6.2, 6.0, and 4.9 Å for an.−C and 

 

Table 2. Coordination Number in the First Solvation Shell 
Calculated for the HFC-410A and IL Mixturesa 

 

IL 
[C4C1im] 

[BF4] 
[C4C1im] 

[PF6] 
[C4C1im] 

[SCN] 
[C6C1im] 

[Cl] 

  Cation−HFC   

CNCt−C 0.6912 0.6177 0.7423 0.761 

CNCt−C1 0.3228 0.2841 0.3574 0.411 

ΔCNcat.  0.0238 0.0173 

Anion-HFC 

0.0354 0.081 

CNan.−C  0.3681 0.4103 0.3881 0.2222 
CNan.−C 

 
1 

0.1431 0.1701 0.1484 0.0721 

ΔCNan.  −0.0161 −0.0082 −0.0204 −0.0241 

aThe subscript is the uncertainty in the last digit which was estimated 
from block average, and the uncertainties for ΔCNcat. and ΔCNan. 
were calculated according to rules of error propagation. 

[C4C1im][PF6], whereas both CNan.−C and CNan.−C1 
are 

smaller than those in [C4C1im][PF6] but similar to those in 
[C4C1im][BF4]. The normalized coordination number differ- 
ence 

 

is positive and slightly larger for [C4C1im][SCN] than for the 
other two ILs, suggesting a slightly more favorable interaction 
of the HFC-125 with the cation terminal carbon than that of 
HFC-32. In contrast, the normalized coordination number 
difference 

 

was found to be lower (more negative) in [C4C1im][SCN] 
than in the other two ILs. The fact that ΔCNan. is negative 
indicates that HFC-32 has slightly more preference than HFC- 
125 to interact with [SCN] anions. When comparing 
[C6C1im][Cl] with the other three ILs, both CNCt−C and 

CNCt−C1 
are larger, suggesting enhanced Ct−HFC interactions 

in [C6C1im][Cl]. However, both CNan.−C and CNan.−C1 
are 

smaller in [C6C1im][Cl] than in the other ILs, which could be 
related to the shorter cutoff distance due to the smaller size of 
[Cl] compared to other anions. In all four ILs, ΔCNcat. was 
found to be positive, and ΔCNan.was found to be negative, 
suggesting that the cation and anion have opposite selectivity. 
The cation favors HFC-125 over HFC-32, whereas the anion 
favors HFC-32 over HFC-125. In a previous experimental 
study,26 it was found that HFC-32 and HFC-125 present 
different solubility in these four ILs. The analyses carried out in 
the current work suggests that the solubility differences 
observed in the ILs are due to differences in the ways in 
which the two HFCs interact with cations and anions. The 
larger HFC-125 tends to associate with the nonpolar alkyl tails 
of the cation, while HFC-32 prefers the more polar regions of 
the IL. This is consistent with the fact that HFC-32 has a 
significantly higher dielectric constant than HFC-125. 

CONCLUSIONS 

Experimental studies and MD simulations were carried out to 
study the thermodynamic, transport, and liquid solvation 
structure properties of HFC-32 and HFC-125 in ionic liquids. 
Reasonable agreement was observed for HFC-32 and HFC- 
125 in [C4C1im][BF4] between simulations and experiments, 
suggesting the applied force fields are reliable. Simulations 
were then extended to include HFCs in [C4C1im][PF6], 
[C4C1im][SCN], and [C6C1im][Cl]. The reliability of the 
force fields was validated against experimental density and 
dynamics of the pure ILs. It was found that adding HFCs to 
these ILs results in a smaller volume change compared with 
ideal mixing assumption. However, the packing structure of the 
IL, as characterized by COM and partial RDFs, was almost 
unaffected by the HFCs in the studied HFC concentration 
range. Faster dynamics of all species was observed with 
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increasing HFC concentrations in the mixtures. HFCs were 
found to diffuse much faster than the cation or the anion of the 
ILs. Detailed RDF and CN analyses suggested that both anion 
and cation affect HFC solubility, and the overall selectivity is 
likely related to differences in the way in which the two HFCs 
interact with the cation and anion. This study sheds light on 
the understanding of the HFC-32 and HFC-125 solubility and 
selectivity in different ILs at the molecular level and helps 
provide additional data and insight that can be used to design 
new ILs to separate HFC mixtures. 
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