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ABSTRACT: Crown-ethers have recently been used to assemble
porous liquids (PLs), which are liquids with permanent porosity
formed by mixing bulky solvent molecules (e.g., 15-crown-5 ether)
with solvent-inaccessible organic cages. PLs and crown-ethers belong
to a novel class of materials, which can potentially be used for gas
separation and storage, but their performance for this purpose needs
to be assessed thoroughly. Here, we use molecular simulations to
study the gas separation performance of crown-ethers as the solvent of
porous liquids. The TraPPE force field for linear ether molecules has
been adjusted by fitting a new set of torsional potentials to accurately
describe cyclic crown-ether molecules. Molecular dynamics (MD)
simulations have been used to compute densities, shear viscosities, and self-diffusion coefficients of 12-crown-4, 15-crown-5, and
18-crown-6 ethers. In addition, Monte Carlo (MC) simulations have been used to compute the solubility of the gases CO2, CH4,
and N2 in 12-crown-4 and 15-crown-5 ether. The computed properties are compared with available experimental data of crown-
ethers and their linear counterparts, i.e., polyethylene glycol dimethyl ethers.

■ INTRODUCTION

Crown-ethers are macrocyclic polyethers discovered by
Pedersen in the late 1960s.1 Due to their strong ability to
complex with cations and to solvate salts in aprotic solvents,
crown-ethers have been used in phase-transfer catalysis,
sensors, solvent extraction, analytical chemistry, biochemistry,
and electrochemistry.1−6 Recently, crown-ethers have been
used to synthesize the first generation of porous liquids (PLs),
which are liquids with permanent pores, a unique property not
exhibited by conventional solvents.7−11 Porous liquids can be
created by mixing organic cage molecules with bulky solvents,
such as crown-ethers, which cannot enter the pores of the cage
molecules, thereby the porosity of the cages in the mixture is
maintained.7 The pores can accommodate small guest
molecules, which renders PLs interesting candidates for gas
separation and storage.7,12−16 The performance of PLs in gas
separation is strongly dependent on the transport and
thermodynamic properties of the crown-ether solvent. In the
past, some molecular simulation studies17−25 investigated the
specific application of cation complexation with crown-ethers in
(organic) solvents. However, the feasibility of using crown-
ethers as gas absorption solvents has not been experimentally
or computationally explored so far.
In this study, molecular simulation is used to investigate the

potential of crown-ethers for gas separation purposes. A
schematic representation of the studied crown-ether molecules
is shown in Figure 1. The ligand cavity radii of 12-crown-4, 15-
crown-5, and 18-crown-6 are 0.6, 0.85, and 1.3 Å, respectively.4

Hence, crown-ethers can complex cations of similar size
selectively, e.g., 12-crown-4 has a high affinity for Li+, which
has an ionic radius of 0.74 Å.4 We are interested in the affinity
of crown-ethers for separating (neutral) gas molecules. To
design a separation process, data on transport properties and
gas solubilities are required. Molecular dynamics (MD)
simulation is used to compute densities, viscosities, and self-
diffusion coefficients of 12-crown-4, 15-crown-5, and 18-crown-
6 ethers, while Monte Carlo (MC) simulations are used to
compute the solubility of CO2, CH4, and N2 in 12-crown-4 and
15-crown-5.
Computed properties in molecular simulations are strongly

dependent on the employed force field. As mentioned earlier,
several studies have studied the complexation of crown-ethers
using MD simulations. Most of these studies17,19−21,23−27
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Figure 1. Schematic representation of the studied crown-ethers.
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employed the AMBER28 force field or its variants. In this study,
we use the transferable potentials for phase equilibria (TraPPE)
force field,29 which is a united-atom force field. Contrary to the
all-atom AMBER force field, the united-atom TraPPE force
field lumps hydrogen atoms in with the bonded carbon atoms.
This means that the AMBER force field is computationally
expensive as more interaction sites are considered. Moreover,
the parameters of the TraPPE force field are transferable to
other hydrocarbons and these parameters are compatible with
natural gas or syngas components, such as CO2

30 and H2S.
31

The transferability of force field parameters as well as
compatibility with the force field of molecules present in the
gas treatment processes are the main merits of choosing this
force field. However, the TraPPE force field was developed for
linear ether molecules,32 so the force field parameters for cyclic
ether molecules are adjusted here using the density functional
theory (DFT) prior to be used in MD simulations. All
computed properties are compared with limited experimental
data and overall a good agreement is found. These simulation
results show that the applied force field is able to describe the
crown-ether systems, which can serve as a basis to study the
more complex PLs.

■ FORCE FIELD DEVELOPMENT

The united-atom (UA) TraPPE force field32 for ethers seems to
be a good starting point for the force field-based molecular
simulations of crown-ethers. The force field parameters of ether
groups were originally developed for linear molecules,32 so the
parameters may not be transferable to cyclic molecules. This
issue was also addressed by Keasler et al.33 who fitted the
TraPPE force field parameters of five or six-atom membered
cyclic molecules. We shall adopt the same approach when
defining new force field parameters for crown-ethers, or
generally for any ether group in cyclic molecules. The bond
stretching and bond-angle bending potentials are considered to
be identical to the TraPPE-UA force field as they do not vary
significantly even for small five or six-membered cyclic
molecules.33 The nonbonded potential parameters of cyclic
and linear molecules may slightly vary according to the different
polarization of atoms in these two types of molecules. However,
it is expected that this effect will become less significant as the
diameter of the ring increases and the atoms in the ring are
further located from each other.33 Therefore, we do not
consider modification of the original Lennard-Jones parameters
and partial atomic charges provided by the TraPPE-UA force
field.32 The only force field component requiring adjustment is
the intramolecular torsional potential, specified by the
alteration of the dihedral angle. A similar approach to the
work of Keasler et al.33 is used to obtain the force field
parameters of the torsional potential. By scanning a wide range
of variation for the torsion types present in a single molecule,
the energy profile computed from the DFT is fitted to a
functional form for each torsion type. The TraPPE functional

form of torsional potential for a dihedral angle ϕ consists of a
cosine series with four force constants (c0, c1, c2, and c3):
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The torsional potential is fitted so that the total force field-
based energy, including the bonded and nonbonded
interactions, reproduces the DFT energy. Initially, the most
stable conformer of a molecule is identified according to DFT
calculations. This configuration has the minimum energy level
out of all possible conformers of that molecule or, in other
words, the highest Boltzmann probability. Constraining one of
the dihedral angles in the molecule to a constant value and then
relaxing the structure with the help of DFT calculations leads to
a new shape and a new energy level. By modifying the dihedral
angle for a range of values, different energy levels of the
molecule can be scanned. The energy differences from the
ground-state energy level are then computed from the DFT
(ΔUDFT) and molecular mechanics (ΔUff). DFT calculations
are carried out at the B3LYP/6-31G* level in SPARTAN
14.0.34 The term ΔUff consists of all bonded and nonbonded
energies that have been specified by the TraPPE force field
except for the torsional potential. In this process, the relative
energy of Nconf distinct configurations of the molecule is
scanned. The force constants specified in eq 1 are then
obtained by minimizing the absolute difference between the
DFT and molecular mechanics energies (ΔΔUi) with the help
of the following objective function:
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Crown-ethers have two torsion types: CH2−CH2−O−CH2
and O−CH2−CH2−O (represented as C−C−O−C and O−
C−C−O), each of which requires four torsional potential
parameters according to eq 1. Due to the ring structure of
crown-ethers, modifying a dihedral angle also alters other
degrees of freedom of the molecule, namely bond stretching,
bond-angle bending, and dihedral-angle torsion. Therefore, all
force field parameters should be fitted simultaneously. In total,
63 and 104 different configurations of 12-crown-4 and 18-
crown-6 molecules are considered for this force field para-
metrization, respectively. The objective function (eq 2) is
minimized via the interior point method (the fmincon
function) implemented in the MATLAB Optimization Tool-
box.35 For this data set, the final value of the objective function
is 110 K/kB (0.22 kcal/mol). The fitted force constants are
provided in Table 1 and the shape of the two torsion types over
different dihedral angles is illustrated in Figure 2.
We initially noticed the need to refit new torsional potential

when the TraPPE force field for linear ethers (linear ether
TraPPE force field) could not reproduce the liquid form of 12-
crown-4 at room or elevated temperatures. In contrast to
experiments, MD simulations based on the linear ether TraPPE

Table 1. Dihedral Parameters of the Linear Ether TraPPE Force Field and the Refitted Torsional Potentialsa

C−C−O-C O−C−C-O

force field c0 c1 c2 c3 c0 c1 c2 c0

linear ether TraPPE32 0.00 725.35 −163.75 558.20 503.24 0.00 −251.62 1006.47
refined TraPPE 136.4 1523.2 −613.4 473.0 0.0 163.0 −964.7 1106.1

aAll force constants (ci) are in ci/kB/K.
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force field predict a crystal form of 12-crown-4 (see the
Supporting Information). In the first place, a set of
configurations of 12-crown-4 was considered for the force
field parametrization. Despite the better performance of the
first fitted torsional potential for 12-crown-4, the computed
transport properties of 18-crown-6 deviated by 1 order of
magnitude from the experiments (not reported here). The
reason can be found in the difference between the shape of 12-
crown-4 and 18-crown-6 molecules (shown in the Supporting
Information). 12-crown-4 is a small cyclic molecule, so it has
only gauche orientations for its O−C−C−O dihedral angles.
The gauche orientation is visible in its prevalent conformer
(with a Boltzmann probability of 90% at 298 K) whose dihedral
angles are equal to either −72° or +72° at the B3LYP/6-31G*
DFT level. As the size of crown increases, the cyclic molecule
can have at least one trans O−C−C−O dihedral angle, which is
not present in smaller crowns. Therefore, the force constants
fitted to the 12-crown-4 energy profile does not contain any
information on the energy of the O−C−C−O dihedral angles
in the vicinity of ϕ = π, which is present in the main conformer
of 18-crown-6. The final force constants (Table 1) are obtained
by fitting to the energy profiles of both 12-crown-4 and 18-
crown-6.
To examine how accurately the new (refined TraPPE) force

field can reproduce the torsional potential of DFT calculations,
the torsional energies of the first ten conformers of the three
crown-ethers were compared between the DFT and molecular
mechanics. The cumulative Boltzmann probability of these ten
conformers at 298 K for each molecule is at least 95%,
encompassing a large portion of the possible crown-ether
configurations. Initially, these conformers were relaxed using
DFT calculations at the B3LYP/6-31G* level. The torsional
energy of each dihedral angle (Udihedral,DFT) is computed from
eq 1 with the newly fitted parameters in Table 1. Each
configuration was then relaxed using molecular mechanics
based on the new force field. Similarly, the torsional energies of
the relaxed configuration are also calculated from eq 1. Figure 3
shows the comparison of these 30 conformers and their
corresponding 150 O−C−C−O and 300 C−C−O−C torsional
energy data points. Most of the dihedral angles and
consequently their energy levels show small deviations. About
93% of the 450 dihedral angles shows a maximum deviation in

the torsional energy of 250 K/kB (0.5 kcal/mol) from DFT
calculations. It is worth mentioning that the current force field
parameters were obtained by varying the dihedral angles of only
one conformer of 12-crown-4 and one conformer of 18-crown-
6. However, the fitted parameters may in general be used for all
crown-ethers. In the next stage, the accuracy of the force field
parameters has to be verified by computing thermodynamic/
transport properties of crown-ethers and compare them with
experimental data.

■ SIMULATION DETAILS
Force field-based Monte Carlo (MC) and molecular dynamics
(MD) simulations are two powerful methods to study the
thermodynamic and transport properties of materials. In this
study, we use RASPA36,37 and LAMMPS38 for our MC and MD
simulations. The force field parameters of crown-ethers,32

CH4,
29 CO2,

30,39 and N2
30 are listed in the Supporting

Information. The Lennard-Jones (LJ) potentials are truncated
at 12 Å and analytic tail corrections are applied for the
computation of energy and pressure. The Lorentz−Berthelot
combining rules are applied for dissimilar interaction sites.40

The long-range electrostatic interactions are included by means
of the Ewald summation with a relative precision of 10−5.41

MD simulations provide the tool for studying the dynamics
of molecules in fluids or, in other words, their transport
properties. There are several approaches to computing
transport properties such as shear viscosity42−46 or diffusion
coefficients.47 Here, we carry out equilibrium MD (EMD)

Figure 2. Fitted torsional potential (Table 1) compared to the
torsional potential of the linear ether TraPPE torsional force field (red
dashed lines).

Figure 3. Comparison between torsional potentials computed for all
dihedral angles of the first 10 conformers of 12-crown-4 (red squares),
15-crown-5 (blue circles), and 18-crown-6 (green diamonds)
optimized using the DFT calculations and the newly fitted torsional
potential.
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simulations to calculate the transport properties of crown-
ethers with the help of the Einstein relations, which were
described in the literature.40,48,49 The order-n algorithm is
employed to sample time correlations in the EMD
simulations,50 thus resulting in better statistics than the
conventional algorithm.41 The equations of motion are
integrated by the use of the velocity-Verlet algorithm with a
time step size of 1 fs.41 Accordingly, the duration of the
equilibration and production stages in the NPT and NVT
ensemble are 15 ns. The time correlations are sampled in the
NVE ensemble with a total simulation length of 400 ns. Such a
long simulation is necessary as the fluid becomes more viscous
and longer time-correlations with better statistics are required.
Thermodynamic properties such as solubilities of gases in

solvents are calculated using MC simulations. Computing the
solubility of gases in nonvolatile solvents requires an open
ensemble in which a reservoir comes into contact with the
simulation box containing the solvent. This is the osmotic
ensemble in which the absorption isotherms of the gases in the
low-volatile crown-ethers are computed.51 In this ensemble, the
temperature, pressure, the number of solvent molecules in the
liquid, and the fugacity of the solute are kept fixed.51,52 In our
previous work, we studied the solubility of natural gas, synthesis
gas, or acidic gas components in commercial solvents as well as
ionic liquids.48,53−56 The results were verified on the basis of
the available experimental data. Good agreement between the
experiments and simulations indicates the capability of this
method in predicting gas solubility data.
Four types of MC trial moves are used: translations,

rotations, insertions/deletions of gas molecules, and volume
changes. The probability of selecting the first two trial moves is
40% and the insertions/deletions trial move is 20%. The
volume change trial move is chosen randomly every 1000 trial
moves. Crown-ethers are cyclic molecules; it is therefore not
possible in RASPA to use configurational-bias Monte Carlo
(CBMC) trial moves to generate different configurations of the
molecule. This means that all crown-ether molecules are
considered to be rigid in MC simulations. The rigid
configuration is obtained from the conformer with the highest
Boltzmann probability based on the conducted DFT
calculations. While this approach may work for small molecules,
the importance of using flexible molecules becomes more
pronounced as the size of the molecule increases. Therefore, we
exclusively study the solubility of gases in 12-crown-4 and 15-
crown-5 ethers. Each MC simulation consists of half a million
equilibration MC cycles, followed by one million production
MC cycles. It is one MC cycle that is equal to the number of
particles in the system. The gas solubility at a given temperature
and pressure is computed from 4 and 8 independent
simulations of 12-crown-4 and 15-crown-5, respectively.

■ RESULTS AND DISCUSSION
The refined TraPPE force field is applied to calculate the
thermodynamic and transport properties of three crown-ethers,
that are 12-crown-4, 15-crown-5, and 18-crown-6. In this
section, we report the properties of the pure crown-ethers and
their mixtures as well as the vapor−liquid equilibrium (VLE)
results of three natural gas components in 12-crown-4 and 15-
crown-5.
Properties of Pure Crown-Ethers. Figure 4 shows the

densities of the crown-ethers, computed for both the linear
ether TraPPE and the refined TraPPE force fields and a
comparison with the experimental densities. The refined

TraPPE force field (closed symbols) provides an accurate
estimate of the densities with less than 1% deviation from the
experiments, for a wide range of temperatures. In comparison,
the linear ether TraPPE force field estimates the experimental
densities of 15-crown-5 and 18-crown-6 with deviations of 3%.
Furthermore, the linear ether TraPPE force field substantially
overpredicts the density of 12-crown-4 (approximately 1200
kg/m3). We observed a crystalline arrangement and no
Brownian motion of the 12-crown-4 molecules in the
simulations (see the Supporting Information), which shows
that such a high density corresponds to a solid state rather than
a liquid state at room/elevated temperatures. This considerable
discrepancy between the simulations and the experiments was
the main rationale behind the development of the refined
TraPPE force field for cyclic ether molecules.
Before proceeding with the analysis of the computed

transport properties, it is necessary to address the effect of a
finite-size system in molecular simulations on the computed
transport properties. It has been observed that as the number of
particles/molecules in a simulation box increases, the computed
self-diffusion coefficient increases linearly by the length of the
simulation box (L):57

ξ
πη

= +∞D D
k T

L6MD
B

(3)

where D∞ and DMD are the respective self-diffusion coefficients
in the thermodynamic limit and finite-size system. ξ is a
constant value, which is equal to 2.837297 for cubic simulation
boxes.57 kB, T, and η are the Boltzmann constant, temperature,
and viscosity of the system. Henceforth, we refer to the last
term of eq 3 as the Yeh and Hummer (YH) correction.57

Despite the evident finite-size effect on the self-diffusion
coefficient, no specific system-size effect on the viscosity has
been observed.57,58 Moultos et al.58 carried out MD simulations
for different fluids, such as CO2, long hydrocarbons, and glymes
to study the applicability of the YH correction in rather
complex systems. These authors recognized that correcting self-
diffusion for finite-size systems is necessary and that including
the YH correction provides a better estimate of the self-
diffusion coefficient in the thermodynamic limit. We use a
relatively small number of particles in all our simulations, so it is
expected that the system-size effect is not negligible in these
cases and the YH correction is indispensable. To verify how
accurate the YH correction is, two additional system sizes for
the pure 12-crown-4 at 363 K were studied. Figure 5 shows the

Figure 4. Relative error in calculated densities of 12-crown-4 (red),
15-crown-5 (blue), and 18-crown-6 (green) at different temperatures
based on the linear ether TraPPE (open symbols) and the refined
TraPPE (closed symbols) force fields. The simulation results are
available in the Supporting Information.
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increase in the self-diffusion coefficient as the size of the system
increases. Although the YH correction slightly overpredicts the
finite-size effect, this correction provides a more reliable
estimate of the self-diffusion coefficient in the thermodynamic
limit. Hence, we report the corrected values for the pure crown-
ethers.
The computed viscosities of the crown-ethers at several

temperatures are compared with the experiments in Figure 6. It

can be seen from the figure that the linear ether TraPPE force
field performs poorly. As explained earlier, this force field
predicts a solid state for 12-crown-4 at room or elevated
temperatures. The agreement between the experiments and the
simulation results for 15-crown-5 and 18-crown-6 is also rather
weak. However, the results of the refined TraPPE force field
correspond closely to the experiments. The maximum

deviations in the viscosity of 12-crown-4 and 15-crown-5 are
10% and 20%. A maximum deviation of 57% in the viscosity of
18-crown-6 is observed at 333 K, and the deviation decreases to
15% as the temperature increases to 363 K. Evidently, the
computed viscosity of 18-crown-6 is more sensitive to
temperature than the experiments while the simulation results
of 12-crown-4 and 15-crown-5 show a similar sensitivity to
temperature as the experiments.
It is interesting to compare the viscosity of the crown-ethers

with their linear counterparts, namely polyethylene glycol
dimethyl ethers (PEGDME). PEGDMEs consist of ether
groups like crown-ethers, except that they are linear molecules
without any ring in their structure. PEGDMEs are used in
industry as solvents for carbon capture and acid gas removal
processes under the trade name of Selexol.59 The viscosity of
PEGDME is 3.18 mPa·s at 333 K.60 At the same temperature,
the viscosities of 12-crown-4, 15-crown-5, and 18-crown-6 are
3.47, 6.40, and 8.94 mPa·s, respectively.61 At the same
conditions, PEGDME has a comparable viscosity with 12-
crown-4 and a lower viscosity than the other crown-ethers.
The computed self-diffusion coefficients with and without

the YH correction are shown together in Figure 7 to emphasize

the importance of including the YH correction. For our
simulations consisting of 80−100 crown-ether molecules, the
YH correction can be as large as 20% of the value in the
thermodynamic limit. Similar to the viscosity and density, the
refined TraPPE force field performs more accurately than the
linear ether TraPPE force field. The computed self-diffusion
coefficients are fitted to the Arrhenius equation:62

Figure 5. Self-diffusion coefficient of 12-crown-4 at 363 K for different
system sizes. Blue circles represent self-diffusion coefficients directly
computed from MD results and red squares are the corrected self-
diffusion coefficients with the Yeh and Hummer correction (eq 3).
The blue dashed line is fitted to the MD simulations and the green line
is the extrapolated self-diffusion coefficient in the thermodynamic
limit.

Figure 6. Viscosity of the 12-crown-4, 15-crown-5, and 18-crown-6 as
functions of temperature based on the linear ether TraPPE (open
symbols) and the refined TraPPE (closed symbols) force fields. Green
lines represent experimental data. The simulation results are available
in the Supporting Information.

Figure 7. Self-diffusion of the 12-crown-4, 15-crown-5, and 18-crown-
6 at different temperatures, computed from the linear ether TraPPE
(open symbols) and the refined TraPPE (closed symbols) force fields.
Experimental data are shown with green lines. The linear ether
TraPPE force field predicts a solid system for 12-crown-4 for the
shown temperatures. The self-diffusion coefficients without and with
the inclusion of the YH correction are shown with blue circles/dashed
lines and the red squares/dashed lines, respectively. The simulation
results are available in the Supporting Information.
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E
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where D0, Ea, R are the pre-exponential factor, the activation
energy, and the universal gas constant. D0 and Ea are computed
for the crown-ethers and are listed in Table 2. The activation

energies of the simulation results are similar to the experimental
data except for 18-crown-6. Similar to the viscosity, the self-
diffusion coefficient of 18-crown-6 is more sensitive to
temperature than the experiments, and the maximum deviation
occurs at 333 K. This underprediction of the self-diffusion
coefficient and overprediction of the viscosity (Figures 6 and 7)
are consistent with the quasi-universal correlations that
Rosenfeld proposed in his works.63,64 Rosenfeld in his article
states that the transport properties of a system such as the
diffusion coefficient, thermal conductivity, and viscosity are
interconnected by means of the reduced excess entropy.
The refined TraPPE force field developed in this study shows

high accuracy in predicting the density and transport properties
of pure crown-ethers. As this force field is based on the TraPPE
force field and the only alteration is the parameters of the
torsional potentials, it can be deduced that torsional potentials
are important to correctly reproduce the structure and
dynamics of the crown-ether molecules in the liquid phase.
Solubility of Natural Gas Components. MC simulations

in the osmotic ensemble are employed to study the solubility of
the main natural gas components, that are CH4, CO2, and N2,
in the crown-ethers. 100 molecules of 12-crown-4 or 80
molecules of 15-crown-5 are inserted initially in the simulation
box, which is held in contact with the gas reservoir. As
explained earlier, the crown-ethers are considered nonvolatile,
and the number of crown-ether molecules remains constant.
MC simulations were carried out for these three gases in 12-
crown-4 and 15-crown-5 at three pressures and four temper-
atures. All solubility results are provided in the Supporting
Information. As an example, Figure 8 shows the absorption
isotherms of the three gases at 333 K. It can be seen that CO2
has the highest solubility for both 12-crown-4 and 15-crown-5
followed by CH4 and N2. Due to the large solubility difference,
the separation of CO2 from CH4 and N2 using crown-ethers is
feasible.
The resultant solubility data are used to compute the Henry

coefficients of the gases in the crown-ethers. The Henry
coefficient for the absorption of a gas in a dilute mixture is
defined as62

=
→

H
f

x
lim
x

12
0

gas

(5)

where fgas and x are the fugacity of the gas and the molefraction
of the solute in the mixture, respectively. The computed Henry
coefficients at different temperatures are provided in the

Supporting Information. In Table 3, the Henry coefficients of
the solutes in 12-crown-4 (at 303 K) and 15-crown-5 (at 308

K) are reported and compared with the available experimental
data as well as the Henry coefficients of PEGDME (at 313 K).
The agreement between the experiments and simulation results
suggests that the rigid structure of the crown-ethers may have
small influence on the solubility results. The densities of rigid
12-crown-4 and 15-crown-5 are computed using MC
simulations and reported in the Supporting Information. The
computed densities from MC simulations are always under-
predicted, which may have some effects on the gas solubility
since molar volumes are important for gas solubilities.
However, the effect of rigid molecules on gas solubility cannot
quantitatively be examined unless the solubility results in both
rigid and flexible molecules of the crown-ethers are compared.
Moreover, the Henry coefficients of the gases in the crown-
ethers are compared to those of the linear PEGDMEs in Table
3. Both the linear and cyclic molecules have similar Henry
coefficients, so a similar CO2 removal performance as
PEGDMEs is expected from the crown-ethers.
The ideal selectivity of two gases, for instance CO2 and CH4,

in a solvent can be defined as the ratio of their Henry
coefficients:62

=S
H

HCO /CH
CH

CO
2 4

4

2 (6)

The ideal CO2/CH4 selectivity in 12-crown-4 (303 K), 15-
crown-5 (308 K), and PEGDME (313 K) are, respectively,
11.0, 13.2, and 8.2 based on the data of Table 3. The
comparable CO2/CH4 selectivity of crown-ethers to
PEGDMEs (Selexol) along with their low viscosity show the
potential of crown-ethers for CO2 separation from natural gas.

Table 2. Comparison between the Fitted Parameters of the
Self-Diffusion Coefficients of the Crown-Ethers to the
Arrhenius Equation (Eq 4) from the Simulations and
Experiments61

simulations experiments61

Ea/[kJ/mol] ln(D0/[m
2/s]) Ea/[kJ/mol] ln(D0/[m

2/s])

12-crown-4 23.4 −13.2 23.5 −13.4
15-crown-5 29.4 −11.8 26.4 −13.0
18-crown-6 36.7 −10.0 28.5 −12.7

Figure 8. Solubility of CO2 (red squares/lines), CH4 (blue circles/
lines), and N2 (green diamonds/lines) in 12-crown-4 (closed symbols/
solid lines) and 15-crown-5 (open symbols/dashed lines) at 333 K.
The results are fitted to eq 4, whose parameters are provided in Table
2. The simulation results are available in the Supporting Information.

Table 3. Computed Henry Coefficients of CO2, CH4, and N2
in 12-Crown-4 and 15-Crown-5a

CO2 CH4 N2

12-crown-4 (303 K) 35.9 (33.667) 390 1250 (143067)
15-crown-5 (308 K) 45.9 (42.067) 550 1620 (124067)
PEGDME (313 K) (43,68 47,69 56.170) (38771) (168070)

aData in parentheses are the available experimental data. All values are
in bar.
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The Gibbs free energy (ΔabsG), enthalpy (ΔabsH), and
entropy (ΔabsS) of absorption can be calculated from the Henry
coefficients of the gases as functions of temperature:62

Δ =G RT H[ln( /bar)]abs 12 (7)

Δ = −
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These equations can be solved provided that a functional form
for H12 is available as a function of temperature. We use a
simple two-parameter equation to specify the temperature
dependency of Henry coefficients:62

= +H a
a
T

ln( /[bar])12 0
1

(10)

Figure 9 shows the computed Henry coefficients and the
fitted lines to eq 10. The Henry coefficients of low soluble gases

(CH4 and N2) do not strongly depend on the temperature.
This weak correlation results in a gradual slope of the lines for
CH4 and N2, leading to low enthalpies of absorption, as
reported in Table 4. The observed solubility trend (CO2 > CH4
> H2) is consistent with the enthalpy of absorption of the gases
in 12-crown-4 and 15-crown-5. For all the gases, the MC
simulations predict a higher solubility in 12-crown-4 than in 15-
crown-5. This is remarkable since the solubility of gases
generally increases with increasing molecular weight of solvents.
Since the enthalpy of absorption of the gases in 12-crown-4 and

15-crown-5 are similar, the difference in the solubilities can be
caused by an entropic effect, which is consistent with the ΔabsS
values reported in Table 4. Therefore, it seems that the boat-
like shape of 12-crown-4 (shown in the Supporting
Information) may be more favorable to accommodate gas
molecules compared to the more flat-shaped 15-crown-5
molecules.
In general, the low diffusion of a solute in a solvent as well as

the high viscosity of that mixture are the limiting factors in
separation processes. As CO2 has the highest solubility among
the studied gases in the crown-ethers, a high diffusion
coefficient and low viscosity of the mixture of CO2 and
crown-ethers are appealing for a CO2 removal process. Here,
the transport properties of mixtures of 9%-mole CO2 in the
crown-ethers at different temperatures ranging from 333 to 363
K are studied. According to the computed Henry coefficients,
this molefraction approximately corresponds to the partial
pressures of CO2 ranging from 3 to 10 bar in the gas phase. To
set up the simulation systems, 10, 8, and 8 CO2 molecules are
respectively added to 100, 80, and 80 molecules of 12-crown-4,
15-crown-5, and 18-crown-6 in the simulation box.
Figure 10 illustrates the self-diffusion coefficient of CO2 and

viscosity of the CO2-crown-ether mixtures. The results are

provided in the Supporting Information. These data were fitted
to the Arrhenius eq (eq 4) so that the transport properties at

Figure 9. Henry coefficients of CO2 (red squares/lines), CH4 (blue
circles/lines), and N2 (green diamonds/lines) in 12-crown-4 (closed
symbols/solid lines) and 15-crown-5 (open symbols/dashed lines) at
different temperatures. The lines are fitted to eq 10 and the fitted
parameters are listed in Table 4.

Table 4. Thermodynamic Parameters Fitted To the Henry Coefficients of CO2, CH4, and N2 in 12-Crown-4 and 15-Crown-5
Using Eq 10a

a0 [-] a1 [K] ΔabsG [kJ/mol] ΔabsH [kJ/mol] ΔabsS [J/mol·K]

12-crown-4 CO2 8.94 −1623 9.0 −13.5 −74.4
CH4 6.47 −153 15.0 −1.3 −53.8
N2 6.14 305 18.0 2.5 −51.0

15-crown-5 CO2 9.48 −1736 9.4 −14.4 −78.8
CH4 6.68 −198 15.9 −1.6 −57.8
N2 7.93 −164 18.6 −1.4 −66.0

aThe Gibbs free energy (ΔabsG), enthalpy (ΔabsH), and entropy (ΔabsS) of absorptions are calculated from eq 7 to 9 at a temperature of 303 K and a
pressure of 1 bar.

Figure 10. Viscosity and self-diffusion coefficient of CO2 in the
mixtures of 9%-mole CO2 and 12-crown-4 (red squares/line), 15-
crown-5 (blue circles/line), and 18-crown-6 (green diamonds/line) at
different temperatures. The lines are fitted to eq 4 and the parameters
are available in Table 5. The simulation results are available in the
Supporting Information.
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other temperatures can be calculated. The fitted parameters are
listed in Table 5. A comparison between Figures 10 and 6

shows that the addition of CO2 to the crown-ethers decreases
the viscosity of the mixture about 30%. The self-diffusion
coefficient of CO2 is also one order of magnitude larger than
the self-diffusion of the pure crown-ethers. As the self-diffusion
of CO2 is very large, the YH correction (eq 3) for this system is
comparatively small and within the uncertainty of the results.
Therefore, we do not include any finite-size correction. This is
in agreement with the results of Moultos et al.65,66 who
concluded that there is no specific finite-size effect on the self-
diffusion of a solute in a mixture.

■ CONCLUSIONS
Crown-ethers, or cyclic molecules consisting of ether groups,
have recently been proposed for gas separation processes as a
proper solvent for porous liquids. This research investigated the
thermodynamic and transport properties of several crown-
ethers, which are 12-crown-4, 15-crown-5, and 18-crown-6,
using force field-based molecular simulations. Since the TraPPE
force field developed for linear molecules cannot be employed
for cyclic molecules, a new set of torsional potential parameters
were computed for crown-ethers from DFT calculations. The
transferability of the developed force field should be
comparable to the TraPPE force field, which means that the
developed force field can be combined with other types of
crown-ethers as well as other biomolecules defined by the
TraPPE force field. MD simulations were carried out to
compute the density, viscosity, and self-diffusion coefficient of
the pure crown-ethers. Monte Carlo simulations were used to
study the solubility of natural gas components, that are CH4,
N2, and CO2, in the crown-ethers. The computed thermody-
namic and transport properties correspond closely to the
experiments, suggesting the accuracy of the new force field,
which is also transferable to other cyclic-ether molecules.
Furthermore, the comparable transport properties and the
CO2/CH4 selectivity of the studied crown-ethers, especially 12-
crown-4, with polyethylene glycol dimethyl ethers indicate the
potential of the crown-ether in gas treatment processes.
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