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To accelerate the development of liquid ion-selective barriers based on ethers, we compare the all-atom
force fields GAFF, OPLS-AA with charge correction 1.14*CM1A (OPLS-AA/CM1A), CHARMM version 36
(CHARMMS36), and COMPASS for diisopropyl ether (DIPE) to determine the most appropriate model for further
simulations of liquid membranes. Utilizing the selected force fields, we calculate the density and shear viscosity
of DIPE across a temperature range of 243-333 K. Furthermore, we use CHARMM36 with mTIP3P water model
and COMPASS with its own water model to evaluate the mutual solubility and interfacial tension between DIPE

and water, estimate the partition coefficients of ethanol in DIPE + Ethanol + Water systems. Based on our
comparative study, we conclude that CHARMMS36 is the most suitable force field for modeling ether-based liquid

membranes.

1. Introduction

Ethers, crown ethers, and cryptands are regarded as highly promis-
ing components for liquid ion-selective barriers [1-3]. These barriers
form a liquid membrane, comprising an ether layer sandwiched between
two aqueous solution layers. The selective permeability of this layer
to various ions presents opportunities for isolating rare elements such
as lithium or rubidium from aqueous solutions. Additionally, it holds
potential for developing innovative electrochemical power sources, in-
cluding redox flow batteries [4-7].

Owing to the vast array of parameters and properties associated with
liquid membranes, their experimental study is quite complicated [8-10].
Because of the complexity of such systems, molecular dynamics (MD)
methods can be helpful. MD methods are commonly used for studying
the structures and properties of liquids [11-15]. Several examples of
dynamic property calculations for aqueous solutions can be found in
the literature [16-19].

To apply MD methods for studying the properties of composite sys-
tems, it is crucial to ensure that the chosen MD model accurately re-
produces the physical properties relevant to the considered processes.
When estimating the ion selectivity of an ether layer, it is essential to
accurately reproduce the mobility and transport properties of the ether

itself [20-23]. Practically, this necessitates that the force field accurately
reproduces diffusion and shear viscosity.

It is also necessary to accurately describe thermodynamic properties,
such as pvT properties [22,24]. Besides that, the free energy of solvation
is very important when modeling solutions. Free energy of solvation is
closely linked to solubility and partition coefficients. These properties
are important because the model should reproduce the distribution of
ions in the aqueous and ether phases, as well as the mutual solubility of
ether and water. Interfacial tension also plays an important role in mem-
brane systems as it controls the permeability of the layers and stability
of the membrane itself [24].

To assess the accuracy of an MD model, it is necessary to compare
simulation results with experimental data. Therefore, it is convenient to
model substances for which experimental data on the desired properties
already exist. Experimental data on the transport and thermodynamic
properties of crown ethers and cryptands are extremely limited. Diiso-
propyl ether (DIPE) stands out in this regard. It is a secondary ether with
the formula CqH;4O, known for its good selectivity towards lithium
ions [1]. A considerable amount of experimental data on its physical
properties is available in the literature [25-32].

Three experimental works are of particular significance to us. The
study by Meng et al. [25] thoroughly investigates the temperature de-
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pendency of DIPE density and shear viscosity. The work by Cardenas
et al. [32] provides experimental data on interfacial tension between
DIPE and water. The work by Arce et al. [30] contains the experi-
mental data on the composition of the aqueous and organic phases of
DIPE + Ethanol + Water systems. It makes DIPE a convenient subject
for testing the force fields, which can be applied to a broader range of
ethers, including crown ethers and cryptands.

Interatomic potentials, more commonly referred to as force fields,
are the physical basis of MD methods. They are mathematical func-
tions used to calculate the potential energy of a system of atoms with
given spatial positions. The modeling accuracy of MD depends on how
precisely the force field reproduces interactions between atoms and
molecules. Validating a wide variety of force fields based on experi-
mental or quantum chemical data is an important task in modern MD
research [33-38].

For the diisopropyl ether, there are several MD simulation works [5,
39,40]. In the work [5], MD method is used to study the structure of an
electrolyte containing polysulfides and DIPE as a co-solvent. The OPLS-
AA force field [41] is used. The work also includes an experimental study
of the electrolyte structure. The simulation results closely match the ex-
perimental data. The paper [39] presents the ComBat database for the
design of electrolytes for lithium-sulfur batteries. The authors calculate
a set of physical parameters for a large number of solutions, such as con-
ductivity and viscosity of electrolytes containing DIPE as a co-solvent.
The OPLS-AA force field [42] is used for solvents. The work [40] inves-
tigates the influence of the DIPE solvent on the synthesis of peroxyacid.
MD method with the CHARMM force field is used to calculate the bind-
ing free energy.

However, the mentioned works did not study the physical properties
important for ion transport through the membrane. In addition, the two
studies did not have comparison of MD results with experimental data.
Thus, it is still necessary to conduct a more comprehensive study using
multiple force fields and make comparisons on both the thermodynamic
and transport properties of DIPE and its solution with water.

This work is devoted to the comparison of common force fields in
terms of their ability to reproduce the transport and thermodynamic
properties of ethers and ether + water systems. We perform calcu-
lations using four common all-atom force fields: GAFF [43], OPLS-
AA/CM1A (OPLS-AA [41] with charge correction 1.14*CM1A [44,42]),
CHARMMS36 (CHARMM version 36 [45,46]), and COMPASS [47]. We
calculate the density and shear viscosity of DIPE over a wide temper-
ature range using the selected force fields. We also estimate the mu-
tual solubility of DIPE and water, calculate interfacial tension between
DIPE and water, and evaluate the partition coefficients of ethanol in
DIPE + Ethanol + Water systems. Based on the obtained results, we
choose the most suitable force field for modeling ether-based liquid
membranes. This will allow the use of MD methods for modeling the
transport of alkali metal ions through the contact of water and ether,
as well as studying the distribution of these ions over the aqueous and
organic phases in liquid ion-selective barriers based on ethers.

The article is organized as follows. We give general information
about modeling techniques and methods in Section 2, which includes
the brief description and comparison of the used force fields and MD
simulation details. In Section 3, we provide the main results of the pa-
per: the DIPE equilibrium density and shear viscosity calculations, as
well as the estimations of mutual solubility of DIPE and water, the inter-
facial tension between DIPE and water, the ethanol partition coefficients
in DIPE + Ethanol + Water systems. Section 4 contains the discussion
of the results.

2. Modeling technique
2.1. Force fields

A large number of different force fields are used in MD simulations
to model the properties of liquids. The most common force fields for
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modeling small molecules are AMBER, MMFF, GAFF, Gromos, OPLS-
AA, TraPPE, CHARMM, ReaxFF, COMPASS, etc. Force fields like GAFF,
OPLS-AA, CHARMM are parameterized for a large number of organic
molecules. This makes them convenient for modeling complex systems
containing multi-component mixtures, such as those arising when simu-
lating ion transport through ion-selective liquid membranes. This prop-
erty largely determined our choice of GAFF, OPLS-AA, and CHARMM
force fields for comparison.

We also include the COMPASS force field in our comparison. GAFF,
OPLS-AA, and CHARMM are class I force fields, which treat the in-
tramolecular energy via diagonal quadratic terms, whereas COMPASS is
a class II force field. In this family of force fields [48], the non-diagonal
elements of intramolecular energy are included such as bond-bond,
bond-angle, etc. Such force fields have a much more complex functional
form and demonstrate good accuracy in many problems [49,50]. How-
ever, the COMPASS force field is proprietary, which limits the possibility
of its use in further modeling of multi-component systems with ions.

GAFF force field is developed for rational drug design [43]. Op-
timization of GAFF parameters is performed for approximately 2000
molecules, most of which are small, simple molecules widely used in
force field development. Van der Waals (vdW) parameters are taken
from AMBER, where they are obtained using ab initio and empirical
methods, optimizing the density and enthalpy of vaporization. Partial
charges are obtained using ab initio calculations. Bond parameters are
derived from X-ray spectroscopy, ab initio calculations, and Parmscan.
Angles and torsions are calculated using ab initio methods and Parmscan.

OPLS-AA force field is developed for modeling organic molecules and
peptides [41]. Its parameterization, akin to GAFF, relies on extensive
optimization across a wide array of organic molecules. vdW parameters
are determined empirically, with some borrowed from the preceding
version, OPLS-UA. Charges are empirically derived, using approxima-
tions to capture the characteristics of organic liquids accurately. Bond
and angle parameters are adopted from AMBER and, to some extent,
from CHARMM. The torsional terms are parameterized through ab ini-
tio methods.

CHARMM version 36 is a highly modified 27th version of this force
field [45]. CHARMM version 27 includes parameters for proteins, nu-
cleic acids, lipids, and carbohydrates. The main changes in version 36
are aimed at improving the quality of lipid modeling. In this force field,
the charges, vdW, and torsion parameters are updated using ab initio
methods. The bond and angle parameters are retained from the previous
version, where they are obtained by combining ab initio and empirical
approaches. CHARMM force field consists of various parameterizations
for different chemical groups of molecules [51-53]. For molecules not
falling in any of the groups an extension of the CHARMM force field —
CHARMM General Force Field [54] - is used.

The COMPASS force field is based on the PCFF force field [47].
A hybrid approach, incorporating both ab initio and empirical meth-
ods, is utilized to parameterize COMPASS. In addition to the molecular
classes covered by the PCFF force field, a number of new classes have
been parameterized. Non-bonded parameters have been completely re-
parameterized. Some of the bonded parameters were taken from PCFF,
while those for the missing functional groups were parameterized from
scratch.

All the force fields take into account valent and non-valent interac-
tions between atoms:

Eloral = Ebond + Eangle + Edihedral + Enon—valem"

In OPLS-AA and GAFF, the valent interactions are described by har-
monic vibrations of covalent bonds b, angles between three atoms 6
and dihedral interactions ¢:

Ebona’ = Z kb (b - b0)2 ’Eangle = Z ku (9 - 90)2 >
b a

ky
Ejinedral = Z Z Tn [1+cos(ng —y)].
d n
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In the CHARMM case, the valent interactions contain more terms — im-
proper and Uray-Bradley interactions:

Eimpmper: Z k(u (w_w())z’ EU—B: Zku (u_u())z'
U-B
Ebnnd’ E

impropers
angles @04 Egipeq4,q have the same functional form as for the
GATFF force field. Term E;_p is called the Uray-Bradley sum. The sum-
mation in the term occurs over all chains of 3 successively connected
atoms. The term Ej,,,.,., describes the energy of out-of-plane atoms
bending, and the summation is performed over a set of 4 atoms that are
not connected in series.
For GAFF, OPLS-AA, and CHARMM force fields, non-bonded inter-
actions of atoms are described by Lennard-Jones and electrostatic po-
tentials:

12 6
Oij Oij 4:9;
E,on—vatent = Z <4€ij |:<r_> - (r_ + :
non-valent 1 1 riij

Different combination rules are used to determine interatomic
Lennard-Jones parameters ¢;; and o;; for atoms of different types as
suggested in original papers. The Lorentz-Berthelot combination rule
is used for GAFF [43] and CHARMMS36 [45], and the geometric mean
combination rule is used for OPLS-AA/CM1A [41].

1-4 intramolecular interactions are also scaled differently. In GAFF,
scale factors are 1/2 and 1/1.2 for vdW and electrostatic interactions,
respectively. In OPLS-AA/CM1A, the scale factor is 1/2 for both vdW
and electrostatic interactions. In CHARMMS36, the electrostatic interac-
tion is not scaled, and vdW weight is determined based on a special set
of parameters.

The functional form of the COMPASS force field is the most complex
among the considered force fields. The bonded and angle interactions
are treated as non-harmonic oscillators. Also, it takes into account non-
diagonal energy cross-terms. The total energy of liquid is described as:

Ea=Ey,+Eg+Ey+E, +E,y+Ey g+ Ep 4+
+ Eﬂ,d’ + Epo + Eﬁﬂ’.d) + Eq + Eqw

where for example

Ey=) [kz (b—bo)" +ks (b—by) +ky (b— b0)4] ,

Eyp = % [M (b~bo) (6-6,)]

The cross-terms E 4, Eg 4, Eggr, Eg g , are determined analogically.
The non-valent interactions are presented as:

0\? 0\©
q,4; Z 2 Tij 3 Tij

E, = — ., Eygw = € — | - — s
? ;errij ! ij Y Tij Tij

i i

using the Waldman-Hagler combination rule [55]

6 6)!/6 3 3

S () ()" ()
nElT | wEAeaEE T |

(") +(rj)

In COMPASS force field, 1-4 intramolecular interactions are not scaled
and are fully accounted for.

The GAFF parameters are generated using the Antechamber pro-
gram [56]. The calculation of partial charges on atoms is carried
out according to [57], and the interactions are parameterized accord-
ing to [56]. Parameters for OPLS-AA are generated on the LigParGen
server [58]. For the partial charges, the correction 1.14*CM1A [44,42]
is applied. Interaction parameters for CHARMMS36 are generated in
CHARMM-GUI [59-61]. COMPASS parametrization is generated using
the msi2lmp tool in LAMMPS, developed by Pieter in ’t Veld. All the origi-
nal interaction parameters applied for the parametrization of the current
molecules are provided on the LAMMPS GitHub repository [62].
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We use the CHARMM-modified mTIP3P water model [63] when
modeling water in CHARMM36. This model specifies a 3-site rigid water
molecule with charges and Lennard-Jones parameters assigned to each
of the 3 atoms. The model is derived from the standard TIP3P model
by adding the Lennard-Jones interaction to hydrogen atoms [64]. This
modification is introduced to prevent cases where hydrogen atoms get
too close to other atoms and create singularities when calculating the
Coulomb interaction. The water model for COMPASS was published as
a part of the INTERFACE force field [65,66].

Thus, we use these force fields for the comparison:

» General AMBER Force Field [43] (GAFF in the text),

« Optimized Potentials for Liquid Simulations-All Atom (OPLS-
AA) [41] from Jorgensen’s research group with 1.14*CM1A [44,42]
charge corrections (OPLS-AA/CM1A in the text),

+ Chemistry at Harvard Macromolecular Mechanics ver. 36 [45,
46] with its own designed modification of three-site water model
mTIP3P [63] (CHARMMS36 in the text),

« COMPASS [47] with its own three-site water model [65,66] (COM-
PASS in the text).

2.2. Molecular dynamics simulation details

The calculations in the GAFF, OPLS-AA/CM1A, and CHARMM36
force fields are performed using the GROningen MAchine for Chem-
ical Simulations (GROMACS) software package [67-69]. Large-scale
Atomic/Molecular Massively Parallel Simulator (LAMMPS) [70-72] is
chosen for COMPASS because all the interaction cross-terms are not
fully presented in GROMACS. However, Burrows et al. [73] could im-
plement the part of the COMPASS force field valent interactions inside
GROMALCS for the calculation of phase transitions in alkanes.

The integration step is set to 1 fs in all the calculations. Periodic
boundary conditions are used to mitigate edge effects. The interaction
cutoff is applied to vdW and Coulomb interactions. The cutoff radius
is 1.2 nm for vdW interactions. For the Coulomb interaction, it is set
automatically to achieve the required calculation accuracy. For GAFF,
OPLS-AA/CM1A, and COMPASS, dispersion tail corrections to energy
and pressure are taken into account, compensating for the potential
truncation [47,74]. CHARMMS36 is parameterized without accounting
for the dispersion corrections, that is why we do not perform tail cor-
rections when using CHARMMS36. These corrections play an important
role in the prediction of various properties, such as the surface tension
and structure [75,76].

In LAMMPS, the long-range electrostatic part of the interaction is
calculated using the particle-particle particle-mesh (PPPM) method [77,
78] with a specified accuracy parameter of 10~* kJ/mol. In GROMAGCS,
it is calculated by the Particle Mesh Ewald (PME) method [79].

In LAMMPS, the Nosé-Hoover thermostat and barostat are used to
maintain the NVT and NPT ensembles, respectively [80-82]. In GRO-
MACS, the C-rescale barostat [83] and the V-rescale thermostat [84]
are used to maintain the NPT ensemble during relaxation, while the
Nosé-Hoover thermostat is used to maintain the NVT ensemble during
production runs.

Optimization for hybrid architectures [85,86] is performed to
achieve high computational performance.

3. Results
3.1. Density of diisopropyl ether

For the comparison of force fields on pvT property data we calculate
DIPE density using all 4 force fields. For the density calculations, we use
a set of 64 different cubic unit cells containing 3375 DIPE molecules.
We choose such a number of molecules because it finally provides a
balance between the magnitude of fluctuations and computational com-
plexity for the viscosity. Several different cells are needed for further
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Fig. 1. DIPE density dependencies on temperature at pressure 0.1 MPa obtained
for the different force fields. The crosses represent experimental values from the
work [25]. Straight lines show least squares approximations of dependencies.
The errors are smaller than the size of the markers.

viscosity calculations. The initial configurations are set in the form of
a 15x15x 15 cubic lattice with a constant of 10 A. The molecules are
oriented randomly. This configuration corresponds to the rarefied gas.
To ensure uniqueness, different seeds for initial velocity generation and
molecules’ orientations are used for each cell. The relaxation process for
each cell consists of three stages: cell compression to the experimental
density, modeling in the NPT ensemble for 0.3 ns, and modeling in the
NVT ensemble for 0.1 ns. The density calculations are carried out in the
NPT ensemble for 0.5 ns, with density values recorded every 0.1 ps. The
equilibrium density is determined as the average of 5000 X 64 values.

The statistical errors of density values are defined by the automated
blocking method [87]. Using this method, the statistical errors are found
to be about 0.01%. However, the study by the group of Hasse [88]
showed that systematic errors for density in MD calculations are typi-
cally about 0.1% or even 1%. It is important to correctly estimate errors,
but in our case, the difference between values for different force fields
is much bigger than possible errors. That is why we can omit to calcu-
late systematic errors for density values. A similar conclusion is valid
when calculating shear viscosity of DIPE.

The DIPE density values are calculated at 0.1 MPa for temperatures
ranging from 243.15 to 333.15 K using all four force fields. The obtained
values are presented together with the experimental data in Fig. 1. The
experimental values are taken from [25]. The uncertainty of experimen-
tal values is 0.2%.

GAFF and OPLS-AA/CM1A overestimate the density values, but the
difference between the calculated values and experimental data de-
creases linearly with increasing temperature. OPLS-AA/CM1A yields the
worst agreement between the obtained values and the experiment [25]
among the considered force fields. The error reaches 5% at 243.15 K
and 4% at 333.15 K. GAFF predicts density slightly better than OPLS-
AA/CM1A, with the density values overestimated by 3.1-2.6% over the
entire temperature range.

CHARMMS36 tends to overestimate density at low temperatures and
underestimate it at high temperatures. The deviation of density values
from the experiment varies from 1% at 243.15 K to 3.6% at 333.15 K.
It provides the best convergence among all the force fields in the re-
gion of 243.15-273.15 K, but at higher temperatures, it is outperformed
by COMPASS and GAFF. The temperature dependence of density for
CHARMMS36 turned out to be the most nonlinear among all other force
fields. Consequently, a significant density underestimation is expected
at temperatures higher than 333.15 K.

COMPASS slightly overestimates the density values and provides the
most accurate agreement between MD and experimental data in predict-
ing DIPE density. The error ranges from 1.0% at 243.15 K to 0.3% at
333.15 K.
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Fig. 2. Dependence of viscosity integral on upper time limit at temperature
303.15 K and pressure 0.1 MPa for all the force fields. The colors are the same
as in Fig. 1. The dashed lines are the approximations of the averaged integral
by the equation (4).

3.2. Shear viscosity of diisopropyl ether

The viscosity of organic liquids is a crucial property for modeling of
physical processes [9,89-92]. The equilibrium approach for calculating
shear viscosity is the Green-Kubo method [93,94]. Viscosity is deter-
mined by the formula

/ C.ar, o)
0

where V is the volume of the computational cell, k is the Boltzmann
constant, T is the absolute temperature of the system, and C, is the auto-
correlation function of the off-diagonal elements of the stress tensor:

SIh

’1=k

Co' = <6aﬂ(0)aa/}(t)> (2)

Angle brackets mean averaging over time and statistically independent
configurations. The stress tensor o, is calculated using the following
formula

(X N’
%ap =3, Z m;V; o Uy g+ Z riafip|s 3
i=1 i=1

where f; ; is the f-component of the force acting on the i-th particle, N
is the number of atoms in the cell, N’ includes atoms from neighboring
sub-domains in the case of periodic boundary conditions.

We perform MD simulations for calculating viscosity in the NVT en-
semble. The same set of configurations as for calculating density is used
to calculate viscosity. The unit cells of other sizes are not used because
the value of shear viscosity is not influenced by size effects for systems
containing about 3000 molecules [95,96].

The numerical procedure for calculating viscosity is carried out ac-
cording to the time decomposition method (TDM) [97,98]. For each
cell, an NVT trajectory of 1000 ps length is calculated. Thus, a set of
64 trajectories is generated for each force field. For each trajectory, the
auto-correlation function is calculated and then integrated. The result is
a set of 64 integrals that we call individual viscosity integrals. The av-
eraged viscosity integral (1) is calculated as the average over the whole
set of trajectories. An example of viscosity integral (1) dependency on
time for a temperature of 303.15 K is shown in Fig. 2.

The calculated viscosity integral is fitted with a function of the form

i 1)) r-on -en(£))
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Fig. 3. Dependence of shear viscosity on the inverse temperature at 0.1 MPa for
the force fields under study. The colors are the same as in Fig. 1. The crosses
are plotted for the experimental data from the work [25]. Straight lines show
approximations of dependencies by the Guzman-Andrade equation (6).

where A, a, 7y, 7, are fitting parameters. Thus, the viscosity is deter-
mined by the expression

n(t) = A(ar) + (1 — a)1y). (5)

We employ the bootstrapping method for estimating the viscosity
values error [99,100]. The essence of this method is to form N boot-
strap samples. The bootstrap sample is formed from a set of individual
viscosity integrals. Integrals are chosen randomly, and repetitions are
possible. Each bootstrap sample is the same size as the trajectory set,
which is 64 in our case. For each obtained sample of integrals, the same
procedure of viscosity calculation as described above is performed. The
error is defined as the standard deviation of the resulting set of values.
We have N =256 in our calculations.

Using all the force fields, the DIPE shear viscosity is calculated for
pressure of 0.1 MPa and temperatures in the range of 243.15-333.15 K.
Dependencies of the obtained viscosity values on the inverse tempera-
ture in the logarithmic scale are shown in Fig. 3. We compare the results
with experimental values which are taken from [25]. The uncertainty
of experimental values is 2.0%.

The dependency of shear viscosity # on temperature is well described
by the Guzman-Andrade equation [101]:

E{Z
’1='103Xp<ﬁ>a (6)
where E, is the activation energy, R is the universal gas constant, T is
the absolute temperature of the system, 7, is the pre-exponential fac-
tor. Accordingly, the logarithmic dependence of viscosity on the inverse
temperature is a linear function.

It can be observed from the obtained results that the GAFF and OPLS-
AA/CM1A force fields overestimate the shear viscosity. They provide
approximately equally low accuracy of convergence with the experi-
ment [25]. The average error varies from 130% at low temperatures to
50% at high temperatures.

CHARMM36 overestimates viscosity values at low temperatures and
underestimates them at high temperatures. The convergence with the
experiment is better than for GAFF and OPLS-AA/CM1A. The error is
10-20% at 243.15-273.15 K and 2-9% at 283.15-333.15 K.

COMPASS provides good agreement with the experiment. In the tem-
perature range of 243.15-283.15 K, COMPASS slightly underestimates
the viscosity values, with a maximum error of 6%. The best convergence
with experimental data is observed in the region of 293.15-333.15 K,
where the maximum error does not exceed 2%. In this case, the ob-
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tained viscosity values coincide with the experiment within the esti-
mated error.

3.3. Mutual solubility of DIPE and water

The following method is employed to estimate solubility. It is based
on forming a layer of the aqueous phase and the organic phase (where
DIPE predominates) in the cell. The example of this unit cell is presented
in Fig. 4a. The layers are perpendicular to the z axis. Such a cell is sim-
ulated for a certain time in the NVT ensemble to accumulate sufficient
statistics to calculate the steady-state density profile along the z axis.
An example of obtained density profiles is shown in Fig. 4b.

If the calculation time is sufficiently long, the dependency of wa-
ter and DIPE density on the z coordinate will exhibit distinguishable
horizontal sections in the areas corresponding to the established phase
layers. Taking the mean of density values in these regions, we can ob-
tain the density of DIPE in aqueous phase (pppp) and the density of
water in organic phase (p, ;). Then, obtaining molar concentrations
¢prpE = Poipe/ Mpipe: Cwater = Pwater/ Myater» We can get the solubilities
of DIPE in water and water in DIPE by computing the mole fractions of
DIPE and water in the phases by formulas

CDIPE Cwater (7)

XpIPE =~ .. > Xwater =

CDIPE + Cwater CDIPE + Cwater

It is worth noting that this method does not provide accurate sol-
ubility values but is suitable for order-of-magnitude estimations. Since
solubility exponentially depends on the free energy of solvation, a small
deviation in the free energy can lead to a significant difference in its
value. Therefore, a difference of one order of magnitude in solubility
implies only a 6 kJ/mol difference in the free energy of solvation.

Only the CHARMMS36 and COMPASS force fields are used in the cal-
culations because they show acceptable accuracy of both the density
and viscosity of DIPE. The simulations are performed at a temperature
of 298.15 K and pressure of 0.1 MPa. The results are compared with
experimental data [30].

To simulate the DIPE + Water system in the CHARMMS36 force field,
a cell containing 48,708 water molecules and 4,350 DIPE molecules is
created using GROMACS. The cell structure is the same as in the case of
COMPASS. Relaxation is carried out first in the NPT ensemble for 1 ns,
and then in the NVT ensemble for 0.5 ns. After that, a 5 ns NVT produc-
tion calculation is performed. We present an example of the equilibrated
system for estimating solubility and the obtained density distribution
plot in Fig. 4.

To simulate the DIPE + Water system in the COMPASS force field,
a cell containing 68,600 water molecules and 6,300 DIPE molecules is
created. The Moltemplate program [103] is used to generate the initial
atom coordinates. The initial coordinates of the molecules are specified
on a lattice. A layer of DIPE molecules is located between two layers of
water molecules, with the layers situated along the z axis. Cell relaxation
is carried out in the NPT ensemble for 2 ns. It is then followed by a 2 ns
NVT production run during which statistics on the density distribution
along the z axis are collected.

It is better to use the NPAT ensemble instead of the usual NPT for
simulations of systems with a slab geometry [104,105]. We conduct test
calculations where the relaxation is made in the NPAT ensemble. The
obtained solubilities coincide within the calculation accuracy with the
calculations with the NPT relaxation.

The mole solubilities of DIPE in water and water in DIPE are shown
in Table 1. The values are given in mole fraction and presented by an
order of magnitude.

When using CHARMM36, the solubility of DIPE in water is underes-
timated by an order of magnitude, while the solubility of water in DIPE
is of the same order as the experimental value. For the COMPASS force
field, the solubility of DIPE in water is underestimated by two orders of
magnitude, and the solubility of water in DIPE is underestimated by one
order of magnitude.
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Fig. 4. (a) An example of a system for estimating solubility containing 4,350 DIPE (colored red) and 48,708 water (colored blue) molecules. The configuration is
visualized in the UCSF ChimeraX [102]. (b) The example of density distribution of DIPE and water along z axis for CHARMMS36 at 298.15 K and 0.1 MPa.

Table 1

Thermodynamic properties of DIPE solutions at 298.15 K and 0.1 MPa: solubility and interfacial tension,
calculated in binary systems, ethanol partition coefficients, calculated in ternary systems.

Property MD (CHARMM36) MD (COMPASS) Experiment
Solubility of DIPE in water, xp g, mole fraction ~107 ~1073 2.9-1072 [30]
Solubility of water in DIPE, X, ., mole fraction ~ 1072 ~1073 2.89-1072 [30]
Interfacial tension between DIPE and water, y, mN/m 18.7+0.8 38.0+0.5 17.70 £ 0.01 [32]
Ethanol partition coefficients, k ~ 100 ~ 10! 0.75 -2.12 [30]

3.4. Interfacial tension between DIPE and water

The surface tension between different substances is crucial in the lig-
uid membrane systems, as it influences how easily ions can pass through
the layers and affects the overall stability of the membrane structure.
The MD methods are widely applied for such calculations for liquid-
liquid interfaces [75,76,106-108].

The interfacial tension y is calculated by the formula [109]

L (Pex) +(Pyy)
7=72 <<PZZ>_T)’ (8)
where L, is the length of the cell in z direction and P,,, P,,, P,, are

diagonal elements of the pressure tensor.

The same cells as for calculating the mutual solubility of DIPE and
water are used to calculate the interfacial tension between DIPE and wa-
ter. As in the previous section, we use only CHARMM36 and COMPASS
force fields.

The simulations are performed in the NVT ensemble for 2 ns. The
simulated temperature is 298.15 K. The diagonal pressure tensor ele-
ments are saved every 5 fs. The errors are estimated using the automated
blocking method [87].

The results are shown in Table 1. The comparison is made against
the experimental data from the work [32]. The experimental error of
interfacial tension values is 0.01 mN/m.

The interfacial tension for CHARMMS36 force field closely matches
the experimental value. The error is 6%, which is almost the same as
the value’s uncertainty. However, the interfacial tension for COMPASS
force field is more than 2 times bigger than the experimental value.

3.5. Ethanol partition coefficients

Basically, the same method used to estimate solubility is used to esti-
mate partition coefficients. A liquid membrane with DIPE in the middle
is formed in the cell. The membrane is perpendicular to the z axis. How-
ever, in this case, the third substance, i.e. ethanol, is added to the system.

It must be distributed uniformly in the xy plane so that the entire sys-
tem remains homogeneous in this plane for any value of z. An example
of a system for estimating a partition coefficient is presented in Fig. 5.

The composition of both phases can be determined from density de-
pendencies for water, DIPE, and ethanol on the z coordinate as described
in part 3.3. An example of obtained density profiles is shown in Fig. 5b.
Using mole ethanol fractions in organic ¢, and water ¢, phases, partition
coefficient k is calculated by the formula

C
k=-L.
(5]

€)]

The simulations are conducted for a temperature of 298.15 K and a
pressure of 0.1 MPa, using the CHARMM36 and COMPASS force fields.

Multiple simulation cells are utilized to obtain partition coefficients
in the DIPE + Ethanol + Water system. The cells differ in the number of
water, DIPE, and ethanol molecules. This is necessary to obtain systems
with varying ethanol concentrations in the phases.

For simulations with the CHARMMS36 force field, cells are con-
structed using GROMACS utilities. The cell dimensions range from 6-
9 nm along the x and y axes, and 11-17 nm along the z axis. Initially, a
cell containing only DIPE molecules is created. Subsequently, it is sym-
metrically expanded three times in both directions along the z axis.
During each expansion, new molecules are inserted into the cell: first
water, then ethanol, and finally water again. After each expansion and
molecule insertion, a 0.2 ns relaxation is performed in the NPT ensemble
to allow the added layers to slightly compress. An example of a relaxed
system for estimating solubility and the corresponding density distribu-
tion plot are presented in Fig. 5.

Upon completion of these procedures, a layered structure is formed
within the cell: a central layer with a predominance of DIPE molecules
(organic phase), flanked by two layers with a predominance of water
molecules (aqueous phase), and ethanol molecules distributed among
these two phases. Relaxation is carried out in the NPT ensemble for
1 ns, followed by the NVT ensemble for 0.5 ns. Subsequently, 30-50 ns
NVT production calculations are performed. An example of a calculated
density profile is presented in Fig. 5b.
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Fig. 5. (a) An example of a system for estimating a partition coefficient containing 1,248 DIPE (colored red), 949 ethanol (colored green), and 9,402 water (colored
blue) molecules. The configuration is visualized in the UCSF ChimeraX [102]. (b) An example of an established density profile in ternary system for CHARMM36 at

298.15 K and 0.1 MPa.

For simulations with the COMPASS force field, the Moltemplate pro-
gram is employed to generate the initial configuration of the molecules.
The cell dimensions range from 6-9 nm along the x and y axes, and
12-20 nm along the z axis. The initial coordinates of the molecules are
specified on a lattice. Analogous to the DIPE + Water system, a layer of
DIPE molecules is positioned between two layers of water, and ethanol
molecules are initially distributed uniformly throughout the cell. Cell re-
laxation is performed in the NPT ensemble for 2 ns, followed by a 4 ns
NVT ensemble simulation for collecting statistical data on the density
distribution along the z axis.

An interesting phenomenon observed during simulations with the
CHARMMS36 force field is the formation of stable water clusters within
the organic phase for certain cells. The ethanol molecules also induce
pronounced inhomogeneities in both the aqueous and organic phases.
However, unlike water, ethanol does not form clusters, which can be at-
tributed to the insufficient cell size for such an effect to manifest. The
impact of inhomogeneities and clusters in liquid solutions is a topic of
practical interest [110-113]. Such inhomogeneities can exert a notice-
able influence on chemical processes [114].

Owing to these inhomogeneities, it is necessary to significantly ex-
tend the simulation time to ensure that all inhomogeneities are ade-
quately averaged, and the density profile along the z axis attains a
constant form in the regions corresponding to the aqueous and organic
phases. However, in some cases, an increase of the simulation time fails
to significantly reduce inhomogeneities influence. In such instances, the
cell is discarded and a new simulation cell with modified dimensions is
created.

For both force fields, the partition coefficients are calculated for sev-
eral unit cells with varying ethanol concentrations. For COMPASS, the
ethanol mole fractions in the organic phase ¢, range from 0.2 to 0.4.
For CHARMMS36, they range within 0.05-0.2. As a result of the calcu-
lations, two sets of partition coefficients are obtained. It is found that
for COMPASS the results differ by no more than 10%. A similar obser-
vation holds for the values in the CHARMMS36 results. Considering that
the method can only provide estimations of concentrations, we present
only an order-of-magnitude estimation for the obtained partition coeffi-
cients. As discussed in the previous section, such precision is sufficient
for the intended comparison. The simulation results are presented in
Table 1.

CHARMMS36 yields partition coefficients of the same order of mag-
nitude as the experimental values. COMPASS overestimates partition
coefficients by an order of magnitude.

4. Discussion

In this study, using DIPE as a convenient model substance, we in-
vestigate the ability to simulate liquid ether-based membranes in MD.
For this purpose, we evaluate the performance of the GAFF, OPLS-
AA/CM1A, CHARMM36, and COMPASS force fields in reproducing the
density and shear viscosity of DIPE, as well as the thermodynamic prop-
erties of the DIPE + Water and DIPE + Ethanol + Water solutions.

The GAFF and OPLS-AA/CMI1A force fields yield similar results in
predicting the density and shear viscosity of DIPE. Both force fields
overestimate the density values by no more than 3-5% across the entire
temperature range. These force fields also overestimate the shear viscos-
ity by 50-70% at 293.15-333.15 K and by 70-130% at 243.15-283.15 K.
The low accuracy in predicting density and especially viscosity suggests
that GAFF and OPLS-AA/CM1A are not suitable for modeling ether-
based liquid membranes.

The CHARMM36 force field describes the temperature dependency
of DIPE density better than OPLS-AA/CM1A, but slightly worse than
GAFF at higher temperatures. It yields an error of approximately 1% at
243.15-283.15 K and 1-4% at 293.15-333.15 K. Additionally, it provides
a reasonably close agreement with experimental shear viscosity data. At
273.15-333.15 K, the error is about 10-20%, and at 283.15-333.15 K, it
is 2-9%. Based on the results of estimating thermodynamic properties of
solutions, CHARMM36 underestimates the solubility of DIPE in water by
an order of magnitude and falls within the same order of magnitude for
the solubility of water in DIPE and the partition coefficients of ethanol.
CHARMMS36 also yields close agreement with experimental data on in-
terfacial tension between DIPE and water. The error is about 6%.

It can be concluded that CHARMMS36 reproduces the DIPE density
and shear viscosity at temperatures of approximately 293-333 K with
reasonable accuracy. Furthermore, it yields satisfactory prediction qual-
ity for the thermodynamic properties of DIPE solution with water. This
suggests that the CHARMMS36 force field can be used to predict the prop-
erties of ether-based liquid membranes qualitatively.

The COMPASS force field yields the best accuracy in reproducing
the density and shear viscosity of DIPE among all the considered force
fields. Moreover, the agreement with experimental data improves with
increasing temperature. For COMPASS, the prediction error for den-
sity decreases from 1% to 0.3%, and the prediction error for viscos-
ity decreases from 6% to 1% as the temperature increases. However,
when estimating thermodynamic properties of DIPE solution with wa-
ter, COMPASS underestimates the solubility of DIPE in water by two
orders of magnitude and the solubility of water in DIPE by one order of
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magnitude. It also deviates by one order of magnitude when predicting
partition coefficients. COMPASS reproduces a two times greater value
of interfacial tension, than the experimental one.

Therefore, it can be stated that COMPASS yields excellent agree-
ment with experimental values for the temperature dependencies of
DIPE density and shear viscosity, surpassing all the other considered
force fields in this regard. This allows us to conclude that COMPASS is
the most suitable force field for modeling transport processes in pure
ethers. However, COMPASS demonstrates poor prediction quality for
the thermodynamic properties of DIPE solution with water. It yields a
large error in reproducing the solubility and interfacial tension. That
is why when using COMPASS for simulating the distribution of ions in
a liquid membrane system, its good accuracy in reproducing transport
properties will not play a significant role. Hence, its ability to accurately
model transport processes in liquid membranes is questionable.

When comparing CHARMM36 and COMPASS, we can conclude that
CHARMM36 reproduces the thermodynamic properties of the DIPE so-
lution with water better than COMPASS. The slight advantage of COM-
PASS in the prediction accuracy of transport properties does not play
a significant role in this case. Thus, CHARMMS36 can be considered the
best among the considered force fields for qualitative modeling of ion-
selective barriers based on ethers.

Unlike COMPASS, the parameterization of CHARMMS36 is more fo-
cused on describing organic substances in an aqueous environment.
Therefore, the interaction of organic molecules with water is more ac-
curately calibrated for CHARMMS36. It allows CHARMMS36 to better
describe the thermodynamic properties of the DIPE + Water system.

5. Conclusions

In this work, we evaluate the applicability of force fields (GAFF,
OPLS-AA/CM1A, CHARMM36 and COMPASS) for modeling proper-
ties of ether-based liquid membranes. The density and shear viscosity
of DIPE are calculated over the temperature range of 243-333 K us-
ing these force fields. For CHARMM36 and COMPASS, the interfacial
tension between DIPE and water is obtained, the mutual solubilities
of DIPE and water, as well as the partition coefficients of ethanol in
DIPE + Ethanol + Water systems, are estimated.

1. The GAFF and OPLS-AA/CM1A force fields do not provide the re-
quired modeling accuracy for both DIPE density and shear viscosity.
Consequently, the force fields are not suitable for modeling ether-
based selective barriers.

2. The COMPASS force field reproduces the density and shear viscos-
ity of DIPE with excellent precision. However, it yields a substantial
error when predicting interfacial tension and the mutual solubility
of DIPE and water, as well as the partition coefficients of ethanol
in DIPE + Ethanol + Water systems. In this regard, it can be ex-
pected that this force field will accurately predict the transport
properties of ethers, but when modeling liquid membranes based
on ethers, one can only anticipate a qualitative level of accuracy.
Moreover, COMPASS is a proprietary force field, which further lim-
its its use.

3. The CHARMMS36 force field quite accurately reproduces DIPE den-
sity, DIPE shear viscosity, and interfacial tension between DIPE
and water. Simultaneously, it qualitatively describes the thermo-
dynamic properties of DIPE and its water solution. Therefore,
CHARMMS36 can be used to model ether-based selective barriers
at a qualitative level.

Based on the comparison results, it can be concluded that CHARMM36
is the most suitable force field for qualitative modeling of liquid ether-
based membranes. Having the parameters set for ions, it should be
applied for the simulations of ion selectivity process in future research.
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