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ABSTRACT

With the emergence of hydrophobic deep eutectic solvents (DESs), the scope of applications of DESs has been expanded to include situations
in which miscibility with water is undesirable. Whereas most studies have focused on the applications of hydrophobic DESs from a practical
standpoint, few theoretical works exist that investigate the structural and thermodynamic properties at the nanoscale. In this study, Molecular
Dynamics (MD) simulations have been performed to model DESs composed of tetraalkylammonium chloride hydrogen bond acceptor and
decanoic acid hydrogen bond donor (HBD) at a molar ratio of 1:2, with three different cation chain lengths (4, 7, and 8). After fine-tuning force
field parameters, densities, viscosities, self-diffusivities, and ionic conductivities of the DESs were computed over a wide temperature range.
The liquid structure was examined using radial distribution functions (RDFs) and hydrogen bond analysis. The MD simulations reproduced
the experimental density and viscosity data from the literature reasonably well and were used to predict diffusivities and ionic conductivities,
for which experimental data are scarce or unavailable. It was found that although an increase in the cation chain length considerably affected
the density and transport properties of the DESs (i.e., yielding smaller densities and slower dynamics), no significant influence was observed
on the RDFs and the hydrogen bonds. The self-diffusivities showed the following order for the mobility of the various components: HBD
> anion > cation. Strong hydrogen bonds between the hydroxyl and carbonyl groups of decanoic acid and between the hydroxyl group of
decanoic acid and chloride were observed to dominate the intermolecular interactions.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0047369

I. INTRODUCTION often stated to be potentially superior solvents and reaction media,

compared to conventional solvents used in industry.”” Nevertheless,

Deep eutectic solvents (DESs) are a class of designer solvents,
first introduced by Abbott et al.' in 2003. In that study, a mixture
of choline chloride and urea was shown to have a melting point sig-
nificantly lower than those of the individual components, forming a
liquid phase at room temperature. Ever since, numerous DESs have
been reported in the literature, which share properties such as easy
preparation, low melting points, tunability, negligible vapor pres-
sure, non-toxicity, biodegradability, and good solvation properties
with respect to different solutes.” * Due to these properties, DESs are

it is important to note that the properties of DESs strongly depend
on the starting compounds and the composition, and thus, such
general statements should be avoided.”"’

Several classes of DESs have been reported in the literature
based on the chemical nature of the precursors used to synthesize
the DES. Smith et al.” categorized DESs into mixtures composed of
(I) salts and metal halides, (II) salts and metal halide hydrates, (III)
organic salts and hydrogen bond donors (HBDs) (the most com-
mon DESs), and (IV) metal halides and hydrogen bond donors.
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DESs based on natural and charge-neutral compounds have also
been investigated in the literature.”'' Recently, a new class of DESs
based on phenolic hydrogen bond donating groups was introduced
by Abranches et al.'*

Although DESs are often identified by a large melting point
depression of the mixture and an extensive hydrogen bonding net-
work, the precise definition of a DES is debated.'""*!* For instance,
it has been suggested that a considerable difference between the
eutectic point of the mixture and the ideal solution eutectic point
(and not the melting points of the individual components) is nec-
essary for the definition of a DES.'”"” The necessity of hydrogen
bonds for the formation of DESs has also been questioned.””"”
Based on these alternative definitions, many of the reported DESs
are classified as simple eutectic mixtures rather than “deep” eutec-
tic solvents.'” Therefore, the solid-liquid phase equilibrium of the
mixture must be well-characterized before the solvent is labeled
“DES.”

For many years, the DESs reported in the literature were
of hydrophilic nature until van Osch et al."” introduced a new
hydrophobic class of DESs for the first time in 2015. These
DESs are often a mixture of hydrogen bond donors (HBDs) and
hydrogen bond acceptors (HBAs). The HBA and HBD compo-
nents are charge-neutral or charged (salts composed of cations
and anions) hydrophobic compounds with hydrophobic functional
groups (e.g., long alkyl chains). Hydrophobic DESs have attracted
much attention as water-immiscible solvents with many poten-
tial applications ranging from carbon capture to water purifica-
tion and extraction of metabolites from plants.”'* DESs based on
tetraalkylammonium halides and fatty acids (e.g., decanoic acid), for
instance, have been considered for a large number of applications,
such as CO, capture,“‘ 18 extraction of fatty acids,”” antibiotics, '’
sugar-derived molecules,”””" and metal ions” ** from aqueous
solutions, and extraction of pigments from different beverages.”
It has been shown by van Osch et al'” that the degree of
hydrophobicity (based on the cation chain length) of these DESs
determines the extent to which the DES leaches into the water
phase and affects the extraction process from aqueous solutions.
For a more detailed discussion on the various applications of
hydrophobic DESs, the reader is referred to the review article by van
Osch et al.’

Most of the studies on hydrophobic DESs have concen-
trated on the application of these solvents rather than fundamental
investigation of intermolecular interactions and the effects of
these interactions on the macroscopic properties of DESs."*
Therefore, systematic knowledge on the liquid structure and
the dominant intermolecular interactions between various com-
ponents of these mixtures is largely lacking. Limited litera-
ture is available on theoretical modeling of hydrophobic DESs,
where mainly COSMO-based”® *’ and PC-SAFT equations of state
modeling'®'"***' techniques are used. Despite the widespread use of
Molecular Dynamics (MD) simulations for hydrophilic DESs,”’**
very few publications are available for hydrophobic DESs.””** In
the studies by Verma et al.”’ and Paul et al," MD simulations
were used to model the stability and thermodynamic properties
of hydrophobic DESs based on DL-menthol and tetrabutylammo-
nium chloride HBAs in the presence of water. However, the authors
mainly reported aqueous solution properties rather than properties
of pure DESs (except for a few density data). Furthermore, the force
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field validation for the DESs was performed solely based on experi-
mental densities, which may decrease the suitability of the developed
force fields for the calculation of other thermo-physical properties,
such as the viscosity, and limit the transferability of the force field
parameters.

In this work, MD simulations have been used for the first
time to study the liquid structure and thermodynamic and trans-
port properties of hydrophobic DESs based on tetraalkylammonium
chloride (TRAC) salts as the HBA compound and decanoic acid (a
long-chain fatty acid) as the HBD compound in a HBA:HBD molar
ratio of 1:2. To examine the influence of the alkyl chain length of the
cation (i.e., number of alkyl chain carbons) and thus the hydropho-
bicity of the DESs on the liquid structure and physico-chemical
properties, various cation chain lengths were used in the simula-
tions: 4 (butyl), 7 (heptyl), and 8 (octyl). The respective DESs are
designated as TBAC-dec, THAC-dec, and TOAC-dec. To the best of
our knowledge, no other molecular simulation studies exist that sys-
tematically investigate the thermo-physical and structural properties
of TRAC-based hydrophobic DESs and the effect of cation chain
length on those properties. These DESs were considered here due
to their many potential applications, particularly in liquid-liquid
extraction of solutes, ”*>***" as previously discussed. In the case of
extraction from aqueous solutions, the miscibility of hydrophobic
DESs with water must be quantified. In this work, the focus has
been on the properties of pure DESs, and therefore, the miscibil-
ity with water is not discussed. However, well-established methods,
such as particle insertions and thermodynamic integration, can in
principle be used to compute the solubility of water in DESs.*"*>*°
It is important to note that TRAC + fatty acid DESs exhibit sig-
nificant negative deviations from ideality, which increase with the
cation chain length.”” Therefore, a eutectic point temperature lower
than that of the ideal solution eutectic point is observed for these
mixtures, rendering them as “deep” eutectic mixtures.’ Although
the prediction of melting point and thus solid/liquid phase equilib-
rium of ionic liquids (ILs) and DESs from molecular simulations
can be of great practical interest, these calculations are often chal-
lenging for such complex molecules and may not yield accurate
results.”’

This manuscript is organized as follows: In Sec. II, the com-
putational methods used in this study are described. This includes
the force field parameters of the DESs, simulation details, and the
methods used to compute thermodynamic, transport, and struc-
tural properties. Subsequently, force field validation and simulation
results are discussed and compared with available data in the lit-
erature. In the end, conclusions are provided regarding the MD
simulation of TRAC-dec DESs.

Il. COMPUTATIONAL DETAILS

The non-polarizable all-atom general AMBER force field
(GAFF)" was used for modeling all DESs. Non-bonded terms, con-
sisting of Lennard-Jones (L]) and electrostatic energies, as well as
bonded terms (bond-stretching, bond-bending, and torsion) were
used to model the intermolecular and intramolecular interactions.
The LJ parameters by Fox and Kollman™ were used for chlo-
ride anions. The electrostatic potential was computed for the opti-
mized geometry of each isolated individual molecule or ion at the
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HF/6-31G* level of theory, and the partial atomic charges
were obtained using the restrained electrostatic potential (RESP)
method.”’ Geometry optimization and charge calculations were per-
formed using the Gaussian 09 Rev.B.01 software’ and the R.E.D-
II1.52 tools.” It has been shown that commonly used classical force
fields, e.g., GAFF, often overestimate intermolecular interactions of
ILs and DESs, which results in slower dynamics, i.e., smaller dif-
fusivities and larger viscosities, compared to experimental observa-
tions.”””**” To obtain a better agreement of the simulation results
with experimental data, strategies based on scaling of ionic (par-
tial) charges’m HALILI6ST and/or L interactions™” have therefore
been proposed in the literature as computationally efficient solu-
tions. Here, a combination of ionic charge scaling factors (f,) in the
range of 0.6-1.0 and L] well-depth (&) scaling factors (f.) in the range
of 0.9-1.0 was examined. The ionic charge scaling factors were only
applied to the (partial) charges of cations and anions. The scaling of
the o parameter of L] potential was not considered due to the drastic
adverse effect on the density, observed in preliminary test simula-
tions. Following the approach by Jamali et al.”’ for carbohydrates,
the LJ scaling factors were used for all atoms in the DES mixtures.
This is in contrast to the approach by Chaumont et al.,” where only
L] interactions of specific atoms (hydroxyl hydrogen and oxygen)
were modified for choline chloride ethylene glycol and choline chlo-
ride glycerol DESs. The latter approach was not employed in this
work, as it may introduce extra complication to the optimization
procedure.”’ Molecular structures and optimal force field param-
eters for all the DES components are listed in the supplementary
material. The 1-4 intramolecular electrostatic and L] interactions
were scaled by 0.833 and 0.5, respectively, in accordance with the
AMBER force field.”" The Particle-Particle Particle-Mesh (PPPM)
method” with a relative error of 10™® was used to computed the
long-range electrostatic energies. A cutoff radius of 12 A was used
for both the short-range L] and electrostatic energies. Analytic tail
corrections™ were used to account for the contributions to L] ener-
gies and pressure beyond the cutoff radius. The Lorentz-Berthelot
mixing rules were applied to obtain the L] interactions between non-
identical atom types. The Nosé-Hoover thermostat and barostat™
were used to impose the temperature and pressure, respectively. The
Verlet algorithm**” was used to integrate the equations of motion
with a time step of 1 fs. Initial low-density configurations were con-
structed using the PACKMOL package,” and the simulations were
carried out with the LAMMPS software®* (version 16 March 2018).
The VMD® visualization software was used to view snapshots of
the system and perform hydrogen bond analysis (with the HBonds
plugin).

In all simulations, the energy of the system was initially mini-
mized using the conjugate-gradient method to remove atomic over-
laps. After equilibration of the system over 40 ns, the average den-
sity of the DESs was computed at 1 atm and various tempera-
tures in the isobaric-isothermal (NPT) ensemble over 20 ns. It is
important to note that such long equilibration times were neces-
sary, particularly at lower temperatures, for a complete convergence
of the density and total energy. This is possibly due to the high
viscosity of the DESs and entanglement of the long alkyl chains.
After performing the NPT simulations, transport and structural
properties were computed at various temperatures in the canonical
(NVT) ensemble, where the simulation box size was set according
to the average densities obtained from the NPT simulations. The
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NVT simulations consisted of 10 ns equilibration and 440-650 ns
(depending on the DES and the temperature) production runs,
respectively. For each data point, five independent simulations were
run, over which averages and standard deviations were calculated.
For enhanced equilibration and circumvention of local energy min-
ima, annealing of the system was performed at elevated temperatures
(600 and 400 K) for 8 ns before both the NPT and NVT equili-
bration runs. All simulations consisted of 50 HBA (50 tetraalky-
lammonium cations and 50 chloride anions) and 100 decanoic
acid HBD molecules, corresponding to a HBA:HBD molar ratio of
1:2. The OCTP plugin®® in LAMMPS was used for computation
of transport properties and finite size-corrected radial distribution
functions (RDFs).””” The computations by the OCTP package
are performed on-the-fly, and thus, atomic trajectories were not
printed from the simulations for post-processing and obtaining the
properties.

The OCTP package computes transport properties with the
order-n algorithm**’ using Einstein relations. The shear viscosity
of the system was obtained from the production runs using"’

1V t NS
’1-}1}11027]%771(([0 Pocﬂ(t)dt)>> (1)

where (---) denotes an ensemble average, Pug (a, f = x, y, z and
a # f3) is any of the off-diagonal components of the pressure ten-
sor for an isotropic system, V is the volume of the simulation box, ¢
is the time, T is the temperature, and kg is the Boltzmann constant.

The self-diffusion coefficient of species i, D};, in the DES mix-
ture was computed from the last 100-200 ns of the production runs
according to"*”"

1 [
Dt = him e (Z |rji () — rj,-(o)|2), 2
it

where rj; is the position vector of molecule j of species i and N; is the
total number of molecules of species i. Unlike the shear viscosity,
self-diffusion coefficients are known to significantly depend on the
system size.”’”’” The Yeh-Hummer correction was used to obtain
the diffusion coefficient of each species i in the thermodynamic limit,
D:ecif’l', as,’(),’ 3,74

ks T§

6L

=) MD
Dself,i = Dself,i +

, 3)

where L is the simulation box length, # is the shear viscosity of the
system computed from MD simulations [from Eq. (1)], and £ is a
constant with a value of 2.837298 for a periodic lattice.

The ionic conductivity of each DES was estimated according to
the Nernst-Einstein equation as’

2
€ oo
K= kBTV Zi:Niquself,i» (4)

where the summation runs over all molecule/ion types i, gi, and N;
are the net charge and number of molecules of type i, respectively,
V is the volume of the simulation box, and e is the elementary
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charge. Since only the diffusion coefficients [and indirectly the vis-
cosities, via Eq. (3)] from the simulations are used in Eq. (4),
no additional computations are required to obtain the ionic con-
ductivities using the Nernst-Einstein relation. The Ionic conduc-
tivity can also be computed using the Green-Kubo or Einstein
relations, which take into account the cross correlation of charge
fluxes/displacements.”””” To be able to use the Green-Kubo or
Einstein relations, atomic trajectories would be required at a suffi-
cient sampling frequency, and extensive subsequent post-processing
must be performed. Therefore, for simplicity, the Nernst-Einstein
relation was used in this work. Furthermore, Celebi et al.”’ have
shown that the Nernst-Einstein equation yields a reasonable accu-
racy for the ionic conductivity of the aqueous solution of choline
chloride urea DESs in a wide range of water mass fractions and
temperatures.

The liquid structure of the DES mixtures was analyzed using
the finite size-corrected RDFs for various atom pairs.””® The first
solvation shell coordination numbers were computed by integrating
the RDFs up to the first minimum. The number of various types of
hydrogen bonds was computed from snapshots of atomic trajecto-
ries over the last 100-150 ns (depending on the DES) of the produc-
tion runs. The criteria for the detection of hydrogen bonds were set
to a donor-hydrogen-acceptor angle of 30° and a (heavy-to-heavy
atom) cutoff distance of 3.5 A.7%#>7%0

Ill. RESULTS AND DISCUSSION
A. Thermodynamic and transport properties
1. Force field validation

Force field fine-tuning was performed for TBAC-dec using dif-
ferent charge and LJ scaling factors, and the obtained parameters
were evaluated for the other DESs. The force field development was
hindered by inconsistencies observed between the experimental data
reported in the literature. For instance, van Osch et al.”” reported
the viscosities of TBAC-dec, THAC-dec, and TOAC-dec at 298 K
as 265, 173, and 473 cP, respectively, showing no clear trend with
respect to the cation chain length. The authors noted water contents
of 8140, 7740, and 4640 ppm for TBAC-dec, THAC-dec, and TOAC-
dec, respectively. The amount of water content has been shown to
have a significant effect on the viscosity of TBAC-dec™* as well as
other (hydrophilic) DESs.* % Assuming that the reported values
are on a mass fraction basis, the mole fraction-based water content
of THAC-dec (10.2%) in the study by van Osch et al."” was larger
than that of TBAC-dec (8.6%), which may have resulted in the lower
viscosity of THAC-dec. As an another example, the experimental
viscosity of TBAC-dec at 298 K is reported to be 265, 429, and
489 cP" in different studies. This disparity between the viscosity
values may also be attributed to variations in the water content of
the DESs, or may be due to inaccuracy of the experimental measure-
ments. Such inconsistencies have also been reported for hydrophilic
DESs."! In this work, the simulation results were compared with the
experimental data by van Osch et al,,'” except for the viscosity of
THAC-dec.

The density and viscosity of TBAC-dec based on different
charge and LJ scaling factors are presented in Fig. 1. Due to
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FIG. 1. (a) Density and (b) viscosity of TBAC-dec as a function of temperature
with various ionic charge scaling (fq) and LJ scaling (f:) factors, compared with

experimental data by van Osch et al.'® The solid curve in (b) depicts the Arrhenius
fit to the experimental data.

slow dynamics of the DESs, the calculation of transport proper-
ties, including the viscosity, was restricted to relatively elevated
temperatures (T > 323 K). The experimental viscosity data of van
Osch et al.”” show an Arrhenius-type temperature dependence (with
a correlation coefficient of R* = 0.9994) and were therefore extrap-
olated to higher temperatures for the purpose of comparison with
the MD calculations. It can be observed in Fig. 1 that the density
and viscosity of TBAC-dec decrease by reducing the L] and ionic
charge scaling factors (farther from 1) due to the weakening of
intermolecular interactions. As shown in Fig. 1, the combination
of fq = 0.6 and fe = 1.0 (no scaling) yields a reasonable agree-
ment of the simulation results with the experimental data with
average relative deviations of 1.72% and 15% for density and viscos-
ity, respectively. It should be noted that fq = 0.6 is smaller than the
ionic charge scaling factors commonly used in simulations of DESs
and ILs (0.7-0.9),”" 70741575757 although occasionally the use of
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scaling factors in the range of 0.6-0.7 has also been reported.”" As
far as hydrophobic DESs are concerned, Paul et al.” reported no
use of charge scaling for TBAC-octanoic acid DES (nor for the more
hydrophilic TBAC-acetic acid DES). However, the authors only vali-
dated the force field parameters based on density, which, in contrast
to viscosity, is not significantly influenced by this scaling factor, as
can be clearly seen in Fig. 1. Details on the use/non-use of charge
scaling are not mentioned in the MD studies by Shah et al.”’ and
Verma et al.”’

It has been suggested that for ILs the ionic charge scaling factor
is correlated with the dielectric constant (as 1/,/€q) and refractive
index (as 1/np).”””"" Although such correlations are not established
for DESs, the relatively small values of fq for TBAC-dec in this
work may suggest large polarizability. To the best of our knowledge,
dielectric constant and refractive index data are not available
for TBAC-dec to corroborate this. The Kamlet-Taft dipolar-
ity/polarizability parameter, 7*, of TBAC-dec has been reported
as 0.73,” along with other TRAC-carboxylic acids having 7* val-
ues ranging from 0.69 to 1.06."””" These values are typically lower
than those of choline chloride-based DESs (1.00-1.23),”* for which
charge scaling values of 0.8 and 0.9 are mostly used in simulation
studies.””""*"*"" This suggests a lower dipolarity/polarizability
of TRAC-carboxylic acid (including TBAC-dec) DESs. Chaumont
et al.” have suggested that the effectiveness of the charge scal-
ing approach is, however, not due to the accounting for polar-
izability and charge transfer processes, but it is rather caused by
the overestimation of charges from the commonly used charge
derivation techniques. Schroder™ has also argued that the scaled-
charge models do not represent the average polarizability, although
the scaling factors may be seen as useful additional force field
parameters that improve the accuracy of computation of transport
properties.

As shown in Fig. 1(b), using a larger fq (i.e., 0.7 instead
of 0.6) for TBAC-dec results in significantly slower dynamics of
the system and consequently larger viscosities that are far from
experimental data. This issue may be overcome by using f. < 1.0.
A combination of fq = 0.7 and fe = 0.9 results in similar viscosities
compared to fq = 0.6 and f. = 1.0 [Fig. 1(b)]. Nonetheless, due to
the adverse effect of L] scaling on density [ Fig. 1(a)], fq = 0.6 and
fe = 1.0 were chosen as the optimal scaling factors. Therefore, the
values fq = 0.6 and fe = 1.0 were used for all DESs in all produc-
tion runs of this work. A typical snapshot from the simulation of
TBAC-dec with the optimal force field parameters is shown in Fig. 2.
As mentioned in Sec. I, the L] parameters by Fox and Kollman™
(e = 0.265 kcal mol™! and ¢ = 3.471 A) were used for chloride
anions, as the standard GAFF parameters (e = 0.100 kcal mol~! and
0 = 4.401 A) were observed to considerably underestimate the den-
sities of all DESs (for all fq values). For instance, the density of
TBAC-dec (with fq = 0.6) using the standard GAFF parameters for
chloride was computed as 867 kg m™ at 298 K. With the chloride
LJ parameters by Fox and Kollman,”’ however, a density of 902 kg
m™? was computed, which is in a closer agreement (by 3.8%) with
the experimental measurement (917 kg m™>)."” It is interesting that
the standard GAFF L] parameters for chloride have been shown
to accurately reproduce experimental densities of choline chloride-
based hydrophilic DESs,”””"" in contrast to the DESs in the present
study. This clearly indicates the crucial role of chloride anions in
molecular packing within TRAC-dec hydrophobic DESs and, hence,
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FIG. 2. A typical snapshot from MD simulation of TBAC-dec at 343.15 K and 1
atm, generated by iRASPA.%

the necessity for L] parameters with larger well-depths and less
repulsive cores.

2. Densities

The computed densities of all DESs (with the optimal force field
parameters) are presented as a function of temperature in Fig. 3(a)
and as a function of cation alkyl chain length at 323.15 K in Fig. 3(b).
The computed density values for all DESs are also listed in Table
S12 of the supplementary material. It can be observed in Fig. 3 that
the MD results are in close agreement with the experimental data by
van Osch et al."” for all DESs. The average relative deviations of the
computed densities from the experimental data are 1.72%, 0.65%,
and 0.79% for TBAC-dec, THAC-dec, and TOAC-dec, respectively.
Furthermore, the linear reduction of density with an increase in tem-
perature is well captured from MD simulations. From the slope of
the computed densities as a function of temperature, the volumetric
thermal expansion coefficients were calculated as ~8.3 x 107* K™*
for all DESs. This is in agreement with the values computed from
the experimental densities by van Osch et al,” ie,~7.0x 1074 K!
for TBAC-dec and ~7.3 x 107* K™! for THAC-dec and TOAC-dec.
As shown in Fig. 3(b), the computed density decreases as the cation
chain length is increased from 4 to 8, which is consistent with the
experimental data, although the slopes of this decrease are somewhat
different. The reduction in density with an increase in the cation
chain length is also reported for ILs** ** and other DESs'"""'"” in the
literature and is the opposite of the trend found for alkanes.'”* This
effect may be attributed to the steric hindrance of the cation chains,
which hampers the packing of molecules.”*”*'""

3. Viscosities

The viscosities of TBAC-dec and TOAC-dec as a function
of temperature are presented and compared with experimental
data in Fig. 4. As expected, an increase in temperature results in
enhanced molecular motions and thus lower viscosities of both
DESs. The computed values for the viscosity of THAC-dec from
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FIG. 3. Densities of TBAC-dec, THAC-dec, and TOAC-dec DESs (a) as a function
of temperature and (b) as a function of cation alkyl chain length at 323.15 K, com-
pared with experimental data by van Osch et al.'® The dashed lines are added to
guide the eye.

MD lie between those of TBAC-dec and TOAC-dec, although for
clarity, the viscosity of THAC-dec is not depicted in Fig. 4. The
computed viscosity data of all DESs from MD simulations are listed
in Table S13 of the supplementary material. The viscosities of the
DESs as a function of cation chain length are presented in Fig.
S5 of the supplementary material, showing an increase with an
increase in cation chain length at 343.15 K (observed at all temper-
atures). The increase in viscosity with the cation chain length may
be associated with the additional dispersion forces of the chains,
which promote friction with other molecules. Similarly, the exper-
imental data of van Osch et al."” show an increase in the viscos-
ity from TBAC-dec with a cation chain length of 4 to TOAC-dec
with a cation chain length of 8. However, as mentioned in Sec. I1I
A 1, the experimental viscosity of THAC-dec (with a chain length
of 7) is reported lower than those of TBAC-dec and TOAC-dec,
which may be due to a larger mole fraction-based water content of

T
£ TBAC-dec MD
A TBAC-dec exp.
$ TOAC-dec MD
® TOAC-dec exp.

! L L L L L

0
300 310 320 330 340 350 360 370
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FIG. 4. Viscosities of TBAC-dec and TOAC-dec from MD simulations compared
with experimental measurements by van Osch et al." as a function of tempera-
ture. The solid curves denote the Arrhenius fitted curves. The errors bars that are
smaller than the symbol size are not shown for clarity.

THAC-dec used in those experiments. The increase in viscosity
with the cation chain length has also been observed for other DESs
based on (tetra)alkylammonium halide HBAs.' 100105106 Thys, to
compare the computed viscosity of THAC-dec with experimental
data, a “revised” set of experimental data (also shown in Fig. S5)
was obtained for THAC-dec by interpolation from the experimen-
tal viscosities of TBAC-dec and TOAC-dec with respect to cation
chain length. As mentioned previously, due to computational limita-
tions, the viscosities were computed at T > 323.15 K. Therefore, the
viscosities from MD simulations and experiments overlap in only
one temperature point, i.e., at T = 323.15 K. However, the experi-
mental viscosity data exhibit an Arrhenius temperature correlation
(R* = 0.9994 for all DESs), which allowed for extrapolation to higher
temperatures. It was observed that the computed viscosities with
MD could also be fitted to an Arrhenius functional form with R
values of 0.9978, 0.9871, and 0.9916 for TBAC-dec, THAC-dec, and
TOAC-dec, respectively, which may be used to predict viscosities at
lower temperatures. The Arrhenius fitting curves for both simula-
tion and experimental data are denoted by the solid curves in Fig. 4.
As can be observed in Fig. 4, the computed viscosities agree rea-
sonably well with the (extrapolated) experimental data of van Osch
et al."” over a wide range of temperatures and cation chain lengths.
The average relative deviations of the computed viscosities with
respect to the extrapolated experimental data are 15%, 37%, and
44% for TBAC-dec, THAC-dec, and TOAC-dec, respectively. These
findings indicate a systematic increase in the relative deviations
from experimental data as the cation chain length increases, which
is reasonable since the optimal force field parameters were cho-
sen based on the density and viscosity of TBAC-dec. As men-
tioned previously, the DESs used in the experiments of van Osch
et al."” contained some amounts of water (4640-8140 ppm), which
may have lowered the measured viscosities. Moreover, the exper-
imental viscosities reported by Ruggeri et al.”* (429 cP) and Say-
dan et al** (489 cP) for TBAC-dec at 298 K are larger than
the ones reported by van Osch et al."” (265 cP), possibly due to
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differences in the hydration level of the DES. Therefore, the viscosi-
ties of the anhydrous DESs are likely larger than those reported by
van Osch et al.””

The relatively larger deviations of the simulated viscosities
from the experimental data at larger cation chain lengths may be
improved by further fine-tuning of the force field parameters for
each DES, e.g.,, using smaller charge and/or L] scaling factors at
larger chain lengths. This would however compromise the trans-
ferability of the obtained force field parameters. Nevertheless, more
experimental measurements are required for the viscosity of the
DESs studied in this work (and hydrophobic DESs in general), with-
out which it is difficult to provide accurate force field parameters.
It should be noted that at larger cation chain lengths and lower
temperatures (thus higher viscosities), the linear regime could not
be achieved for the mean squared displacements (MSDs), which
impeded the accurate calculation of viscosity values and resulted
in larger uncertainties (as shown with error bars in Fig. 4). Fur-
thermore, instead of averaging viscosities from the various indepen-
dent runs, first, the MSDs of the independent runs were averaged,
and subsequently, linear regression was performed on the aver-
aged MSDs to obtain the average value of viscosity. This method
enhanced the quality of the linear regression of the MSDs and is
therefore recommended for the calculation of transport properties
of viscous mixtures, such as DESs, using the Einstein formulation.
As an example, the averaged MSDs (of the off-diagonal pressure
tensor components) in TOAC-dec at 343.15 K are presented in Fig.
S6 of the supplementary material, as a function of correlation time
in a log-log plot. It is worth mentioning that often more com-
plicated correlations such as the Vogel-Fulcher-Tammann (VFT)
function are used to model the temperature dependence of viscos-
ity of DESs.”*"**'” The viscosity data in the present work could
also be modeled well with the VFT function (R* > 0.9989 for all
DESs), although the simple Arrhenius model showed sufficient capa-
bility for capturing the temperature dependence of viscosity for the
studied DESs. The VFT model should be used with caution when
extrapolating the viscosity data to lower temperatures, as it is known
to overestimate viscosities at low temperatures.'”* Therefore, in the
case of extrapolation to lower temperatures, other functional forms,
e.g., Mauro-Yue-Ellison-Gupta—-Allan (MYEGA) model, may be
preferable.'”*'"”

4. Self-diffusivities

Self-diffusion coefficients were computed for HBD, cation, and
anion components of the DESs at different temperatures based on
the center-of-mass motion of the molecules. The resulting finite size-
corrected diffusivities are presented in Fig. 5 as a function of tem-
perature and as a function of cation chain length at 343.15 K. For
clarity, the diffusivities of THAC-dec components are not shown in
Fig. 5(a). The computed self-diffusion coefficient data for all DESs
are listed in Tables S14-S16 of the supplementary material. It can be
observed in Fig. 5 that for all DESs, the self-diffusion coefficients of
all the components increase by increasing the temperature. All dif-
fusivities obey an Arrhenius-type temperature dependence [shown
by solid curves in Fig. 5(a)] with R* > 0.998. The Yeh-Hummer
finite size corrections account for 10%-32% (on average 20%) of
the final diffusion coefficients, as presented in Fig. 5. Unfortunately,
no experimental data are available for diffusion coefficients of the
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DESs studied in this work, so a direct validation of the computed
diffusivities is not possible.

As shown in Fig. 5, for all DESs and at all temperatures, the
largest diffusion coefficient belongs to the HBD, while the cation
exhibits the smallest diffusivity. A similar order for the diffusivity
of DES components has been reported in the literature for sev-
eral choline chloride-based DESs.”"*™''" As can be observed in
Fig. 5(b), the diffusion coefficients of all DES components decrease
as the cation chain length is increased. This may be due to the
stronger intermolecular interactions and thus higher viscosity of
the DES mixtures with longer cation chains. Furthermore, with an
increase in cation chain length, the hydrodynamic radius and molec-
ular weight of the cation are increased. This may contribute to a
further decrease in the mobility and self-diffusion coefficient of the
cation. Figure 5(b) shows that as the cation alkyl chain length is
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increased from 4 to 8, the difference between the diffusion coef-
ficients of HBD and anion becomes larger, while the difference
between the diffusion coefficients of anion and cation decreases.
This effect was observed at all temperatures and may imply that at
larger cation chain lengths, the motions of cations and anions are
coupled, while this coupling is observed between the motions of
HBDs and anions at smaller cation chain lengths. This is counter-
intuitive as one would expect an increase in cation chain length
to reduce the anion-cation electrostatic interactions due to steric
hindrance of the chains.

5. lonic conductivities

Ionic conductivities of the DESs were calculated at various tem-
peratures, based on the computed finite size-corrected diffusivities,
and the results are presented in Fig. 6. The computed values for
ionic conductivities of all DESs are also listed in Table S17 of the
supplementary material. The ionic conductivities of all DESs become
larger when the temperature is increased due to the enhanced diffu-
sion of ions. Similar to viscosities and diffusivities, this temperature
dependence could be described by an Arrhenius-type relationship
(depicted by the solid curves in Fig. 6) with R? > 0.9985 for all DESs.
As shown in Fig. 6, the ionic conductivity decreases with an increase
in cation chain length at all temperatures, which is attributed to
the slower diffusion of ions in DESs with longer cation chains.
Comparable effects of cation chain length on the ionic conductivity
have been observed for other DESs based on (tetraalkyl)Jammonium
halides.'””'"" Ruggeri et al.”* reported an experimental ionic con-
ductivity of ~40 uS cm™" at 298 K for TBAC-dec with a water content
of 0.11% (mass fraction-based). It is expected for the ionic conduc-
tivity of TBAC-dec with no water content to be even lower than
40 uS cm™!, as the presence of water has been shown to increase
the ionic conductivity of other DESs due to an increased mobility of
ions.””'"” When extrapolated to 298 K, the MD simulation results for
TBAC-dec yield an ionic conductivity of 102 4S cm™'. It is important
to note that the Nernst-Einstein relation [Eq. (4)] neglects any cross
correlation between the motions of different ions in the mixture.”®
Dong et al.'"” showed for aqueous solutions of tetraalkylammonium
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FIG. 6. lonic conductivities of TBAC-dec, THAC-dec, and TOAC-dec as a function
of temperature. The solid curves denote the corresponding Arrhenius fits.
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bromide IL, at various IL concentrations that ionic conductivities
calculated from the Nernst-Einstein equation may be several times
larger than the ones computed from the Einstein relation (using the
cross correlation of charge displacements) due to a strongly corre-
lated motion of the ions. Similarly, it is possible that for the DESs
in the present work, the ionic conductivities are overestimated from
Eq. (4) because of a strong correlation between the motions of cation
and anion. It is also possible, however that this difference is sim-
ply caused by an overestimation of the diffusivities from the MD
simulations. More experimental data are required for the transport
properties of TRAC-dec DESs to provide more accurate conclusions
in this regard.

B. Liquid structure
1. Radial distribution functions

To study the liquid structure of the DESs, partial RDFs were
computed for different atom pairs in the mixtures. The RDFs for the
most dominant interactions (largest peaks) are presented in Fig. 7
for TBAC-dec, THAC-dec, and TOAC-dec at 343.15 K. As shown
in Fig. 7(a), for all DESs, a large RDF peak is observed at ~1.9 A
for the interaction between chloride (Cl) and the hydroxyl hydro-
gen of decanoic acid (HO), which implies a hydrogen bond between
the two atoms. Strong hydrogen bonds between chloride anion and
hydroxyl groups of HBDs or cations have also been reported for
other (hydrophilic) DESs in the literature.””>””'"* The RDFs for the
interaction of the nitrogen atom of cation (N) with chloride show a
peak (although smaller than that of the CI-HO RDFs) at an aver-
age distance of ~4.3 A, likely due to the cation-anion electrostatic
interactions. As shown in Fig. 7(b), the RDFs for the interaction of
the carbonyl oxygen (O) with the hydroxyl hydrogen of decanoic
acid exhibit one large peak with a left shoulder, centered around
2.0 A (the shoulder is at ~1.7 A), and a smaller peak at 3.0 A. By
post-processing snapshots of atomic coordinates from the simula-
tions, it was found that the left shoulder of the first peak corre-
sponds to the intermolecular O-HO (hydrogen bond) interaction
between different decanoic acid molecules, while the peaks at 2.0 and
3.0 A correspond to O-HO intramolecular interactions in the same
decanoic acid molecule. The decomposed O-HO RDF into inter-
molecular and intramolecular contributions is presented in Fig. S7
of the supplementary material for TBAC-dec at 343.15 K. By cal-
culating the dihedral angle between the carbonyl oxygen and the
hydroxyl hydrogen (¢o-Ho) of decanoic acid molecules, it was found
that the peak positions of the O-HO intramolecular RDF represent
two distinct dihedral angle ranges: The peak at 2.0 A corresponds to
$o-Ho values in the range of ~0° to 40° and thus a cis configuration
between O and HO (on the same side of the molecule), whereas the
peak at 3.0 A corresponds to ¢o_po values in the range of ~140° to
180° and therefore a trans configuration (on opposite sides). This
correlation between the dihedral angle and intramolecular O-HO
distance is shown in Fig. S8 of the supplementary material. Based
on the RDFs in Fig. 7(b), it may be concluded that the probability
of finding the cis configuration between O and HO is larger than
that of the trans configuration. The large intermolecular O-HO and
CI-HO peaks shown in Fig. 7 indicate that strong HBD-HBD and
HBD-anion (hydrogen bond) interactions are present in all DESs.
This is in contrast to the relatively weak HBD-cation interactions
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FIG. 7. RDFs for the interactions between (a) the chloride anion and hydroxyl
hydrogen of decanoic acid (CI-HO), and the chloride anion and the nitrogen
atom of cation (CI-N), and (b) the carbonyl oxygen of decanoic acid and the
nitrogen atom of cation (O-N), and the carbonyl oxygen and hydroxyl hydro-
gen of decanoic acid (O-HO) from MD simulations of TBAC-dec, THAC-dec, and
TOAC-dec hydrophobic DESs at 343.15 K.

as represented in Fig. 7(b) by the RDFs for the carbonyl oxygen of
decanoic acid with respect to the nitrogen of cation (O-N). This
may be due to the lack of hydrogen bond accepting/donating moi-
eties on the cation, which prevents any considerable interaction with
the HBD.

In the preliminary testing of the force field parameters for
TBAC-dec at 298.15 K, it was found that by increasing the ionic
charge scaling factor (approaching 1), the CI-HO RDF peak inten-
sity is significantly increased: from 33 at fq = 0.6 up to 49 at fq = 0.7
and 64 at fq = 0.8 (shown in Fig. S9 of the supplementary material).
Considering the negligible effect of the charge scaling on density
(less than 0.5% at 298.15 K), such peak differences indicate the
major contribution of electrostatic forces to the CI-HO interaction.
Furthermore, the CI-HO peak position is slightly shifted to lower
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values at larger charge scaling factors, implying stronger electrostatic
interactions. Perkins et al.”’ have reported a comparable influence of
ionic charge scaling on the interaction between the hydroxyl group
of the choline cation and chloride anion in choline chloride urea
DESs. A similar, albeit less drastic, effect of the charge scaling is
observed on the N-Cl RDF (Fig. S9). For the O-HO interaction, it
was found that at larger charge scaling factors, the intensity of the
intermolecular RDF peak decreases (Fig. S9). This is possibly due to a
competition between the O-HO and CI-HO (hydrogen bond) inter-
actions, where larger ionic charge scaling factors and thus stronger
Cl-HO (anion-HBD) interactions result in the weakening of O-HO
interactions. Furthermore, at larger charge scaling factors, the inten-
sity of the intramolecular O-HO peak at 2.0 A decreases, while the
intramolecular peak at 3.0 A shows an increase in intensity (Fig.
S9). This implies that by using larger charge scaling factors, the
probability of the O-HO trans configuration increases, while the
probability of the cis configuration is reduced. This may be caused
by the stronger Cl-HO interactions at larger charge scaling factors:
The HO atom is moved to the opposite side of the carbonyl oxy-
gen to reduce the repulsive electrostatic interaction between chloride
and carbonyl oxygen, both with relatively large negative (partial)
charges.

As can be observed in Fig. 7(a), the intensities of the RDF
peaks increase with increasing cation chain length. For instance, the
CI-HO RDFs show peak intensities of 35, 47, and 51 for TBAC-
dec, THAC-dec, and TOAC-dec, respectively. This is mainly due
to the difference in the simulation box volumes (and thus densi-
ties) of the DESs, with respect to which the RDFs are normalized,
rather than profound differences in interactions and the hetero-
geneity of the DESs. Furthermore, the RDF peak positions are not
influenced by the cation chain length. As shown in Fig. 7, the RDFs
for the interactions of nitrogen (representing the center-of-mass of
the cation) with other atoms exhibit the first peak at comparatively
larger distances, which is consistent with RDFs reported for choline
chloride urea.” This is likely due to the large size of the cation and
the steric hindrance of its alkyl chains. It was found that all RDFs
show negligible sensitivity to temperature with only a slight decrease
in the peak intensities at higher temperatures (Fig. S10 of the
supplementary material). This is consistent with other findings in
the literature for DESs.”””” A more detailed presentation of the
site-site RDFs for all DESs can be found in Figs. S11-S13 of the
supplementary material. First solvation shell coordination numbers,
calculated at 343.15 K from integration of the RDFs up to the first
minimum, are also listed in Table S18 of the supplementary material.
It is important to note that unlike RDFs, the coordination numbers
do not depend on the system volume’~ and may therefore better
reflect structural differences between systems of different densities.
As shown in Table S18, the coordination numbers are not signifi-
cantly affected by the cation chain length, confirming the negligible
effect of the chain length on the liquid structure of the DESs. Only
a slight decrease in the N-Cl coordination number is observed with
longer cation chains, which is possibly due to the steric hindrance
effects.

2. Hydrogen bonding

The results for the hydrogen bond analysis of the DESs are
shown in Fig. 8 as a function of temperature for TBAC-dec and as
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FIG. 8. Number of various types of hydrogen bonds per number of hydroxyl hydro-
gen atoms in the mixture as a function of (a) temperature for TBAC-dec and (b)
cation chain length at 343.15 K. The solid lines are drawn to guide the eye.

a function of cation chain length at 343.15 K. The plots in Fig. 8
are presented in terms of the number of hydrogen bonds per num-
ber of hydroxyl hydrogen atoms in the system (H-bond/HO). For
all DESs, 100 HO atoms (due to 100 decanoic acid molecules) were
present in the system. Three types of hydrogen bonds were consid-
ered in the analysis: (1) between carbonyl oxygen and the hydroxyl
hydrogen (O-HO) of decanoic acid, (2) between hydroxyl oxy-
gen and hydroxyl hydrogen (OH-HO) of decanoic acid, and (3)
between chloride and hydroxyl hydrogen (Cl-HO) of decanoic acid.
As can be observed in Fig. 8, the CI-HO hydrogen bond is found to
be the most prominent type of hydrogen bond in TBAC-dec with
~0.4 H-bond/HO. To a lesser extent, O-HO hydrogen bonds
are formed in the mixture with an average population of
~0.27 H-bond/HO, although this number includes both inter-
molecular and intramolecular interactions (as discussed for the
RDFs). Only a small number of OH-HO hydrogen bonds (0.02
H-bond/HO) are found in the DESs, implying the preference of

ARTICLE scitation.org/journalljcp

hydroxyl hydrogen of decanoic acid to the hydrogen bond to car-
bonyl oxygen, rather than hydroxyl oxygen, of other decanoic
acid molecules. It is important to note that the strong HBD-HBD
and HBD-anion hydrogen bonds may ultimately lead to proton
transfers, which may affect the macroscopic properties of DESs.
However, commonly used non-reactive atomic force fields, such as
the GAFF force field used in this work, are not capable of modeling
proton transfers. As depicted in Fig. 8(a), the number of hydrogen
bonds does not change significantly as the temperature is increased.
This temperature independence of the number of hydrogen bonds
has also been reported by Celebi et al.”” for MD simulations of
choline chloride urea and choline chloride ethylene glycol DESs.
As can be observed in Fig. 8(b), increasing the cation chain length
does not have a considerable influence on the number of the vari-
ous hydrogen bonds (only a slight increase in the number of CI-HO
hydrogen bonds). This is in agreement with the findings from
the RDFs regarding the effect of cation chain length on the peak
intensities and positions and the liquid structure. The insensitiv-
ity of the number of hydrogen bonds to the cation chain length
was noticed at all temperatures (Fig. S14 of the supplementary
material). Overall, based on the results from the RDFs and the
hydrogen bond analysis, the liquid structures of the DESs with
various cation chain lengths are almost identical, and the same
intermolecular interactions dominate all the mixtures. This is in
sharp contrast to the transport properties (and to a lesser degree the
density) of these DESs, which are found to be considerably affected
by the cation chain length. It is therefore postulated that such
differences in density and transport properties are caused mainly
by the larger size of the cation, affecting the packing of molecules
and resulting in stronger frictional forces (due to the dispersion
forces of the chains), rather than extensive structural changes in the
liquid mixture. It would be interesting for a future work to systemat-
ically examine, at the nanoscale, how the transport and structural
properties of these DESs alter with the chain length of the HBD
component.

IV. CONCLUSIONS

MD simulations were performed to compute the densities,
transport, and structural properties of tetraalkylammonium chlo-
ride decanoic acid DESs with cation chain lengths of 4, 7, and 8.
A modified GAFF force field with an ionic charge scaling factor
of 0.6 was used to model all DESs. The computed densities and
viscosities of the DESs were in reasonable agreement with exper-
imental data found in the literature. An increase in the cation
chain length was observed to decrease the density of the DESs,
possibly due to a hindered packing of molecules. The viscosity of
the DESs increased with increasing cation chain length, suggesting
stronger intermolecular interactions and larger molecular friction.
Consistently, the self-diffusion coefficients and ionic conductivity
decreased when the cation chain length was increased due to a lower
mobility of molecules/ions. The self-diffusion coefficients of the var-
ious components exhibited the following order in all DES systems:
HBD > anion > cation. The computed RDFs showed significant
(hydrogen bond) interactions between the hydroxyl and the car-
bonyl groups of decanoic acid as well as between the hydroxyl group
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of decanoic acid and chloride anions. The hydrogen bond analy-
sis corroborated the results from the RDFs, while also indicating a
negligible number of hydroxyl-hydroxyl hydrogen bonds between
decanoic acid molecules. The effect of cation chain length on the
RDFs and hydrogen bond populations was observed to be insignifi-
cant, in sharp contrast to its pronounced influence on the transport
properties.

SUPPLEMENTARY MATERIAL

See the supplementary material for molecular structure and
force field parameters of the studied DESs and additional MD
simulation results.
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