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Abstract

Deep eutectic solvents (DESs) are classified as the green solvents which are con-
sidered as an alternative to volatile organic solvents. In this work, the thermo-
physical, structural and transport properties of binary mixtures of DES etha-
line (choline chloride (ChCl) + ethylene glycol (etgly) at a molar ratio of 1:2)
with primary alcohols (methanol/ethanol) are studied using molecular dynamics
(MD) simulations. Density of various concentration of alcohol in DES obtained
from the MD simulation are compared with experimental data, which is found
to be in a good agreement i.e. %ARD value in the range of 0-7%. Structural
properties such as radial distribution function (RDF), co-ordination number
(CN) and H-bond were analysed from the trajectories of MD simulation. It was
revealed from the peak of RDF and visualization from the trajectories of MD
simulation that the alcohol strongly interacts with ethylene glycol and chloride
ion. Existence of several H-bond types was identified in the binary mixture of
ethaline and alcohol. In addition, average number of H-bond was found to be
highest for etgly—Cl~ system for both methanol and ethanol mixture with DES.
Self-diffusion coefficient was evaluated for the methanol and ethanol, which was

found to be dependent on the concentration of added alcohol. It is interesting
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to note that the self-diffusion coefficient of alcohol in binary mixture of ethaline
+ alcohol increases by ~25 times at an alcohol mole fraction of 0.9 than at 0.1.
Therefore, an appropriate amount of alcohol in DES could be considered as a
best choice as a green solvent with all required thermophysical properties in
process industry.

Keywords: Deep Eutectic Solvent, Alcohol, Radial distribution function,
Molecular Dynamics Simulation, Hydrogen bonding network, Self-diffusion

coefficient

1. INTRODUCTION

In the last few years, scientists, researchers, and engineers working in academia
and industries are following the concept of green engineering for the design and
development of new products and processes. They are also working on im-
proving the existing processes to promote the sustainability and lower the toxic
and hazardous content in the environment for a better human health without
sacrificing efficiency, safety, and economics [I]. Solution-based chemistry and
processes are not far behind in this race. Green solvents are being developed
to replace the toxic, flammable, and high volatile organic solvents. Over the
last two decades, room temperature ionic liquids (RTILs) have gained much
attention. They are fascinating high-performance compounds. RTILs have
very low vapor pressure, wide range of temperature for liquid existence, and
high thermal and chemical stability. RTILs are termed as designer solvents as
their properties can be tuned by the suitable selection of cations and anions.
These exciting properties led to a multidisciplinary study of RTILs in several
areas such as catalysis, material science, chemical engineering, electrochemistry,
medicinal chemistry, environmental science, and many more at both industrial
and laboratory scales [2] [3] [4, 5] [6] [7), [8, @} 10l 11]. Despite all these advantages,
multi-step synthesis, high cost, and high viscosity make RTILs unattractive for
large scale processes[12]. Recently, Deep Eutectic Solvents (DESs) as an alter-
native to RTILs have attracted much attention. DESs are prepared by simply
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mixing hydrogen bond donor (HBD) and hydrogen bond acceptor (HBA). While
DESs and RTILs possesses distinct chemical properties but they have almost
similar physical properties such as wide liquid-range, low vapor pressure, and
nonflammability. DESs have several benefits over RTILs such as their biocom-
patibility, relatively less expensive, easy to prepare, and easy availability. Due
to these properties, DESs have been investigated for different applications in
diverse areas [13| [I4] [15] 16, [T'7, (18, 19, 20]. For the development of DESs based
processes, understanding of DESs thermodynamics and their physicochemical
properties of mixed DESs with common organic solvents such as water, alcohol
or alkanes are of keen interest. It is relevant to study and explore the structure,
thermal, physical and chemical properties of the DESs mixtures, which changes
upon mixing with conventional solvents. Extensive studies have been carried
out to understand the properties of mixtures of DESs and water experimentally
as well as theoretically but very few studies were carried out for binary mixture
of alcohols and DES.

Choline chloride (ChCl) based DESs mainly Reline [ChCl (1) : Urea (2)] and
ethaline [ChCl (1) : Ethylene Glycol (etgly) (2)] have been widely investigated
solvents because they are cheap and easy to prepare. Only few experimental
and computational work have investigated the mixtures of ethaline with either
methanol, ethanol, 1-butanol, or DMSO. For example, Leron et al. have experi-
mentally measured the densities and refractive indices of the mixture of ethaline
and water at atmospheric pressure over the temperature range of 298.15-333.15
K. Obtained excess molar volumes from the experimental density data was found
to be negative at all the temperatures which indicated the presence of strong
interactions between water and ethaline in the mixtures [2I]. Lerol et al. have
further measured the densities of ethaline and water mixture over high pressure
range (0.1-50 MPa). The calculated excess molar volumes were again found to
be negative at all temperatures and pressures. They observed that the calcu-
lated excess molar volumes decreased with increase in temperature and pres-
sure, which may be possible due to the dependence of the hydrogen bonding

(H-bond) strength on temperature, which resulted to decreases in the molecular
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distance upon increase in temperature[22]. Yadav et al. have experimentally
measured the densities of ethaline and water mixture in the temperature range
of 283.15-363.15 K and calculated the excess molar volumes of the aqueous
mixtures. It was again found to be negative which hint the presence of stronger
interactions, preferably because of the strong H-bond between ethaline and wa-
ter [23]. Harifi-Mood et al. measured the density, electrical conductivity and
viscosity of binary mixtures of ethaline and dimethyl sulfoxide at the condition
of atmospheric pressure and temperatures within a range of 308.15 to 363.15
K. The mixture exhibited negative deviation from ideality for excess molar vol-
umes which suggests H-bond interactions between ethaline and DMSO [24].
Gajardo-Parra et al. studied the volumetric behaviour of mixtures of ethaline
and 1-butanol. They found negative excess volumes and thus concluded the
stronger interactions (possibly because of strong H-bond) between ethaline and
1-butanol in the solution. [25]. Recently, Haghbakhsh et al. have reported the
volumetric properties of ethaline and methanol mixture at atmospheric pressure
over the temperature range of 283.15 - 323.15 K. The calculated density from
the experiment was used to measure the different volumetric properties such as
excess, partial and excess partial molar volumes, where they have reported neg-
ative values for all of these excess molar volumes. The negative value suggests
the strong interaction between the cross molecules compared to the interactions
between two identical molecules in pure solution (pure ethaline or methanol
solution). Therefore, they have suggested that the H-bond in the solution mix-
ture are forming a network in such a way that the central position is possessed
by the ethaline while methanol are distributed around it [26]. Similarly, Hagh-
bakhsh et al. have also investigated the mixture density of ethaline and ethanol
within a temperature range of 293.15-333.15 K and at an atmospheric pressure.
Different excess and partial molar volumes were calculated and correlation was
established using the results from the density measurement. They found all
the excess volume properties to be negative, which indicates the strong H-bond
interaction between the cross species i.e. ethaline and ethanol[27].

All the above reported experimental work mainly measures the density of
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the binary mixture and based on that calculates the excess properties. But it
doesn’t give any microscopic view/molecular level understanding of the liquid
mixture. Therefore, it is necessary to perform molecular simulation to under-
stand the liquid structure and various interactions in the mixture at atomic
level. Only few molecular simulation work has been reported so far for the mix-
ture of DES/alcohol/water. Kaur et al. investigated the effect of water on the
structural and transport properties of ethaline. They observed that the original
arrangement of ethaline components continue to exists upto 40 mol % of water,
while the transition from ethaline phase to water phase occurs between the 62.5
and 76.9 mol % of water. They have concluded that the chloride ion acts as a
bridge of H-bond between the choline cation and etgly, which eliminates upon
addition of water, where chloride ion is more solvated to water molecules[2§].
Celebi et al. have performed molecular dynamics simulations of aqueous etha-
line solutions. At a low mass fraction of water (<5%), the H-bond network
in ethaline solution doesn’t change significantly, while further increase in water
content (upto 40 % by mass) causes the significant amount of H-bond elimi-
nation between etgly and chloride ion change followed by a complete aqueous
phase upon further addition of water[29].

In this work, we have carried out atomistic molecular dynamics simulation
of ethaline + methanol and ethaline + ethanol systems for entire composition
range at 303.15 K. This study provides a detailed description on the structural

and transport properties of binary mixtures of ethaline.

2. COMPUTATIONAL DETAILS

2.1. Force field Details

All atom force field for DES ( i.e. ethaline) and organic solvent (methanol,
ethanol) considered in this work are obtained from the study of Acevado et al[30]
and Julian et al[31] respectively, while former forcefield is the refined version of
OPLS-AA and later is the original version of OPLS-AA for organic liquids. All

non-bonded as well as bonded potential parameters are provided in the Table
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S1 through S4 of supplementary information . The non-bonded potential was
calculated as the sum of electrostatic and Lennard-Jones (LJ) potentials using
Equation |1l The cross term in the LJ potential parameter such as epsilon (well
depth (€;;)) and epsilon (o;;)) were evaluated using the geometric combining
rulesi.e., €; = (Eii+6jj)0'5 and o;; = (oii+ajj)0‘5 respectively. The calculation
of electrostatic terms is computationally expensive therefore Ewald summation
techniques were employed using the particle-mesh Ewald scheme[32] (PME),
where 4" order interpolation was applied. Non-bonded parameter for inter and
intra molecular geometry was not treated explicitly, therefore contribution from
the non-bonded potential were ignored for the 1-2 and 1-3 connected atoms,
while the contribution from 1-4 connected atoms were scaled to 0.5. It is also
important to note that the non-bonded interaction was excluded between atom
type of OH and OG of etgly which can participate in intra-hydrogen bonding.
The bonded potential such as bond, angle, dihedral terms are given by the
harmonic bonded function, harmonic angular function and Fourier series in the
form of four cosine terms as described by the Equation [2] while the improper
term was also defined as the same Fourier series. The atom types of the studied

molecule in this work are depicted in the Figure

U =3 | St l(")u— (‘;Jﬂ (1)
Up= > [;kb(r - Fe)Q]

bonds
+ > { ke (0 — 0) }
angles (2)
Z B [C1(1 4 cos(®)) + Cz(1 — cos(2®))

dihedrals+improper
+C5(1 4 cos(3®)) + C4(1 — cos(4D))

where U,;, Uy are the non bonded and the bonded potential respectively.

th

q; and q; are the partial charges on the i'" and j*" atoms respectively. Ty

th

is the distance between i** and j** atoms respectively. e and o are the well
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depths and van der Waals radii respectively. k;, kg and C’s represent force
constant for bond, angle and Fourier constant respectively. r. and 6, defines the
eqilibrium bond length and angle values. The four term parameters are provided
for calculation of Fourier dihedral potential but these terms were converted
into six term parameter for calculation of potential using Ryckaert-Bellemans
functional form because of more computationally efficient (see the section 5.5

of the GROMACS manual[33]).

2.2. Molecular Dynamics Simulation Details

Molecular dynamics simulations were carried out for the mixture of ethaline
and alcohol at different molar ratio ranging from 0 to 1 as shown in the Table
[l In addition, each system was also simulated at four different temperature
ranging from 293.15 to 323.15 K with an equal interval of 10 K. Recent release
of GROMACS 2020.2 version was used for MD simulation in this work[34].
Initially, the optimized structures of single molecule of HBA and HBD were
obtained from the work of Acevado et al[30], where they have optimised the
structure of the molecule using density-functional theory. First of all, the sys-
tem were prepared using the packmol program|[35], which is a tool to generate
the initial configuration of the molecular system. A fixed set of 100 molecule
of ethaline (100 ChCl and 200 etgly) was considered in this work, where an
appropiate number of alcohol (ethanol and methanol) molecules were added in
a large box of 50 A in order to explore the effect of varying mole fraction of
alcohol in ethaline (see Table . The composition of the systems studied in
this work is depicted in the Table |1} where concentration was calculated based
on mass fraction (wrom) and three different types of molar concentration viz.
TrOH, Troy and %o py. The definition of the different types of concentration
are given by the Equation and [6] where wrop is calculated as the ra-
tio of alcohol mass to the total mass, zrom is the ratio of moles of alcohol
and total moles (where ChCl and Etgly are assumed to be different species),
thop and 2oy was computed by assuming ChCl in dissociated form and

ChCl+Etgly as one component respectively. Four different types of concentra-
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tions corresponding to the simulated number of molecules were presented in this
work in order to compare the experiment values directly from the simulation.
Generally, in experiment, concentration is evaluated by assuming the HBDs to
be the pseudo-component, which is given by the Equation [f] The obtained
structure after packing into a box were allowed to undergo energy minimization
to remove any unwanted overlapping in the structure. A minimum potential
energy of the best possible conformation of the molecule were achieved using
the steepest-descent minimization method with a maximum force converging
criteria of 1000.0 kJxmol~!xnm~! within the 50000 steps. Thereafter, a MD
simulation in the NPT ensemble for 2 ns were carried out at 298 K followed
by an annealing simulation. In the annealing simulation, the system was al-
lowed to undergo sudden increase in the temperature upto 500 K and cooled
down at 298 K for three cycles in the time interval of 300 ps. The annealing
protocol in NVT ensemble was conducted in order to ensure the best possible
conformation in the range of 293.15 to 323.15 K. Finally, a MD simulation of
total 40 ns were carried out for all the systems in the NPT ensemble at an
ambient pressure condition. Temperature of the system was controlled using
the velocity rescale[36] with stochastic term while the pressure was maintained
using the Berendsen pressure coupling technique[37]. A time constant of 1.0
ps was used for coupling of temperature and pressure of the system with an
isotropic assumption (pressure coupling will prevail on every wall of the box
equally). Periodic boundary condition was applied in all the directions with LJ
and short range electrostatic cutoff of 14 A in all the MD simulations. All the
H atom containing bonds were constrained using the LINCS algorithm and the
Newton’s equation of motion was solved after every 1.0 fs of time interval. The
simulation was further extended to additional time of 60 ns for calculation of

diffusion coefficient in diffusive regime.

(Nron)(Mgromn) ]
Nen+ ) (Ment) + (Nei- ) (Mar-) + (NEtgly ) (MEtgly) + (NROH)(MROI({g))

WROH = (
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Figure 1: Description of anions/cations and neutral molecule based on atom-type used in this

work

Nron (4)
Nchel + Ngggly + Nron

XROH =

K Nron (5)
ROH ™ Nept + Nai- + Nitgly + Nron

X// _ NROH (6)
ROH ™ N.thatine + NrROH

3. Results and Discussion

3.1. Simulated Density vs. Ezperimental Density
A comparison has been done between the molecular dynamics predicted
density values with the experimental density values for ethaline-methanol and

ethaline-ethanol mixtures at four different temperatures 293.15, 303.15, 313.15



Table 1: System compositions studied in this work, where abbreviations for CCEM and CCEE
are ChCl + etgly + Methanol and ChCl + etgly + Ethanol respectively. In addition, 0.1, 0.3,
0.5, 0.7 and 0.9 represents mole fraction of the added alcohol. Ngpc(Number of molecules
of ChCl)=100 and Ny req(Number of molecules of urea)=200

/ 12
NroH WROH TROH TROH *ROH

ethaline - - - - -
CCEM (0.1M) 11 0.01 0.04 0.03 0.10
CCEM (0.3M) 43 0.05 0.13 0.10 0.30
CCEM (0.5M) 100 0.11 0.25 0.20 0.50
CCEM (0.7TM) 233 0.22 0.44 0.37 0.70
CCEM (0.9M) 900 0.52 0.75 0.70 0.90

Methanol 1000 - - - -
CCEE (0.1E) 11 0.02 0.04 0.03 0.10
CCEE (0.3E) 43 0.07 0.13 0.10 0.30
CCEE (0.5E) 100 0.15 0.25 0.20 0.50
CCEE (0.7E) 233 0.29 0.44 0.37 0.70
CCEE (0.9E) 900 0.61 0.75 0.70 0.90

Ethanol 1000 - - - -

10



Table 2: Comparison of simulated density and experimental density for various methanol

composition in ethaline at a pressure of 0.1 MPa

Methanol mole fraction Simulated Density (kg/m®) RMSD (simulation) Experimental Density[26] (kg/m®) % ARD

T = 293.15 K
0.10 1109.27 4.67 1105.90 0.30
0.30 1095.05 4.08 1071.70 2.13
0.50 1073.74 4.12 1025.00 4.54
0.70 1033.85 3.78 958.80 7.26
0.90 929.28 3.02 860.70 7.38
T = 303.15 K
0.10 1100.88 4.31 1100.10 0.07
0.30 1087.10 417 1065.60 1.97
0.50 1065.74 4.04 1018.50 4.43
0.70 1024.89 3.93 951.60 7.15
0.90 919.93 3.11 852.30 7.35
T =313.15 K
0.10 1092.68 4.41 1094.40 -0.16
0.30 1079.50 4.43 1059.50 1.85
0.50 1057.66 4.22 1012.00 4.32
0.70 1016.83 4.01 944.40 7.12
0.90 910.17 3.14 844.00 7.27
T = 323.15 K
0.10 1084.87 4.46 1088.80 -0.36
0.30 1071.32 4.50 1053.40 1.67
0.50 1049.47 4.24 1005.60 4.18
0.70 1008.03 4.04 937.30 7.02
0.90 900.15 3.19 835.50 7.18

11



Table 3: Comparison of simulated density and experimental density for various ethanol com-

position in ethaline at a pressure of 0.1 MPa

Ethanol mole fraction ~Simulated Density (kg/m?®) RMSD (simulation) Experimental Density[27] (kg/m?®) % ARD

T =293.15K
0.10 1106.34 4.20 1098.40 0.72
0.30 1088.15 3.98 1048.70 3.63
0.50 1059.21 4.01 993.20 6.24
0.70 1009.87 3.79 925.00 8.40
0.90 905.978 2.71 843.30 6.92
T = 303.15 K
0.10 1098.47 4.32 1092.60 0.54
0.30 1079.58 4.30 1042.40 3.44
0.50 1051.34 4.11 986.50 6.17
0.70 1001.00 3.77 917.60 8.33
0.90 896.683 2.82 835.20 6.86
T =31315K
0.10 1090.77 4.56 1086.80 0.36
0.30 1071.83 4.38 1036.30 3.31
0.50 1043.01 4.03 979.90 6.05
0.70 992.703 3.87 910.40 8.29
0.90 887.258 2.90 827.10 6.78
T =32315K
0.10 1082.94 441 1081.10 0.17
0.30 1063.93 4.50 1030.20 3.17
0.50 1034.93 4.41 0973.40 5.94
0.70 984.392 3.97 0903.20 8.25
0.90 877.539 2.98 0819.00 6.67

12
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and 323.15 K. The density values are tabulated in Table [2] & There is an
excellent agreement for the alcohol-lean compositions while the agreement is

fairly good for the alcohol-rich compositions.

3.2. Radial Distribution Function(RDF) and Coordination Number(CN)

The molecular dynamics simulations also provides structural information
for the liquid mixtures. The radial distribution function (RDF) is one such
approach which provides information on the spatial arrangements of molecules in
the liquid mixture. The first answer we are looking is whether methanol/ethanol

molecules interact preferably with choline ion, chloride ion or etgly.

3.2.1. Interaction between choline ion and alcohol

The interaction between alcohol molecule and choline ion was investigated by
computing the center-of-mass RDFs as shown in Figure 2h and Figure [dh. The
arrangement of methanol around choline ion is shown in Figure [2a (Methanol-
Chol), and it is characterized by a first wide and very intense peak at 5.3 A
(first solvation shell). In first solvation shell methanol and choline ion interact
strongly through Coulombic forces. The second less intense peak occurs at 10.3
A (second solvation shell). For ethanol-chol, the position of first intense peak
and second peak are at 5.5 A and 9.7 A respectively. The position of the first
peak do not change appreciably with increasing alcohols mole fraction. But
the intensity of the peak decreases and becomes narrower for ethaline-methanol
system whereas the intensity of peak first increases then decreases for ethaline-
ethanol system. The alcohol-choline ion interaction mainly develops through
HU atom of alcohol and OY atom of choline ion (Figure and Figure [5{).
The coordination number of methanol around choline-ion is found to decrease
with increase in methanol composition where as coordination number of ethanol
first increases slightly and then decreases with increasing ethanol mole fraction.
On an average 4.1 methanol molecules surround the choline ion at 0.1 methanol
mole fraction which reduces to 1.5 at 0.9 methanol mole fraction. Similarly, On

an average 3.7 ethanol molecules surround the choline ion at 0.1 ethanol mole

13
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fraction which reduces to 1.3 at 0.9 ethanol mole fraction.

3.2.2. Interaction between chloride ion and alcohol

Figure 2b and Figure 4p shows the RDF of methanol-Cl~ and ethanol-Cl1~
systems respectively. It is characterized by very intense first peak at 3.2 A
and 3.8 A respectively. The methanol-chloride ion interaction mainly develops
through HU atom of alcohol and chloride ion (Figure Bp and Figure [5h) with
maxima at 2.1 A. The intensity of the peak for methanol-Cl~ system (also HU-
Cl7) first increases and then decreases with increasing methanol composition
while the intensity of peak continuously increases with increasing ethanol mole
fraction in ethanol-Cl~ system (also HU-C17). But all of them maintain their
position in the whole composition range. The coordination number of alcohols
around chloride ion is found to decrease with increase in alcohol concentration
for both the systems. But compared to choline ion, only 0.8 methanol molecules
surround the chloride ion at low methanol composition which reduces to 0.3 at
high methanol composition. Similar trend is also observed in ethaline-ethanol
system. But the number of ethanol molecules surrounding the chloride ion is
slightly high compared to ethaline-methanol system. This clearly suggests that
the alcohol molecules interact more strongly with choline ion in comparison to

chloride ion.

3.2.3. Interaction between ethylene glycol and alcohol

RDFs of alcohol-etgly are shown in Figure 2k and Figure [dc. The RDF's are
characterized by two peaks. The first intense peak is at 4.5 A and 4.7 A for
methanol and ethanol systems respectively. The intensity of first peak decreases
with increasing alcohol composition for both the systems while the position of
the peak remains the same. The interaction between HU atom of alcohol and
OG atom of etgly is responsible for the interaction between alcohol-etgly (Figure
and ) with maxima at 1.9 A. The intensity of this peak increases with
increasing methanol concentration while for ethanol system it first decreases

and then incresaes. The coordination number of alcohols around etgly is found

14
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to decrease with increase in alcohol concentration for both the systems. But
compared to choline ion and chloride ion, 5.3 methanol molecules surround
the etgly at low methanol composition which reduces to 2.1 at high methanol
composition. Similar trend is also observed for ethaline-ethanol system But the
number of ethanol molecules surrounding the etgly is high compared to ethaline-
methanol system. This suggests that the alcohol molecules interact with choline
ion as well as etgly in the mixture with more affinity towards etgly compared

to choline ion.

3.2.4. Interaction between alcohol and alcohol

RDFs of center-of-mass of alcohol-alcohol is reported in Figure 2 and [d.
RDF for methanol-methanol shows a first less intense peak at 3.4 A whereas for
ethanol-ethanol system it is at 5A. Methanol-methanol interactions are devel-
oped between OM-HU atoms (Figure [3p) whereas between OE-HU in ethanol-
ethanol (Figure [5b). RDFs for these sites with maxima at 1.9 and 3.5 A confirm
alcohol self-association through strong H-bond.The intensities of theses peaks
increases with increasing alcohol composition. The coordination number of alco-
hol around alcohol is found to increase with increase in alcohol concentration for
both the systems. At high alcohol mole fraction, each methanol is surrounded
by 8.8 molecules whereas 9.5 ethanol molecules surround each ethanol molecule.
This trend is in line with the above observed trend of decrease in coordination

number of alcohols around other species.

8.83. H-bond Analysis

Average number of H-bond was computed according to geometry based
calculations[38], [39], where a hydrogen bond was identified when donor and
acceptor atom exists within a cutoff of angle 30° and a maximum distance of
3.0 A (see SI for more detailed information on the definition of H-bond), the
consideration of such geometric criteria depends on the experiment or by the
first principle calculations. Upon detailed analysis, five different H-bond types
were identified for further analysis (see the Figure S1 of SI). Types of H-bond

15
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Figure 6: Coordination number (first solvation shell) for different chemical species around
methanol and ethanol molecule, calculated from center-of-mass RDF reported in Figures |Z|
and {4 for methanol-ethaline and ethanol-ethaline mixtures respectively at 303.15 K and 0.1
MPa. 15t solvation shell is defined by the first minima in the corresponding RDF.

are as follows a) between OG (Etgly) and OX (methanol or ethanol), both as
donor atom b) between OG and OG, both as donor atom ¢) between OX and
Cl~ , only OX as donor d) between OX and OX, both as donor atom e) OG
and Cl™ , only OG as donor atom. The atom types are shown in the Figure
and definition of donor and acceptor atom is discussed in the Figure S1 of the
SI. Formation of H-bond among the ethyl alcohol, methanol and chloride ions
was confirmed by visualization (see Figure . Thereafter, H-bond per donor
molecule between hydrogen bonded with polar oxygen atom i.e. OG (as donor)
and chloride ion (as acceptor) were calculated and observed to be the high-
est among other types of H-bond(see Figure . It is quite interesting to note
that upon increasing the concentration of alcohol, the H-bond per unit donor
molecule (i.e. methanol) between the alcohol groups increases significantly while
the vice versa is true for H-bond per donor molecule between the OG (ethylene
glycol) and Cl~ (chloride ion), which is clearly depicted in the Figure [7] (a).
Likewise, ethanol also contains only one hydroxyl group where H-bonds persists

in almost same arrangement as the case with methanol, which can be compared
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Figure 7: Average number of H-Bond per donor molecule for a) methanol and b) ethanol

Figure 8: Snapshot shows the network of hydrogen bonds formed in the ethaline-alcohol

solution a) methanol b) ethanol

from the Figure[7] (a) & (b). The H-bond was observed to be almost constant
upto an alcohol concentration of 0.5, while decreases significantly upon further
increasing the alcohol concentration. Similarly, H-bond between OG and OG
(both as donor) decreases while the H-bond between OG and OM or OE (both
as donor) increases upon increasing the alcohol concentration (see Figure[7] (a)
& (b)). H-bond between the oxygen of alcohol molecule and chloride ion was
observed, which was found to be less pronounced than the H-bond between

oxygen of etgly and chloride ion (see Figure[7] (a) & (b)).
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8.4. Diffusivity Calculation

Dynamic properties are very important for industrial purposes. In this work,
self-diffusion coefficients were calculated from the slope of the mean square dis-
placement after long times using Einstein’s relation (Equation [7)) where Dy
represents self diffusivity, N represents total number of particles, 7 is the posi-
tion vector of the particle, while t and At are the time and finite change in time
respectively. Self-diffusion coefficients provide information of the dynamics of
molecules in liquid mixtures. Dger of methanol and ethanol are computed at a
temperature and pressure of 303.15 K and 0.1 MPa respectively for the alcohol
mole fraction range of 0.1 — 0.9. 8 parameter was calculated according to Equa-
tion [8] where a value close to one was observed for all composition for except
0.1M (see Figure S2 of the SI). The choice of time region to locate the proper
diffusive regime for the calculation of accurate diffusion coefficient from MD
simulation depends upon the value of 8 parameter, which was also pointed out
by several researchers [40, 41l 42]. The calculation of diffusion coefficient was
done in the time region where the 8 value is found to be closer to one. Although
the simulation was carried out at a temperature of 303.15 K, where a diffusion
coefficient of 3.07 x 1079m?/sec and 1.273 x 10~9m?/sec for pure methanol and
ethanol respectively was observed, which is found to be in close agreement with
the experiment i.e. 2.415x1079m?/sec and 1.075x 10~9m?/sec for methanol [43]
and ethanol[44] respectively carried out at a temperature and pressure of 298.15
K and 0.1 MPa respectively. Diffusion coefficient of methanol/ethanol increases
upon increase in the concentration of alcohol (methanol/ethanol) in ethaline.
Ethanol has lower diffusivity than methanol because of its larger size and strong
van der Waals interaction. It has been investigated that the H-bond exists be-
tween the etgly and chloride ions, the H-bond network further extends upon
addition of alcohol, where alcohols was observed to involve in H-bond with

chloride ion as well as etgly (see Figure .

1 d [ o =
Dgeif = = lim — <Z [77 (t+ At)-77 (¢)? (7)

6 t'—oo dx —
i=
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Table 4: Self diffusion coefficient (10~11m?2sec™1) of methanol and ethanol at T = 303.15 K
and P = 0.1 MPa.

mole fraction Methanol diffusivity (m2sec™!) Ethanol diffusivity (m?sec™!) Time bound (ns)

0.10 4.38 2.87 5-13
0.30 7.56 4.65 5-15
0.50 12.68 7.80 5-15
0.70 29.09 16.14 5-15
0.90 110.84 51.82 5-15
dlogio ((Ar(t)?)) 8
At) = (8)
d lOglot

4. CONCLUSION

In this present study, MD simulations were carried out to investigate the
thermo-physical, structural and transport properties of ethaline solution with
varying concentration of alcohols (methanol and ethanol). Refined OPLS-AA
force field was employed in order to accurately mimic the density observations
from the experiment, where we have observed an excellent agreement with the
experiment throughout the temperature range of 293.15-323.15K. RDF was
computed between the COMs of two different species as well as between two dif-
ferent atom types. RDF analysis revealed stronger interaction between alcohol
& ethylene glycol, alcohol & choline ion and alcohol & chloride ion. These in-
teractions are mainly through HU atom ( alcohol) & OG atom (ethylene glycol)
and between HU atom (alcohol) & OY atom (choline ion) for methanol-ethaline
and ethanol-ethaline respectively. Average H-Bond was computed between the
different possible sites, where we have observed the existence of five different
types of H-Bond which follows the order, OG-Cl~>0G-OG~OM/E-Cl~>0G-
OM/E~OM/E-OM/E. In pure ethaline, a strong H-bond was observed between
etgly and chloride ion (OG-Cl7). Addition of alcohol in the pure ethaline leads
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to decrease in average H-Bond between OG—Cl~ while average H-Bond between
OM/E-OM/E and OG-OM/E increases simultaneously. As the composition of
alcohol increases, its self-diffusion co-efficient also increases, while self diffusion
of methanol was observed to be twice higher than the ethanol possibly because
of small van der Waals size. At high concentration of alcohol, the self-diffusion
coefficient of alcohol was observed to be almost ~25 times higher than the value
at low concentration, which indicates the possible modification of green solvent

to improve the thermophysical properties for future industrial application.
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