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ABSTRACT

The effect of water on the properties of an archetypical type III deep eutectic solvent [choline chloride : ethyleneglycol (1:2)] is analyzed
using ab initio molecular dynamics simulations in the 0 to 60 wt. % water content range. The properties of the mixed fluids are studied
considering nanostructuring, intermolecular forces (hydrogen bonding), the energy of interactions, dynamic properties, and domain analysis.
The reported results confirm that the change in the properties of the studied deep eutectic solvent is largely dependent on the amount of water.
The competing effect of water molecules for the available hydrogen bonding sites determines the evolution of the properties upon water
sorption. The main structural features of the considered deep eutectic were maintained even for large water contents; thus, its hydrophilicity

could be used for tuning fluid physicochemical properties.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0091665

I. INTRODUCTION

The need for developing sustainable and efficient chemical
products and processes has boosted interest in Deep Eutectic Sol-
vents (DESs) both in industry and academia.! DESs are formed by
mixing two or more compounds which at a specific mixing ratio
leads to a significant decrease in the system melting temperature
compared to those for pure components.” Therefore, depending on
the components mixed to form the DES, five different types are
considered (type I to type V). Particular attention has been paid
to type III DESs, formed by the combination of hydrogen bond
acceptors (HBA, usually a salt) and hydrogen bond donors (HBD,
which can be a variety of compounds, such as alcohols, organic
acids, and sugars).;\h The interest in DESs, in particular to type III
ones, is based on their suitable physicochemical properties, such as
almost negligible vapor pressure, density, or polarity;”” low cost;®
biodegradability;” and low toxicity.!” These suitable properties have
led to the consideration of DESs for a plethora of applications”'" in

areas such as drug delivery,'”"" extraction,'*"” gas separation,'®'’
synthesis,*'” or agri-food sector.”’

DESs may be hydrophobic’’ or hydrophilic,”” and in the
case of the hydrophilic ones, the behavior of aqueous DES solu-
tions has been considered.”” Therefore, the behavior of DES aque-
ous solutions has been studied in the literature in terms of their
structuring,”*”’ properties,”® or applications.”” Likewise, water in
DESs can be treated as an impurity to eliminate or minimize,”>**
or it could be added to tailor the physicochemical properties of the
DESs.”” Nevertheless, water has a significant effect on the struc-
turing, intermolecular forces, and physicochemical properties of
DESs.”"” Therefore, considering the hydrophilicity of many DESs,
and thus their ability to absorb water from moisture from the
ambient, it should be considered that a certain amount of water
will be present in most DESs, thus affecting their properties.”” The
effect of water should be mainly based on its ability to act as both
a hydrogen bond donor and an acceptor, thus being able to disrupt
the HBA-HBD hydrogen bonding in type III DESs, which is one

J. Chem. Phys. 156, 204506 (2022); doi: 10.1063/5.0091665
Published under an exclusive license by AIP Publishing

156, 204506-1

¥2:1€:01 ¥20z AInr 92


https://scitation.org/journal/jcp
https://doi.org/10.1063/5.0091665
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0091665
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0091665&domain=pdf&date_stamp=2022-May-27
https://doi.org/10.1063/5.0091665
https://orcid.org/0000-0003-2571-2971
https://orcid.org/0000-0001-8270-7904
https://orcid.org/0000-0001-9996-2426
mailto:mert.atilhan@wmich.edu
mailto:sapar@ubu.es
https://doi.org/10.1063/5.0091665

The Journal
of Chemical Physics

of the roots of DES main properties.”* The available literature has
shown how the disruptive effect of water on DES properties is depen-
dent on the water content, but despite the hydrogen bonding ability
of water molecules, DESs can maintain most of their nanoscopic fea-
tures up to high water contents’* although effects are inferred even
for low water contents for relevant macroscopic properties, such as
viscosity.”” The available studies on DESs plus water mixtures have
shown three different composition regions:*! (i) 0 to 30 wt. % of
water, characterized by water dispersed in DES fluid; (ii) 30 to 50 wt.
% of water, characterized by DES clusters dispersed in liquid water;
and (iii) water content larger than 50 wt. % of water, which is formed
by aqueous electrolyte solutions of DES components.

Nevertheless, for all the concentration ranges, water develops
hydrogen bonding with the DES available sites.”® Therefore,
DES-water mixtures show complex structural features that are still
not fully understood. For this purpose, molecular simulation tech-
niques are a powerful tool to infer nanoscopic information and
its link with mixed fluid behavior. A prototypical type III DES
formed by the choline chloride, ChCl, and ethylene glycol, EG,
ChCLEG in 1:2 mol ratio (Fig. 1) is selected in this work for the
analysis of its properties as a function of water content in a large
concentration range. Ethaline has been considered for several tech-
nological applications,” *' and its nanostructuring and properties
upon water mixing have been studied both experimentally*>*’ and
theoretically.”** Some theoretical results** showed minor changes
in ethaline nanoscopic structuring up to a moderate water content,
but the available experimental results showed non-negligible
changes in the thermophysical properties.*” Therefore, a deeper
understanding of ethaline + water systems in a wide concentration
range can provide valuable information on the effects of water sorp-
tion on DES properties. This work provides a theoretical study using
Ab Initio Molecular Dynamics (AIMD) simulations using the den-
sity functional theory based-Tight Binding (DFT-TB) approach on
ethaline + water mixtures in the 0 to 60 wt. % water content range.
The study is based on a quantum chemistry approach. Thus, it does
not suffer from the possible drawbacks of using classical molecu-
lar dynamics (CMD) simulations, which may depend on selecting
a suitable force field. The reported results would allow analyzing the
nanostructuring, intermolecular forces (hydrogen bonding), energy-
related properties, and molecular arrangements, of the DES upon
water sorption, and thus will give deeper insights into the effect of
water in DES to assure the concentration ranges in which DES main
features are maintained.

:/\/C:“ o
N\

FIG. 1. Molecules composing the aqueous mixture considered in this work.
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Il. METHODS

Mixtures of [ChCI]:EG (1:2) plus water in the 0 to 60 wt. %
water concentration range are studied using the simulation cages
indicated in Table I. Cubic simulation boxes were initially built
using Packmol program,” with the size of the boxes according
to the experimental density data reported in a previous work.”
These boxes were initially equilibrated using CMD simulations with
MDynamix program using the force fields and methods previously
reported”” in the NPT ensemble at 303 K and 1 bar. The out-
put structures of CMD simulations were used as initial input for
AIMD simulations using the DFT-TB approach. AIMD/DFT-TB
simulations were carried out using the DFTB + program.”® The
used Slater-Koster (SK) files correspond to the Third-Order Param-
eterization for Organic and Biological Systems (30B).””** The self-
consistent calculations were carried out with 107 tolerance. The
k-points meshes corresponded to a 4 x 4 x 4 distribution. AIMD
simulations were carried out with a timestep of 1 fs for a total sim-
ulation time of 10 ps for each composition studied. The DTF-TB
approach is ~100 to 1000 times faster than full DFT,* and the time
required to carry out the simulations is dependent on the number
of atoms considered. Table I indicates the number of total atoms in
the considered simulations, which are in the 1050 to 2151 range. The
analysis of the literature showed most of the DFT-TB for DES and
related systems being carried out for systems containing less than
1000 total atoms with simulation times up to 100 ps.” " Although
10 ps simulations were carried out in this work, it should be con-
sidered that, for the considered mixtures, the simulation boxes were
previously equilibrated by CMD, which together with the low vis-
cosity of the considered DES (39.78 mPa s°*), which decreases upon
water addition, assures that the considered simulation time is suit-
able for inferring the most relevant properties of the considered
mixtures. AIMD simulations were developed in the NPT ensemble

TABLE I. Systems considered for NPT Ab initio molecular dynamics (AIMD simula-
tions using DFT-TB) of ChCI:EG (1:2) + water mixtures wt. % stands for the weight
percentage of water, x for water mole fraction, p for pressure, T for temperature, N
for number of molecules, and nams for the total number of atoms.

wt. % N N N

H0  x  ([Ch][CI) ([EG]D) ([H201) #atoms p/bar T/K
0 0 25 50 0 1050 1 303
1 0.13 25 50 4 1062 1 303
2 0.23 25 50 8 1074 1 303
3 0.31 25 50 11 1083 1 303
4 0.38 25 50 15 1095 1 303
5 0.44 25 50 19 1107 1 303
10 0.62 25 50 41 1173 1 303
15 0.72 25 50 65 1245 1 303
20 0.79 25 50 92 1326 1 303
25 0.83 25 50 122 1416 1 303
30 0.86 25 50 157 1521 1 303
35 0.89 25 50 197 591 1 303
40 0.91 25 50 244 1641 1 303
50 0.94 25 50 367 1782 1 303
60 0.96 25 50 550 2151 1 303
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TABLE II. Domain analysis for molecular entities in ChCI:EG (1:2) + water mixtures. The domain count is reported with domain volume (D-Vol) and surface (D-Surf) as well as

the isoperimetric quotient (QP¢").

[Ch* ar
wt. % H,O Domain count D-Vol/A? D-Surf/A2 Qrert Domain count D-Vol/A? D-Surf/A2 Qrer
1 1.0 140451.1 28511 0.31 20.8 1283 456 0.71
5 1.0 142631 28803 0.32 20.7 1141 462 0.68
10 1.0 140 345 28 255 0.30 27.8 700 341 0.67
15 1.1 127 677.2 27537 0.21 396.1 87 87 0.70
20 1.6 93725 28988 0.24 410.3 25 81 0.72
25 2.8 50244 25996 0.38 384.5 53 84 0.73
30 4.9 23889 20521 0.54 399.2 47 78 0.74
35 8.5 14027 14141 0.60 400.8 36 60 0.75
40 23.5 4162 3914 0.64 422.4 38 67 0.76
50 70.5 1301 1280 0.59 4419 34 62 0.77
60 7.2 8598 3096 0.55 22.4 350 215 0.69
EG Water
wt. % H,O Domain count D-Vol/A? D-Surf/A2 Qrert Domain count D-Vol/A? D-Surf/A2 Qrert
1 1.0 202 569 30804 0.40 3.8 1135 563 0.62
5 1.0 195658 31302 0.38 10.1 2559 875 0.60
10 1.1 174733 38864 0.37 20.3 3521 1166 0.59
15 1.0 142212 66999 0.35 123.3 423 481 0.65
20 2.0 92269 58 760 0.35 78.1 1040 1108 0.68
25 2.8 55608 39672 0.44 427 2337 2382 0.71
30 4.6 29505 25769 0.50 25.8 4627 4526 0.70
35 6.3 22934 17717 0.55 10.6 8589 14 695 0.67
40 104 13613 12137 0.59 6.1 27292 27623 0.63
50 24.3 4283 4123 0.64 1.7 154 402 88988 0.44
60 3.0 37781 10777 0.44 1.0 209690 138415.1 0.30

at 303 K and 1 bar with temperature and pressure-controlled using
the Nosé-Hoover thermostat and Berendsen barostat, respectively.
The visualization and analysis of the AIMD output trajectories were
carried out using the VMD?’ and TRAVIS** programs.

I1l. RESULTS AND DISCUSSION

The analysis of ethaline + water mixtures using AIMD was first
carried out using Radial Distribution Functions (RDFs) for relevant
atomic sites. As the structure of the DES is characterized by hydro-
gen bonding between the hydroxyl site in Ch and chlorine anion
as well as the chlorine-hydroxyl sites in EG and EG-EG hydrogen
bonding, the changes in the corresponding RDFs were studied in
the 0 to 60 wt. % water content range (Fig. 2). Regarding the Ch-Cl
interactions [Fig. 2(a)], the first peak corresponding to the hydrogen
bonding does not suffer relevant changes neither in its position nor
in its shape up to 30 wt. % water concentration. At a higher water
content, and especially at 60 wt. %, the peak shifts toward lower
distances. This behavior indicates Ch-Cl pairing in the whole com-
position range, with a minor water content effect. The change in the
high water content may indicate the presence of smaller clusters, i.e.,
shorter cation-anion distances and thus stronger interactions. In

the case of CI-EG interaction [Fig. 2(b)], up to the 30 wt.%
water content, the peak indicating hydrogen bonding remains
almost unchanged, and only additional features such as second RDF
peaks appear at 60 wt. %, which show the decrease of cluster size,
i.e., their dispersion in a media with water as solvents. As the con-
sidered DES has 1:2 mol ratio, EG molecules may develop hydrogen
bonding between those molecules interacting with the same Cl and
with neighbor EG molecules, which is the reason of the two main
peaks appearing in the corresponding RDFs, Fig. 2(c), with these
peaks almost unchanged up to the 60 wt. % water content, with only
the first peak shifting at the high water content, which agrees with
the decrease of ethaline cluster sizes. The reported RDFs were inte-
grated for the relevant peaks, N, showing the content of each type
of atom around the central one [Fig. 3], thus leading to quantita-
tive information on the composition of the corresponding solvation
shells. Despite the minor changes in RDFs reported in Figs. 2(a)-2(c)
for ethaline components, the N values in Figs. 3(a)-3(c) indicate
non-linear evolution with increasing water content. In the case of Cl
around oxygen atoms in Ch [Fig. 3(a)], minor changes are inferred
in the 0 to 15-20 wt. % range, then a decrease in the 20 to 40 wt. %,
and then again constant. This result points to three composition
regions in which although, as indicated by RDFs in Fig. 2(a), Ch
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and Cl ions remain hydrogen-bonded through the hydroxyl site, the
number of anions around this site decreases because of the dilution
effect.

For low water content mixtures, large DES clusters are sur-
rounded by water molecules, with the size of DES clusters decreasing
with increasing water content, thus leading to ionic pairs for water
rich mixtures. In the case of CI-EG, Fig. 3(b), the non-linear evolu-
tion of N, shows a decrease of EG molecules around the anion but
with minor changes in the water content larger than 30 wt. %. For
the case of EG-EG self-association [Fig. 3(c)], changes are remark-
ably lower than for Ch-Cl or CI-EG, showing the large trend of EG

molecules to remain self-associated even for the large water content.
Regarding the association of water molecules with ethaline compo-
nents, RDFs in Figs. 2(d)-2(f) indicate that water molecules interact
with all the ethaline components even from the low water content,
which is confirmed by the corresponding N values in Figs. 3(d)-3(f).
Therefore, results in Figs. 3(a)-3(f) indicate that the solvation
spheres around the hydrogen bonding sites in ethaline components
upon water content increases are characterized by water molecules
occupying these sites by the shifting of ethaline components (Ch,
Cl, and EG). This is a non-linear effect accompanied by the self-
aggregation of water molecules [Figs. 2(g) and 3(g)]. The non-linear
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FIG. 3. Solvation numbers, N, obtained
from the integration of radial distribution
functions reported in , correspond-
ing to the first solvation sphere (r = 4 A),
defined as the first minimum in the cor-
responding radial distribution function in
ChCIL:EG (1:2) + water from MD simu-
lations at 303 K. Water content is indi-
cated as wt.%. Panels: (a) Ch cation
(O atom)-Cl anion, (b) Cl anion-EG (O
atoms), (c) EG (O atoms)-EG (O atoms),
(d) Ch cation (O atom)-water (O atoms),
(e) Cl anion-water (O atoms), (f) EG (O
atoms)-water (O atoms), and (g) water
(O atoms)-water (O atoms).

FIG. 4. Spatial distribution functions
around central molecules in ChCIEG
(1:2) + water from MD simulations
at 303 K. Water content is indicated
as wt. %.
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evolution with the water content of N for water self-aggregation
[Fig. 3(g)] in which the three regions are well defined is remarkable:
(i) increasing up to 20 wt. %, (ii) almost constant up to 30 wt. %,
and (iii) a large increase for the water content larger than 30 wt. %.
These three composition regions indicate (i) water molecules around
the available hydrogen bonding sites in ethaline component with
the increasing number of molecules around it and thus allowing
both water—ethaline and water-water interactions (i.e., water in
ethaline), (ii) the region between 20 and 30 wt. % characterized by
the disruption of ethaline clusters and thus having minor effect on
water self-association, and (iii) the dispersion of ethaline clusters

ARTICLE scitation.org/journalljcp

in water leading to water as a solvent with increase of water-water
interactions.

The distribution of water molecules around the main available
hydrogen bonding sites is shown as the corresponding Spatial Distri-
bution Functions (SDFs; Fig. 4). The increase in localized SDF caps
around the hydroxyl groups in Ch and EG with the increase in the
water content indicates how water molecules shift ethaline compo-
nents from these sites. Likewise, the water increasing self-association
is confirmed from the corresponding SDF even for the low water
content, thus confirming the mechanism of ethaline solvation and
disruption through the hydrogen bonding sites.

<NH-bondl>
<NH-bond'>

FIG. 5. Number of hydrogen bonds per
molecule, (Nk.ponds), for the reported

interacting pairs in ChCLEG (1:2)
+ water from MD simulations at 303 K.

O{EG) - O{EG)

Water content is indicated as wt. %.
Panels: (a) Ch cation (O atom)-Cl
anion, (b) Cl anion-EG (O atoms), (c)

A, 0.2 A, EG (O atoms)-EG (O atoms), (d) Ch
g | § cation (O atom)-water (O atoms), (e)
= zt Cl anion-water (O atoms), (f) EG (O
vV 0.1 v atoms)-water (O atoms), and (g) water
| (O atoms)-water (O atoms).
{c)
0 T I T I T
0 20 40 60
0 20 40 60
water content / wis water content / wt%
16
1.2
A'-
£ 0.8
2
v
0.4 -
0
0 20 40 60
(4] water content / wt%
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Although RDFs, N, and SDFs have shown the mechanism of
water—ethaline interactions, as the main features determining etha-
line properties are based on the nature and extension of hydrogen
bonding, it was quantified using a geometrical criterion as consid-
ering 60° and 3.5 A for donor-acceptor orientation and separation
for all the possible hydrogen bonding pairs (Fig. 5). The reported
results indicate a decrease of hydrogen bonding between ethaline
components accompanied by an increase in water—ethaline and
water-water interactions. The evolution of all the properties with
increasing water content is clearly non-linear. In the case of hydro-
gen bonding between ethaline components [Figs. 5(a)-5(c)], results
show, for all the interacting pairs, a significant decrease up to
roughly 20 wt. % water content and then minor changes in, any
case, the perturbative effect of water on ethaline. Therefore, although
RDFs in Fig. 2 indicate minor changes upon water increasing con-
tent, the N values in Fig. 3 and the number of hydrogen bonds per

10 wt%

ARTICLE scitation.orgljournalljcp

molecule in Fig. 5 suggest that water molecules disrupt the exten-
sion of ethaline self-hydrogen bonding, i.e., smaller ethaline clusters
by competing effect on the ethaline hydrogen bonding sites. This is
confirmed by the large trend of water molecules hydrogen bond with
all ethaline components [Figs. 5(d)-5(f)]. Likewise, the water—water
number of hydrogen bonds reported in Fig. 5(g) clearly indicates
the three composition regions, with water molecules self-hydrogen
bonding at the same time that interacting with ethaline hydrogen
bonding sites (Fig. 4). Moreover, the extension of hydrogen bonding
for most of the involved pairs indicates a sudden change of behavior
for around 30 wt. % water content, mainly for those hydrogen bonds
involving DES components. This sudden change may indicate a
change from a DES-dominated fluid to a water-dominated fluid, in
which DES molecules are dispersed into a surrounding water rich
medium, leading to changes in DES self-aggregation. The character-
istics of the developed hydrogen bonds involving water molecules

35 wth

O(Ch) - O{w)

LT

Yoo/ om

Cl=0{wW)

O(EG) - O(W)

o(w) - o(W)

FIG. 6. Intermolecular Van Hove correlation function for the reported atomic pairs in ChCl:EG (1:2) + water from MD simulations at 303 K. The water content is indicated

as wt. %.
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FIG. 7. Velocity, v, distribution functions for the reported molecules in ChCl:EG
(1:2) + water from MD simulations at 303 K. Water content is indicated as wt. %.
Panels: v for (a) Ch center-of-mass, (b) EG center-of-mass, (c) Cl center-of-mass,
and (d) water center-of-mass.

ARTICLE scitation.org/journalljcp

are analyzed by the Van Hove correlation functions reported in
Fig. 6. All the hydrogen bonds involving water molecules show the
same dynamic features, with fast dynamics as indicated by the peaks
(red spots) vanishing in few ps. Although water molecules show
large hydrogen bonding with all ethaline sites, these interactions
show quick reforming, and analogous behavior for water-water
ones, in the whole studied water content range.

The changes in the developed hydrogen bonding in ethaline
+ water mixtures lead to changes in the dynamics of the involved
molecules, which is quantified through the corresponding velocity
distribution functions (Fig. 7). The reported results indicate changes
in the velocity distribution peaks with increasing water content,
although minor changes are inferred up to the 10 wt. % water con-
tent. For larger water contents, the maxima of the peaks shift toward
faster velocities, and a widening of the peaks is produced, i.e., all the
molecules move faster. It is remarkable that the velocity distribu-
tion curves for water molecules [Fig. 7(d)] show similar shapes as
those for ethaline components, i.e., same maxima and width, which
indicate coupling between water and ethaline molecules, as a result
of the reported water—ethaline hydrogen bonding (Fig. 5). Likewise,
the non-linear change of results in Fig. 7 for the maxima of the veloc-
ity distribution function with the water content also agrees with the
sudden changes in hydrogen bonding extension for around 30 wt. %
content of water (Fig. 5), which were justified as an evolution
toward a water rich environment, thus allowing for faster molecular
movements.

The interaction energy also quantifies the water—ethaline inter-
action (Fig. 8). The reported results show how water molecules
efficiently interact with ethaline, agreeing with the developed hydro-
gen bonding (Fig. 5). Nevertheless, a non-linear evolution with
the water content is inferred, with three well-defined composition
regions, which agrees with the development of hydrogen bonding
(Fig. 5). The region in Fig. 8 showing almost constant interaction
energy indicates the transition region from ethaline dominated flu-
ids, with larger ethaline cluster interacting with water, to water
acting as a solvent with dispersed ethaline clusters, thus allowing
for a larger number of water ethaline hydrogen bonds, Fig. 5, and
therefore more significant interaction energy.

¢n

-10

Eineer/ KIMol?

0 20 40 60
water content / wt%
FIG. 8. Water-DES intermolecular interaction energy per water molecule, Ejyer, in

ChCI:EG (1:2) + water from MD simulations at 303 K. Water content is indicated
as wt. %. Red dashed lines separate composition regions with different behavior.

J. Chem. Phys. 156, 204506 (2022); doi: 10.1063/5.0091665
Published under an exclusive license by AIP Publishing

156, 204506-8

¥2:1€:0L ¥20Z AInf 92


https://scitation.org/journal/jcp

The Journal

ARTICLE scitation.org/journalljcp

of Chemical Physics

The aggregation of molecules is analyzed using domain anal-
ysis® based on the Voronoi-method (Fig. 9). The domain-count
number for the Cl anion shows a particular behavior [Fig. 9(a)];
for the water content up to 10 wt. %, a certain degree of anion self-
aggregation is inferred, with the domain count around 25, but after
that, the domain count increases showing isolated anions not inter-
acting between them and only at the high water content, the domain
count decreases. In the case of ethaline components [Fig. 9(b)], low
domain counts are inferred (close to unity) up to the 20 wt.% water
content, which indicates prevailing self-aggregation, and then, the
domain count increases as a result of the water disruptive effect,
indicating ethaline dispersion in the water solvent. A parallel behav-
ior is inferred for EG molecules. The case of water [Fig. 9(b)] is
of particular interest considering that the domain count evolves

th C EG HO

{(a)

domain count

domain count

me

0.4

0. 2 L} I Al I T
0 20 40 60
water content / wt%

FIG. 9. Analysis of domain distribution in ChC:EG (1:2) + water from MD simu-
lations at 303 K. Panels: (a) domain count for Cl anion; (b) domain count for Ch
cation, EG, and water molecules, and (c) isoperimetrical coefficient, Q°*", for each
type of molecule.

through maxima around 15 wt. % water content. For the low water
content, a large water domain indicates water interacting with etha-
line components (Fig. 5) but with minor interaction between them,
i.e., small water clusters hydrogen-bonded with ethaline sites, but
once the water concentration is large enough, water cluster sizes tend
to increase, leading to an extended water network (domain count
close to one) for the water content larger than 40 wt. %, i.e., water
as solvent with dispersed ethaline clusters. The shape of the molec-
ular clusters is quantified using the isoperimetric quotient, Q”*",
which indicates the sphericity of the molecular domains (the closer
to unity the more spherical) [Fig. 9(c)]. The Q” °ri values also evolve
in a non-linear trend with increasing water content. Cl anions show
the more spherical shape of their domains, whereas the Ch cation
and EG show low sphericity of their domains with similar values
and trends. Water domains are more spherical than those for Ch and
EG, but its sphericity decreases as the water content increases, which
agrees with the decrease of the water domain count, i.e., for the
high water content, a continuous non-spherical domain is inferred

1wt % 35wi % 60wt %
0.012 —
“ . (a)
S 061 .73 &
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FIG. 10. Analysis of void distribution in ChCI:EG (1:2) + water from MD simulations
at 303 K. Panels: (a) distribution of cavities as a function of cavity radius and
(b) distribution of isoperimetrical ratio for cavities, Ray. Values inside each panel
indicate the corresponding maxima; red arrow in panel (a) indicates increasing
water content.
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with a large number of ethaline dispersed domains. Moreover, the
geometrical properties of the corresponding domains, area and vol-
ume, are reported in Table II for all the considered water contents.
The geometrical parameters of domain components for all the etha-
line components decrease with increasing water content (i.e., smaller
clusters are inferred), accompanied by an increase of size for water
domains, which agrees with the dispersion of ethaline in water for
the large water content.

Additional analysis of ethaline + water systems is carried out
considering the void distribution inferred from Voronoi analysis™
(Fig. 10). The reported void distributions show a Gaussian shape
for the considered water contents with maxima in the range 0.61 to
0.73 A, shifting toward larger values with increasing water content
[Fig. 10(a)], i.e., water addition increases the available free space in
ethaline, but this effect is almost negligible up to the 35 wt. % water
content. Regarding the distribution of void space (cavities), isoperi-
metrical ratio analysis for cavities was carried out, with values in the
0 to 1 range, values close to 0 indicating connected voids and those
close to 1 showing isolated voids. The results in Fig. 10(b) indicate a
maxima at 0.81, indicating poorly connected cavities. Therefore, the
disrupting effect of water is only produced at the large water content,
leading to slightly larger but poorly connected cavities, which would
be produced by the dispersion of ethaline small clusters in the water
solvent in contrast to lower water contents in which water molecules
occupy sites around the available hydrogen bonding places in etha-
line components, leading to very efficient molecular packing and
thus minor expansion. Moreover, the domain count (Table II) for
Ch and EG is 1 for water contents lower than 15 wt. %, which indi-
cates an extended network for these species, as to indicate by the
volume and surface of their corresponding domains, and thus, the
main structural features of the considered DES are maintained up to
high water contents.

IV. CONCLUSIONS

The properties of archetypical ethaline deep eutectic solvent
with water mixtures and solutions are analyzed using ab initio
molecular dynamics simulations. The reported results indicate that
water has a big trend to be hydrogen-bonded with all the avail-
able sites in ethaline components (choline and chlorine ions and
ethylene glycol), thus competing for these sites with ethaline com-
ponents even for low water contents. This behavior decreases the
hydrogen bonding between ethaline components but evolves in a
non-linear way, with most of the ethaline features being maintained
at concentrations as large as the 30 wt. % water content. Therefore,
the structure of the solutions is characterized by ethaline clusters
decreasing in size, with a lower degree of hydrogen bonding, as
the water content increases, leading to small clusters dispersed in
the water solvent. The perturbative effect of water also leads to an
increase in the molecular mobility and to an increase of cavities,
although this effect is only remarkable at high water contents. There-
fore, water may be considered to modify properties of eutectics, such
as ethaline, for purposes such as improving molecular mobility, i.e.,
lower viscosity, but maintaining the most relevant features of the
fluid at a reasonable water content (lower than 20-30 wt. %). In
contrast, for high water contents, the mixtures may be considered
ethaline dispersed in the water solvent, i.e., losing the most relevant
features of the deep eutectic solvent.
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