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The nanoscopic properties of highly diluted water solutions in choline chloride + lactic acid deep eutectic
solvent was studied using molecular dynamics simulations as a function of concentration and tempera-
ture with the objective of characterize the confinement of water in deep eutectic solvents as a non-
regular confinement mechanism. The simulations allowed the analysis of changes in the properties of
the deep eutectic solvent in response to the water presence as well as the behaviour of confined water
in solvent cavities. The analysis of structural, energetic and dynamic factors provides for the first time
the characterization of water confined in these environmentally friendly solvents. The results showed
how water can be confined in deep eutectic solvents liquid cages maintaining water individuality with
minor changes in the solvent properties, which can be used for tuning water properties for the develop-
ment of technological applications.

© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Deep eutectic solvents (DESs) are a group of fluids which have
attracted great attention both in academia and industry for their
possible technological applications [1-3] into a sustainable chem-
istry framework [4]. Many DES are highly hygroscopic fluids [5],
which hinders their application under strictly dried conditions
for real industrial applications. Although this may be a disadvan-
tage for certain application for which drying is required such as
catalysis, the use of water for tailoring DESs properties to facilitate
certain technological applications have also been considered [6],
thus water modulates DESs physicochemical properties [7].

The effect of water on the DESs properties of DESs have been
analysed in the literature [8] considering the large dependence
on the extension of hydration, thus evolving from water in DESs
to DESs in water solutions with increasing water content [9], lead-
ing to an unusual transition from ionic mixtures to water solutions.
Therefore, in the case of large water content, electrolyte solutions
in water are inferred whereas for low water content the fluids’
structuring is developed through water to DES and water to water
interactions, with the extension and nature of each type of interac-
tion being also dependent on the water content [10]. Likewise, the
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thermophysical properties of DESs are largely affected by the water
content and allow fine tuning of targeted properties with the addi-
tion of controlled amounts of water. Such adjustments might lead
to reduction of unsuitable DESs properties such as large viscosity
values [11,12], controlling melting point [13,14] and allowing the
possible scale-ups to real industrial applications.

In the case of very low water content, the behaviour of water
molecules can be considered as a case of confinement in the pre-
vailing DESs environment. The confinement of water in liquids
has been previously experimentally studied for ionic liquids (ILs)
[15,16], which are closely related fluids systems to DESs, showing
the formation of guest (water) - host (IL) cages. The case of water
in DESs have been proposed for relevant applications such as new
electrolytes for batteries [17], thus the understanding of water in
DESs systems at very low water content is relevant not only for
basic research purposes but also for practical uses. This new type
of water confinement in liquid state, herein considered as DESs,
provides new avenues for modifying and controlling the properties
both of the confined water and the effect of the traces of water on
the DESs properties.

In this work we have considered a natural DESs (NADES), cho-
line chloride (ChCl) : lactic acid (La) for 1:1 composition, Fig. 1,
and the properties of water solutions in ChCl:La being studied
using molecular dynamics (MD) simulations for low water concen-
trations (roughly 0 to 3000 ppm). The properties of the DES were
studied as a function of the degree of hydration as well as the
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Fig. 1. Structures of the molecules considered in this work for the study of ChCl:La
(1:1) + W mixtures. Atom and molecular labelling used along this work is indicated
in red and blue labels, respectively.

Table 1
Systems used for MD simulations.

label N(Ch) N(CI) N(La) N(W) W content /| ppm
mix_00 250 250 250 0 0

mix_01 250 250 250 1 314

mix_02 250 250 250 2 627

mix_04 250 250 250 4 1254

mix_06 250 250 250 6 1879

mix_08 250 250 250 8 2504

mix_10 250 250 250 10 3128

nature of hydrogen bonding. This DESs was previously studied by
our group considering water contents up to 22 wt% [18] but water
in DESs solutions at low water content were not previously consid-
ered. This study provides for the first time a nanoscopic character-
ization of the behaviour of water confined in DESs (water - in -
DESs systems) as well as the effect of low water content on DES
properties, which is of great relevance for DESs technological appli-
cations considering the hydrophilicity of many DESs and the costs
and difficulties to obtain and work with ultra dried DESs at indus-
trial scale.
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2. Methods

MD simulations for ChCl:La(1:1) + water mixtures were carried
out for the systems and water contents reported in Table 1, which
are designed to mimic very low water content mixtures to study
water confined in the considered DES. All simulations were carried
out with MDynaMix v.5.2 program [19] whereas data analysis and
visualization were done with VMD [20] and TRAVIS [21] codes. The
force field parameterization considered for ChCl:LA modelling was
reported and validated in a previous work [18] (Supplementary
Information). Water molecules were described according to the
SPC-E force field [22]. Initial cubic simulation boxes, with the num-
ber of molecules reported in Table 1, were built with the Packmol
program [23] considering 1 g cm~> initial density. Simulations
were carried out in a two steps procedure: i) 10 ns simulations
in the NVT ensemble for equilibration purposes at the target tem-
perature, then followed by ii) 90 ns simulations in the NPT ensem-
ble at the selected temperature and 1 bar for production purposes.
MD was carried out for 298, 308 and 358 K for all the considered
mixtures. The pressure and temperature were controlled with
the Nose-Hoover method. Electrostatic interactions were treated
according to the Ewald summation method [24] (15 A for cut-off
radius). Cross — terms for Lennard-Jones contributions were calcu-
lated with Lorentz-Berthelot mixing rules. The equations of motion
were solved with the Tuckerman-Berne double time step algo-
rithm [25] (1 and 0.1 fs for long- and short-time steps).

3. Results

The solutions studied in this work using MD simulations,
Table 1, correspond to low water content (0 to 3128 ppm), thus
they allow to analyze the changes in ChCl:La properties for low
degrees of hydration as well as the behavior of (isolated) water
molecules surrounded by the DES polar environment. The structur-
ing of the considered mixtures was firstly analyzed by using radial
distribution functions, RDFs, for selected atomic sites, Fig. 2. The
DES component (Ch, Cl and La) have relevant sites, as shown in
Fig. 1, to develop hydrogen bonds between them as well as with
the confined water molecules. RDFs for these sites are reported
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Fig. 2. Site-site radial distribution functions, g(r), for the reported atomic pairs in ChCl:La (1:1) + W mixtures at different W content and 298 K.
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Fig. 4. (a) Self-diffusion coefficients, D, for each type of molecule and (b) density, p, in ChCl:La (1:1) + W mixtures at different W content and 298 K.

in Fig. 2. The Ch cation may interact through the hydroxyl site (01,
H1, Fig. 1) with Cl anion and with La molecules. The RDFs for Ch
(01) - Cl interactions, Fig. 2a, are characterized by a first peak at
2.95 A followed by a second weaker peak at 4.6 A, which confirm
the development of cation - anion interactions through the Ch
hydroxyl site. The position and intensities of RDFs peaks for Ch
(01) - Cl interactions are not affected by the presence of water
molecules in the studied concentration range, thus confirming that
water does not change the cation — anion interaction and it does
not show disruption effect at the mentioned concentrations.
Regarding the hydrogen bond acceptor (HBA; ChCl) - hydrogen
bond donor (HBD; La) interactions, it should be considered that
La molecules have three different sites which are prone to develop
hydrogen bonds (02,03 and 04 sites, Fig. 1), thus the possible
interaction of Ch with these three sites was considered, Fig. 2b to
2d. These results show that Ch - La hydrogen bonding is developed
through O3 and 04 sites, with almost negligible interactions
through O2 site, which would be occupied by La - Cl hydrogen
bonding. This mechanism of Ch - La interactions is maintained also

for the studied water concentration range. Therefore, these RDFs
points to the almost negligible effect of water content on the struc-
turing of ChCl:La, with nanoscopic arrangements not dependent on
the water molecules, thus pointing to the DES being able to fit
(confine) water molecules maintaining its hydrogen bonding self-
aggregation. Regarding the aggregation around water molecules,
results in Fig. 2e show a RDF first peak at 2.7 A corresponding to
the hydrogen bonding between water molecules and the hydroxyl
site (O1) in the cation. This Ch - water hydrogen bonding is present
for all the concentrations with the exception of mix_01 (a single
water molecule) for which no Ch - water interaction is inferred
thus showing a lower limit for developing effective interactions.
In the case of La — water possible interactions, results in Fig. 2f-h
show a different behavior for highly diluted solutions (mix_01)
for which hydrogen bonding with oxygen atoms in COOH group
(02 and 04 sites is inferred) whereas for the O3 site no hydrogen
bonding is inferred. The increasing water content leads to hydro-
gen bonding with all La sites but for mix_02 and mix_04 no hydro-
gen bonding is inferred. In the case if water self - association,
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Fig. 5. Velocity, ¢, distribution functions in ChCl:La (1:1) + W mixtures at different W content and 298 K. Results in panel a are obtained for mix_10, results in panels b to e are

obtained for mix_01 to mix_10.

Fig. 2i, it is discarded for very low water content, mix_01 and
mix_02, but for the remaining higher concentrations water mole-
cules show trend to interact as inferred from the RDF peaks at
2.7 A. Therefore, purely confined water monomers can be consid-
ered only for mix_01 and mix_02 concentrations (314 and
627 ppm, respectively) whereas for higher concentrations the con-
fined species should be larger water aggregates.

The spatial distribution around the DES molecules is reported in
Fig. 3 for lowest and highest water content. Considering a central
Ch molecule, Fig. 3a and 3d, the reported results show how water

molecules are distributed around all the cation molecule despite
the existence of large concentration of cation hydroxyl group in
the vicinity, especially at higher water contents. Likewise, the pres-
ence of water molecules has effect on the distribution of La mole-
cules around the Ch cation. In the case of La, Fig. 3b and 3e,
although water molecules are distributed also around the La mole-
cule, there is a concentration in the vicinity of the hydrogen bond-
ing sites, with minor effect because of the water content. The
distribution around water molecules, Fig. 3c and 3f, clearly shows
heterogeneous distribution of Ch and La molecules occupying
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different spatial regions with the slightly higher Ch domination
and being maintained in the studied low water content concentra-
tion range.

The presence of water molecules in the studied DES although
considering highly dilutes solutions should affect the main physic-
ochemical properties of ChCl:La. Results in Fig. 4a show the pre-
dicted self-diffusion coefficients, D, for all the involved molecules
as a function of water concentration. The reported D values are
in the order Cl > La > Ch > W, which is maintained in the full com-
position range. The low D values for water molecules indicate that
water molecules are trapped in the DES hydrogen bonding net-
work, therefore it probes the confinement of water molecules in
the studied solvent. Likewise, the evolution of D with composition
is non-linear with maxima at roughly 2000 ppm. The molecular
mobility is lower for low water content, i.e. water monomers are
trapped in the DES liquid structure with minor effect of water
molecules on DES self-interactions. As the water content increases
two different effects are present: i) up to 2000 ppm the size of
water clusters confined into the DES structure increases (as
inferred from the self-association in Fig. 2i) which increases the
disruption of DES self-association, i.e. larger molecular mobility,
ii) for water content larger than 2000 ppm the decrease in molec-
ular mobility may rise from larger clusters of water confined into
DES cages, with a decrease in the mobility of water molecules as
well as for DES components because of the new DES - water hydro-
gen bonding, Fig. 2. The behavior of density in Fig. 4b, although
showing negligibly small changes in density upon water addition,
shows a non-linear trend with a minimum at roughly 2000 ppm
that is in parallel to the D behavior, Fig. 4a. The increase of confined
water clusters sizes decrease density because of their (minor) per-
turbative effect on DES structuring whereas beyond 2000 ppm the
water — DES heteroassociation (slightly) increases density.

Journal of Molecular Liquids 339 (2021) 116758

The dynamic properties of the studied mixtures were also ana-
lyzed considering velocity distribution functions. These distribu-
tion functions show first maxima in the 25 to 30 pm ps~' for the
four involved species, the main difference in the distributions
stands on the intensity and width of these first peaks which follow
the distinct ordering (for peaks intensity) Ch > La > Cl > water,
Fig. 5a. Therefore, the molecular mobility for all the involved mole-
cules is highly correlated because of water molecules trapped in
DES cages, i.e. water molecules displacements evolve with the
movement of molecules in DES for the development of suitable
holes into the liquid to fit the confined water molecules. The effect
of water concentration on the velocity distribution functions,
Fig. 5b to 5d, is almost negligible in the studied concentration
range, thus the mechanism of diffusion is maintained even consid-
ering the trend of water molecules to self-aggregate, i.e. water
monomers and larger aggregates confined into the DES structuring
moves according to the same mechanism, which can be justified
considering the small size of the considered water aggregates.

The properties of the studied solutions are also studied consid-
ering the energy of the developed intermolecular interactions for
the involved molecular pairs, Fig. 6. The results in Fig. 6 show
non - linear evolution for all the considered interactions, evolving
through maxima of minima at roughly 2000 ppm, in agreement
with results in Fig. 4. Regarding the effect of water on energies
for DES self-interactions, mainly Ch-Cl and Ch-La (Fig. 6a and 6b),
the variations in energy are minor, for the case of Ch - Cl a 1.4%
increase (in absolute value) is inferred on going to 2000 ppm water
content whereas for Ch - La a 3.1% decrease is inferred in the same
water concentration range. Therefore, the studied low water con-
tent systems does not disrupt DES self-interactions remarkably.
The confined water molecules allow DES component to develop
self-hydrogen bonding in a similar way to neat DES. Nevertheless,
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Fig. 6. Intermolecular interaction energy, Ei.r (Sum of Lennard-Jones and coulombic contributions), for each type of interacting pairs in ChCl:La (1:1) + W mixtures at

different W content and 298 K.
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the minor changes in Fig. 5 for density and mainly for self-diffusion
should be produced by the development of DES - water interac-
tions. The corresponding values for Ch - water, Fig. 6¢, and La -
water, Fig. 6e, are remarkably lower than those for Cl - La,
Fig. 6d, thus showing water molecules interacting with the chlo-
rine anion. Moreover, with the increase of water content up to
2000 ppm the anion - water interaction is reinforced, whereas
the energies for Ch-water and La-water are weakened. Therefore,
for monomers or small water clusters, water molecules largely
interact with chlorine anion and in minor extension with Ch and
La, but when water concentration increases beyond 2000 ppm
although water interactions with the anion prevail, the increase
of the water clusters sizes leads to a reinforcement of interactions
with the Ch cation and La. The case of water-water interactions,
Fig. 6f, an increase (in absolute value) of the energy up to

- (a) ch(o1)-cl

A 0.58 -

I

=

v 0.56 -
0.54

05—

0.088

0.084 1

A 0.08 -

Ny

v 0.076 -

0.072 1

b) Ch(01)-La(02
0.068 — ) chiOl)- La(02)

0.024
[
0.02 +
AI
= 0.016
v

0.012
(c) Ch(01)-La(03)

0.008 —_—
0.15

0.14 ¢

A 0.13

I

v 0.12
0.11

1 (d) Ch(01)-La(04)
0.1 —

o

1000 2000 3000
c(W) / ppm

4000

Journal of Molecular Liquids 339 (2021) 116758

2000 ppm agrees with the increase in water clusters sizes, Fig. 2i,
whereas going beyond that concentration decreases the water-
water interaction because the water clusters start to efficiently
interact with the surrounding solvent through hydrogen bonding
without increasing the size of the confined water clusters.

The properties reported in previous paragraphs are originated
because of the ability of developing hydrogen bonds for all the
studied molecules, and thus because of the changes in these hydro-
gen bonding upon addition of low amounts of water. For this pur-
pose, the number of hydrogen bonds per molecule were calculated
and reported in Fig. 7 for the most relevant interaction sites. The
criteria for defining hydrogen bonds was a geometrical one consid-
ering 3.5 A and 60° for the separation of donor to acceptor (oxygen
to hydrogen) and the corresponding angle, respectively. The results
reported in Fig. 7 shows again a non-linear evolution with extreme
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at roughly 2000 ppm water content for most of the cases. The num-
ber of Ch-Cl hydrogen bonds increases on going to 2000 ppm water
content, which agrees with the increase of energy reported in
Fig. 6b. On the contrary, the number of hydrogen bonds for all
the Ch - La pairs (Fig. 7b-d) decreases, in agreement with the
energy behavior in Fig. 6b. Nevertheless, the changes in the num-
ber of hydrogen bonds for DES components is minor, thus showing
minor disruptive effect of water molecules. For the DES - water
hydrogen bonding, results in Fig. 6e-h show almost negligible
hydrogen bonding for low water content, with highly diluted solu-
tions mainly being hydrogen bonded with Ch cation, Fig. 7e, and
only when water concentration increases beyond 2000 ppm hydro-
gen bonding with La is not negligible. Analogous results are
inferred for water - water self-hydrogen bonding, Fig. 7i, with only
self-association being inferred for larger water contents, thus
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allowing to confirm that for low water contents mostly water
monomers are confined into the DES.

The kinetics of the formation and breaking of the developed
hydrogen bonds was analyzed considering the reactive flux corre-
lation function [26], from which the forward lifetime, 7y, are
inferred and considered as a measurement of the hydrogen bonds
lifetime, Fig. 8. As in the case of the properties reported in previous
sections, the evolution of 7; with water content is non-linear with
changes around 2000 ppm. All the 7 involving DES self-hydrogen
bonding decrease up to 2000 ppm water content and then increase,
both for Ch-Cl and Ch-La, thus although the presence of water
increases the number of some types of hydrogen bonds, such as
Ch - Cl (Fig. 7a), these hydrogen bonds are more dynamics (i.e.
lower life times), e.g. in the case of Ch - Cl 77 decreases roughly
50% on going from neat DES to 2000 ppm water content, Fig. 8a,
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Fig. 8. Living time of hydrogen bonds, 1y, for the reported sites in ChCl:La (1:1) + W mixtures at different W content and 298 K.
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Fig. 9. Site-site radial distribution functions, g(r), for the reported atomic pairs in ChCl:La (1:1) + W mix_10 at different temperatures.

although when water content increases beyond this limit 7; goes
back to a value similar to that in neat DES, with analogous results
(Fig. 8b to 8d) with for these interaction hydrogen bonds with even
large lifetimes than in neat DES being inferred for the larger water
content. In the case of DES - water interactions, Fig. 8e-h, larger ty
values have been observed in comparison to HBA and HBD cases. In
the case of water-water interactions, Fig. 8i, the results do not
allow to infer a clear conclusion, with these hydrogen bonds hav-
ing lifetimes in the range of DES-water ones. Therefore, hydrogen
bonds involving water molecules have larger lifetimes than inter-
actions between DES components, thus showing a heterogenilty
in the kinetics of hydrogen bonds, with those involving water sur-
viving when DES-DES ones have been broken.

The effect of temperature in the properties of the studied sys-
tems was analyzed in the 298 to 358 K range. The RDFs corre-
sponding to the interactions with water molecules are reported
in Fig. 9. For Ch-water and La-water interactions, the heating up
to 358 K almost vanishes the first RDF peak corresponding to the
development of hydrogen bonds, thus the DES - water interactions
are weakened upon heating. In the case of water-water interac-
tions, although heating decreases the intensity of RDF peaks,
Fig. 9c, this effect is remarkably lower than for DES-water interac-
tions, Fig. 9a and 9b, thus showing that water self-association is
less sensitive to DES-water ones to weakening upon heating.
Therefore, confined water clusters are still self-associated at high

temperature but the interaction with the surrounding DES solvent
is clearly weakened. The dynamics of the fluids with temperature
was considered with velocity distribution function in Fig. 10. In
all the cases heating supposes a widening of the distribution func-
tions as the molecules have more kinetic energy upon heating and
because of the decrease of water - DES interactions, which favors
molecular mobility at higher temperatures. Therefore, confined
water molecules in DES at high temperatures have a completely
different behavior to that in close to ambient conditions, which
should be considered for practical application of these solutions.

4. Conclusions

The properties of water confined in choline chloride + lactic acid
deep eutectic solvent was analysed as a function of water content
and temperature using molecular dynamics simulations. The
reported results confirm the existence of two different concentra-
tion regions, lower and higher than 2000 ppm water content, with
different behaviour but in all the cases with water aggregates con-
fined into the DES liquid structure. For low water content, water
monomers are confined into the DES voids, interacting with the
surrounding solvent through hydrogen bonding without largely
disrupting the solvent structural properties but increasing the
molecular mobility and decreasing the lifetimes of the hydrogen
bonds. For larger concentrations, the disruptive effect of water
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molecules is larger, because of the formation of water aggregates
affecting, although in a minor extension, the DES structuring. The
temperature has a large effect on the solutions properties, with
large disruptive effect on water — DES interactions. The reported
results show how water molecules can be efficiently confined in
DES with minor changes in the solvent properties, thus for low
water concentration the presence of isolated water clusters in
the solvent provides a new way to have water molecules in matrix
suitable for different practical application into sustainable solvent.
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