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1 Introduction

Structural insights into carboxylic-acid based DES
across H-bond donor ratios: impact of CL&Pol
refinementy

Jon Zubeltzu (2 ** and Elixabete Rezabal 2 °

Deep eutectic solvents (DES) are of significant interest due to their eco-friendly nature and vast
applications. Carboxylic-acid-based choline chloride (ChCl) DES are notable for their roles in
electrochemical, drug delivery, and biomass processing applications, with efficiency influenced by the
ChCl: carboxylic acid ratio. Understanding these mechanisms requires detailed knowledge of their
structure. This study investigates the choline chloride—lactic acid (ChCL:LA) DES structure using ab initio
molecular dynamics simulations to assess the accuracy of the transferable and polarizable CL&Pol force
field. We observe that the CL&Pol force field qualitatively captures primary interactions within the
system, despite numerical discrepancies due to its transferable nature. To refine the original force field,
we incorporate two improvements: tuning the ¢ parameter of the strongest hydrogen-bond interactions
and incorporating the Tang—Toennies damping function to correct chloride ion overpolarization. The
first adjustment enhances the targeted interactions and significantly improves the short-range structure
of the entire hydrogen-bond network. The second refinement, although minimally impacting the
structure at low LA ratios, proves critical at higher ratios by correcting the oversegregation of ionic
molecules in the original force field. Consequently, it becomes essential for reliably depicting the
medium and long-range structure of the system, highlighting that the specific parameter of the force
field to be refined depends on the structural scale under investigation. Notably, the long-range structure
results from the competition between choline and carboxylic acid for chloride, rebalanced by the
suggested modifications, especially the overpolarization correction.

currently used in advanced applications such as therapeutic
applications,>® electrodeposition processes,” spent battery

Deep eutectic solvents (DES) are intricate mixtures typically
composed of a hydrogen bond donor (HBD) and a hydrogen
bond acceptor (HBA), exhibiting a significant reduction in
melting temperature at specific compositions compared to
their individual constituents. DES are recognized for their ease
of synthesis and environmentally friendly origins.

Among these solvents, choline chloride-based DES incorpor-
ating carboxylic acid-based HBDs have gained significant atten-
tion for several reasons: they are naturally abundant, highly
cost-effective due to the plentiful availability of raw materials,
and possess environmentally friendly properties. These DES are
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recycling,” and are considered promising alternatives for elec-
trolytes in batteries and fuel cells.®

The literature has revealed that ChCl-carboxylic acid
DES, display intricate structural microheterogeneities influ-
enced by composition,” which are closely tied to their potential
applications.* ™ Particularly, the microheterogeneous struc-
ture of ChCl-based DES materials has been shown to vary with
factors such as the cation’s alkyl chain length, the HBD ratio,
and water content. Realizing the full potential of these materi-
als hinges on elucidating the intricate relationship between
their properties and atomic-level structure, as emphasized by
Stephens et al.**

In this context, computational simulations have shown to be
an ideal tool providing a cost-effective alternative to experi-
mental methods but also offering detailed, atomic-level
insights into the structure of the system. However, DES, along
with ILs, present distinctive challenges for theoretical chemis-
try, stemming from their complex nature. On one hand, the
dynamic study of large model systems is imperative due to the
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inherent fluctuations in DES structures and the presence of
strong, long-range Coulomb interactions. These features often
require the use of force-field-based calculations, which allow
large size of model systems to be studied. On the other hand,
the role of dispersion and induction interactions in these
solvents is paramount, making non-polarizable force fields less
reliable for addressing structural properties. Finally, the large
variety of possible combinations hinders the availability of ad
hoc parameterized force-fields.

Recent advancements, such as the work by Goloviznina
et al.,"”> have introduced a polarizable and transferable force
field (CL&Pol) that seeks to improve the treatment of induction
interactions by explicitly incorporating polarization effects.
While this innovative approach has significantly advanced
our ability to study these systems theoretically, it has also
revealed certain limitations, particularly when applied to
chlorine-containing DES solvents."®

One notable limitation pertains to what is commonly referred
to as “naked hydrogens” within the force field. Specifically, this
limitation arises from the absence of Lennard-Jones parameters
for the hydrogen atoms of hydroxyl groups, which leads to the
so-called polarization catastrophe. In the case of a chloride
containing solvent, excessively short distances and strong inter-
actions between the naked hydrogens and chlorides are
obtained, and consequently, an overestimation of the global
density of the liquid. This issue has been solved by adding a
Tang-Toennies dumping function into all the induced dipole-
charge interactions, and by increasing the ¢ parameter of the
Lennard-Jones pair potential between the oxygen atom of the
hydroxyl group and the chloride anion to 370 pm. Nevertheless,
recent findings in the literature'® have raised concerns about the
adequacy of this fixed ¢ value. It has been reported that this
value may not be suitable, as it tends to underestimate choline-
chloride and chloride-neutral molecule interactions in
ChCl:ethylene glycol (EG) systems.

Furthermore, another significant challenge arises from the
overpolarizability of chlorine atoms in this force field, as high-
lighted in studies by Szabadi et al."” and Maglia de Souza et al.'®
This overpolarizability results in excessively large nanoheterogene-
ities when applied to ChCL:EG systems, impacting the accuracy of
simulations. Different solutions have been suggested in the
literature to solve this issue, as reducing chlorine polarizability'”
or applying the Tang-Toennies damping factor to chlorine,'® the
latter of which has provided satisfactory results.

These issues have primarily been analyzed in DES with
alcohol group-containing HBDs; however, their effects have
not been explored in DES with carboxylic acid-based HBDs,
despite their significant interest. Addressing the influence of
these limitations will pave the road towards a more reliable
representation of carboxylic group-based DES. In order to do so,
in this work, we have chosen to study choline chloride with
lactic acid (LA) DES, the latter being a HBD that displays an
alcohol group and a carboxylic group. This will permit us to
study the extent of the limitations of the force field previously
described for alcoholic HBDs (1) when combined with other
functional groups, and (2), in carboxylic HBDs. We will also
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address the effects of the mentioned issues in the structure of
this DES as the presence of the HBD varies.

Beyond the interest in ChCL:LA DES due to the distinctive
chemical groups, this DES is highly relevant due its wide range of
applications during recent years: its notable conductivity proper-
ties have made it useful as an electrolyte,"®>° while it has also
been explored for drug delivery,”" the extraction of organic
compounds,?* and non-linear optical phenomena.>* Furthermore,
it has consistently shown exceptional performance in lignin
extraction from biomass.>**® Additionally, in certain applications
such as non-linear optical properties, lignin extraction efficiency,
and conductivity,”” adjusting the ChCl : LA ratio has been found to
influence the overall performance of the solvent. Despite the
broad applicability of the system, no experimental studies of its
structure have been published in the literature for the best of our
knowledge, and most studied parameters as conductivity, viscos-
ity, diffusion, and density, have been measured only for binary
mixtures of water and ChCl:LA DES.*>*

In summary, in this study, our primary objective is to
elucidate the structure of ChCL:LA DES and investigate the effects
of increasing the HBD ratio on the system. For that, we will
initially address and improve the limitations found in the CL&Pol
force field for ChCl-based materials, and assess its performance at
the short-range as compared to DFT-based molecular dynamics
simulations (AIMD). While AIMD calculations provide accurate
short-range structural information, they are constrained to small
systems and short simulation times. Therefore, we will initially
focus on the 1:1 ratio. Subsequently, our investigation will be
extended to a range of ChCl:LA ratios by means of classical
molecular dynamics (CMD) simulations. Our overarching goal is
to provide insights into the significant variations in experimental
performance with increasing LA excess.

2 Computational details

CMD simulations of periodic cubic systems are carried out using
the LAMMPS package.”® Interparticle interactions are modeled
using the extended version of the CL&Pol polarizable force field by
Goloviznina et al."*?° based on the OPLS-AA framework. Within
this force field the drude oscillator model, implemented in the
USER-DRUDE package, is employed to describe all atoms of the
system excluding hydrogens. Force field parameters for choline
and chloride molecules are taken from the fftool package,*" while
parameters for LA molecules are obtained from the OPLS-AA
based LigParGen web server.>” Subsequently, they are polarized
analogously to the work by Goloviznina et al.,”® treating the LA
molecule as a single fragment. The predicted dispersion scaling
factors between different type of fragments are shown in Table 1.
The induced short-range electrostatic charge-dipole and dipole-
dipole interactions resulting from the inclusion of polarization are
dumped by the Tang-Toennies and Thole functions, respectively,
as detailed in ref. 15 and 29. Electrostatic interactions are
computed by the particle-particle particle-mesh scheme with an
accuracy of 1 x 10>, A cutoff of 1200 pm was considered for the
Lennard-Jones potential including tail corrections.*

Phys. Chem. Chem. Phys., 2024, 26, 27486-27497 | 27487


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4cp03233k

Open Access Article. Published on 25 October 2024. Downloaded on 1/21/2026 7:01:27 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

PCCP

Table 1 Dispersion scaling factors obtained for each pair of types of
fragment considered in this work

Fragment { Fragment j ky

Ch* cr- 0.48
Ch* LA 0.47
Cl™ LA 0.51
LA LA 0.66

The CMD simulations are performed within the NPT ensem-
ble using the Nose-Hoover thermostat, as detailed by Dequidt
et al.*° The temperature is fixed at 333 K, pressure at 1 bar, and
timestep to 1 fs. Initial random molecular configurations are
generated using the Packmol package.** Input files are con-
structed with the fftool package, following instructions detailed
by Goloviznina et al.*® Unless otherwise stated, the equilibration
period for the simulations are 112 ns, followed by a 30 ns
production run. The amount of molecules included in the
simulation box varies depending on the ChCl:LA DES ratio:
300 ChCl and 300 LA molecules for the 1:1 ratio, 200 ChCI and
400 LA molecules for the 1:2 ratio, 100 ChCl and 500 LA
molecules for the 1:5 ratio, and 55 ChCl and 550 LA molecules
for the 1:10 ratio. This choice of number of molecules results
in similar averaged equilibrated cubic box dimensions for the
various employed ratios and force-fields, ranging from 4482 pm
to 4665 pm.

The structural analysis (radial distribution functions, com-
bined distribution functions and Voronoi analysis) shown in
this work is carried out on the production run with the TRAVIS
software®®*” while direct images of the simulated molecules are
captured with the VMD?® software.

AIMD trajectories are produced at 333 K by means of the
CP2K software,**™** starting from a cubic box with dimensions
of 1752 pm x 1752 pm x 1752 pm that contains 16 ChCl ion
pairs and 16 LA molecules produced by CMD simulations. NVT
ensemble calculations are performed using the Nose-Hoover
thermostat.***> A production of 109 ps is obtained, with a time
step of 0.5 fs, at the BLYP-D3/DZVP-MOLOPT-SR-GTH*®">* level.
Due to the higher computational cost associated with AIMD
calculations, several CMD simulations are carried out contain-
ing 16 molecules of each molecular compound. This allows for
a direct comparison of results between the two levels of theory.
In this case, the CMD simulations involve 2 ns of equilibration
time followed by 10 ns of production time. The size and time
convergence aspects of these calculations are further discussed
in the ESIt (Section S1).

3 Results

3.1 Force field refinement: the short-range structure

Our first task is to address the limitations found in the force
field, based on the corrections previously suggested in the
literature and taking AIMD calculations as reference. The
strongest interactions among those which form the hydrogen
bond network established in our system are the charge-dipole
interactions, thus, the hydrogen bonds between the chlorine
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Fig. 1 Chemical structure of the choline chloride—lactic acid DES.

anion and the hydroxyl groups. In particular, in our system
there are three different hydroxyl groups (see Fig. 1): the
hydroxil in the carboxylic group of the LA, the alcohol group
in LA, and the hydroxil group in choline, referred to as
LACOOH, LAOH and ChOH respectively hereafter.

Fig. 2 displays the RDFs obtained for ClI -ChOH, Cl -
LACOOH, and Cl"-LAOH interactions, calculated using various
levels of theory in this study (details are provided later in the
text). These simulations were conducted with an equal number
of molecules (16 of each molecular compound) in the simula-
tion box to prevent any size-related artifacts that could affect
the fitting process. The first-neighbour maxima of the RDFs
obtained with AIMD calculations are located at 212 pm, 198 pm
and 215 pm, respectively. The first two interactions exhibit
significantly larger values for the first peak maxima: 10.7 and
11.5, respectively, whereas for the CI"-LAOH RDF is 5.1.

CMD RDFs obtained with the extended version of the
CL&Pol polarizable force field by Goloviznina et al.">*° (named
FF1 hereafter) agree in the hydrogen bond distances (blue in
Fig. 2), but with discrepancies in the g(r) value, as previously
observed by Maglia de Souza et al. for the hydrogen bonds
formed in ChCLEG DES.'® In their case, the RDFs of the
hydrogen bonds formed by chlorides employing the CL&Pol
force field show lower first-neighbor peaks than the ones
obtained with AIMD simulations. In our case the FF1 shows
distinct deviations in the RDFs with respect to AIMD calcula-
tions depending on the molecule type with which chloride is
forming a hydrogen bond: an overestimation with choline
(Fig. 2(a)) and an underestimation with LA (Fig. 2(b and c)).
This is specially striking for CI ' -LAOH RDF, where at the first
peak, the g(r) value reaches 0.58, considerably lower than what
a non-correlated pair of particles would exhibit. While keeping
the rest of the interparticle ¢ parameters from the FF1 force
field unchanged, we adjust the specifical ¢ parameters related
to the CI"-ChOH, CI"-LACOOH, and Cl -LAOH interactions,
using the RDFs obtained from AIMD as a reference. The
modified force field that includes these tuned parameters is
named FF2 hereafter. The original and modified values of the ¢
parameters are shown in Table 2.'> The agreement between
AIMD and FF2 (see RDFs in red in Fig. 2) is very satisfactory.

Regarding the overpolarization of the chlorine, its influence
was monitorized in the literature by analyzing the Cl™-Cl™
RDF,"®" reporting the underestimation of Cl -Cl~ distances
as compared to AIMD values. Our AIMD simulations show quite
a wide peak at around 600 pm for the CI"-Cl~ RDF (see Fig. S4,
ESIT), closer than related systems, as the ChCLEG system by
Alizadeh et al.,** which predict the maximum at around 770 pm.

This journal is © the Owner Societies 2024
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Fig. 2 Radial distribution functions (RDF) between (a) Cl"—=ChOH (b) Cl”-LACOOH and (c) Cl”—LAOH atoms for AIMD (black), FF1 (blue), FF2 (red) and

FF3 (green) in a box of 16 molecules of each molecular compound.

Table 2 Original and modified values of interparticle Lennard-Jones o
parameter for each interparticle interaction studied in this work

orr1 (pm) orrz (pm) orrs (Pm)
Cl"-ChOH 370 380 376
Cl"-LACOOH 370 366 364
Cl"-LAOH 370 347 338

FF1 and FF2, on the contrary, predict this maximum at 500 pm
approximately, similar to ChC:EG CMD simulations.'® Never-
theless, FF-based RDFs in our system predict a higher and
narrower peak, suggesting that the H-bond network with Cl™ is
stronger in this case. The overpolarization of the force field was
corrected in the literature, by introducing the Tang-Toennies
damping function to CI~,"” and in fact was seen to shift the
maximum of the CI ~Cl~ RDF to around 700 pm for ChCL:EG,"®
reaching a better agreement with the corresponding AIMD data.
This was done by applying the Tang-Toennies function to the
previously o-corrected force field. In our case, following an
approach similar to that for FF2, we obtain a new set of ¢ values
(see Table 2) by fitting the first peaks of the RDFs from AIMD
calculations (shown in green in Fig. 2) including the Tang-
Toennies dumping function between the induced dipoles
that contain CI™ ions. This procedure is analogous to that of
Maglia de Souza et al., where we also set the same value for
the parameter b = 4.5 in the Tang-Toennies potential.'>'® This
modified version of the force field is referred to as FF3 hereafter.
Similar to the FF2 version, in FF3 only the ¢ parameters for
the interactions listed in Table 2 are adjusted, while the &
parameters for all other interparticle interactions from FF1
remain unchanged.

In our case, although the value of the first peak in the ClI" -
Cl” RDF with the Tang-Toennies damping function approaches
that obtained by AIMD, it holds its position at around 500 pm (see
S2, ESIt). Consequently, the FF3 force field shows no improve-
ment in the positioning of the first neighbor peak, contrarily to
what observed by Maglia de Souza et al for ChCLEG.'® This
suggest that our structure relies mostly on CI"'-ChOH and Cl -
LACOOH interactions, which makes the overall structure less

This journal is © the Owner Societies 2024

dependant on the polarization effects than other, non carboxylic
acid-based systems.

Although the RDFs obtained with the modified force fields
FF2 and FF3 show satisfactory agreement with those from
AIMD, some structural differences remain. Specifically, the
second RDF peak in Fig. 2(a) present in all three force fields,
disappears in the AIMD results. This difference arises from the
tendency of chloride anions to occupy a secondary position
closer to the ammonium group of choline in all CMD simula-
tions (see Section S2 of the ESIT).

After establishing the three distinct force fields, it would be
appropriate to evaluate their performance against available
experimental data. Unfortunately, experimental data for
ChCl:LA DES under comparable temperature and pressure
conditions are scarce in the literature. To the best of our
knowledge, the only reported data so far is the density for a
1:1 ChCI:LA ratio.”® Table 3 presents the experimentally
obtained density value alongside those obtained from our
CMD simulations employing the FF1, FF2, and FF3 force fields.
The density predicted by the FF1 force field largely agrees
with the experimental value, albeit slightly underestimating
it. The modified FF2 and FF3 force fields rectify this deviation,
yielding values within the range of experimental estimations.
Overall, there is significant alignment between these experi-
mental and computational density values, supporting the
transferability of the CL&Pol force field. This conclusion aligns
with the findings of Goloviznina et al.,">*® who conducted a
comparative analysis of experimental and computational
results across diverse ILs and DES types. The calculated diffu-
sion coefficients and both partial and total X-ray structure

Table 3 Density of ChCl: LA DES at 1:1 ratio, temperature T = 333 K and
pressure P = 1 bar obtained through experiments®® and by CMD simula-
tions employing the force fields considered in this work

p (g em™)
Exp.>® 1.13-1.14
FF1 1.121
FF2 1.130
FF3 1.132

Phys. Chem. Chem. Phys., 2024, 26, 27486-27497 | 27489
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factors are included in the ESIt (Sections S3 and S4) to facilitate
direct comparisons with additional experimental data in the future.

We now analyze the impact of the modified force fields on
the overall hydrogen bond network of the liquid. We do it
through the combined distribution functions (CDF) where the
RDF between atoms forming the H-bond (x-axis) and the
angular distribution function that contains these two atoms
(y-axis) are shown in combination. Fig. 3 shows the CDFs of the
H-bonds for which the ¢ parameter has been optimized. In
terms of occurrence values, these three type of H-bonds emerge
as the strongest ones throughout the simulations (see Fig. S5
(ESIT) for comparison with the remaining type of H-bonds).
Notably, FF1 underestimates the interaction with LACOOH and
LAOH and slightly overestimates the interaction with choline
(see Fig. 3). The agreement between AIMD with the FF2 and FF3
force fields regarding the H-bonds shown in Fig. 3 is highly
satisfactory, despite the large differences on the size of the
system and simulation timescale employed at each level of
theory. Importantly, the observed similarities extend beyond
RDFs, which were the ones employed during the fitting process.
The different ADFs also exhibit large agreement. This supports
the use of small size systems containing 16 molecules of each
chemical compound for the fitting process.

Concerning the remaining hydrogen bonds in the system,
the corresponding CDFs are provided in Section S5 in the ESL
Overall, FF1 tends to underestimate the strength of the hydro-
gen bond network in comparison to DFT, with a unique
exception (Fig. 3(a)).

Regarding the influence of the modified force fields in the
H-bond network, two distinct scenarios emerge: those in which

View Article Online
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LA acts as a hydrogen bond donor, interacting with either
choline or another LA. For these specific H-bonds, the three
distinct force fields give similar deviations with respect to
AIMD (see ESIT). Conversely, when choline serves as a donor
interacting with either LAs or other cholines, the underestima-
tion by the FF1 force field is significantly rectified in FF2 and
FF3, resulting in an improved agreement with AIMD results.
This difference can be attributed to the ¢ correction, which
weakens the Ch-Cl interaction and consequently, more choline
molecules are available to form H-bonds with other cholines or
LAs. This analysis suggests that the tuning of the selected o
parameters enhances not only the description of their respec-
tive H-bond interactions but also indirectly improves, on a
global scale, the representation of the entire H-bond network.

3.2 ChCI:LA structure as the LA excess increases

In this section, we describe the structural changes of the system
as the ChCl:LA ratio increases, with a particular focus on
understanding how different versions of the force field influ-
ence the predicted structure of the material.

Fig. 4 shows the RDFs and coordination number between
the CI"-ChOH (a), CI"-LACOOH (b) and Cl"-LAOH (c) pairs of
atoms for each ChCl:LA ratio: 1:1, 1:2, 1:5 and 1:10. It is
worth noting that the CI"-LAOH population is substantially
lower than that of the other two. This can be deduced by
comparing the maximum values of the RDFs or the coordina-
tion numbers in Fig. 4. Even if g(r) increases upon the o
correction in FF2 and FF3, the CI"-LAOH bond is still signifi-
cantly less populated than the other two, more evidently as the
ChCl: LA ratio increases. Two distinct trends emerge in these
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Fig. 4 (a—c) Radial distribution functions and coordination numbers of (a
the FF1 (blue), FF2 (red) and FF3 (green) force fields for the different ChCl
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: LA ratios considered: the darker the color, the larger the LA molecule ratio.

(d) Values of all these RDFs at ro = 800 pm for each type of interaction: from left to right, CI"—=ChOH, CI"-LACOOH and Cl”-LAOH, respectively.

interactions as the ChCl: LA ratio varies, depending on whether
the employed force field version exhibits overpolarization or not.

In the FF1 force field, the population of CI -ChOH remains
consistently close to 1, despite changes in the LA ratio (see
panel (a) in Fig. 4). This shows that although the relative LA

This journal is © the Owner Societies 2024

molecule number increases with the ratio, they are not affect-
ing the CI"-ChOH population. In the FF2 force field, a similar
behavior is observed, with the coordination number experien-
cing a minor decrease as the LA ratio increases. Conversely,
the RDFs obtained with the inclusion of overpolarization
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correction in FF3 show a gradual decrease in the coordination
number as the ratio shifts from 1:1 to 1:2, followed by a
significant drop at a ratio of 1:5 and 1:10. This clearly
indicates that, with this force field, the increase in LA mole-
cules affects the CI"-ChOH population by replacing some of
the chloride ions with LA molecules.

In contrast, the CI -LACOOH coordination number (panel
(b) in Fig. 4) experiences a consistent reduction across all consid-
ered force fields as the LA excess increases. Regardless of the force
field used, this behavior is anticipated, as the relative number of CI™
ions in the mixture diminishes with an increase in the LA ratio. FF1
and FF2 predict a coordination number lower than 0.5, which
further decreases with increasing excess. FF3, however, predicts a
slightly higher coordination number, and the reduction is not as
pronounced. The CI"-LAOH pair interaction (see Fig. 4(c)), exhibits
significant differences between the original and modified force
fields. These differences primarily stem from the notable changes
in the ¢ parameter associated with this interaction. As a result, the
modified force fields display larger coordination numbers.
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Longer-range correlations can be inferred by analyzing the
RDFs at greater distances. Fig. 4(d) presents the values of each
RDF from Fig. 4(a-c) at a distance of r, = 800 pm, approximated to
contain multiple solvation shells. For ease of comparison, a
horizontal line representing the g = 1 value, indicative of an
ideally uncorrelated pair of atoms, is included. Notably, in the
ClI"-ChOH interaction, the RDFs from FF1 and FF2 show sig-
nificant deviations from unity with increasing LA ratios, hinting at
the formation of ChCl clusters in the sample. Conversely, the FF3
force field exhibits a qualitatively different behavior, yielding RDF
values closer to an ideally uncorrelated system, especially at
higher LA ratios (1:5 and 1: 10). The RDF values for CI"-LACOOH
and Cl -LAOH interactions corroborate this idea: FF3 consis-
tently yields values closest to g = 1, regardless of the LA ratio. This
trend is particularly noticeable, again, in the 1:5 and 1:10 LA
ratios. In summary, these observation further suggests that,
among the three force fields, FF3 tends to significantly achieve
a more homogeneous mixing of the different molecular com-
pounds in the system as the ratio of LA molecules increases.
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Fig. 5 (a) Number of ChCl clusters and (b) ChCl clustering degree evolution through simulation time for the different force field considered in this work:

FF1 (blue), FF2 (red) and FF3 (green). The ChCL: LA ratios examined (1:1,1:2, 1:5, and 1:10) are indicated by the color intensity: darker color represent
higher LA ratios. The values depicted are the averages of each 1000 snapshots. (c) Neighbour count at different ChCl: LA ratios and force fields (same
color pattern) between pairs of molecular species: from left to right, Cl"=Ch*, CI”-LA, and Ch*-LA.
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This difference is expected to exert a substantial influence
on the overall structure of the DES. For this purpose, we classify
the molecules using Voronoi tessellation, distinguishing
between ChCl molecules on one side and LA molecules on
the other. The time evolution of ChClI cluster counts during the
MD simulation is shown in the upper panel of Fig. 5. The
behavior of this parameter exhibits noteworthy distinctions
between different FF versions considered. For FF1, convergence
is rapidly achieved, showing a consistent formation of approxi-
mately four clusters across various ChCl: LA ratios. With FF2, a
similar amount of ChCI cluster formation is observed, albeit
with a slight increase as the LA molecule ratio rises. Notably,
FF3 presents the most distinct scenario: the number of clusters
varies significantly among different ChCl:LA ratios, reaching
its largest value at approximately 36 ChCl clusters for the 1:10
DES ratio.

The clustering degree®® (central panel in Fig. 5) offers
further insights into the characteristics of the formed clusters.
Defined as the ratio between the number of ChCIl molecules in
the largest cluster and the total number of ChCl molecules in
the system, it provides the proportion of ChCl molecules that
form part of the largest cluster. In the context of FF1, this ratio
is remarkably close to unity across different ChCl:LA ratios,
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indicating that nearly all the ChCl molecules belong to a single,
large cluster. A similar pattern emerges with FF2, where all
considered systems display clustering degrees approaching
one, albeit with minor distinction for 1:10 ChCl:LA ratio,
where a clustering degree of around 0.9 is obtained. Finally,
for FF3, the clustering degree is also close to one for the 1:1
and 1:2 ratios. However, a significant difference from this
trend is observed for the 1:5 (0.87) and 1:10 (0.30) ratios,
indicating a lower level of clustering among ChCl molecules. It
can be concluded that, in these instances, ChCl molecules are
distributed more evenly across multiple clusters.

Based on the Voronoi tessellation scheme, we calculate the
neighbour count which gives the number of times that a given
molecular species shares a Voronoi contact area with another
molecular species. Fig. 5(c) shows the neighbour count between
Cl -Ch", CI -LA, and Ch*-LA molecules at different ratios with
the three distinct force fields. The obtained results align with
what is obtained in the number of clusters and clustering
degree, FF3 tends to evenly distribute the molecular com-
pounds conforming the DES, while FF1 tends to separate ChCl
and LA molecules. The neighbor count also indicates that the
structural differences given by each force field are enhanced as
the LA ratio increases, showing that the overpolarization

I:10

Fig. 6 Final snapshot of the simulation box captured for each ChCl: LA ratio (1:1,1:2,1:5, and 1:10) and force field (FF1, FF2, and FF3). ChCl molecules

are represented in blue, while LA molecules in red.
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correction included in the FF3 force field does not show large
structural differences with respect to FF2 at low LA ratios, but it
significantly affects the structure of the liquid at large LA ratios.
These structural differences are also discernible when obser-
ving the last snapshots of the simulation box (see Fig. 6). At a
DES ratio of 1:1, FF1 exhibits a clear segregation between the
ions and neutral molecules, a phenomenon that becomes
increasingly pronounced with rising LA ratios. FF2 begins to
display segregation at a ratio of 1:2, a trend that persists at
higher ratios. FF3, on the other hand, presents a markedly
more homogeneous mixture across all examined ratios, indi-
cating a qualitative improvement with respect to FF1 and FF2.
Regarding the dynamical properties of the liquid, the calcu-
lated diffusivities (see ESIf) indicate that FF3 produces the
highest ionic diffusivities and the lowest ones for lactic acid.
This behavior is consistent with the fact that FF3 yields the
most homogeneous liquid structure among the three force field
versions, leading to fewer direct ionic interactions and thus
increasing the mobility of the ions. At the same time, lactic acid
forms stronger interactions with the ions, which reduces its
diffusivity. Furthermore, we observe a general trend, indepen-
dent of the force field employed, where the diffusivities of all
molecular species increase as the lactic acid ratio increases.
Finally, note that the time required to obtain a converged
value for these large-scale structural parameters is often around
100 ns. For instance, the clustering degree of the 1:10 ChCl: LA
ratio with the FF2 force field takes approximately 80 ns to
converge, while the collapse degree exhibited by all force fields
with a 1:1 ratio is achieved in about 100-120 ns. This high-
lights that the dynamics of these clusters demand substantial
simulation times to achieve an equilibrated structure.

4 Discussion

In this work, two different aspects of the CL&Pol force field are
refined for the ChCL:LA system. The first of them, the ¢ para-
meter of the three strongest H-bond interactions are tuned based
on AIMD 1:1 simulations. This parameterization is highly
system-dependant, and affects significantly the accuracy of the
force field in capturing the short-range structure of the DES. In
particular, focusing on the main interactions in the system, the
original force field overestimates the CI"-ChOH interaction and
underestimates Cl -LA interactions, particularly CI -LAOH, as
compared to AIMD. The agreement is optimized by tuning the ¢
value to fit the AIMD data, obtaining large agreement between
both levels of theory. Furthermore, it is observed that as a
consequence, the improvement is extended to the whole H-
bond network, optimizing the overall agreement with AIMD
without falling in the overparameterization.

The second aspect tackled is the overpolarization of Cl-,
which is corrected by applying the Tang Toennies damping
function between the induced dipoles interactions. Only minor
modifications are observed in the 1:1 ratio, mainly in the CI"-
LAOH interaction, pointing out to the fact that this is the
interaction that depends most on the charge-induced dipole
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interactions of the system. The description of the CI " -Cl~ RDF,
is also improved by the overpolarization correction (see Fig. S2,
ESIT) as compared to the AIMD calculations, but only in terms
of the g(r) value. The position of the first peak does not shift
across the three employed force fields, which stays with a
deviation of 100 pm from the AIMD spectra. The Tang Toennies
correction did induce a shift of 200 pm the CI -CI™ peak of the
ChCI-EG system, leading to a disagreement of 70 pm with
AIMD, not far from the difference in our system for all the force
field versions. However, the Cl~ anions were predicted to be
further away from each other by AIMD calculation in that
system, pointing out to a less structured environment with
significant influence of the polarization effects. We can conclude
that the Tang Toennies correction does not crucially alter the
structure of the system at this point. This already suggests
the lack of relevance of the CI -LAOH interaction in the system,
the most susceptible interaction among the three charge-dipole
interactions. This is probably due to the fact that the main
interaction between ChCl and LA is the one taking place with the
carboxylic moiety, on the contrary to other systems in the
literature having solely an alcohol group in the neutral molecule.

Interestingly, the relevance of both corrections is reversed as
the ChCI-LA ratio increases. We observe that both FF1 and FF2
reported similar results in terms of coordination numbers in
different ratios (see Fig. 4); increasing (decreasing) the ¢ value
for the CI"-ChOH (ClI"-LACOOH) interaction, weakening
(strengthening) it, alters its coordination numbers to Cl~ only
weakly. The influence of the overpolarization, nevertheless, is
crucial as the ratio increases. The coordination number in the
Cl"-ChOH interaction decreases upon the increasing the ratio
in FF3, stating, therefore, that the overpolarization remarkably
affects the population of the CI"-ChOH interaction. While in
ratio 1:1 this has no remarkable influence, as the ratio is
increased, the higher availability of the Cl™ in FF3 induces more
probable interactions with the LA, in line with several works that
show ChCl-based DES hydrogen bond network to rely on the
competition between cation and HBD for the anion.?””®

It is the balance of these interactions that determines the
structure of the material. It is worth noting that correcting the
underestimation of the CI"-LAOH interaction by FF1 does not
imply a substantial increase of its population, and remains a
second level interaction that does not govern the overall
structure. Given that CI"-ChOH is the strongest interaction
taking place between the ions, it tunes the internal cohesion of
the HBA, the ChCl. This internal cohesion is overestimated by
FF1 and FF2 due to the overpolarization; when this is corrected,
the interaction between the chlorine and LA is improved,
therefore ameliorating the mixing between ChCl and LA. Evi-
dently, this has important implications for the overall structure
of the material that are reflected in distinct behaviours of the
clustering and collapse degrees in each system.

The collapse degree and neighbour count analysis comple-
ment each other in providing a general picture of the structure
at the different ratios and the different force field versions
considered. Both FF1 and FF2 show similar structural results:
the clustering degree is near to one, meaning that almost all the
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ChCl molecules form part of the same cluster, and therefore, a
very strong segregation takes place in the system. The neigh-
bour count slightly differs between both force fields, with FF2
tending towards a more homogeneous liquid.

In an homologous situation, Maglia de Souza et a
detected an artificial phase-separation problem in the 1:2
ChCl: EG system that was corrected by decreasing the ¢ value
of CI"-OH interactions and therefore strengthening them. In
our case, ¢ fitting does not affect significantly the long range
structural behaviour of our system, which is still oversegre-
gated, even though the g-corrected FF2 force field exhibits a
modest decrease of the segregation between ions and neutral
molecules compared to the original force field.

On the contrary, once the overpolarization correction is
included in FF3, a significant structural change is predicted
for the system as the LA excess increases. FF3 markedly
enhances the structure of ionic and neutral clusters, achieving
a more homogeneous mixture, especially at the highest DES
ratios examined in this study: 1:5 and 1:10. This improvement
is evidenced by the low clustering degree and large differences
in neighbour count given by FF3 with respect to FF1 and FF2.

1.16

5 Conclusions

The artifacts resulting from the limitations detected in the
CL&Pol force field for ChCl-based DES have been seen to affect
also the carboxylic acid-based ChCL:LA both in the CI"-LAOH
and Cl"-LACOOH interactions. Particularly, fixing the ¢ value
for all the CI"-OH interactions affects mostly the short-range
structure of the system, while the overpolarization results in
profound differences when it comes to the long-range
structure.

Indeed, the former leads to a better agreement with AIMD,
but does not significantly alter its overall structure in different
ratios, on the contrary to what was observed in the literature for
other systems.'® It is interesting to observe that despite the
ClI"-LAOH interaction being the most affected interaction in
the system, correcting its underestimation by means of the ¢
parameterization does not result in a significant role on the
overall structure of the liquid, which is mostly tuned by Cl" -
ChOH and CI"-LACOOH. On the other hand, it is worth noting
that the optimal ¢ values obtained for the CI"-LAOH inter-
action is very similar as the one obtained in the literature for
the CI"-EG interaction, but not that of CI"-ChOH, probably
due to the different competing interactions governing the
overall structure.

Regarding the overpolarization correction, it does not
significantly alter the short-range structure of the 1:1 system.
The CI"-LAOH interactions seem to be more affected by the
contribution to the interaction than the CI ' -LACOOH interac-
tions; nevertheless, we observe that the overpolarization correc-
tion alters very significantly the medium-long range structure
by tuning the CI"-ChOH and ClI"-LACOOH competition. This
results in a better mixing of the HBD and HBA molecules,
resulting in structural changes that become more relevant as
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the ChCl: LA ratio increases. The maleability of the CI"-ChOH
interaction is evidenced and its coordination number becomes
lower as the LA content increases. This is due to the screening
of the charge-induced dipole interactions, that have as a
consequence the better availability of CI™ and therefore, the
competition and interplay between the intra HBA and inter
HBA-HBD interactions.

Consequently, an evolution of the structure of the liquid as
the ChCLLA increases is observed, achieving, a better mixed,
more homogeneous structure in the highest ratios (1:5, 1:10).
This results in a higher contact area between HBD and HBA and
a better availability of the main interacting moieties (namely
Cl” and OH) that might alter the performance of the DES in
practical applications.

In addition to these observations, the evaluation of the three
force fields studied in this work highlights several key aspects
of their performance in predicting the structural properties of
ChCL:LA. While FF1 produces a density estimation close to the
available experimental data, the modified force field FF3 offers
an improved estimate, falling within the experimental range.
Additionally, the issue of chloride overpolarization, previously
observed in similar systems such as ChCLEG,'® has been
addressed through modifications in FF3. This improvement is
consistent with the modifications that corrected unphysical
phase separation for ChCLEG.

Given the limited experimental data currently available for
ChCLLA, particularly beyond density measurements, DFT calcula-
tions serve as the most reliable reference for validating force fields
in the short-range structure. Both FF2 and FF3 demonstrate a
significant improvement over FF1 in capturing the hydrogen-bond
network, which is critical for accurately modeling the system. Based
on these factors, FF3 emerges as the most suitable force field for
classical molecular dynamics simulations of ChCL:LA. However,
additional experimental data, such as diffusivity measurements or
the characterization of ionic domain sizes, would be crucial for
further validation and refinement of the force fields. The avail-
ability of such data would allow for a more definitive selection of
the most appropriate force field for this system.
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