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1 Introduction

On the composition and isomerism effect in the
thermal and structural properties of choline
chloride/hydroxyphenol deep eutectic solventsy

b

Paolo Casu, (2% Matteo Busato, (2) ** Matteo Palluzzi, (' ° Riccardo Spezia and

Paola D'Angelo (2 *?

We have carried out a comparative study on three sets of eutectic mixtures based on choline chloride
(ChCl) and hydroxyphenol isomers having two hydroxyl groups in the ortho-, meta-, and para-positions
of the aromatic ring, namely catechol (Cate), resorcinol (Reso), and hydroquinone (Hydro), respectively.
Differential scanning calorimetry highlighted a different thermal behavior of the mixtures depending on
the composition and precursor isomerism. These systems behave as deep eutectic solvents (DESs) with
the exception of the ChCl/Cate mixture at a 1:0.75 molar ratio, the ChCl/Reso mixtures at 1:2 and 1:3
molar ratios, and the ChCl/Hydro mixture at a 1:3 molar ratio. Infrared spectroscopy measurements and
molecular dynamics simulations show that the stronger hydrogen-bonding (H-bonding) in the mixed
states compared to the pure precursors is key for the formation of a DES. This interaction is mostly
reliant on interconnected chloride anion coordination shells thanks to the two hydroxyl groups of the
hydroxyphenol molecules, which can bridge between different anions to form an extended H-bond
network. This structural arrangement maximizes the interactions and is enhanced by the 1:0.75 and 1:1
molar ratios, while increasing the hydroxyphenol concentration translates into a lowering of the total
number of H-bonds formed in the mixture. This is the basis for the different thermal behavior and points
to nearly equimolar compositions between the components, as ideally suited to achieve a DES from
these precursors. The obtained insights are able to explain the structure—property relationships for the
studied systems and are deemed useful for more conscious development of these inherently tuneable
solvents.

Differently from ILs, DESs are formed from two or more
parent compounds and exhibit, as a crucial feature, a melting

Deep eutectic solvents (DESs) are a particular class of novel
green media that excel as an alternative to traditional solvents
to meet the safety and sustainability standards driving the
ecological transition. Since their first appearance in 2003," this
class of solvents has been compared to that of ionic liquids
(ILs) because of similarities like chemical and thermal stability,
non-flammability, and negligible vapor pressure, in addition
to high conductivity and low toxicity.>* These qualities allow
the use of DESs in different application fields such as electro-
chemistry, catalysis, synthesis, and extraction procedures of
target compounds, among many others.**°
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point (MP) that is significantly underexpressed compared to the
predicted one assuming thermodynamic ideality for the solid-
liquid equilibrium (SLE) between the precursors.'™? Although
this can occur for various molar ratios among the components,
particular attention is usually devoted to compositions able to
produce a liquid phase at operating conditions, i.e., room
temperature. For this reason, a rule of thumb to conceive a
DES is the achievement of a liquid from solid starting materi-
als, even if this is a feature in common with many ideal
eutectics and not a strict definition of DESs.

Being constituted by two parent compounds, DESs possess
several advantages over ILs and pure substances. For instance,
their synthesis is a simple mixing of the starting compounds,
usually under mild conditions like stirring and gentle heating,
with no need for purification. In addition, their chemical-
physical properties, e.g., their MP, can be easily modulated
by carefully choosing the precursors and their relative composi-
tion, so that DESs are often designated as “designer solvents”.>'?
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This unusual thermal behavior is deemed to be reliant upon the
stronger intermolecular interactions between the mixed compo-
nents relative to those established in their pure state. The nature of
such interactions often consists of hydrogen bonding (H-bonding)
and a practical way to classify the precursors is dividing them into
H-bond donor (HBD) and H-bond acceptor (HBA) species, even if
entropic factors and interactions of other natures have been found
to concur with the MP depression."*™® However, the complexity of
the interplay between the various components in the liquid phase
often makes the nature of such interactions elusive and their
quantification an intricate task.'> For this reason, besides the
constantly growing body of scientific literature dedicated to the
synthesis of new DESs and their applications,'® new knowledge
could significantly benefit from a more thoughtful characteriza-
tion of their chemical-physical properties, which could help to
achieve a clearer structure-property relationship and drive a more
conscious development of these inherently tunable media.

In the present article, we report a study on three different
sets of mixtures formed by choline chloride (ChCl) and hydroxy-
phenol isomers presenting two hydroxyl groups in the ortho-, meta-,
and para-positions to each other, namely 1,2-dihydroxybenzene
also known as catechol (Cate), 1,3-dihydroxybenzene or resorcinol
(Reso), and 1,4-dihydroxybenzene or hydroquinone (Hydro),
respectively. The molecular structures of these compounds are
depicted in Fig. 1. ChCl is one of the most widespread HBAs since
Abbott and co-workers’ pioneering paper about the prototypical
DES “reline” (ChCl and urea in a 1:2 molar ratio)' due to its
cheapness and bio-compatibility."® The hydroxyphenol family is
particularly intriguing since it offers the possibility of investigating
the role of the -OH position in the phenol ring and how eventually
this can alter the H-bond network connecting the two species
forming the eutectic mixtures.

In recent years, some experimental studies have been dedi-
cated to defined sets of phenol-based DESs,”**! with a recent
study®® focusing on the chemical-physical characterization of
DESs with some of the HBDs presented in this work, but
limited to the ChCl/HBD 1: 3 molar ratio. Here, we expand this
investigation to ChCl/HBD (HBD = Cate, Reso, Hydro) mixtures
at1:0.75,1:1,1:2, and 1:3 molar ratios to elucidate the effect
of composition on the thermal and structural properties of
these systems. To this end, we used a combination of different

Choline Chloride (ChCI)

Catechol (Cate)
1,2-dihydroxybenzene
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techniques including differential scanning calorimetry (DSC),
attenuated total reflection Fourier transform infrared (ATR-
FTIR) spectroscopy, and classical molecular dynamics (MD)
simulations. DSC measurements were used for thermal char-
acterization of the mixtures, ATR-FTIR allowed the H-bonding
analysis through the inspection of the O-H stretching (von)
vibration, while the MD technique has been widely employed as
a workhorse for the retrieval of atomistic interpretations of the
molecular association in complex systems like DESs.>*>® This
combined approach has allowed us to elucidate the influence of
the different components and their molar ratio on the liquid
phase of these systems, with the aim of adding new knowledge
to drive the development of these tunable media for application
purposes.

2 Materials and methods
2.1 Chemicals and sample preparation

ChCl, Cate, Reso, and Hydro were purchased from Merck
(Milan, Italy), with a stated purity of >99%. All compounds
were dried under vacuum overnight at 338 K, then ChCl/Cate,
ChCl/Reso, and ChCl/Hydro mixtures at 1:0.75, 1:1, 1:2, and
1:3 molar ratios were prepared by mixing the proper amount of
the starting components in glass test tubes in an Ar-filled glove-
box (<5 ppm H,0). The samples were then stirred and heated
at 363 K until homogeneous transparent liquids were obtained.
ChCl/Reso and ChCl/Hydro mixtures appeared as colorless
liquids, while ChCl/Cate formed brownish blends. All composi-
tions provided a liquid phase except for the ChCl/Hydro 1:3
mixture.

2.2 DSC measurements

DSC thermograms were collected on the ChCl/Cate, ChCl/Reso,
and ChCl/Hydro mixtures at various molar ratios of the com-
ponents using a DSC821 instrument (Mettler-Toledo, Colum-
bus, USA). A sample amount of about 5 mg was weighed and
then sealed in a 40 pL aluminum pan. Samples were cooled
from room temperature to 173 K with a —5 K min " rate,
followed by a heating ramp to 373 K at 5 K min~'. During all

HOuy40 OHyyro
~
v
OHHydro
v Hohydro

Hydroquinone (Hydro)
1,4-dihydroxybenzene

Resorcinol (Reso)
1,3-dihydroxybenzene

Fig. 1 Molecular structures of the ChCl, Cate, Reso, and Hydro precursors with the employed atom nomenclature (white, hydrogen; gray, carbon; red,

oxygen; blue, nitrogen; green, chloride).
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measurements, the furnace was purged with dry nitrogen with a
80 mL min~" flow rate.

2.3 ATR-FTIR spectroscopy measurements

Infrared (IR) spectra were collected in ATR mode with a Bruker
ALPHA spectrometer (ThermoFisher, Waltham, USA) equipped
with a diamond crystal. The spectra of the ChCl/Cate, ChCl/
Reso, and ChCl/Hydro mixtures were acquired in the liquid
form. To this end, the samples were previously heated at about
343 K, then a drop was withdrawn and straightaway deposited
to avoid crystallization on the ATR crystal. In this way, the
samples were observed to persist in the supercooled liquid state
long enough for data collection. Data were acquired on crystal-
line ChCl, Cate, Reso, and Hydro due to their higher MPs.?”
Absorbance spectra at room temperature were collected by
co-adding 240 scans in the 4000-400 cm ™' spectral range with
a 4 cm™ ' resolution. The overall acquisition time took about
four minutes. Spectral evolution was not observed during the
measurement and thus water uptake from air moisture has
been considered negligible.

2.4 Computational details

Classical MD simulations have been performed on the ChCl/
Cate, ChCl/Reso, and ChCl/Hydro systems at 1:0.75,1:1, 1:2,
and 1:3 molar ratios. The all-atom optimized potentials for
liquid simulations (OPLS-AA) force field *® was used for all the
species, except for the cholinium cation and chloride anion,
which were described with the OPLS-compatible parameters
by Canongia Lopes and Pidua.’>**° van der Waals interactions
were included via a Lennard-Jones potential with mixed terms
constructed with the Lorentz-Berthelot combining rules, while
the electrostatic interaction was represented by a Coulomb
potential. An additional intramolecular Lennard-Jones potential
was included to account for repulsion and dispersion between the
vicinal hydroxyl groups in the Cate molecule, with parameters
taken from Prampolini et al.*! Periodic boundary conditions in all
directions were applied to model the liquid state. A cut-off radius
of 12.0 A was employed for all non-bonded interactions, while the
particle mesh Ewald method was used to account for the long-
range electrostatic effects.****

To simulate the systems at 338 K, which is above the
experimentally determined MP for all mixtures (vide infra),
initial boxes were built with a number of atoms and box
dimensions to reproduce the experimental density of the
ChCl/Reso 1:0.75 mixture at 298 K, which is the only mixture
with a MP below room temperature. These systems were then
employed for density estimation with a 10 ns NPT run at 338 K
and 1 atm. The computed densities were used to build the final
cubic boxes of about 50 A side length, with initial positions
of the molecular species set randomly with the PACKMOL
package.** Full details about the number of molecules and
box dimensions are given in Table S1 of the ESL.} After energy
minimization, these systems were equilibrated under NVT
conditions through a heating ramp up to 500 K, remaining at
this temperature for 12 ns, and then gradually cooled down to
338 K. High-temperature equilibrations were previously observed
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to be mandatory to speed up the dynamics of viscous liquids
like DESs and ILs.***® Production runs for data collection were
carried out for 50 ns under NVT conditions. The Nosé-Hoover
thermostat with a relaxation constant of 0.5 ps was employed for
temperature control, while the Parrinello-Rahman barostat with a
1.0 ps coupling constant was employed in the case of the NPT
simulations. The equations of motions were integrated using a
leap-frog algorithm with a 1 fs time step, with trajectories saved
every 100 steps. Constrictions for stretching vibrations involving
hydrogen atoms were applied through the LINCS algorithm.*®
Simulations were performed with the 2020.2 version of the
GROMACS package.*® Trajectories visualization and data analysis
were performed with the VMD 1.9.3 software.*!

Quantum-chemical calculations were carried out on isolated
(gas-phase) rotamers of the Cate molecule at the density func-
tional theory (DFT) level. Geometry optimizations have been
performed from initial configurations involving either an intra-
molecular H-bond between the two hydroxyl groups (Cate intra)
or not (Cate inter). The B3LYP functional*>** was employed
together with the 6-311++G(d,p) basis set and D3 Grimme’s
empirical dispersion corrections.** Vibrational analysis was
carried out to confirm the absence of imaginary frequencies
and that the stationary points were global minima. The IR
spectrum was then reported without a scaling factor and using
a Lorentzian function with a FWHM of 20 cm ™" to mimic the
spectral width. Calculations were performed with the Gaussian
16 software.*

3 Results and discussion
3.1 Thermal characterization

As a starting point it is interesting to describe the different
behaviour of the systems obtained by mixing ChCl with the
three hydroxyphenol isomers at 1:0.75, 1:1, 1:2, and 1:3
molar ratios. The ChCl/Cate and ChCl/Reso mixtures formed
a homogeneous liquid phase after gentle heating (363 K) at all
the explored compositions. The ChCl/Hydro system, on the
other hand, formed liquid mixtures for all molar ratios with the
exception of the 1:3 composition, which remained solid even
under more serious heating conditions.

Key information about the thermal behavior of these mix-
tures can be obtained from the DSC traces recorded for all the
explored compositions apart from the ChCl/Hydro 1 : 3 mixture,
as shown in Fig. 2. The temperature of the most important
transitions, ie., the liquid-glass transition (7g), cold crystal-
lization (T,.), and melting (T},) are listed in Table S2 (ESIf).
As concerns the ChCl/Cate system, the 1:1 and 1:3 mixtures
display similar features, as a liquid-glass transition is detected
at 193 K for the former composition and at 211 K for the latter
one. Upon heating the glass, cold crystallization occurs at 256 K
and 253 K, respectively, while further heating of these crystal-
line phases allows both the two mixtures to fully melt at T}, =
318 K. On the other hand, the ChCl/Cate 1:0.75 mixture
evidences only one exothermic peak at 264 K resembling a
crystallization. Finally, the ChCl/Cate 1:2 mixture does not

This journal is © the Owner Societies 2024
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Fig. 2 Upper panels: DSC heating traces of the ChCl/Cate (left), ChCl/Reso (middle), and ChCl/Hydro (right) mixtures at different molar ratios of the
components. A vertical black dashed line is present in each thermogram as a reference for the vertical axes. Lower panels: DSC-derived T, values
compared with the ideal phase diagram for the SLE equilibrium of the ChCl/Cate (left), ChCl/Reso (middle), and ChCl/Hydro (right) binary mixtures.

show any transition in the heating stage, apart from a melting
process at T, = 328 K.

The DSC thermogram recorded for the ChCl/Reso 1:0.75
mixture closely resembles those obtained for ChCl/Cate 1:1
and 1:3, as it shows three transition temperatures corres-
ponding to Ty = 195 K, Te. = 250 K, and Ty, = 290 K. These
three systems therefore evidenced a similar thermal behavior,
which can be associated with their viscosity, since glass transi-
tion and cold crystallization are processes typical of polymers.*®
Conversely, the ChCl/Reso 1:1 mixture exhibits a melting
temperature of 302 K. At the same time, the ChCl/Reso 1:2
and 1:3 thermograms show the presence of only two small
flexes indicating a glass transition at low temperatures of 192 K
and 213 K, respectively.

The DSC traces for the ChCl/Hydro mixtures show transi-
tions at about 250 K, corresponding to an exothermic peak for
the 1:0.75 system and endothermic peaks for the 1:1 and 1:2
ones. These contributions reveal a trickier thermal behavior
that is difficult to understand due to the lack of information in
the literature and the complex nature of these viscous systems.
It is noteworthy that the endothermic peaks at 326 K (1:0.75),
315K (1:1), and 316 K (1:2), correspond to the full melting of
the mixtures.

Besides the inspection of the DSC traces, the analysis of the
SLE between the precursors is imperative to characterize
the eutectic behavior of these systems and to understand if
the formation of a DES occurs. Such insight can be gained from

This journal is © the Owner Societies 2024

the comparison between the experimental T, value as obtained
from the DSC measurements and the predicted one assuming
thermodynamic ideality for the SLE phase diagram (Tmideal)-
DSC analysis enhanced eight T;,, values for the ChCl/Cate 1:1,
1:2, and 1:3, ChCl/Reso 1:0.75 and 1:1, ChCl/Hydro 1:0.75,
1:1, and 1:2 systems (Table S2, ESIY). In the lower panels of
Fig. 2 these temperatures are compared with the ideal SLE
phase diagrams built from the enthalpies of fusion and melting
temperatures of the pure ChCl*>” and hydroxyphenol*” compo-
nents. The AT values marking the difference between T}, and
Tm,ideal fOr the same composition are listed in Table S2 (ESIt).
The experimental T, values stand considerably below the ideal
phase diagram (Fig. 2) so that the obtained AT values are
negative (Table S2, ESIT). This evidence supports a DES thermal
behavior for the compositions presenting a melting process.

3.2 ATR-FTIR results

Since H-bonding between the components is key to understand-
ing the deviation from thermodynamic ideality in a DES, insights
about this interaction have been obtained through ATR-FTIR
spectroscopy measurements. To this end, ATR-FTIR spectra were
recorded for the ChCl/Cate, ChCl/Reso, and ChCl/Hydro mix-
ture compositions providing a liquid phase, and on the solid
precursors.

In Fig. 3 we report the ATR-FTIR data in the spectral region
corresponding to the voy absorption band, which is known to
be a useful mark for the H-bonding strength,*® while the

Phys. Chem. Chem. Phys., 2024, 26, 23168-23176 | 23171
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Fig. 3 Magnified von region of the ATR-FTIR spectra collected on the
ChCl/Cate (top panel), ChCl/Reso (middle panel), and ChCl/Hydro (lower
panel) mixtures at different molar ratios of the components and on the
pristine starting compounds. A vertical dashed line corresponding to the
maximum of the voy absorption for the ChCl compound is reported as a
guide to the eye.

complete spectra are shown in Fig. S1 (ESIt). The spectrum
of solid ChCl shows a sharp and red-shifted peak that is
compatible with the strongly H-bonded crystalline form of this
compound. On the other hand, pristine Cate shows a more
blue-shifted contribution split into two peaks (top panel of
Fig. 3). Since this molecule carries two hydroxyl groups in the
ortho-position to each other, in principle it is capable of both
intra- and intermolecular H-bonding. As a consequence, the
von contribution at lower frequency is tentatively associated
with the stronger intramolecular H-bond, while the more blue-
shifted one with the intermolecular interaction between differ-
ent Cate molecules. To confirm this hypothesis, vibrational
frequencies have been computed from DFT calculations carried
out on two rotamers of the Cate molecule, i.e., with either the
hydroxyl hydrogen atoms pointing far away from each other,
or with the hydrogen atom of one hydroxyl group pointing
towards the oxygen atom of the other one (Fig. S2, ESIt). The
simulated IR spectra show only one contribution in the voy
region for the former case, while this band is split into two
peaks for the latter, confirming the assignment of the two voy
spectral components (Fig. 3). Conversely, the voy absorption of
pristine Reso and Hydro (middle and lower panel of Fig. 3,

23172 | Phys. Chem. Chem. Phys., 2024, 26, 23168-23176
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respectively) gives rise to broader bands, since these molecules
are not capable of intramolecular H-bonding. Looking at
the spectra collected for the ChCl/Cate, ChCl/Reso, and ChCl/
Hydro mixtures, the interesting outcome is the red-shifted
position of the voy absorption, which is found even at lower
frequencies for both the ChCl and HBD components for some
compositions. This evidence supports a scenario where the
H-bond interactions in the mixed states can be stronger than
in the precursor compounds, even if compared to crystalline
ChCI. Such an instance can reasonably be the basis of the ChCl/
Cate, ChCl/Reso, and ChCl/Hydro DESs’ formation for the
analyzed molar ratios.

Focusing on the single sets, clear trends can be observed in
the shift of the voy band as a function of composition.
In particular, while the voy contributions for the 1:0.75 and
1:1 molar ratios of ChCl/Cate and ChCl/Reso are almost super-
imposable, a blue-shift is observed passing to the 1:2 and 1:3
compositions. Note that this trend is less clear for the ChCl/
Hydro system, as the voy band of the 1:2 mixture appears
narrower since the contact with the ATR diamond crystal
inevitably caused sample crystallization. Nevertheless, the
whole result subtends for stronger H-bonding between the
components when mixed at the 1:0.75 and 1:1 molar ratios,
while this interaction weakens for higher concentrations of the
HBD. Elucidating the nature of such interactions to find a
rationale for these trends will be the subject of the following
discussion.

3.3 MD simulations

From MD simulations it is possible to obtain atomistic infor-
mation on the liquid states of the three systems as a function of
the ChCI/HBD ratio. Note that we also simulated the ChCl/
Hydro system at the 1:3 ratio, even if it was not possible to
experimentally obtain it as a liquid phase. However, it is still
noteworthy to compare simulation results obtained for this
composition to understand how some properties change as a
function of the molar ratio between the components. Since
the ATR-FTIR analysis gave insights into the importance of
H-bonding in the formation of these DESs, we focused in
particular on this aspect.

First, we considered the radial distribution functions, g(r),
between selected atom pairs from the MD trajectories. The g(7)
values have been multiplied by the number density of the
observed atoms (p) to avoid artifacts derived from the different
compositions.***° Since in ChCl-based DESs most of the
H-bonding interactions involve the chloride anion,*”° a key
g(r) will be the one between this species and the hydrogen atom
of the hydroxyl groups, of both the hydroxyphenol HBDs
(HOugp) and the cholinium cation (HOcp). The distributions
calculated for the CI-HOygpp and CI-HOcy, pairs are shown in
Fig. 4, while the corresponding structural parameters are listed
in Table 1. A first look delivers a feature common to all the g(7)
results, that is the presence of a well-defined peak with
a maximum at about 2 A (Table 1), followed by a depletion
zone where the function goes to zero (Fig. 4). This shape
and position of the peak maxima are compatible with the

This journal is © the Owner Societies 2024
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Fig. 4 Upper panels: Representative MD snapshots showing the coordination of the chloride anion in the various systems (red, Cate; green, Reso; blue,
Hydro; yellow, cholinium cation; green, chloride anion). Lower panels: Radial distribution functions multiplied by the number density of the observed
species, g(rp, for the Cl-HOugp (HBD = Cate, Reso, Hydro) and Cl-HOc, pairs calculated from the MD simulations of the ChCl/Cate (left), ChCl/Reso
(middle), and ChCl/Hydro (right) mixtures at different molar ratios of the components. The atom names are employed according to the nomenclature

reported in Fig. 1.

Table 1 Structural parameters of the Cl-HOygp and Cl-HO¢, g(r) functions
calculated from the MD simulations of the ChCl/Cate, ChCl/Reso, and ChCl/
Hydro mixtures at different molar ratios of the components. Ry.x is the
maximum position of the first peak and N is the coordination number calculated
by integrating the g(r) functions up to the cut-off distance of 3 A. The atom
names are employed according to the nomenclature reported in Fig. 1

Cl-HOyzp
RmﬂX (A) N

Cl-HOg;,
Rmax (A) N

ChcCl/Cate 1:0.75 1.94 1.4 1.97 1.0
1:1 1.94 1.9 1.98 0.9
1:2 1.96 3.3 1.99 0.7
1:3 1.98 4.1 2.01 0.4
ChCl/Reso 1:0.75 1.93 1.5 1.97 1.0
1:1 1.95 2.0 1.98 1.0
1:2 1.95 3.5 2.00 0.8
1:3 1.96 4.2 2.02 0.6
ChCl/Hydro 1:0.75 1.96 1.5 1.98 1.0
1:1 1.96 1.9 1.97 1.0
1:2 1.98 3.5 1.99 0.8
1:3 1.99 4.3 2.01 0.6
25,26

establishment of strong H-bonds between the components,
as suggested by the ATR-FTIR data (Fig. 3). Note that the insets

This journal is © the Owner Societies 2024

reported for the Cl-HOypp distributions highlight a small
bump at about 6.5 A for ChCl/Cate (Fig. 4). This is caused by
the vicinal position of the two hydroxyl groups on the aromatic
ring and suggests that the Cate molecule binds two different
chloride anions with each hydroxyl group, rather than assum-
ing a bidentate configuration binding one chloride with the
hydrogen atoms of the two hydroxyl groups. This possibility is
almost absent for the other two systems due to the longer
distances between the hydroxyl groups in the Reso and Hydro
molecules.

Considering single systems at different compositions, clear
trends can be observed in the computed g(r) results. In parti-
cular, the intensity of the ClI-HOygp distribution is found to
increase with increasing HBD content, while the CI-HO(;, one
decreases (Fig. 4). Note that the CI-HOypp g(7) functions have
been multiplied by the number density of the HBD hydroxyl
hydrogen atoms, therefore the growth in intensity of these
functions is affected by the increase in the HBD concentration.
This is not the case for the CI-HOgy, g(r) functions because in all
the systems the molar ratio between the chloride anion and the
cholinium cation is the same (1:1). The decreasing trend of the
Cl-HOgy, g(r) intensity suggests a less favorable H-bond inter-
action upon increasing the ChCI/HBD molar ratio. To gain
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additional insights, we calculated the coordination numbers
N by integrating the g(r) functions up to the distance corres-
ponding to the first minimum after the maximum, which
typically defines a coordination shell. Concerning the Cl-
HOuygp distribution, taking into account that each HBD mole-
cule can coordinate chloride anions with two hydroxyl groups,
the maximum coordination number possible for this distribu-
tion is 1.5 for the 1:0.75 mixtures. On the other hand, for the
same reason, a maximum N value of 2.0 can be obtained for the
1:1 molar ratio. The MD-calculated coordination numbers for
the different HBD compositions are reported in Table 1. Here,
one may note that a Nvalue of 1.4-1.5 is obtained for the 1:0.75
molar ratio for all the investigated systems, while N stands in
the 1.9-2.0 range for the 1:1 composition (Table 1). These
values are very close to the expected ones, meaning that, among
the HBD molecules present in solution, almost all can coordinate
chloride anions with both the hydroxyl groups. However, a
different situation is obtained for higher HBD concentrations.
In particular, for the 1: 2 ratio, each chloride anion can potentially
be coordinated by 4.0 HBD hydroxyls, and this number is raised to
6.0 for the 1:3 ratio. The obtained coordination numbers are
instead 3.3-3.5 for the 1:2 ratio and 4.1-4.4 for 1:3, thus lower
than the expected values. This suggests that, among all the
hydroxyl groups capable of H-bonding the chloride anion, a
considerable amount is not involved in this interaction.

As far as the CI-HOg;, distribution is concerned, this inter-
action is deemed as one of the most important in ChCl-based
DESs, since the one-to-one interplay between the chloride
anion and the cholinium hydroxyl group present in the crystal
structure of ChCl is substantially retained even after the
eutectic formation.?*?%3%°%%! Indeed, a N value of 1.0-0.9 is
obtained for the 1:0.75 and 1:1 molar ratios in all the three
systems (Table 1). This value is found to decrease for increasing
HBD compositions, down to 0.4-0.6 for the 1:3 molar ratio.
This also shows that the H-bond between the chloride anion
and the cholinium cation is affected by the mixture composi-
tion and that the ChCI/HBD 1:0.75 and 1:1 ratios are ideally
suited to maximize this interaction.

We have then calculated the number of H-bonds between
the chloride anion and the hydroxyl groups of the HBD
and cholinium cation components during the MD trajectory,
which is listed in Table S4 (ESIt). To compare the different
compositions, we have divided these values by the number of
chloride anions in each system, thus obtaining the average
number of H-bonds per chloride anion. The results are plotted
in Fig. 5 as a function of the mixture composition. In the case of
the CI-HOypgp interaction, a red dashed line indicates the
maximum number of H-bonds that each chloride anion can
establish with the HBD counterpart, ie., 1.5, 2.0, 4.0, and 6.0
for the 1:0.75, 1:1, 1:2, and 1:3 molar ratios, respectively.
Note that this value corresponds to 1.0 for the Cl-HOcp
interaction, independently from the composition, as previously
stated. Similarly to what was obtained from the analysis of the
g(r) functions, the average number of H-bonds per chloride
anion almost matches the maximum one for both interactions
in the case of the 1:0.75 and 1:1 compositions. Differently,
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Fig. 5 Average number of H-bonds per chloride anion with the hydroxyl
hydrogen atom of the HBD (top panel) and cholinium cation (lower panel)
as a function of the HBD molar ratio calculated from the MD simulations of
the ChCl/Cate, ChCl/Reso, and ChCl/Hydro mixtures at different molar
ratios of the components. The red dashed line in the top panel represents
the maximum number of H-bonds possible per chloride anion at each
composition.

this number drops down from the expected value when increas-
ing the HBD ratio. This result confirms that the H-bonding with
the chloride anion is maximized for ChClI/HBD molar ratios up
to 1:1, while higher HBD concentrations are not optimal for
fully exploiting this interaction.

The overall structural picture therefore suggests the estab-
lishment of interconnected chloride anion coordination
spheres thanks to the mediation of the HBD components. This
arrangement can be monitored from the CI-Cl g(r) functions
shown in Fig. S3 (ESIt). Here, an intense contribution at about
6 A can be observed for the 1:0.75 and 1:1 molar ratios, which
is significantly lowered for higher HBD contents. The snap-
shots in the upper panels of Fig. 4 are representative of
this picture: for the 1:0.75 and 1:1 molar ratio each chloride
anion interacts with the hydroxyl groups of two different HBD
molecules and one cholinium cation. The HBD component can

This journal is © the Owner Societies 2024
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bridge between two different anions thanks to the two hydroxyl
functionalities to form Cl-HBD-CI chains. Increasing the HBD
concentration produces a less favorable optimization of these
interactions due to the saturation of the chloride anion coordi-
nation sphere and consequent steric exclusion. Note that the
cholinium cation, besides H-bonding through the hydroxyl
group, can simultaneously interact with the chloride anion,
with the cationic core centered on the nitrogen atom. This
interaction has been previously found to occur through the
tripodal CHj---Cl structure in other ChCl-based DESs**?3**!
and could reasonably complete the chloride anion coordination
sphere to further promote the bridging between different
coordination spheres.

Finally, the hydroxyl groups not interacting with the chloride
anion could be involved in cholinium-HBD, HBD-HBD, and
cholinium-cholinium interactions, as supported by the g(r)
functions reported in Fig. S4-S7 (ESIT). All these distributions
display a well-defined peak with a maximum at about 2 A,
which is compatible with an H-bond interaction. While the
intensity of these distributions is low and comparable for the
1:0.75 and 1:1 molar ratios, it increases for higher HBD
contents, showing that the excess hydroxyphenol molecules,
displaced from the chloride anion coordination sphere, inter-
act with each other and with other cholinium cations.

4 Conclusions

In this work, we have characterized three different sets of
eutectic mixtures formed by ChCl with hydroxyphenol isomers
carrying two hydroxyl groups in the ortho-, meta-, and para-
positions to each other. The parent compounds were mixed at
different molar ratios to elucidate the effect of mixture compo-
sition and precursor isomerism on the thermal and structural
properties.

According to the thermal analysis carried out by DSC mea-
surements, the synthesized systems can be classified as DESs,
since their experimental MPs are underexpressed compared to
the predicted one from the ideal SLE phase diagram, with the
exception of the ChCl/Cate mixture at 1:0.75 molar ratio, and
the ChCl/Reso 1:2 and 1:3 mixtures, which show no melting
points in the DSC traces, while the ChCl/Hydro 1:3 mixture
does not form a liquid phase.

Inspection of the voy band by ATR-FTIR measurements
shows that H-bonding in the liquid phases can be stronger
than in the pure precursors, this being the driving force for the
DESs’ achievement. The H-bond association is higher for the
1:0.75 and 1:1 molar ratios, while this interaction weakens for
higher contents of the hydroxyphenol component.

MD simulations allowed us to find a rationale for these
trends and to elucidate the possible interactions contributing
to DES formation. The structural arrangement sees both cho-
linium cations and hydroxyphenol molecules acting as H-bond
donors towards the chloride anion. The hydroxyphenol compo-
nent can bridge between different chloride anion coordination
shells to form an extended H-bond network owing to the two

This journal is © the Owner Societies 2024
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hydroxyl groups. This structural arrangement maximizes the
interactions and is best promoted by the 1:0.75 and 1:1 molar
ratios, while increasing the hydroxyphenol concentration low-
ers the total number of H-bonds due to steric exclusion around
the saturated chloride anion coordination spheres. This situa-
tion promotes the H-bonding among cholinium cations and
hydroxyphenol molecules, which is initially negligible and less
effective in stabilizing the liquid phase.

The inspection of the H-bonding association by our com-
bined experimental and theoretical outcome provided a ratio-
nale for the different thermal behavior and strongly suggests
that compositions around the equimolar one between the
precursors are ideal to achieve a DES for the studied systems.
The considerations reported here are useful as reference knowl-
edge for a more conscious synthesis and handling of these
“designer solvents” for multipurpose applications.
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