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ARTICLE INFO ABSTRACT

Keywords: The influence of the addition of the apolar n-hexane (HEX) cosolvent on the structural arrangement of eutectic
Nanostructure mixtures with different degrees of hydrophobicity, namely butylated hydroxytoluene (BHT), L-menthol (MEN),
Hydrophobic deep eutectic solvents thymol (TYM), and choline chloride (ChCl), has been studied with a combined approach using small- and wide-
r::;tl:?i d hydroxytoluene angle X-ray scattering and molecular dynamics simulations. The cosolvent introduction has a similar impact
Thymol on the molecular scale-length aggregation in BHT:MEN:HEX, TYM:MEN:HEX, and ChCLTYM:HEX mixtures at
Hexane different 1:3:H, 1:2:H, and 1:7:H molar ratios, specifically a dramatic perturbation of the main interactions

present in the pure eutectics where hydrogen-bonds dominate. On larger scale-lengths, HEX addition results
in a homogeneous electron-density distribution in the BHT:MEN:HEX and TYM:MEN:HEX mixtures due to a
high affinity of the cosolvent for the BHT, MEN, and TYM components. Conversely, the presence of the more
hydrophilic ChCl compound in the ChCI:TYM 1:7 system is the driving force for the segregation mechanism
of this component which causes the formation of nano-scale inhomogeneities at high HEX concentrations,
before macroscopic phase separation. The different degree of hydrophobicity is therefore key to understanding
the nanostructural behavior of these eutectics in the presence of an apolar cosolvent. These findings have
important implications for the employment of deep eutectic solvent mixtures, as the formation of pseudo-
phase aggregates can help explaining the macroscopic behavior of these alternative media in applications like

Molecular dynamics
X-ray scattering

extraction procedures.

1. Introduction

Deep eutectic solvents (DESs) are mixtures of two or more com-
pounds showing a melting point depression that is deeper than the
ideally predicted one at specific molar ratios. [1] As a result, the melting
point of the mixture is lower than those of the parent constituents, so
that a fluid phase at room temperature can be obtained even from solid
starting materials. The origin of such a thermal behavior lies in pack-
ing hampering, asymmetric ions, and strong interactions between the
components, often consisting of hydrogen-bonding (H-bonding). [2-5]
In recent years, DESs gained a lot of interest owing to peculiar prop-
erties like high conductivity, undetectable volatility, non-flammability,
and low toxicity. [6-8] DESs are usually classified into five categories
according to the chemical nature of the components, and the majority
of these eutectics falls into the so-called “type I - IV” categories, being
formed by at least one ionic compound. [8] However, differently from
other alternative solvents like ionic liquids (ILs), it is not necessary for
DESs to contain ions, and the “type V” category has been more recently

* Corresponding author.

proposed. [9,10] This class is formed by neutral molecular components
only, very often based on terpenoid compounds, as in the case of the
prototypical “type V” eutectic formed by thymol (THY) and L-menthol
(MEN). [11,12] As non-ionic solvents, these DESs often show lower vis-
cosity, are chloride-free, and hydrophobic, properties which enhance
their use as extracting phases for the removal of lipophilic compounds
from aqueous solutions. [10,13] The benefits of DESs over traditional
solvents also consist in their inherently tunable nature, meaning that
their physical-chemical properties can be designed to achieve specific
requirements through careful selection of the constituents and/or their
molar ratio. [7] Besides direct action on the constituents, cosolvent ad-
dition has been found as a further strategy to obtain eutectics with
enhanced performances at lower costs. [14,15] For example, cosolvents
are added as dispersing agents in extraction procedures to lower the
often high viscosity of these eutectics. [16-18] In this light, the intro-
duction of an additional species such as water, alcohols, or alkanes in an
eutectic mixture can seriously affect its key properties like density, vis-
cosity, conductivity, extraction efficiency, and enzyme activity. [19-25]
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A unique feature of DESs is also a distinct bulk nanostructure, resulting
from the concurrence of several intra- and inter-molecular interactions
due to coulomb and dispersion forces, H-bonding, and steric exclu-
sions. [26,27] In this framework, cosolvent addition has turned out
to also alter DESs nanostructure in peculiar and often unpredictable
ways. For example, aqueous mixtures of the hydrophilic choline chlo-
ride (ChCl):urea 1:2 DES have been explored by means of neutron
diffraction and empirical structure potential refinement, showing that
the DES nanostructure is maintained up to remarkably high water
contents. [28] The same approach was employed to investigate wa-
ter/malicine (ChCl:malic acid 1:1) mixtures, evidencing the formation
of worm-like structures at low water concentrations. [29] On the other
hand, a combined X-ray scattering, infrared spectroscopy, and molecu-
lar dynamics (MD) simulation investigation has detected the presence
of nanoscale structures in aqueous mixtures of the guasi-hydrophobic
ChCl:sesamol 1:3 mixture. [30,31] Here, water pools of ~70 A dimen-
sions rich in ChCl result from sesamol segregation, while simultane-
ously not provoking macroscopic phase separation. [30] Interestingly,
analogous mixtures with methanol showed the formation of no such
structures at the nano-scale level. [32] Therefore, the alteration in-
duced by cosolvent addition to a DES appears highly system-dependent.
As the nanostructure can significantly influence the physical-chemical
properties and thus the potential applications of DESs, it is essential to
understand the underlying factors governing these solvent properties.
Here, we tackle some of these unanswered questions with a study on the
butylated hydroxytoluene (BHT):MEN, TYM:MEN, and ChCL:TYM mix-
tures in the presence of the apolar cosolvent n-hexane (HEX) at different
1:3:H, 1:2:H and 1:7:H molar ratios. The molecular structures of the
components are shown in Fig. 1. The peculiarity of these systems is the
decreasing hydrophobicity going from BHT:MEN 1:3 to TYM:MEN 1:2
and ChCL:TYM 1:7. [33-35] While the TYM:MEN 1:2 mixture is consid-
ered as the archetypal “type V” hydrophobic DES, [12,35] the BHT:MEN
1:3 eutectic has recently shown interesting properties as receiving phase
for the extraction of fat-soluble micronutrients and pesticides from food
matrices, besides showing an antioxidant activity guaranteed by the
BHT component. [36,37] Although highly hydrophobic, a recent study
has shown that the addition of polar cosolvents such as methanol and
ethanol is able to disrupt the most relevant interactions present in this
eutectic. [34] On the other hand, the ChCL:TYM 1:7 system is interest-
ing because of the unusually high molar ratio of TYM, which is only
moderately soluble in water, with respect to the hydrophilic ChCl com-
ponent. Moreover, to the best of our knowledge, this mixture has only
been presented in the 1:4 molar ratio so far. [38] Consequently, it is
of great interest to evaluate the influence of an apolar cosolvent on
these eutectic mixtures with different degrees of hydrophobicity. In-
creasing molar ratios of HEX will be studied to investigate how the
cosolvent concentration influences the structural arrangement of the
pristine systems on different scale-lengths, spanning from molecular- to
nano-scale aggregation. To this purpose, we employed a combined ap-
proach using X-ray scattering both in the small- (SAXS) and wide-angle
(WAXS) regime together with MD simulations. So far, MD simulations
have been profitably used to give detailed interpretations of experi-
mental data regarding complex systems like DESs, given their ability
to deliver information from the molecular length-scale to the macro-
scopic behavior. [2,39-46] On the other hand, previous experimental
studies about DES nanostructure have largely focused on scattering
techniques, in particular when successfully validated by computational
outcomes. [26-28,30,32,47,31]

2. Materials and methods
2.1. Chemicals and sample preparation
BHT (food grade, > 99%), MEN (natural source, food grade, > 99%),

TYM (= 99%), ChCl (= 99%), and HEX (> 99%) were purchased from
Sigma-Aldrich. In order to remove water traces ChCl was dried at 110 °C
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for 12 hours in a muffle oven. The BHT:MEN 1:3, TYM:MEN 1:2, and
ChCL:TYM 1:7 liquid phases were prepared by mixing the components
at the required molar ratio in glass test tubes and then heating at
323 K until homogeneous transparent liquids were obtained. Precise
amounts of the HEX cosolvent were added to these eutectics to obtain
BHT:MEN:HEX, TYM:MEN:HEX, and ChCL:TYM:HEX mixtures at differ-
ent 1:3:H, 1:2:H, and 1:7:H molar ratios, with H comprised in the 1 - 26
range.

2.2. SWAXS measurements

Small- and wide-angle X-ray scattering (SWAXS) spectra were col-
lected using a Dectris Pilatus3 1M detector with an automatic sample
changer at the Austrian SAXS beamline of the Elettra Synchrotron (Tri-
este, Italy). [48] All measurement were performed at room temperature
on the BHT:MEN:HEX, TYM:MEN:HEX and ChCL:TYM:HEX mixtures at
different 1:3:H, 1:2:H and 1:7:H molar ratios with H = 1 - 26. A sil-
ver behenate standard was used to calibrate the scattering vector g
range. An overall explored g region of 0.05 - 1.8 A~! was obtained
as a result of measurements with different sample-detector distances.
The IGOR Pro software (IGOR Pro 7.0.8.1, Wavemetrics) was used to
subtract the two-dimensional scattering patterns for the dark counts,
and then to mask, azimuthally average, and normalize for transmitted
beam intensity, exposure time, and subtended solid angle per pixel. Us-
ing the SAXSutilities2 tool [49] the empty capillary contributions were
subtracted and the different angular ranges were merged.

2.3. MD simulations

Classical MD simulations were performed on BHT:MEN:HEX,
TYM:MEN:HEX and ChCl:TYM:HEX systems at different 1:3:H, 1:2:H
and 1:7:H molar ratios. Periodic cubic boxes with ~50 A side lengths
and a number of species chosen to reproduce the density of each mix-
ture were built by randomizing the initial atomic positions with the
PACKMOL package. [50] For the BHT:MEN:HEX 1:3:H, TYM:MEN:HEX
1:2:H and ChCL:TYM:HEX 1:7:H systems with H = 12 and 26, sim-
ulations were also carried out on ~100 A side boxes to inspect the
formation of larger-size inhomogeneities (vide infra). Details about the
studied systems are reported in Tables S1, S2, and S3 of the Supplemen-
tary Material. Structures and interactions of the BHT, TYM, and HEX
molecules were represented by the all-atom optimized potentials for
liquid simulations (OPLS-AA) force field, [51] while OPLS-compatible
parameters developed by Canongia Lopes and Padua have been em-
ployed for the cholinium cation [52] and for the chloride anion. [53]
For the MEN molecule the OPLS-compatible parameters developed by
Jasik et al. [54] were employed. The long-range electrostatic forces
were calculated with the particle mesh Ewald method and a cutoff ra-
dius of 12 A was chosen for all the non-bonded interactions. [55,56]
Cross-terms for the Lennard-Jones interactions were constructed with
the Lorentz-Berthelot combining rules. The systems were equilibrated
in the NVT ensemble with a heating ramp from 300 to 700 K (10 ns),
and then cooled down to 300 K for a total time of 20 ns. Slow dynamics
systems such as ILs and DESs have been shown to require high tem-
perature equilibrations. [39,57-61] Production runs for data analysis
were carried out in NVT conditions at 300 K for 50 ns. The tempera-
ture was controlled with the Nosé-Hoover thermostat with a relaxation
constant of 0.5 ps. The leap-frog algorithm was used to integrate the
equation of motion with a time step of 1 fs. The LINCS algorithm, in-
stead, was employed to constrain all the stretching vibrations involving
the hydrogen atoms. [62] All the simulations and the analyses were
performed with the Gromacs 2020.6 program, [63] with the exception
of the Voronoi tessellation analysis [64] that was carried out with the
TRAVIS package. [65] Scattering profiles were calculated from the MD
trajectories using the gmx saxs Gromacs tool, which employs Cromer’s
method to calculate SAXS structure factors for a given system. [66] For
the BHT:MEN:HEX 1:3:H and TYM:MEN:HEX 1:2:H systems, with H
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Fig. 1. Molecular structures of butylated hydroxytoluene (BHT), L-menthol (MEN), thymol (TYM), and choline chloride (ChCl) showing the employed atom nomen-
clature (white, hydrogen; gray, carbon; blue, nitrogen; red, oxygen; green, chloride).
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Fig. 2. Experimental SWAXS spectra collected on the a) BHT:MEN:HEX, b)
TYM:MEN:HEX, and ¢) ChCLTYM:HEX mixtures at different 1:3:H, 1:2:H, and
1:7:H molar ratios.

equal to 12 and 26, the SWAXS profiles were calculated from the MD
trajectories using the TRAVIS package. [65] The VMD 1.9.3 software
was used for trajectories visualization. [67]

3. Results and discussion
3.1. Detection of different scale-length aggregation: SWAXS results

The SWAXS data collected on the BHT:MEN:HEX, TYM:MEN:HEX,
and ChCL:TYM:HEX mixtures at different 1:3:H, 1:2:H, and 1:7:H mo-
lar ratios, respectively, are shown in Fig. 2. The experimental spectra
show a common feature among the three systems, that is the presence
of a double peak in the WAXS region (¢ >~0.5 A‘l). This contribution
was previously detected for “type V” DESs and deemed diagnostic of
the H-bonding aggregation among terpenoid compounds. [68,12,33,34]
Indeed, the WAXS pre-peak in the BHT:MEN 1:3, TYM:MEN 1:2, and
ChCL:TYM 1:7 pristine eutectics that is detectable in the 0.48 - 0.63 A~!
region (Fig. 2 for H = 0) corresponds to distances in the real space
of 10.30 - 13.52 A. This interval well reflects the recurring distances
among pools of interacting hydroxyl groups (electron density-rich re-
gions) intercalated by the carbon bodies of the constituents (electron
density-poor regions), acting as a sort of molecular spacers. In this

framework, the experimental evidence is that this contribution is found
to broaden and shift to lower g-values (thus to longer distances in the
real space) upon HEX addition, indicating that the added cosolvent is
somehow able to perturb the molecular aggregation present in the pris-
tine eutectics. It is worth noting that the flattening trend is particularly
pronounced for the BHT:MEN:HEX 1:3:H mixtures, which barely show
the presence of a WAXS pre-peak already for the H = 6 sample, while
a higher preservation of the double-peak feature is displayed by the
TYM:MEN:HEX and ChCLTYM:HEX systems, albeit a marked shift to-
wards lower g-values.

Moving to the small-angle region (g <~0.5 A1), the striking outcome
is a different spectral evolution of the three systems upon HEX addition.
The low-q region is sensitive towards electron density inhomogeneities
on larger scale-lengths, [26,27,30,32] and therefore points to a differ-
ent behavior of the eutectic nanostructure upon cosolvent addition.
In particular, the rise in the small-angle scattered intensity becomes
sequentially more relevant following the BHT:MEN < TYM:MEN <
ChCLTYM trend. Interestingly, this sequence also reflects the lowering
in hydrophobicity across these solvents. A rather flat small-angle region
is shown by the BHT:MEN:HEX (Fig. 2a) and TYM:MEN:HEX (Fig. 2b)
systems even for high HEX concentrations, while a marked increase of
the scattered intensity is observed for the ChCLTYM:HEX 1:7:12 and
1:7:26 samples (Fig. 2c). Inspection of the macroscopic aspect of these
systems can help addressing the nature of such inhomogeneities. In Fig-
ure S1 we show pictures of the analyzed samples for the highest HEX
concentrations. Here, it can be noticed that the BHT:MEN:HEX 1:3:H
(Figure Sla) and TYM:MEN:HEX 1:2:H (Figure S1b) mixtures appear as
homogeneous transparent liquids even at very high HEX molar ratios.
On the other hand, while the H = 12 sample for the ChCl:TYM:HEX
1:7: H mixtures appears homogeneous as well, the H = 26 one shows
a cloudy aspect (Figure S1c). This indicates that HEX is no more sol-
uble in the DES after this threshold, an indirect proof that, while the
marked rise of the small-angle scattered intensity in the H = 26 sam-
ple is due to macroscopic phase separation, that observed for the H =
12 mixture must relate to electron density inhomogeneities occurring
at a microscopic scale-length. The nature of such inhomogeneities and
their system-dependency are the subject of the following discussion.

3.2. MD simulation analysis

To find a rationale for the different spectral behavior shown by the
three eutectics upon HEX addition, MD simulations were carried out on
BHT:MEN:HEX, TYM:MEN:HEX, and ChCl:TYM:HEX mixtures at differ-
ent 1:3:H, 1:2:H, and 1:7:H molar ratios. A first qualitative evaluation
of the extent of aggregation among the different components can be
obtained looking at the snapshots taken from the simulation boxes.
Concerning the low HEX content, in Figure S2 we show as an exam-
ple snapshots for the H = 3 mixtures, while those for the H = 12
(Fig. 3) and H = 26 (Fig. 4) systems allow us to gain a first insight into
the behavior of the mixtures in the presence of high HEX concentra-
tions. Here, both the BHT:MEN:HEX 1:3: H and TYM:MEN:HEX 1:2: H
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Fig. 3. Snapshots taken from the final configurations of the MD simulations
for the a) BHT:MEN:HEX, b) TYM:MEN:HEX, and ¢) ChCL:TYM:HEX mixtures at
1:3:12, 1:2:12, and 1:7:12 molar ratios, respectively. Separate illustrations are
shown for the entire system and for the different components (red, BHT; green,
MEN; blue, TYM; yellow, ChCl; gray, HEX).

mixtures with H = 12 (Fig. 3a and b) and H = 26 (Fig. 4a and b)
show a rather homogeneous distribution of the components inside the
simulation boxes, which is coherent with the absence of spectral fea-
tures in the small-angle regime for these samples (Fig. 2a and b). On
the other hand, the ChCLTYM:HEX 1:7:12 (Fig. 3c) and 1:7:26 (Fig. 4c)
systems show a clear segregation of the ChCl moiety with respect to the
remaining components, suggesting that this could be at the base of the
larger scale-length inhomogeneities observed from SAXS (Fig. 2¢) and
ultimately for the macroscopic phase separation for H = 26 (Figure
Slc).

To validate the ability of the MD simulation to capture the formation
of aggregates as those shown by the ChCL:TYM 1:7 eutectic for high
HEX concentrations, in Fig. 5 we compare the experimental and MD-
simulated SWAXS scattering curves for the ChCLTYM:HEX 1:7:12 and
1:7:26 systems. A good agreement is evident in both cases, in par-
ticular for the position and amplitude of the WAXS peak, while the
increasing small-angle scattering intensity previously observed in the
experimental data is also remarkably well reproduced by the MD simu-
lations. Moreover, the SWAXS spectra of the BHT:MEN:HEX 1:3:H and
TYM:MEN:HEX 1:2:H systems with H = 12 and 26 were also calcu-
lated from the MD trajectories. As can be seen in Figure S3 and S4
there is a good agreement between the theoretical and experimental
data, corroborating the reliability of the MD simulation. In particular,
the simulations were able to reproduce the rather flat small-angle re-
gion for these samples, confirming the absence of structural features
contributing to this spectral range.

To have a more quantitative description of these systems, site-site radial
distribution functions g(r)’s have been computed from the MD trajecto-
ries. It is first mandatory to reconstruct the structural arrangement of
the pristine eutectics, ie., for the H = 0 mixtures, in order to trace
the structural evolution induced by HEX addition. In the case of the
BHT:MEN 1:3 and TYM:MEN 1:2 eutectics, the g(r)’s have been cal-
culated for all the possible intermolecular H-O combinations involving
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HEX HEX HEX

Fig. 4. Snapshots taken from the final configurations of the MD simulations
for the a) BHT:MEN:HEX, b) TYM:MEN:HEX, and ¢) ChCL:TYM:HEX mixtures at
1:3:26, 1:2:26, and 1:7:26 molar ratios, respectively. Separate illustrations are
shown for the entire system and for the different components (red, BHT; green,
MEN; blue, TYM; yellow, ChCl; gray, HEX).
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Fig. 5. Comparison between the experimental and theoretical SWAXS spectra
calculated from the MD simulations for the a) ChC:TYM:HEX 1:7:12 and b)
ChCLTYM:HEX 1:7:26 systems.

the hydroxyl groups of the constituents, as this analysis can deliver key
information about the extent of H-bond aggregation. In the BHT:MEN
1:3 system, the Hy;py —Oppn distribution describing the H-bond among
MEN molecules shows a distinct first peak with a maximum at 2.01 A
(Fig. 6a and Table S4). Integration of this curve up to a cutoff dis-
tance chosen at the first minimum delivers an integration number N
of 0.53 (Table S4). On the other hand, the H-O distributions between
BHT and MEN, as well as among BHT molecules, show poor struc-
tured peaks of negligible intensities or at considerably longer distances
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Fig. 6. Radial distribution functions multiplied by the numerical densi-
ties of the observed atoms, g(r)p’s, calculated from the MD simulations
for the a) Hypy—Onens P) Hrym—Ongn, and ¢) Cl-Hpy, distributions of
the BHT:MEN:HEX, TYM:MEN:HEX, and ChCl:TYM:HEX mixtures at different
1:3:H, 1:2:H, and 1:7:H molar ratios.

(Figure S5 and Table S5-S7). This result is in agreement with pre-
vious descriptions of this eutectic, demonstrating that the MEN-MEN
interaction is the strongest and possibly the only relevant H-bond in so-
lution. [2,33,36,69] As far as the TYM:MEN 1:2 system is concerned,
the Hpyy—Oygy distribution shows a first peak with a maximum at
2.00 A and an integration number of 0.37 (Fig. 6b and Table $8). This
is in agreement with previous determinations pointing to the TYM-MEN
donor-receptor H-bond as the main driving force for the formation of
this “type V” DES. Nevertheless, as the molar ration between the TYM
and MEN components is 1:2, the excess MEN molecules are free to form
H-bonds among each others, as shown by the Hypy—Oypy distribution
which is also of relevant extent, at variance with the remaining ones
(Figure S6b and Table S9-S11). Finally, in the ChCl:TYM 1:7 system the
most relevant interaction has been found to be the Cl-Hry,; one between
the chloride anion and the TYM molecules (Fig. 6¢ and Table S12), in-
tegrating 3.12 after the first peak, while the Cl-Hc;, one involving the
cholinium cations also integrates 0.83 at the first minimum (Figure S7a
and Table S13). This shows that almost all the cholinium cations avail-
able in solution are involved in this interaction, and that the structural
arrangement of the ChCl:TYM 1:7 eutectic can be described in terms of
coordination shells of the chloride anion, as often found for ChCl-based
DESs. [39,29,31]

After the pristine eutectics had been characterized, MD simulations
were employed to unveil how the addition of the HEX cosolvent impacts
on their structural arrangement. To this purpose, in Fig. 6 we report the
evolution of the most relevant g(r)’s for increasing H values, while
the same is shown in Figures S3 - S5 for the remaining pair distribu-
tions. In the BHT:MEN:HEX 1:3:H and TYM:MEN:HEX 1:2:H mixtures,
the Hypn—Opmeny @nd Hpyy —Oppn distributions decrease in intensity
for increasing H values, as also reflected by the decreasing N values
listed in Tables S4 and S8. This result evidences that the introduction
of the apolar cosolvent is able to disrupt the main H-bond interactions
initially present in the BHT:MEN 1:3 and TYM:MEN 1:2 eutectics. As

Journal of Molecular Liquids 394 (2024) 123746

Ch—Ch ChCL:TYM:HEX 1:7:H

as__—H:o H=3 — H=12
— H=1 — H=6 — H=26
Mmoo
o
=5 4
a 34
E ]
(o))
(05 L R S S| —
2 6 10 14
r (A)
b
47 N
= 3] e
1 o
2:,(
r
1‘:|"'|"'|"'|"'|
0 7 14 21 28
H

Fig. 7. a) Radial distribution functions multiplied by the numerical densities
of the observed atoms, g(r)p’s, calculated for the Ch-Ch COM-COM distribution
from the MD simulations for the ChCL:TYM:HEX mixtures at different 1:7:H
molar ratios. b) Corresponding integration numbers N, calculated up to the
first minimum of the g(r)p’s, plotted as a function of H.

concerns the ChCL:TYM:HEX 1:7:H mixtures, the Cl-Hpy,, distribution
does not show a clear evolution upon HEX addition, suggesting that this
interaction is not key to understanding the structural changes of this eu-
tectic. To get more insights, g(r)’s between the center of mass (COM) of
the cholinium cations have been calculated and are shown in Fig. 7a.
Here, it can be observed that the intensity of the distribution rises for
increasing HEX content, as it is also evident from the evolution of the
integration numbers of the first peak (Table S15) reported as a function
of H in Fig. 7b. This result may subtend the increasing segregation of
cholinium cations as promoted by HEX addition to the ChCL:TYM 1:7
eutectic, which could evidently be at the base of the inhomogeneities
observed in the SAXS regime (Fig. 2c).

A more quantitative description of these domains has been gained
from the Voronoi analysis carried out from the MD trajectories, and
the results are shown in Fig. 8. The number of neighbor counts (nb
counts) around a reference subset is reported in Tables S16-S20 and it
is shown as a function of the mixture composition. These values cor-
respond to the average number of neighboring contacts for a Voronoi
unit, which are represented by the mixture components. In particular,
the chosen criterion sees the simulation box partitioned in adjacent
Voronoi cells and, if the Voronoi unit of two molecules share a com-
mon face, these are said to be neighbors. Concerning the BHT:MEN
system, the nb counts between HEX and the BHT and MEN components,
as well as those among HEX molecules, are found to increase along
with H (Fig. 8a). At the same time, the counts among the BHT and
MEN molecules decrease for increasing HEX concentration (Fig. 8b).
A similar behavior is found for the TYM:MEN:HEX 1:2:H mixtures,
where the number of contacts of the cosolvent with all the species
in solution increases (Fig. 8c), while those among the TYM and MEN
components decrease (Fig. 8d) for increasing HEX concentration. Alto-
gether these results point at a higher affinity of the BHT, MEN, and
TYM components towards the hydrophobic HEX cosolvent, which is at
the base of the observation of no larger-scale segregation effects in the
BHT:MEN:HEX and TYM:MEN:HEX mixtures. Note that the higher num-
ber of counts towards the HEX molecules displayed by the BHT:MEN
1:3 system as compared to the TYM:MEN 1:2 one, is an indication of
the higher hydrophobicity of the former eutectic with respect to the lat-
ter. This finding could also explain the higher tendency to flatness of
the WAXS pre-peak displayed by the BHT:MEN:HEX mixtures (Fig. 2a)
with respect to the other systems (Fig. 2b and c¢) upon HEX addition.
On the other hand, different trends can be observed for the ChCl:TYM
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Fig. 8. Neighbor count around a reference subset calculated from the MD simu-
lations for the BHT:MEN:HEX 1:3:H (a and b), TYM:MEN:HEX 1:2:H (c and d),
and ChCL:TYM:HEX 1:7:H (e and f) mixtures reported as a function of H.

1:7 eutectic. In particular, although the TYM-HEX and HEX-HEX con-
tacts grow for increasing H values, the Ch-HEX ones remain close to
zero throughout the explored composition range, demonstrating that
the cholinium cations hardly interact with the added cosolvent. Further-
more, the CI-Ch and Cl-TYM counts remain rather constant across all
the HEX compositions, while the TYM-TYM ones decrease (Fig. 8f). The
overall result shows that, although HEX is able to interact with the TYM
molecules, the smaller affinity between the apolar cosolvent and the hy-
drophilic ChCl is the driving force for the segregation mechanism of this
component in the ChCl:TYM:HEX mixtures. Nevertheless, the large ex-
cess of the TYM compound results in the preservation of the favorable
CI-TYM interaction, also explaining the only slight perturbation of the
Cl-Hpyy g(r) distribution upon HEX addition (Fig. 6¢). A deeper insight
into the three dimensional structural arrangement of the mixtures has
been gained from the spatial distribution functions (SDFs) calculated for
the BHT:MEN:HEX 1:3:12, TYM:MEN:HEX 1:2:12, and ChCLTYM:HEX
1:7:12 systems (Figure S8). Looking at the SDFs computed around the
BHT molecule in the BHT:MEN:HEX 1:3:12 system (Figure S8a) and
around the TYM molecule in the TYM:MEN:HEX 1:2:12 (Figures S8c)
and ChCl:TYM:HEX 1:7:12 (Figures S8f) systems, one may observe that
the probability spots referred to the HEX molecules are located above
and below the aromatic ring of BHT, confirming the affinity of these
species for the apolar cosolvent. Similarly, it can be noticed from the
SDFs calculated for the MEN molecule in the BHT:MEN:HEX 1:3:H
and TYM:MEN:HEX 1:2:H mixtures (Figure S8b and S8d respectively)
that the cosolvent arranges itself at the side of the alkyl chains and
away from the hydroxyl group. Note that the SDFs have been drawn
according to the same density/maximum ratio to properly compare dif-
ferent systems. Nevertheless, we remark that no probability spots were
found in the SDF computed for the Ch molecule, confirming that this
specie has no affinity for the HEX cosolvent, leading to the formation of
inhomogeneities. The whole result confirms that the segregation mech-
anism of the ChCl component from the HEX cosolvent is at the base
of the formation of the larger-scale inhomogeneities observed for the
ChCL:TYM:HEX 1:7:12 and 1:7:26 mixtures. Note that the different be-
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havior of these systems in front of the added cosolvent is evidently
provided by the hydrophilic ChCl component, which is absent in the
BHT:MEN 1:3 and TYM:MEN 1:2 eutectics. This occurs despite the low
amount of ChCl in the ChCL:TYM 1:7 eutectic and shows how the for-
mation of such aggregates is sensitive towards the nature of the compo-
nents, urgently calling for a case-by-case study about the nanostructural
behavior of these inherently complex systems.

4. Conclusions

The structural changes induced by the addition of an apolar cosol-
vent to eutectic mixtures with different degrees of hydrophobicity have
been studied. SWAXS data collected on BHT:MEN:HEX, TYM:MEN:HEX,
and ChCLTYM:HEX mixtures at different molar ratios show that the
introduction of the cosolvent has a similar effect on the three eu-
tectics in terms of molecular scale-length distribution. In particular,
the molecular aggregation present in the pristine eutectics is dramat-
ically perturbed by HEX addition, as shown by the evolution of the
WAXS contribution. On the other hand, the inspection of the small-
angle region shows a different behavior of the three systems at a larger
scale-length. While the introduction of the HEX cosolvent is translated
into a homogeneous electron density distribution for the BHT:MEN:HEX
and TYM:MEN:HEX mixtures, inhomogeneities at nano-scale level are
shown by the ChCL:TYM:HEX system for the highest HEX contents,
before macroscopic phase separation. MD simulations allowed us to elu-
cidate the structural arrangement of the pristine eutectics, which mostly
relies on H-bonding, and showed that these inter-molecular interactions
are seriously perturbed in the BHT:MEN and TYM:MEN systems upon
HEX addition. The high affinity of the HEX cosolvent for the BHT, MEN,
and TYM species is at the base of the observation that neither phase sep-
aration nor inhomogeneities at the nano-scale level occurs even for high
HEX contents. On the other hand, the presence of the more hydrophilic
ChCI compound in the ChCl:TYM 1:7 eutectic is translated into a segre-
gation of this component from the added cosolvent, which only interacts
with the TYM species and with other HEX molecules. The different de-
gree of hydrophobicity of the eutectic components is therefore key to
understanding the nanostructural behavior of these systems in the pres-
ence an apolar cosolvent. Our combined SWAXS-MD approach was able
to reconstruct the supramolecular picture of these mixtures, which is
important for all the applications that see the presence of a cosolvent as
diluted species in a DES.
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