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The changes upon methanol (MeOH) and ethanol (EtOH) addition in the structural arrangement of the
hydrophobic eutectic solvent formed by butylated hydroxytoluene (BHT) and L-menthol (MEN) in
1:3 M ratio have been studied using molecular dynamics (MD) simulations integrated by small- and
wide-angle X-ray scattering (SWAXS) measurements. Different mixtures containing the eutectic solvent
and a variable amount of MeOH and EtOH have been investigated and the cosolvent introduction at any
concentration has been found to break the hydrogen-bonds (H-bonds) among the MEN molecules, that
are the most relevant interactions in the pristine eutectic, while the BHT component remains substan-
tially non-interacting through all the explored composition range. This H-bond network is replaced by
interactions between the MEN component and the cosolvent molecules, where the MEN species acts pref-
erentially as H-bond donor towards the MeOH and EtOH molecules that behave mostly as H-bond accep-
tors. An increasing interplay between the excess cosolvent molecules is also observed upon increasing
their concentration. SWAXS data show a contraction of the electron-dense regions corresponding to
the hydroxyl groups upon cosolvent addition. This evidence is compatible with the intercalation of the
MeOH and EtOH molecules in the MEN-MEN H-bond network to promote MEN-cosolvent and
cosolvent-cosolvent interactions, in agreement with the MD results.

� 2023 Elsevier B.V. All rights reserved.
1. Introduction

Deep eutectic solvents (DESs) are mixtures of two or more com-
pounds showing a melting point (MP) depression that is deeper
than the ideally predicted one for at least one composition. This
also implies that the MP of the eutectic is much lower than those
of the individual parent compounds, allowing the achievement of
a liquid phase even from solid starting materials. DESs often show
interesting properties such as negligible volatility, high conductiv-
ity, non-flammability, high solvating capability, and low toxicity
[1]. Furthermore, common DES components are biocompatible
[2–4] and for these reasons they have been proposed as sustainable
media targeting different applications such as extraction processes,
energy storage, CO2 capturing, catalysis, and drug delivery, among
others [5,6]. DESs are also often indicated as ”designing” solvents,
meaning that their chemical-physical properties can be tuned to
meet specific requirements through a judicious choice of the
precursors and of their relative composition [1,7–9]. Recently, a
new class of DESs composed solely of non-ionic compounds has
been introduced: the so-called ”type V” DESs [10]. This class
includes hydrophobic deep eutectic solvents (HDESs), which were
described for the first time in 2015 and have since then become the
subject of numerous investigations [11–14]. The low water solubil-
ity of their components, often based on terpenes such as thymol
and menthol, guarantees the formation of two phases at room tem-
perature when put in contact with hydrophilic media, making
these solvents ideal candidates for the setting-up of liquid–liquid
biphasic extractions. For these reasons, they have been widely
studied for the separation of target compounds like pesticides,
[15] biomolecules,[11] medicinal components,[16] volatile fatty
acids,[12] synthetic pigments,[17] and metal species [18–23].

Recently, a new hydrophobic eutectic with interesting proper-
ties has been presented, namely that formed by butylated hydrox-
ytoluene (BHT) and L-menthol (MEN) [24,15,25–27,10]. The
peculiarity of this mixture originates from the molecular structure
of the BHT component, carrying a hydroxyl group that seems to be
dramatically impeded in the formation of hydrogen-bonds
(H-bonds) due to the presence of two tert-butyl groups in ortho
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positions (Fig. 1). This is in contrast with the mostly accepted view
of eutectics and in particular of DESs, since the MP depression is
often attributed to the extensive formation of a H-bond network
between the components that act both as H-bond donors and
acceptors [5,6,14]. Previous studies have demonstrated that a
eutectic with a MP close to ideality can be obtained when the
BHT and MEN compounds are mixed in a 1:3 molar ratio, allowing
the achievement of a stable liquid phase suitable for room temper-
ature operative conditions [24,25,28,27]. Notably, the BHT:MEN
1:3 system has been recently employed for successful liquid–liquid
microextraction of pesticides and fat-soluble micronutrients from
food samples [15,24].

Here, we extend previous studies on the BHT:MEN 1:3 mixture
by inspecting the changes in the structural arrangement of the
pristine eutectic caused by the introduction of two cosolvents,
namely methanol (MeOH) and ethanol (EtOH). Indeed, interest
has recently been devoted to DES mixtures with cosolvents, as
the introduction of molecular species such as water or organic sol-
vents has been demonstrated to seriously alter many DES
chemical-physical properties, representing a further designing
strategy that is more easily accessible than chemical modification
of the parent compounds [29–38]. In particular, EtOH is frequently
used as dispersing agent in extraction processes and represents a
cheap strategy to lower the usually high viscosity of these mixtures
[15,24,39]. On the other hand, MeOH is the smallest alcohol but its
hydroxyl group enables the formation of a three-dimensional H-
bond network similar to that of bulk water. Given the poor solubil-
ity of water in the BHT:MEN 1:3 eutectic, even for low concentra-
tions,[24,25] MeOH addition allowed us to study the effect induced
on this system by the organic solvent that most shares its proper-
ties with water. In addition, from a structural point of view it is of
great interest to inspect the perturbation induced on the BHT:MEN
1:3 eutectic by the introduction of low molecular weight species
with high H-bond donor/acceptor capabilities such as MeOH and
EtOH. To this purpose, here we study BHT:MEN:MeOH and BHT:
MEN:EtOH mixtures at different 1:3:M and 1:3:E molar ratios with
a combined approach integrating molecular dynamics (MD) simu-
lations and small- and wide-angle X-ray scattering (SWAXS) spec-
troscopy. Note that SWAXS has been widely employed to study
DESs showing a marked sensitivity on the intermediate-range
Fig. 1. Butylated hydroxytoluene (BHT), L-menthol (MEN), methanol (MeOH) and
ethanol (EtOH) molecular structures showing the employed nomenclature for the
studied atoms.
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structural arrangement of these systems, while MD simulations
are a precious tool to gain an atomistic description of both the local
interactions and the longer-range structure of these systems
[6,40,29,30,41,32,42,43]. This combined approach allows one to
obtain an all-round structural picture about the evolution of the
BHT:MEN 1:3 eutectic upon cosolvent addition.

2. Materials and methods

2.1. Chemicals and sample preparation

BHT (food grade, P 99%), MEN (natural source, food grade,
P 99%) and MeOH (99:8%) were purchased from Merck, while
EtOH (P 99:5%) was purchased from Carlo Erba Reagents S.r.l.
The BHT:MEN 1:3 mixture was prepared by mixing the compo-
nents at the desired molar ratio and then heating at 323 K until a
colorless and viscous liquid was obtained. This eutectic solvent
was used to prepare BHT:MEN:MeOH and BHT:MEN:EtOH mix-
tures at 1:3:M and 1:3:E molar ratios suitable for the SWAXS mea-
surements, with M and E comprised between 1 and 26.

2.2. MD simulation details

Classical MD simulations have been carried out on the BHT:
MEN:MeOH and BHT:MEN:EtOH mixtures at different 1:3:M and
1:3:E molar ratios using the Gromacs 2020.6 program [44]. Initial
configurations were built by randomizing the atomic positions in
cubic boxes (�50 Å side length) with the PACKMOL package[45]
and a number of species chosen in order to reproduce the density
of each mixture. Details about the studied systems are reported in
Tables S1 and S2. The structures and interactions of BHT, MeOH,
and EtOH were described by the all-atom optimized potentials
for liquid simulation (OPLS/AA) force field [46], while for MEN
the OPLS-compatible parameters developed by Jasik et al. were
employed [47]. A cutoff radius of 12 Å was chosen for all the non-
bonded interactions, while long-range electrostatic forces were
computed with the particle mesh Ewald method [48,49]. Cross-
terms for the Lennard-Jones interactions were constructed with
the Lorentz-Berthelot combining rules. After an energy minimiza-
tion, the simulation boxes were equilibrated in the NVT ensemble
by gradually bringing the system from 300 to 500 K, keeping it at
high temperature for 10 ns and gradually cooling down to 300 K.
Production runs for data collection were carried out in the NVT
ensemble for 50 ns at 300 K, using the Nosé-Hoover thermostat
with a relaxation constant of 0.5 ps to control the temperature.
The equations of motion were integrated with the leap-frog algo-
rithm with a time step of 1 fs and all the stretching interactions
involving hydrogen atoms were constrained with the LINCS algo-
rithm [50]. The VMD 1.9.3 software was used for trajectories visu-
alization [51]. The structural properties of the mixtures have been
characterized by calculating site-site radial distribution function
gðrÞ’s. In the case of the O-O distributions among the oxygen atoms
of the mixtures the average distances have been obtained by mod-
elling the gðrÞ’s with Gamma-like functions due to large the asym-
metrys observed. This function depends on four parameters: the
average distance R, the integration number N, the standard devia-

tion r2, and the asymmetry index b ¼ 2p1
2. The general expression

is:
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where CðpÞ is the Euler’s Gamma function for the parameter p. This
approach allows one to determine the average distance of the distri-
bution that can be quite different from the maximum value in the
case of highly asymmetric functions [52,53].
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2.3. SWAXS measurements

SWAXS measurements were performed at the Austrian SAXS
beamline of Elettra-Sincrotrone Trieste (Italy) by using an auto-
matic sample changer system equipped with a Dectris Pilatus3
1 M detector [54]. Data were collected at room temperature on
BHT:MEN:MeOH and BHT:MEN:EtOH mixtures at 1:3:M and 1:3:
E molar ratios with M and E between 1 and 26. Calibration of the
scattering vector q range, where q ¼ ð4psin#Þ=k, with 2# being
the scattering angle, was performed with a silver behenate stan-
dard. Measurements with different sample-detector distances
were performed so that the overall explored q region was 0.05–
1.8 Å�1. The two-dimensional scattering patterns were subtracted
for the dark counts, and then masked, azimuthally averaged, and
normalized for transmitted beam intensity, exposure time, and
subtended solid angle per pixel using the IGOR Pro software (IGOR
Pro 7.0.8.1, Wavemetrics). The one-dimensional intensity vs q pro-
files was then subtracted for the empty capillary contribution and
the different angular ranges were merged using the SAXSutilities2
tool [55].
Fig. 2. Radial distribution functions multiplied by the numerical densities of the
observed atoms, gðrÞq’s, calculated from the MD simulations for the (a) HMEN � OBHT ,
(c) HBHT � OBHT (e) HBHT � OMEN and (g) HMEN � OMEN pairs of the BHT:MEN:MeOH
mixtures at different 1:3:Mmolar ratios and for the (b) HMEN � OBHT , (d) HBHT � OBHT ,
(f) HBHT � OMEN and (h) HMEN � OMEN pairs of the BHT:MEN:EtOH mixtures at
different 1:3:E molar ratios.
3. Results and discussion

3.1. H-bond interactions: MD results

To obtain an atomistic description of the structural evolution of
the BHT:MEN 1:3 eutectic uponMeOH and EtOH addition, MD sim-
ulations have been carried out on BHT:MEN:MeOH 1:3:M and BHT:
MEN:EtOH 1:3:E mixtures for increasing M and E values (0� 100).
Pairwise radial distribution functions gðrÞ’s have been calculated
for all the possible intermolecular H-O combinations involving
the hydroxyl groups of the constituents, as this analysis can deliver
key information about the extent of H-bond aggregation
[29,30,41,32,43]. The employed nomenclature for the atom names
is reported in Fig. 1. First, the description of the structural arrange-
ment of the pristine BHT:MEN 1:3 eutectic is a mandatory starting
point to quantify the perturbation induced by the cosolvents,
which can be achieved by inspection of the H-O gðrÞ’s reported in
Fig. 2 forM and E values equal to zero. Here, it can be observed that
both the HMEN � OBHT (Fig. 2a and 2b) and the HBHT � OBHT (Fig. 2c
and 2d) distributions show poorly structured peaks of negligible
intensity, as the integration numbers N computed for a cutoff dis-
tance chosen at 3.45 Å resulted to be lower than 0.1 (Tables S3 and
S4). Similarly, the HBHT � OMEN gðrÞ (Fig. 2e and 2f) shows a broad
peak centered at about 3.00 Å, a distance that can hardly be asso-
ciated with H-bonds [56]. On the other hand, the HMEN � OMEN dis-
tribution shows a distinct peak centered at 2.01 Å (Figs. 2g and 2h),
and integration of this curve up to a cutoff distance of 2.69 Å gives
back a N value of 0.53. The whole result evokes a picture where the
most relevant H-bonds established in the pristine BHT:MEN 1:3
eutectic are among MEN molecules, while those involving the
BHT species acting either as H-bond donor or acceptor are negligi-
ble. This behavior is in agreement with previous findings attribut-
ing the low propensity of the BHT molecule to form H-bonds to the
steric hindrance of the hydroxyl group due to the presence of the
tert-butyl groups [24–26,10]. By looking at the evolution of the
gðrÞ’s upon increasing M and E values it is possible to understand
how the structural arrangement is perturbed by the introduction
of the MeOH and EtOH cosolvents. Inspection of Fig. 2 reveals that
the H-O distributions involving the BHT species remain almost
identical in shape after cosolvent addition, and the observed
decrease in intensity is due to the dilution of the eutectic (Figs. 2-
a-2f). This behaviour is justified by the fact that the gðrÞ’s reported
in Fig. 2 are multiplied by the numerical density of the observed
atoms (q) to properly compare systems with different composi-
3

tions, as already employed in previous works [29,30,41,43]. Still,
the integration numbers obtained for these distributions remain
close to zero throughout the entire explored composition range
(see Tables S3 and S4). On the other hand, a decrease in intensity
is observed also for the HMEN � OMEN distribution, while the integra-
tion number for this interaction drops off through the series and
reaches values close to zero for the highest cosolvent contents (Fig-
ure S1). Altogether these results show that addition to the BHT:
MEN 1:3 eutectic of both MeOH and EtOH is not translated into
an increase in the H-bond interactions that are already negligible
in the pristine system, namely the BHT-MEN and BHT-BHT ones,
while at the same time it is able to induce a serious perturbation
in the MEN-MEN H-bond network.

Since addition of both MeOH and EtOH to the BHT:MEN 1:3
eutectic results in the disruption of the most relevant H-bonds pre-
sent in the pristine system, the arising question is whether these
interactions are somewhat replaced by other ones capable of pre-
serving the overall H-bonds balance. To address this issue, we



Fig. 4. Radial distribution functions multiplied by the numerical densities of the
observed atoms, gðrÞq’s, calculated from the MD simulations for the (a)
HMEN � OEtOH , (b) HEtOH � OMEN , and (c) HEtOH � OEtOH pairs from the MD simulations
of the BHT:MEN:EtOH mixtures at different 1:3:E molar ratios. (d) Corresponding
integration numbers N, calculated up to the first minimum of the gðrÞq’s, plotted as
a function of E.
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inspected the behavior of the cosolvent through the explored com-
position range by means of the H-O gðrÞ’s involving the MeOH and
EtOH molecules. As concerns the interaction with the BHT compo-
nent, both the HBHT-OMeOH and HBHT-OEtOH distributions show no dis-
tinct peaks through all the series (Figures S2a and S2c). Similarly,
the HMeOH � OBHT and HEtOH � OBHT gðrÞ’s show the presence of broad
peaks integrating nearly zero even for high cosolvent concentra-
tions (Figures S2b and S2d). The whole picture is indicative of
the poor propensity of the BHT species to interact with the cosol-
vent molecules either in a H-bond donor or acceptor fashion. This
is an interesting outcome since, although the steric hindrance of
the hydroxyl group can reasonably be taken as the main factor that
hampers the formation of H-bonds, one may think that small mole-
cules with high H-bond donor/acceptor capabilities such as MeOH
and EtOH could access the BHT hydroxyl site. Differently, these
results show that this is not the case, giving a measure of how
much the steric encumbrance provided by the two tert-butyl
groups is detrimental for the establishment of H-bond interactions.
Note that we also carried out preliminary MD simulations to study
the behavior of water in the BHT:MEN 1:3 eutectic. In fact,
although this system is hydrophobic, it can be supposed that a
small amount of water molecules can be present in the eutectic
when put in contact with an aqueous phase to form a biphasic sys-
tem, like for example in a liquid–liquid biphasic extraction [15,24].
As a result, we obtained that the water molecule, which is the
smallest species with H-bond donor/receptor capabilities, is not
able to access the BHT hydroxyl group, giving a further confirma-
tion of the hydrophobicity of the BHT component and ultimately
of the BHT:MEN system.

Once the hypothesis that the introduced cosolvent may interact
with the BHT species has been ruled out, we computed the H-O
gðrÞ’s to inspect for possible MEN interactions with the MeOH
and EtOH molecules (Figs. 3 and 4, respectively). All these distribu-
tions show distinct first peaks centered at about 2.00 Å and have a
similar shape as that of the HMEN � OMEN g(r) of the pristine eutectic
(Fig. 2g and 2h), which can be reasonably associated with H-bond
interactions. However, while the HMEN � OMeOH (Fig. 3a) and
HMEN � OEtOH (Fig. 4a) gðrÞ’s increase in intensity upon increasing
cosolvent concentration, the opposite behavior is observed for
the HMeOH � OMEN (Fig. 3b) and HEtOH � OMEN (Fig. 4b) ones. The same
trend can be clearly observed from the evolution of the corre-
Fig. 3. Radial distribution functions multiplied by the numerical densities of the
observed atoms, gðrÞq’s, calculated from the MD simulations for the (a)
HMEN � OMeOH , (b) HMeOH � OMEN , and (c) HMeOH � OMeOH pairs from the MD simula-
tions of the BHT:MEN:MeOH mixtures at different 1:3:M molar ratios. (d)
Corresponding integration numbers N, calculated up to the first minimum of the
gðrÞq’s, plotted as a function of M.
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sponding integration numbers of these curves as a function of
the cosolvent content (Fig. 3d and Fig. 4d for MeOH and EtOH,
respectively). The coordination numbers computed for a cutoff dis-
tance of 2.66 Åfor the BHT:MEN:MeOH 1:3:M system and of 2.75 Å
for the BHT:MEN:EtOH 1:3:E one are reported in Tables S5 and S6.
This result testifies a preferential H-bond donor behavior of the
MEN species towards the introduced cosolvent, this being the main
interaction replacing the MEN-MEN one present in the pristine
eutectic. Note that this behavior is accompanied by an increase
in the MeOH-MeOH and EtOH-EtOH H-bonds involving the excess
of cosolvent molecules not interacting with the MEN species, as
can be observed from the evolution of the HMeOH � OMeOH (Fig. 3c)
and HEtOH � OEtOH (Fig. 4c) distributions and of the corresponding
N values (Fig. 3d and Fig. 4d, respectively). Finally, it can be
observed that the addition of both MeOH and EtOH perturbs the
BHT:MEN 1:3 system in the same way, proving that slightly
lengthening the alkyl chain of the cosolvent molecule does not lead
to significant changes in the interactions between the latter and
the eutectic components.
3.2. Evolution of the intermediate-range structure

The effect of the presence of the cosolvent on the intermediate-
range structural arrangement of the BHT:MEN 1:3 eutectic can be
assessed from the SWAXS spectra collected on the BHT:MEN:
MeOH and BHT:MEN:EtOH mixtures at different 1:3:M and 1:3:E
molar ratios (Figs. 5a and 5b, respectively). At first glance, it can
be observed that no spectral features are substantially present in
the small-angle region (q <�0.5 Å�1), that shows a flat profile
for both the MeOH and EtOH mixtures. This is a non-trivial result,
since the formation of nano-scale inhomogeneities in eutectic mix-
tures upon cosolvent addition has been previously detected by a
marked increase in the small-angle scattered intensity [29,30]. Dif-
ferently, the obtained WAXS profiles show at least two character-
istic features able to deliver information about the intermediate-
range aggregation in the studied mixtures. In particular, the WAXS
main peak is preceded by a pre-peak at lower q values in all sam-
ples and this feature has been previously observed for menthol-
and thymol-based eutectics and it has been associated to the steric
exclusion between the carbon bodies of the constituents, prevent-
ing the formation of continuous H-bond networks. This structural



Fig. 5. Experimental SWAXS spectra collected on the (a) BHT:MEN:MeOH mixtures
at different 1:3:M molar ratios and on the (b) BHT:MEN:EtOH mixtures at different
1:3:E molar ratios. Corresponding maximum position of the WAXS pre-peak in the
direct space plotted as a function of (c) M and (d) E.
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arrangement results in the intercalation between electron density-
rich regions, corresponding to the H-bonded hydroxyl groups,
interspersed by electron density-poor regions corresponding to
the carbon bodies of the constituents [40,42,25]. In the case of
the pristine BHT:MEN 1:3 eutectic, this pre-peak occurs at �0.63
Å�1 and corresponds to a distance of �10.3 Å in the real space, well
compatible with the carbon-ring exclusion of the MEN and BHT
components. However, this contribution is found to shift to higher
q values as the cosolvent content increases, as can also be observed
from the evolution of the peak positions in the real space reported
as a function of the cosolvent molar ratio (Figs. 5c and 5d for MeOH
and EtOH, respectively). The contraction of these electron-rich
areas is compatible with the observed behavior of the introduced
cosolvent molecules, which are able to perturb the MEN-MEN H-
bond network and to promote both MEN-cosolvent and
cosolvent-cosolvent interactions resulting in a shortening of the
distances between the electron-denser oxygen atoms. This behav-
ior can also be observed from a qualitative point of view from the
Fig. 6. Selected snapshots taken from the final configurations of the MD simula-
tions performed on the BHT:MEN:MeOH mixtures at different 1:3:M molar ratios
(top panels) and on the BHT:MEN:EtOH mixtures at different 1:3:E molar ratios
(bottom panels). Oxygen atoms are shown in red, while carbon and hydrogen atoms
in transparent grey. Box edges are highlighted by blue lines.
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MD snapshots taken on the entire simulations boxes reported in
Fig. 6, where oxygen atoms contributing to the areas of higher elec-
tron density are shown as red surfaces, while carbon and hydrogen
atoms are depicted in grey. Here, the shortening of the distances
among the red areas upon increasing of both M and E values
becomes evident. A more quantitative description of this behavior
can be obtained from the gðrÞ’s computed between all the oxygen
atoms for the BHT:MEN:MeOH 1:3:M and BHT:MEN:EtOH 1:3:E
mixtures (Fig. 7a and b, respectively). As can be observed, quite
asymmetric peaks are obtained with a maximum position clearly
shortening to smaller distances upon increasing concentration.
To better quantify this trend, these gðrÞ’s have been fitted with
Gamma-functions to obtain the average distance of the O-O distri-
bution, this one being different from the maximum distance
because of the asymmetric shape of the gðrÞ. The obtained values
are reported in Fig. 7c and 7d as a function of the M and E values,
respectively. As a result, the shortening of the O-O distance upon
increasing cosolvent concentration becomes evident, corroborating
the experimental SWAXS evidence on the MD simulation results.
4. Conclusions

The structural changes induced by the addition of MeOH and
EtOH cosolvents to the BHT:MEN 1:3 hydrophobic eutectic have
been studied. MD simulations carried out on BHT:MEN:MeOH
and BHT:MEN:EtOH mixtures at different 1:3:M and 1:3:E molar
ratios show that the cosolvent addition provokes serious modifica-
tions to the structural arrangement of the pristine eutectic, where
the most relevant H-bonds are between MEN molecules, while
those involving the BHT component are negligible because of the
high steric hindrance around its hydroxyl group. The MEN-MEN
H-bond network is perturbed when MeOH and EtOH are added
and these interactions are replaced by H-bonds between the
MEN species and the cosolvent molecules. The MEN component
shows a preferential H-bond donor behavior towards the cosolvent
molecules, which in turn mostly act as H-bond acceptors. An
increasing interplay among the excess cosolvent molecules is also
observed upon increasing its concentration. Differently, the BHT
molecule remains substantially non-interacting throughout all
the explored composition range. SWAXS data show a contraction
Fig. 7. Radial distribution functions multiplied by the numerical densities of the
observed atoms, gðrÞq’s, calculated for the O-O distribution among all the oxygen
atoms from the MD simulations of the (a) BHT:MEN:MeOH mixtures at different
1:3:M molar ratios and of the (b) BHT:MEN:EtOH mixtures at different 1:3:E molar
ratios. Corresponding average distance obtained after the fitting procedure with the
Gamma-function plotted as a function of (c) M and (d) E.
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of the distances among the electron-rich regions corresponding to
the hydroxyl oxygen atoms through the series. This picture is com-
patible with the intercalation of the MeOH and EtOH molecules in
the MEN-MEN H-bond network, promoting a progressive shorten-
ing of the hydroxyl group distances as a result of the increasing
MEN-cosolvent and cosolvent-cosolvent interactions, in agreement
with the MD results.
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