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ABSTRACT: The thermal behavior of the hydrophobic eutectic
mixtures formed by L-menthol (MEN) with 4-methoxyphenol (4-
Met), 2-tert-butyl-4-methoxyphenol (BHA), 2-fert-butyl-4-ethyl-
phenol (TBEP), and tert-butylhydroquinone (TBHQ) has been
investigated to elucidate the different factors governing the solid—
liquid equilibrium (SLE) at the molecular level. Our comparative
study highlights the contribution of hydrogen-bonding (H-
bonding) asymmetry of deep eutectic solvent (DES) precursors,
i.e., their ability to act as strong H-bond donors and weak H-bond
acceptors or vice versa. When deriving from resonance effects, this
concept was previously presented as “polarity asymmetry” and

DFTB-MD

COSMO-RS SLE

introduced to explain the thermal behavior of type V DES. Here, we expand this concept to demonstrate that steric factors led by the
insertion of ad hoc functional groups in the precursor molecules also have a dominant role in the deviation from thermodynamic
ideality. In this way, an increasing temperature depression is observed starting from the 4-Met/MEN mixtures up to the BHA/MEN,
TBHQ/MEN, and TBEP/MEN ones. The SLE prediction has been carried out through an innovative approach combining the
COSMO-RS solvation model and density functional tight-binding molecular dynamics simulations, benchmarked against
experimental data, and presented here for the first time. The impact of this work is that of providing new tools for a more conscious
understanding and design of hydrophobic type V DES as new sustainable media for applicative purposes.
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B INTRODUCTION

Deep eutectic solvents (DESs) are a peculiar class of novel
green media that have recently attracted a lot of attention due
to their distinct chemical-physical properties. In many cases,
these solvents show nonflammability, low vapor pressure,
reduced toxicity, and high solvating capability.' = As a result,
they are well suited for a variety of applications, including the
extraction of metal species,A"5 biomolecules,’ pesticides,7’8 and
medicinal components from aqueous solutions,” energy
production and storage,'”'" electroplating,'*~"* and catalytic
processes,ls’16 among others. At variance with traditional
solvents, which are pure substances, DESs are prepared by
mixing at least two precursor compounds, often solid at room
temperature. This opens a wide horizon of opportunities since
by judicious choice of the precursors and their molar ratio, or
through an appropriate functionalization of the parent
molecules, one may directly act on the DES chemical-physical
properties, so that these media sit by right in the realm of the
“designing” solvents."’ ™ It is widely accepted that DES
classification relies on the chemical nature of the parent
compounds and they are divided into five categories (I-V).?
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Differently from types I-IV, which are composed by at least
one ionic component, the more recent type V DESs are formed
by neutral molecular compounds, only. Being nonionic, DESs
belonging to this family typically display lower viscosities, are
chloride-free and often hydrophobic. Indeed, hydrophobic
deep eutectic solvents (HDESs) have drawn significant
attention as a greener alternative to conventional media for
liquid—liquid biphasic extractions of several target compounds
from aqueous solutions.”' ~**

The solid—liquid equilibrium (SLE) between the precursors
is at the basis of DES formation since it brings to the eutectic-
type behavior and hopefully to the achievement of a liquid
phase at the operating temperature. Despite this being typical
of every eutectic, DESs are defined so that the melting point
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Figure 1. Molecular structures of 4-methoxyphenol (4-Met), 2-tert-butyl-4-methoxyphenol (BHA), tert-butylhydroquinone (TBHQ), 2-tert-butyl-
4-ethylphenol (TBEP), and r-menthol (MEN) (white: hydrogen; gray: carbon; red: oxygen).

(MP) depression is significantly deeper than the one predicted
assuming thermodynamic ideality for at least one of the
compounds across the SLE phase diagram.24 Nevertheless, the
amount of MP depression to provide a “true” DES instead of
an ideal eutectic is still controversial, so that this view has been
challenged repeatedly.*

From a thermodynamic perspective, the MP depression
originates when the interactions between the mixed
components are stronger than in their precursor’s pure form.
The nature of such interactions has almost always been
attributed to hydrogen-bonding (H-bonding),">**” so that the
precursors are often indicated as H-bond donor (HBD) and
H-bond acceptor (HBA) species. To obtain a significant
deviation from ideality, one may therefore desire the
noncovalent interactions among the parent molecules in the
liquid phase of the pure state to be as weak as possible while
being maximized in the mixed state. This can be achieved with
compounds having strong HBD and weak HBA functionalities
or vice versa, a condition which was previously indicated as
“polarity asymmetry”. This concept was already introduced to
explain the thermal behavior of the archetypal type V DES
formed by thymol and r-menthol (MEN).”**’ In fact, the
thymol hydroxyl group is more positive due to resonance
effects, which makes the hydrogen atom a stronger HBD but
the oxygen atom a weaker HBA with respect to nonphenolic
species. The effect is that it hampers the self-aggregation
among thymol molecules in the pure state. On the other hand,
no resonance effects are present in the MEN molecule. Thus,
upon mixing of the two compounds, the thymol molecule can
establish with MEN stronger H-bonds than in its pristine form,
leading to the deviation from thermal ideality. Note that a
remarkable MP depression is highly desirable since it can
disclose a higher composition versatility of the mixture,
meaning that the precursor molar ratio can be deliberately
changed to achieve the desired chemical-physical properties
without losing the liquid window. As a result, it is of great
interest to expand the existing knowledge about the thermal
behavior of these mixtures to correlate the deviation from
ideality to their structural and electronic properties.

Inspection of the entire SLE phase diagram is an important
step to characterize a eutectic mixture.”” This is typically
achieved by measuring the melting temperature (T,) of the
mixture for different molar fractions of the parent compounds
with thermal methods, such as differential scanning calorimetry
(DSC). However, these experiments can represent a
considerable effort in term of resources and/or be affected
by problems of the sample such as lack of crystallization or
cocrystal formation for some compositions.” In this sense, the
demand for predictive methodologies has recently grown,

resulting in an increased usage of computational approaches as
a screening tool to drive the experimental design of type V
DES. The most popular methods for SLE determination are
those based on the COSMO solvation model, such as
COSMO-RS and COSMO-SAC,”' ™" that are based on the
calculation of the activity coefficients combining statistical
thermodynamics with quantum chemical descriptors.’®™>*
However, these techniques benefit substantially from compar-
ison with experimental data, and therefore, there is a need for
the improvement of these computational approaches and for
the development of more reliable predictive methodologies.

Here, we present a comprehensive study of the thermal
behavior of the hydrophobic eutectic mixtures formed by L-
menthol with 4-methoxyphenol (4-Met), 2-tert-butyl-4-me-
thoxyphenol (BHA), 2-tert-butyl-4-ethylphenol (TBEP), and
tert-butylhydroquinone (TBHQ). MEN is widely found in type
V DESs because of its inherent sustainability and availability
from natural sources, and consequently, the study of its
mixtures is of great interest.”” Furthermore, inspection of the
molecular structures of the selected counterpart compounds
(Figure 1) delivers the key to this study, that is, investigating
how the presence of different functional groups can affect the
H-bonding capability and ultimately the mixture liquid window
of these systems. To this purpose, the COSMO-RS model was
used to predict the SLE phase diagram, and the results
obtained using different quantum chemical levels were
compared. To increase the accuracy of the predictions, the
SLEs were also computed taking into account the relative
abundance of the component molecule rotational conformers,
calculated from density functional tight-binding molecular
dynamics (DFTB-MD) simulations. With the purpose of
validating this combined approach, which we present here for
the first time, the theoretical predictions were compared step-
by-step with the experimental data obtained by DSC
measurements.

B MATERIALS AND METHODS

Chemicals and Sample Preparation. MEN (natural source,
food grade, >99%), 4-Met (>97%), BHA (>90%), and TBHQ
(>97%) were purchased from Merck Life Science S.r.l. (Milan, Italy),
while TBEP (>98%) was purchased from BLD Pharmatech GmbH.
4-Met/MEN, BHA/MEN, TBEP/MEN, and TBHQ/MEN mixtures
at different molar fractions of the components, %, yfey Xpas ¥rpgpy and
%rpHQ respectively, were prepared by mixing the desired amount of
the compounds in a glass test tube and then heating until
homogeneous liquids were obtained. The full list of the prepared
samples is reported in Tables S1—S4 of the Supporting Information.

Solid—Liquid Equilibrium Measurements. A PerkinElmer AD6
microanalytical balance, a Hitachi DSC7000X working at atmospheric
pressure and coupled with an electrical cooling unit, and a Mettler-
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Toledo DSC 821 in a 70 mL/min nitrogen flux were used. Samples of
approximately S mg were weighted, sealed in hermetic aluminum
crucibles, and heated at a rate of 2 K min™' under nitrogen
atmosphere. A baseline was also determined with an empty sample
holder to eliminate the effect of the gas. The equipment was
calibrated with several standards (decane, 4-nitrotoluene, naphtha-
lene, benzoic acid, diphenylacetic acid, indium, tin, caffeine, lead, zinc,
potassium nitrate, water, and anthracene) at 2 K min~'. First, the
samples were cooled to 193.15 at 10 K min~" and then heated at 2 K
min~' until complete melting. Since some of the mixtures presented
cold crystallization phenomena, a procedure was applied of at least
two heating steps (at 2 K min™") until before the eutectic temperature
or 20 K above the glass transition and cooling steps (at 10 K min™")
until S K above the glass transition. This procedure attempted to
ensure completion of the crystallization transition, which was not
always evident. Then, the last heating step at 2 K min™' was
performed for thermal analysis until the complete melting. The MP of
each mixture was taken as the maximum value of the melting peak, as
shown in Figure S1 for the 4-Met/MEN system, as an example.

For the mixtures in the solid state at room temperature, the melting
temperature was determined via a “visual method” by means of an
automatic glass capillary device, model M-565 from Biichi (Flawil,
Switzerland), with a temperature resolution of 0.1 K, which was used
to measure the melting temperature. The samples were loaded into
melting point capillaries at room temperature and heated until the
phase transition was observed. At least three independent measure-
ments were made by applying a heating rate of 0.2 or 0.1 K min™". A
complete list of the measurements is reported in Tables S1—S4 of the
Supporting Information.

COSMO-RS. The MEN, 4-Met, BHA, TBEP, and TBHQ
molecules were optimized by density functional theory (DFT)
calculations with the TURBOMOLE V4.5.2 package,*’ using the
COSMO solvation model with infinite permittivity, the B-P86
functional*"** and the def TZVP* or def2_ TZVPD*** basis set.
The COSMOtherm21*® software was used to perform all COSMO-
RS related calculations. First, the results obtained using the
BP_TZVP_21 and BP_TZVPD_FINE 21 parametrizations were
compared. Second, the calculation of the SLE phase diagrams was
carried out by inserting a weight factor (wf) to include the conformer
percentage yield from DFTB-MD simulations (vide infra). In Figure
S2, the molecular structures of the cisoid and transoid conformers of
the BHA, TBEP, and TBHQ components are represented. The
experimental thermal properties for the pure components employed
for SLE calculations and the wf employed are reported in Tables S5
and S6, respectively. Note that the employed conformer populations
were extracted from DFTB-MD simulations at a definite temperature
(Table S7) and kept constant during the SLE calculations since we
observed a change lower than 5% of these populations across the
explored temperature range. The deviation from thermal ideality was
quantified as the difference between the MP calculated for the ideal
liquid phase model and that obtained from the COSMO-RS
calculations both taken at the eutectic composition (Table $8).°

Computational Details. The third order variant of the density
functional tight-binding (DFTB3) level of theory, which has
previously been shown to improve the description of H-bond
interactions,*” ™’ was used for the DFTB-MD simulations of the
BHA, TBEP, and TBHQ compounds using the DFTB+21.2
program® in combination with the third-order-parametrization for
organic and biological systems (30B) Slater-Koster files.”' Cubic
boxes with ~20 A side lengths and a number of species chosen to
reproduce the density of each system were built by randomizing the
initial atomic positions with the PACKMOL package.” Details about
the studied systems are reported in Table S7. After geometry
optimization, a 2 ps NVE run and 10 ps NVT equilibration at 600 K
were carried out, followed by S0 ps of a production run at a
temperature above the MP of each system (Table S7). A Nosé—
Hoover thermostat with a coupling strength of 3200 cm™" was used to
achieve thermalization. The velocity Verlet algorithm, with a 1.0 fs
time step, was used to integrate the equations of motion, and
trajectories were saved every 10 steps. Periodic boundary conditions

were applied in all directions. The k-points mesh corresponded to a I'-
point sampling, while self-consistent charge optimization was carried
out with 107 tolerance. Grimme’s DFT-D4 empirical dispersion
corrections were applied to improve the description of van der Waals
interactions.*

The density of the TBHQ compound at 408 K was estimated by
means of a classical MD simulation in the NPT ensemble carried out
for 10 ns at 1 atm with the Gromacs 2020.6 program.”* Structures and
interactions of the TBHQ molecules were represented by the all-atom
optimized potentials for liquid simulations (OPLS-AA) force field.>
The long-range electrostatic forces were calculated with the particle
mesh Ewald method®**” and a cutoff radius of 9 A was chosen for all
the nonbonded interactions. Cross-terms for the Lennard-Jones
interactions were constructed with the Lorentz—Berthelot combining
rules. The Nosé-Hoover thermostat with a relaxation constant of 0.5
ps and a Parrinello-Rahaman barostat with a coupling constant of 1.0
ps were employed. The leapfrog algorithm was used to integrate the
equation of motion with a time step of 1.0 fs. The LINCS algorithm®®
was employed to constrain all the stretching vibrations involving the
hydrogen atoms.

An analysis population was carried out for the 4-Met, BHA, TBEP,
TBHQ, and MEN molecules by calculating the partial charges with
the CHELPG scheme.’® To this purpose, geometry optimizations of
the isolated molecules in gas phase conditions were carried out at
DFT level using the B3LYP functional®® in combination with the
def2_TZVP basis set.""* The GAUSSIAN 16 package®' was used for
DFT simulations.

Bl RESULTS AND DISCUSSION

Setting Up the Predictive Method: 4-Met/MEN and
BHA/MEN. In Figure 2a, we report the simulated SLE phase
diagram for the 4-Met/MEN mixture calculated with the
COSMO-RS BP_TZVP_21 parametrization, compared with
the phase diagram traced assuming thermodynamic ideality
and the obtained experimental melting temperatures. Despite
this level of theory being previously used with success for the
thermal characterization of DESs,*>~®* here it can be observed
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Figure 2. Experimental SLE phase diagram for the 4-Met/MEN
system measured using DSC (black circle) and the visual method
(black square). Predictions obtained by the ideal liquid phase model
(solid lines) and COSMO-RS theoretical curves calculated using the
BP_TZVP_21 (dotted lines) (a) and BP_TZVPD_FINE 21
(dashed lines) (b) parametrizations.
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Figure 3. Experimental SLE phase diagram for the BHA/MEN system measured using DSC (black circle) and the visual method (black square).
Predictions obtained by the ideal liquid phase model (solid lines) and COSMO-RS theoretical curves calculated using the BP_ TZVP_ 21 (dotted
lines) (a) and BP_TZVPD_FINE 21 (dashed lines) (b) parametrizations. Results obtained employing the BP_TZVPD_FINE_21 parameters and
considering the weight of each conformer calculated from DFTB-MD simulations (dashed-dotted lines) (c). Dihedral distribution function
calculated from DFTB-MD simulation of the pure BHA system referred to the dihedral angle shown in the panel (d).

that the agreement between the experimental and theoretical
data is far from being satisfactory. This is particularly true for
compositions close to the eutectic point, where the employed
COSMO model significantly deviates from the experimental
data points. In the attempt to better characterize this system,
the quantum chemical level was increased; hence, the
BP_TZVPD_FINE_21 parametrization was used.’’ The result
of this prediction is reported in Figure 2b. Here, the simulated
SLE diagram reproduces more accurately the experimental
behavior as the experimental melting temperatures are found
to lie close to the theoretical lines. As concerns the thermal
characterization of this system, both the experimental data
points and the COSMO-RS prediction show only a slight MP
depression along the phase diagram, and a AT, of 4.0 K is
obtained for the eutectic composition (Table S8), highlighting
that the thermal behavior of the 4-Met/MEN system is close to
the one of an ideal eutectic. To rationalize this result, a useful
comparison can be made with a similar system formed by
MEN with p-cresol (PC), being the latter analogue to the 4-
Met molecule but with a methyl group in para-position with
respect to the hydroxyl, instead of a methoxy moiety.”® This
mixture was previously characterized and showed a marked
MP depression for a wide range of compositions, classifying
this system by right as a type V DES. At the molecular level,
the reason for the different thermal behavior of the 4-Met/
MEN mixture can reasonably be searched in the methoxy
substituent present in the 4-Met molecule, which, being an
electron donor for conjugative effect, reduces the electron
delocalization of the hydroxyl oxygen atom. The whole result
makes the phenolic oxygen atom a better HBA, thus reducing
the polarity asymmetry of this molecule. This enhances the
interactions among 4-Met molecules in the pure compound
and makes the intermolecular 4-Met—MEN interactions upon

mixing less favorable by comparison, which results in a lower
deviation from thermodynamic ideality.

Subsequently, the system composed of BHA and MEN was
studied and compared to the 4-Met/MEN mixture. The
structure of the BHA molecule reminds that of the 4-Met one,
except for the functionalization of the aromatic ring via the
insertion of a fert-butyl (tBu) substituent in ortho-position to
the hydroxyl group (Figure 1). In Figure 3a,b, we report the
SLE diagrams calculated using the COSMO BP_TZVP_21
and BP_TZVPD FINE 21 parametrization levels, respec-
tively, compared with the ideal phase diagram and the
experimental data. Surprisingly, both levels of theory show
an unsatisfying agreement with the experimental data. Looking
at the structure of the BHA molecule, one may suppose that it
can be present in two different forms in the liquid phase
(Figure S2), ie., with the hydroxyl hydrogen atom pointing
either toward or to the opposite side of the tBu group
(hereafter named cisoid and transoid, respectively).”” To
estimate the relative abundance of the two rotational
conformers, DFTB-MD simulations were carried out on the
pristine BHA compound. Subsequently, a dihedral distribution
function (DDF) for the dihedral angle (@) describing the
orientation of the hydroxyl group was calculated from DFTB-
MD simulations (Figure 3d). By integration of the DDF
reported in Figure 3d, the population of the two conformers
resulted to be equal to 90% for the transoid form and 10% for
the cisoid one, respectively. The much higher abundance of the
transoid form is reasonable if one considers the repulsion
between the planar O—H group and the protons of the tBu
group in the cisoid one. To improve the simulated SLE, the
weights of the BHA conformers were considered by inserting
in the COSMO simulation a wf derived from the DDF analysis.
Simulating the SLE considering this information resulted in a
clear improvement of the phase diagram when compared to
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the experimental data (Figure 3c). This combined approach is
thus crucial to characterizing the thermal behavior of mixtures
formed by precursors presenting this kind of steric asymmetry.
Note that the transoid conformer weight was considered to be
equal to 99.9% by COSMO calculations performed without
the conformer analysis and that neglecting the contribution of
the cisoid form leads to the overestimation of the MP
depression (Figure 3b). This result is reasonable if we consider
that the transoid rotamer is more suitable to behave as HBD
and establish the favorable BHA—MEN donor-receptor
interaction, while the same cannot be said for the cisoid
form. The clear improvement of the SLE prediction deriving
from the inclusion of only a small percentage of the cisoid
rotamer highlights how these calculations are sensitive toward
such structural information.

Role of Steric Asymmetry in Addition to Polarity
Asymmetry. The thermal behavior evidenced by the BHA/
MEN system warrants some further discussion. By comparing
the COSMO-simulated phase diagram with the ideal SLE in
Figure 3c, one may note that this mixture shows a higher
deviation from thermal ideality as compared to the 4-Met/
MEN one (Figure 2b), in particular at the eutectic
composition (Table S8). However, a methoxy group in the
para-position to the hydroxyl is present in both the 4-Met and
BHA precursors, which can reduce the polarity asymmetry of
these molecules. To get further insights into the electrostatic
properties of the components, a population analysis on the
isolated molecules was carried out from DFT calculations, and
the results are shown in Figure S3. As can be observed, the
partial charge of the hydroxyl oxygen atom in the MEN
molecule is significantly more negative than in the 4-Met and
BHA counterparts because of the electron delocalization
through the aromatic ring in the latter cases. In addition, the
partial charges are comparable for the 4-Met and BHA
molecules, confirming their similarity from an electrostatic
point of view. Therefore, the different thermal behavior of the
BHA/MEN mixture with respect to the 4-Met/MEN one can
be reasonably ascribed to only the presence of the tBu
substituent in the BHA molecule. Being in one of the two
available ortho-positions to the hydroxyl, this encumbering
group leaves only partial access to the oxygen atom, and
significantly reduces the capability of the BHA molecule to act
simultaneously as H-bond donor and acceptor. As a result, the
intermolecular interactions among BHA molecules in the pure
compound are hampered, while the mixed BHA—MEN donor-
receptor interaction becomes more favorable upon mixing. A
similar effect was previously evidenced by a comparative study
on MEN mixtures with butylated hydroxytoluene (BHT), 2-
tert-butyl-p-cresol (TBC), and PC, where TBC and BHT
molecules are analogous to the PC one, with respectively one
and two tBu groups in ortho-position to the hydroxyl.”® Note
that, up to now, the term asymmetric has being used to
describe precursors that possess strong HBD but weak HBA
sites due to asymmetric polarity, and never to indicate
structural or configurational asymmetry.”” Differently, here,
we demonstrate that H-bonding asymmetry due to steric
factors from appropriate functionalization of the precursors can
also drive the achievement of a type V DES. Considering that
both the 4-Met and BHA molecules suffer from a reduced
polarity asymmetry, these steric factors appear to be over-
whelming with respect to the electrostatic ones.

In the attempt to describe the behavior of the 4-Met and
BHA components, one may observe that the methoxy group of

these molecules carries a negatively charged oxygen atom that
can also act as a potential HBA site. However, the population
analysis shows that the methoxy oxygen possesses a
considerably less negative partial charge compared to the
hydroxyl oxygen in both these molecules (Figure S3),
suggesting a scarce involvement in the H-bonding economy.
To get further insights into the role of the methoxy group, a
useful comparison is offered by the TBEP/MEN system, where
the TBEP molecule is analogous to the BHA one, but with an
ethyl substituent in the para-position to the hydroxyl (Figure
1). Due to the formation of a metastable phase that prevented
these mixtures from crystallizing, it was not possible to
measure the experimental MP in the range of compositions
between xrggp = 0.3 and xpggp = 0.7. Under these
circumstances, we exploited the predictive capability of our
combined COSMO/DFTB-MD approach to get the SLE
phase diagram for this mixture, given the reliability of our
methodology previously benchmarked against the experimental
data. To this purpose, the percentage of conformational
rotamers for the TBEP molecule was obtained by integrating
the DDF calculated from DFTB-MD simulations of the
pristine compound (Figure S4). The SLE calculated using this
information is shown in Figure 4 and is compared to the ideal
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Figure 4. Experimental SLE phase diagram for the TBEP/MEN
system measured using the DSC (black circle). Predictions obtained
by the ideal liquid phase model (solid lines) and COSMO-RS
theoretical curves calculated using the BP_TZVPD_FINE_ 21

parameters and taking into account the weight of each conformer
calculated from DFTB-MD simulations (dashed-dotted lines).

thermal behavior of the mixture. The obtained phase diagram
shows a significant deviation from ideality for a considerably
wide range of compositions, going from about xrggp = 0.4—0.6,
which is particularly pronounced at the eutectic one (Table
S8). Note that, besides having a potential HBA ability, the
methoxy group is also capable of reducing the polarity
asymmetry of the molecule for the conjugative effect, as
previously discussed. However, the population analysis delivers
similar partial charges for the BHA and TBEP hydroxyl atoms
(Figure S3), suggesting that these molecules are similar from
an electrostatic point of view. The whole result, together with
the much higher deviation from thermal ideality of the TBEP/
MEN mixtures compared to the BHA/MEN mixtures,
supports the participation of the methoxy group in the H-
bonding activity in the latter case. Indeed, this functionality can
enhance the self-aggregation among BHA molecules in the
pure state, as the sterically encumbered hydroxyl group can act
as H-bond donor toward the methoxy oxygen atom. On the
other hand, the hydroxyl group is the only functionality with
H-bonding capability in the TBEP molecules, which suffer
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from a hampered self-aggregation in the pure state. This
instance makes much more favorable the interactions with
MEN upon mixing and is thus responsible for the higher MP
depression of the TBEP/MEN mixtures (Figure 4). Moreover,
the result obtained without considering the conformer weight
and using both the BP_TZVP_21 and BP_TZVPD_FINE 21
parametrizations (Figure SS) yields a considerably higher
deviation from thermal ideality, as previously shown by the
BHA/MEN mixture.

Back toward Ideality: TBHQ/MEN Mixtures. With the
purpose of understanding the effect of a strong HBD/HBA
functionality in the para-position on the hydroxyl group, the
system composed by TBHQ and MEN was studied. The
TBHQ molecule is analogue to the BHA and TBEP
precursors, but an additional hydroxyl group is present in
para-position with respect to the former one, and far from the
sterically encumbering tBu moiety (Figure 1). Also in this case,
an equilibrium between two rotational conformers is possible;
thus, the ratio for the two rotamers was calculated by
integrating the DDF derived from DFTB-MD simulations of
the pristine compound (Figure S6). The SLE phase diagram
calculated considering this information is shown in Figure S.

——TBHQ
400 MEN
= Tm(K)
® DSC peak (K)
3604
=3
3201
2804
240 T T

00 02 04 06 08 10

XTBHQ

Figure S. Experimental SLE phase diagram for the TBHQ/MEN
system measured using the DSC (black circle) and the visual method
(black square). Predictions obtained by the ideal liquid phase model
(solid lines) and COSMO-RS theoretical curves calcuated using the
BP_TZVPD_FINE_21 parameters and taking into account the
weight of each conformer calculated from DFTB-MD simulations

(dashed-dotted lines).

Here, one may observe that the simulated curves provide a
good description of the experimental melting temperatures. On
the other hand, a worst agreement between the theoretical and
the experimental results is evidenced without taking into
account the obtained conformer population (Figure S7),
confirming once more the reliability of our combined
approach. The comparison between the COSMO-simulated
and the ideal phase diagram shows a lower MP depression with
respect to the TBEP/MEN case, in particular, at the eutectic
composition (Table S8). Inspection of the partial charges
calculated for the TBHQ molecule (Figure S3) delivers the
reason for this thermal behavior. In fact, the oxygen atom of
the sterically free hydroxyl group displays a particularly
negative charge (—0.60), more negative than the one
associated with the hydroxyl group in the ortho-position to
the tBu. Consequently, it is reasonable to assume that a
considerable amount of the H-bonding activity played by the
TBHQ molecule is driven by this functional group in addition
to the sterically hindered hydroxyl. In this way, the H-bonding
asymmetry due to steric factors given by the tBu group is

partially annulled and the TBHQ species can behave
simultaneously as strong HBD and HBA in the pure form.
This leads to a return toward thermodynamic ideality,
corroborating our findings about the steric contribution in
these systems.

B CONCLUSIONS

A comprehensive study about the thermal behavior of the
hydrophobic eutectic mixtures formed by MEN with different
counterparts, namely, 4-Met, BHA, TBEP, and TBHQ, was
carried out with the aim of enlightening the different
contributions at the molecular level able to provide a type V
DES. The chosen systems allowed us to disentangle the
electrostatic and structural factors governing the H-bonding
asymmetry of the mixture precursors, i.e., the capability to act
as strong HBD and weak HBA or vice versa. The SLE phase
diagram calculations significantly benefit from the inclusion of
the relative abundance of the different rotational conformers
describing the BHA, TBEP, and TBHQ precursors, while
neglecting this contribution results in an overestimation of the
MP depression. This structural information was obtained by
DFTB-MD simulations and included in the COSMO-RS
calculations with a combined approach presented here for the
first time. Having validated this protocol against the
experimental data when available, we exploited its predictive
capability to obtain information about the solid—liquid
equilibrium despite the lack of experimental data, as in case
of the TBEP/MEN mixtures.

The SLE phase diagram obtained for the 4-Met/MEN
mixture shows a behavior close to thermodynamic ideality.
This is due to the electrostatic properties of the 4-Met
molecule, which, carrying a methoxy substituent in the para-
position to the hydroxyl group, sees a reduction of its polarity
asymmetry, at variance with other phenolic compounds. This
results in an enhanced self-interaction among 4-Met molecules
in the pure state and a low deviation from ideality upon mixing
with MEN. These electrostatic effects are bypassed by the
insertion of a tBu substituent in the ortho-position to the
hydroxyl group in the BHA molecule, highlighting the
dominating role of the steric factors over the electrostatic
ones on the thermal properties of these mixtures. The steric
encumbrance hinders the hydroxyl oxygen atom and hampers
the contemporary H-bond donor/acceptor capabilities of the
BHA molecule, reducing the self-aggregation in the pristine
compound and providing a higher deviation from thermal
ideality upon mixing with MEN. An even higher MP
depression is evidenced by the TBEP/MEN mixtures, where
the TBEP molecule is analogous to the BHA one but with an
ethyl substituent in the para-position to the hydroxyl instead
than a methoxy moiety. Finally, the presence of an additional
sterically free hydroxyl group with strong HBD/HBA
capabilities in the TBHQ molecule leads the TBHQ/MEN
mixtures back toward thermodynamic ideality and corrobo-
rates our findings.

In this way, the peculiarity of the precursor molecules
allowed us to elucidate the fine balance between the different
contributions ruling the thermal behavior of these mixtures in
great detail. The impact of this work is that of providing new
tools for the prediction of the thermal properties of type V
DES, and new insights for a more conscious design of these
tunable solvents.
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