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ABSTRACT
Type V natural deep eutectic solvents considering menthol, thymol, and levulinic acids are studied considering a combined experimental
and theoretical approach to develop a multiscale characterization of these fluids with particular attention to intermolecular forces (hydrogen
bonding) and their relationships with macroscopic behavior. Density, viscosity, refraction index, and thermal conductivity were measured
as a function of temperature, providing a thermophysical characterization of the fluids. Quantum chemistry was applied to characterize
hydrogen bonding in minimal molecular clusters, allowing us to quantify interaction strength, topology (according to atoms in a molecule
theory), and electronic properties. Classical molecular dynamics simulations were also performed, allowing us to characterize bulk
liquid phases at the nanoscopic level, analyzing the fluid’s structuring, void distribution, and dynamics. The reported results allowed us
to infer nano–macro relationships, which are required for the proper design of these green solvents and their application for different
technologies.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0080470

I. INTRODUCTION

Deep eutectic solvents (DESs) are multi-component fluids pro-
duced by a combination of two or more compounds, whose melting
point is considerably lower than the melting point of the individual
components, thus usually leading to mixtures of liquids at ambi-
ent temperature. Typically, DESs are formed by the combination
of a hydrogen bond acceptor (HBA) and a hydrogen bond donor
(HBD), in which the strong HBA–HBD hydrogen bonding leads to
the melting temperature decrease,1 thus allowing us to use them
in a liquid state for the desired applications.2 DESs first appeared
years ago as an alternative to ionic liquids (ILs) and another type
of solvents due to the advantages they presented that make them
more attractive for industrial applications.3,4 DESs are classified into
five different groups depending on the nature of the compound
used to develop the eutectic mixture:3,5,6 type I—quaternary ammo-
nium salts (QASs) +metal chloride; type II—QASs +metal chloride
hydrate; type III—QASs+HBDs;7,8 type IV—metal chloride hydrate
+ HBDs;9,10 and, recently, a new class of non-ionic DESs (labeled
type V11), which in contrast to the ionic nature of types I–IV of DESs
involves molecular compounds. Types I–III of DESs are interested

in several applications, such as gas adsorption and separation, drug
dilution, electrochemistry, organic synthesis, nanomaterial synthesis,
extraction, and separation.4,12,13 However, most of the available
research is centered around type III DESs.1 Type IV eutectics are
very interesting due to the production of cationic metal complexes,
assuring a high metal ion concentration close to the electrode
surface.14 A noteworthy example is ZnCl2, which forms eutectic
compounds with different substances, such as urea, acetamide, ethy-
lene glycol, and 1,6-hexanediol.3 Type V DESs appear as promising
media for the solvent extraction of organic and metallic compounds,
showing low viscosity while including bioderived constituents.15–17

On the other hand, DESs can also be classified into hydropho-
bic or hydrophilic,18 considering the relevance of water content on
the structure and properties of DESs19,20 and their different appli-
cations in terms of water content.21–23 Furthermore, some DESs
can be produced from totally natural HBA:HBD combinations,
for which the term natural DES (NADES) has been conceived.24

Therefore, NADESs are characterized by low toxicity, biodegradabil-
ity, and low production costs, thus leading to materials for devel-
oping applications within the sustainable chemistry framework.25

Hence, considering a large number of possible DESs/NADESs and
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their appropriate properties, these solvents have led to materials
with a wide variety of applications, such as extraction media,26

chromatography,27 biomedicine,28 lubrication,29 gas treatment,30 or
nanotechnology.31

In recent years, type V DESs have gained particular attention
in the literature because they overcome the issues related to
hydrophobic type I–III eutectics, namely, their higher cost, sustain-
ability, and viscosity.32,33 In addition, such non-ionic eutectics have
a significant advantage over ionic ones: they allow for the recovery
and regeneration of the eutectic by evaporation.10 One of the
first type V DESs was studied from an experimental–theoretical
point of view by Xu et al.10 They initially described a eutectic
mixture of thymol (THY) + menthol (MEN) in a 1:1 mole ratio.
Then, they incorporated other components, such as coumarin
(COU), hydroquinone (HYD), butylated hydroxytoluene (BHT), or
salicylic (SAL) acid with melting points slightly above the ambient
temperature. The interest in MEN- and THY-based type V DESs
has recently increased for different technological applications, such
as biomolecules extraction34 or liquid–liquid extraction.35,36 The
severe negative deviations from ideality of the MEN–THY-type
V DESs, which result from a hydrogen bond established between
THY and MEN that is much stronger than the hydrogen bond-
ing present in any of the pure substances,10 and their microscopic
behavior using molecular dynamics (MD) simulations have already
been described,37 showing that the extent of non-ideality is defined

by the temperature dependence of H-bonding aggregation in the
mixture.

Recently, our research group reported a combined experimen-
tal and theoretical study on monoterpenoid-based NADESs formed
by the combination of cineole (CIN) or carvone (CAR) as HBAs
and MEN or THY as HBDs.38 With this study, the microscopic
and macroscopic characterization of type V NADESs was success-
fully demonstrated, allowing us to infer the role of intermolecular
forces and contribute to the design and growing application of
type V NADESs. Therefore, continuing with our efforts to advance
suitable NADESs involving non-ionic species, a study on the micro-
scopic and macroscopic properties of some novel type V NADESs
prepared by pairing renewable levulinic (LEV) acid and MEN or
THY is reported in this work, Fig. 1. The relevance of using
LEV for the development of NADESs39 stands on its natural
origin, considering that LEV can be produced from biomass
at low cost,40,41 being a non-toxic compound,42 with moderate
eco-toxicity43 and presenting suitable environmental properties,44

thus being a molecule with an expected significant increase in world
market demand along this decade.45 The properties of LEV:MEN
and LEV:THY, as well as those for MEN:THY (as a reference
NADES), were studied considering (i) an experimental study on
a selection of relevant physicochemical properties to obtain direct
information on the characteristics of intermolecular forces (i.e.,
hydrogen bonding) and (ii) a theoretical study using quantum

FIG. 1. (a) Molecular structures of com-
pounds used in this work and (b)
flowchart of the methodology used in this
work for the considered type V NADESs.
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chemistry methods [Density Functional Theory (DFT)] and MD
simulations to provide a nanoscopic characterization of the fluids.
Likewise, the environmental effect of the considered NADES was
studied using a predictive approach and the economics of their
production, Fig. 1. The reported results contribute to the knowledge
of type V natural NADES properties and molecular level features,
thus allowing us to advance in the proper selection of HBA:HBD
combinations.

II. MATERIALS AND METHODS
A. Chemicals

The HBA and HBD compounds used for NADESs were
obtained from commercial sources with purities, as reported in
Table S1 (supplementary material). NADESs were prepared by
weighing (Mettler AT261 balance, ±1 ⋅ 10−5 g) suitable amounts of
the corresponding HBA/HBD at the required mole ratios, mixed
with stirring under heating at 40 ○C under inert atmosphere up to
liquid phase formation. Liquid samples were dried under vacuum
using a Heidolph rotary evaporator at 40 ○C. Samples obtained in
this way were cooled to 25 ○C, where they remained in a liquid state
for weeks without any solid appearance. Transparent and colorless
samples were obtained for all the considered mole ratios, with the
exception of MEN–THY NADES with high THY content, which
showed a slightly yellowish color, Fig. 2. After preparation, sam-
ples were kept under a vacuum to avoid any additional moisture
absorption. Six different HBA:HBD mole ratios were considered
(2.5:1, 2.0:1, 1.5:1, 1:1, 1:1.5, 1:2.0, and 1:2.5), all of them leading
to liquid samples, Fig. 2; the experimental and theoretical study was
centered in 1:1 NADESs. Additionally, all the samples were cooled to
0 ○C to check their liquid temperature window, and they remained
in a liquid state for 48 h for all the considered mole ratios.

The water content for the samples was measured using a
Karl–Fischer coulometric titrator (Metrohm 831 KF coulometer,
±0.3%). The water content for the 1:1 DES samples used along this
work is reported in Table S2 (supplementary material), showing low
content for all the considered NADESs.

B. Apparatus and experimental procedures
The large effect of water content on DES/NADES properties is

well-known in the literature,46 and although low water content is
reported for the samples used in this work (Table S2), experiments
were carried out to quantify water absorption from atmospheric
humidity. For this purpose, 15 cm3 NADES samples were placed
in Petri dishes (90 mm in diameter, with 25.5 cm2 of liquid surface
exposed to air at 298 and 80% ± 5% relative humidity). Water con-
tent was measured for 0.01 g samples as a function of exposure time
using a Karl–Fischer coulometer. The water absorption as a function
of time was fitted to the following kinetic model:

mw = m∞w (1 − exp(−kt)), (1)

where mw stands for the water content (wt. %), m∞water stands for the
limiting absorption value, and k is the constant for an absorption
rate.

FIG. 2. Pictures of the samples considered in this for the studied NADESs at i : j
mole ratios. All the studied i : j mole ratios led to liquid DESs at 293 K (tempera-
ture for which the pictures were obtained). (a) MEN:THY, (b) LEV:MEN, and (c)
LEV:THY.

The physicochemical characterization of the studied NADESs
was done considering density, shear viscosity, thermal conductivity,
and refractive index, which were measured as a function of tempera-
ture and 1 bar of pressure. Density (ρ, uncertainty ±1 ⋅ 10−4 g cm−3)
was measured with an Anton Paar DMA1001 vibrating tube den-
simeter, with Peltier elements controlling temperature measured
to ±0.01 K. Shear viscosity (η, uncertainty ±2%) was measured
using an electromagnetic VINCI Tech EV1000 viscometer;47 an
external circulating bath (Julabo Presto) was used for temperature
control, which was measured with an internal platinum resistance
thermometer (PRT) to ±0.01 K. The non-Arrhenius behavior of η
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vs the temperature was fitted to the Vogel–Fulcher–Taman (VFT)
equation,

η = η0 exp( B
T − T0

). (2)

The refractive index was measured with regard to the sodium D-line
(nD, uncertainty ±1 ⋅ 10−5) using a Leica AR600 refractometer.
An external circulator (Julabo F32) was used to control the cell
temperature, which was measured with a PRT to ±0.01 K. The molar
free volume, fm, was calculated from measured nD.48 Thermal con-
ductivity (σ) was measured with a Decagon devices KD2 Thermal
analyzer (KS-1 sensor, 6 cm long, 1.3 mm diameter single needle)
with 5% uncertainty; the cell temperature was controlled with a
Julabo F32 bath and measured with a PRT (±0.01 K). The experi-
mental properties measured in this work for the considered NADES
are reported in Table S2 (supplementary material).

C. Molecular modeling
The properties of the considered type V NADESs were studied

at the short-range hydrogen bonding by analyzing minimal
HBA:HBD and HBD:HBD clusters at a 1:1 ratio. These clusters
were geometrically optimized with the ORCA program,49 according
to the B3LYP50–52 functional and 6-311++G(d,p) basis set com-
bined with the DFT-D3 method by Grimme et al.53 for considering
dispersion interactions [i.e., B3LYP-D3/6-311++G(d,p) theoretical
level]. Classical MD simulations were carried out using MDynaMix
v.5.254 software for systems, pressures, and temperatures reported in
Table S3 (supplementary material) and for the force fields included
in Table S4 (supplementary material). Force field parameters were
obtained from the SwissParam database (Merck molecular force
field55), except atomic charges, which were inferred from ChelpG
charges obtained from DFT simulations of isolated monomers (HBA
and HBDs). The systems used for simulations considered initial
cubic simulation boxes containing 2000 total molecules (1000 HBA
and 1000 HBD molecules) as built with the Packmol program,56

Fig. S1 (supplementary material). Water effect on NADES prop-
erties was analyzed by considering simulation boxes with 1000
HBA and 1000 HBD molecules and a number of water molecules
corresponding to the maximum amount of water adsorbed for
each NADES as inferred from experimental measurements. Water

molecules were described using the Simple Point Charge-Extended
(SPEC-E) force field.57 The details of both DFT and MD simulations
are provided in the supplementary material.

III. RESULTS AND DISCUSSION
A. Predicted ecotoxicological properties

Although the hydrogen bonding developed upon the formation
of the corresponding NADES should affect the ecotoxicological
properties in comparison with pure NADES components, the most
remarkable features of the NADES toxicity would come from
those of their components. MEN is considered a safe compound,
with extremely high doses required for lethal effects,58 with rarely
reported fatalities for this compound.59 THY is also a secure
compound,60 also leading to scarce toxicity reports.61 In the case
of LEV, it may be considered as non-toxic for both humans (acute
oral toxicity LD50 = 1850 mg kg−1)42,62 and environment.43,44 The
predicted ecotoxicological properties of the studied LEV-based type
V NADESs are reported in Table I. The considered LEV–NADES
shows neither carcinogenicity nor mutagenesis effect and likewise,
and they are not toxic via oral ingestion, and thus, the only relevant
negative effect on human health stands on the eye contact. Regarding
environmental effects, they show suitable biodegradation and
non-negligible aquatic toxicity, which may be produced by their
water solubility, leading to a high concentration in water environ-
ments. Therefore, these NADESs are safe for humans (avoiding the
eye contact) and for the environment, but with negative effects for
aquatic media. Thus, caution should be considered to prevent spills
in the case of industrial-scale use because they may lead to fish
damages.

B. Economics
The compounds used for the development of these NADESs

(MEN, THY, and LEV) may be obtained from natural sources,
which is clearly advantageous for both sustainability and economic
purposes. Nevertheless, the possible scale-up of these fluids for
industrial applications will require analyzing the potential material
sources and production costs. The possible natural sources of
NADES components, as well as the production costs, are summa-
rized in Fig. 3. All the compounds may be obtained from natural,

TABLE I. In silico predicted ecotoxicological properties for the NADESs studied in this work. (−) indicates non-toxic, (+)
indicates toxic, (III) for acute oral toxicity indicates slightly toxic, and {} values indicate the probability for each property.
Results in bold indicate toxicity for the reported property.

Property MEN:THY (1:1) MEN:LEV (1:1) THY:LEV (1:1)

Carcinogenicity (−) {0.8000} (−) {0.9446} (−) {0.7303}
Eye irritation (+) {0.9343} (+) {0.9566} (+) {0.9823}
Ames mutagenesis (−) {0.8800} (−) {0.8800} (−) {0.8900}
Biodegradation (−) {0.8000} (−) {0.7250} (−) {0.5750}
Crustacea aquatic toxicity (−) {0.5700} (−) {0.8400} (−) {0.8000}
Fish aquatic toxicity (+) {0.9907} (+) {0.9842} (+) {0.9837}
Acute oral toxicity (III) {0.7013} (III) {0.6888} (III) {0.7914}
Water solubility (log S) −4.299 −3.292 −3.471
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FIG. 3. Scheme of the possible natural sources and prices for components leading to the NADESs considered in this work.

renewable resources, and they may even be used for the valoriza-
tion of biomass. In the case of MEN and THY, production from
a plant with content larger than 70% may be carried out at costs
lower than 20 $/kg. In the case of LEV, several routes have been pro-
posed to produce it from biomass,63–65 leading to productivities in
the 20%–25% with regard to biomass and at the same time with costs
lower than 10 $/kg. Additionally, NADES costs should consider
not only the costs of raw materials (MEN, THY, and LEV in this
work) but also the synthesis method used for NADES production.
Different methods have been considered in the literature for NADES
production, but they may be summarized as (i) heating and stirring,
(ii) grinding, (iii) ultrasound-assisted synthesis (UAS), and (iv)
microwave-assisted synthesis (MAS),66,67 although some differ-
ences on the thermophysical properties depending on the synthetic
method were reported (especially when viscosity is considered and
the grinding method is used67); it seems that considering the qual-
ity of the final product all the methods leads to similar results. The
most common method for NADES preparation is heating under
stirring, and thus, the production costs should depend on the tem-
perature and time required for liquid phase formation. In the case
of the NADES considered in this work, very mild conditions are
required for liquid formation (40 ○C), and liquid phases are formed
in less than 2 h. Therefore, this method may lead to low-cost NADES
production using an easily scalable method. Regarding other syn-
thetic methods, MAS involves low power for producing NADESs
(e.g., 850 W), although synthesis used to evolve at larger tempera-
tures, thus leading to higher costs in comparison with simply heating
and stirring. Nevertheless, although further studies are required
on the economy of NADES production using different synthetic
methods and their scalability, we may infer in a first approach that
the considered NADES may be produced at reasonably low cost,
considering both the raw materials and a simple heating and stirring
procedure.

C. Experimental properties
The ability of the studied NADESs for absorbing atmospheric

water is studied in Fig. 4. The low water content of the initial samples
(below 0.25 wt. %, Table S2, supplementary material) increases upon
exposure to atmospheric humidity. Nevertheless, the saturation val-
ues, following the ordering MEN:THY < MEN: LEV ≈ MEN:THY,

are lower than 2 wt. %, which are obtained after exposure times
larger than 24 h, i.e., water sorption with low sorption rates as
indicated by the corresponding rate constant, Fig. 4. Therefore, the
considered NADES may be regarded as as hydrophobic ones, espe-
cially MEN:THY, and even those containing LEV do not show a
great affinity for water, which would be helpful for their large-scale
handling.

Experimental density was measured in the 293.15–333.15 K
range, Fig. 5(a). For the three studied NADESs, a liner density vs
temperature behavior is obtained, which is the common behavior
of DES/NADES,68 including the type V ones.69 Densities are in the

FIG. 4. Kinetics for atmospheric water absorption in the reported NADESs (1:1
mole ratio) at 298 K. Lines show fitting to the kinetic model, Eq. (1), with the
parameters reported at the bottom.
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FIG. 5. Experimental (a) density, ρ, and (b) isobaric thermal expansion coefficient, αp, for the reported NADESs (1:1 mole ratio) as a function of temperature.

order MEN:THY < MEN:LEV < THY:LEV; thus, the two first ones
are less dense than water and they may be considered as moderately
dense fluids. The reported density values for type V DESs are lower
than for most type III DESs/NADESs (with densities usually larger
than 1.1 g cm−370). The isobaric thermal expansion coefficient,
αp, was calculated from linear fits of density vs temperature and
also shows linear evolution with temperature following the reverse
ordering as density: MEN:THY >MEN:LEV > THY:LEV, Fig. 5(b).
The reported αp values indicate moderately compressible fluids,
αp being 0.807, 0.795, and 0.777 kK−1 for MEN:THY, MEN:LEV,
and THY:LEV, respectively, at 293.15 K, which are slightly larger
than those for common type III DESs (usually lower than
0.8 kK−1).67,71,72 For example, the archetypical type III DES formed
by choline chloride:urea of 1:2 having a density of 1.1979 g cm−3

shows αp of 0.437 kK−1 remarkably lower than the values
reported for the NADESs considered in this work. The absence of
cation–anion electrostatic interactions and charge transfer phenom-
ena in type V DESs/NADESs may lead to fluids with larger void
space, i.e., more compressible than the type III ones.

The refraction index, nD, is reported in Fig. 6(a) following,
as expected, an inverse relationship with temperature, i.e., the
denser, the lower nD, considering that the more compressible fluid
(MEN:THY) leads to the larger nD. Likewise, all the considered
NADESs show a linear decrease of nD upon heating. It should be
remarked that MEN:THY and THY:LEV show almost the same
nD values in comparison with the lower ones for MEN:LEV. The
experimental nD allowed us to infer the molar free volume, fm,48

Fig. 6(b). The calculated fm are moderately large, which, although
indicating the presence of void spaces in the fluids, show efficient
molecular packing.

The experimental dynamic viscosity is reported in Fig. 7,
following a non-Arrhenius behavior for the three studied NADESs
with values in the ordering MEN:THY > THY:LEV > MEN:LEV.
These NADESs are moderately viscous fluids, although viscosity
at 293.15 K is larger than for common organic fluids, 92.9, 41.9,
and 36.9 mPa s for MEN:THY, THY:LEV, and MEN:LEV, respec-
tively; their values decrease steeply with temperature, with viscosity
values at a moderate temperature (12.0, 6.78, and 6.93 mPa s for
MEN:THY, THY:LEV, and MEN:LEV, respectively, at 323.15 K)
being reasonably low for practical purposes. Likewise, the VFT
fitting of non-Arrhenius behavior, Fig. 7, allowed us to infer the
T0 parameter, which is related to the glass transition temperature,73

thus indicating a wide liquid range of this NADES. Moreover,
Angell’s fragility parameter, D, is calculated from VFT coeffi-
cients according to Eq. (3), leading to D values of 1.98, 2.59, and
2.41 for MEN:THY, MEN:LEV, and THY:LEV, respectively, which
indicate fragile liquids in agreement with the moderate viscosity,
thus indicating low cohesive energy.74 This fragility should stand in
the absence of ionic electrostatic forces in the studied fluids, where
structuring is only determined by the strength and extension of
hydrogen bonding,

D = B
T0

. (3)

Additionally, thermal conductivity was measured, with the
reported values following the ordering MEN:THY > MEN:LEV
> THY:LEV, Fig. 8. The thermal conductivity data for the studied
type V NADES are lower than for typical type III NADES, which,
despite the scarcity of experimental information, are used to show
values above 0.2 W m−1 K−1.75,76
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FIG. 6. Experimental (a) refractive index, nD, and (b) free volume, fm, for the reported NADESs (1:1 mole ratio) as a function of temperature.

D. Molecular modeling: DFT
Intermolecular forces were analyzed in the studied NADESs

using DFT for minimal molecular clusters, which may be considered

FIG. 7. Experimental dynamic viscosity, η, for the reported NADESs (1:1 mole
ratio) as a function of temperature. Values in the table show the results of VFT fits.

as minimal structures present in the liquid phases, with long rage
effects being analyzed through MD in Sec. III E. The three types
of molecules present in the NADESs (MEN, THY, and LEV)
may act as both hydrogen bond donors and acceptors; thus, 1:1
clusters to study self-associations (the so-called homoassociations:
MEN–MEN, THY–THY, and LEV–LEV) and those correspond-
ing to heteroassociations (MEN–THY, MEN–LEV, and THY–LEV)
were studied. It may be expected that systems containing homoasso-
ciations and heteroassociations will be present in bulk liquid phases.
Different orientations were considered for DFT calculation when
available, and all of them were subjected to geometrical optimiza-
tion, Figs. S2 and S3 (supplementary material). The calculated ΔE
values for the optimized clusters are reported in Table II. Large
ΔE values are inferred for both homoassociations and heteroas-
sociations, thus indicating strong interaction (hydrogen bonding).
In the case of homoassociations, the strength follows the ordering

FIG. 8. Experimental thermal conductivity, σ, for the reported NADESs (1:1 mole
ratio) at 298.15 K.
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TABLE II. Counterpoise corrected binding energies, ΔE, and total ChelpG charges,
q, for the reported homointeractions (THY + THY, MEN + MEN, LEV + LEV, 1:1
pairs) and heterointeractions (MEN + THY, MEN + LEV, THY + LEV, 1:1 pairs)
obtained from optimized geometries of the corresponding dimers at the B3LYP-D3/6-
311++G(d,p) theoretical level. Sites are defined in Figs. S2 and S3 (supplementary
material).

Homointeractions

ΔE/kJ mol−1

Site no. THY + THY MEN +MEN LEV + LEV

1 −29.3 −36.3 −41.1
2 −54.6
3 −54.6
4 −75.0

q

1 0.0214/−0.0214 0.0332/−0.0332 0.0237/−0.0237
2 0.0014/−0.0014
3 0.0005/−0.0005
4 0.0012/−0.0012

Heterointeractions

ΔE/kJ mol−1

Site no. MEN + THY MEN + LEV THY + LEV

1 −51.7 −31.4 −43.8
2 −33.0 −39.0 −44.0
3 −27.7 −50.7
4 −58.5

q

1 0.0354/−0.0354 0.0075/−0.0075 0.0068/−0.0068
2 −0.0339/0.0339 0.0067/−0.0067 0.0338/−0.0338
3 −0.0016/0.0016 0.0030/−0.0030
4 −0.0095/0.0095

THY–THY < MEN–MEN < LEV–LEV. For LEV–LEV; the forma-
tion of a cyclic dimer (position No. 4) leads to the larger ΔE as a
result of the formation of two hydrogen bonds and for the forma-
tion of the cyclic interaction region. In the case of heteroassociations,
for MEN–THY, the structure with the THY–OH group acting as
a hydrogen bond donor leads to larger ΔE in comparison with
the reverse option, and the developed hydrogen bond is stronger
than for MEN–MEN or THY–THY ones, thus indicating favored
heteroassociation in the liquid state, which should be on the roots
of MEN–THY NADES formation. In the case of MEN–LEV and
THY–LEV, the largest ΔE are obtained for structures with the LEV
acting as a donor through its OH site (positions No. 4 and 3
for MEN–LEV and THY–LEV, respectively), with these ΔE being
larger than for MEN–MEN or THY–THY but similar to those for
LEV–LEV (or even lower in the cyclic LEV–LEV dimer that is
considered). Therefore, in the case of LEV-containing NADESs,
there should be a competing effect between LEV homoassociation
and the corresponding heteroassociations.

Additional analysis of hydrogen bonding was carried out using
Quantum Theory Atom in a Molecule (QTAIM), with results
reported in Figs. S4 and S5 and Table S5 (supplementary material).
The intermolecular interaction regions corresponding to hydro-
gen bonding, for both homoassociations and heteroassociations, are
characterized by the formation of topological bond critical point
(BCPs) and ring critical point (RCPs) according to QTAIM the-
ory. The hydrogen bonds may be quantified using ρ and ∇2ρ of the
corresponding BCPs at each hydrogen bonding site. It has been pro-
posed77 that ρ and ∇2ρ at specific BCP are in the 0.002–0.04 and
0.020–0.139 a.u ranges, respectively, for hydrogen bonds, with larger
values corresponding to stronger hydrogen bonds. ρ and ∇2ρ are in
the top of the ranges for both homoassociations and heteroassoci-
ations. For the cases where the cyclic hydrogen bonding region is
formed, RCPs in the center of the ring with large ρ and ∇2ρ values
are inferred.

Further analysis of dimers properties is done using the NCI
approach, Figs. 9 and S6 (supplementary material). In the case of
homoassociations, MEN–MEN and THY–THY are characterized by
a localized interaction spot in the OH–OH region corresponding
to the hydrogen bond and for spots (green regions) to van der
Waals interactions through alkyl groups. For LEV–LEV, the two
spots and the hydrogen bonds and the spot in the center of the
ring indicate significant stabilization upon cyclic dimer formation.
It should be remarked that the very short interatomic distances
correspond to LEV–LEV hydrogen bonds, whereas for MEN–MEN
and THY–THY, they are more prominent, corresponding to weaker
interactions (Fig. 9). For MEN–THY heteroassociations, NCI shows
a spot along with the hydrogen bond and a massive van der Waals
region between both molecules corresponding to the interaction
between the cyclohexyl ring in MEN and the alkyl chain in THY,
which will contribute to the stabilization of the dimer beyond the
localized hydrogen bond. In the case of MEN–LEV and THY–LEV
heteroassociations, Fig. 9, the two hydrogen bonds in the cyclic
structure are also defined according to NCI with two localized
spots along the interacting region and a spot at the center of the
ring, with some additional van der Waals features for MEN–LEV
dimer.

Regarding the intermolecular distance, results in Fig. 9 show
remarkably shorter hydrogen bonds for interactions with LEV act-
ing as a donor in comparison with MEN/THY acting as donors,
thus leading to asymmetric hydrogen bonds in the developed
dimers in agreement with QTAIM results (Table S6, supplementary
material). Additional quantification of the developed hydrogen
bonds was carried out using the core-valence bifurcation (CVB)
index obtained for extremely low frequency (ELF) in the interac-
tion regions, Tables S5 and S6 (supplementary material). It has been
shown that negative values are obtained for strong hydrogen values,
and in any case, the decrease of CVB (from positive to negative) may
be used to quantify hydrogen bonds strength.42

The previous results confirmed the formation of strong
hydrogen bonds for the considered possible homoassociations and
heteroassociations. The possible intermolecular charge transfer was
also considered using the molecular (sum to all the atomic charges
for each type of molecule) ChelpG charges, Table II. In the case of
homoassociations, a minor charge transfer is inferred, which is also
reported for heteroassociations. Still, considering the values of the
molecular charges (lower than ±0.04), this effect should be almost
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FIG. 9. NCI analysis for the reported dimers corresponding to homoassociations (top row) and heteroassociations (bottom row) for optimized structures calculated at the
B3LYP-D3/6-311++G(d,p) theoretical level. Labeling as in Figs. S2 and S3 (supplementary material). Yellow arrows indicate hydrogen bonding sites; red dashed lines
indicate hydrogen bond (with O–H distance reported in Å). (a) THY + THY, (b) MEN + MEN, (c) LEV + LEV No. 4, (d) MEN + THY, (e) MEN + LEV No. 4, and (f) THY
+ LEV No. 3.

negligible in the liquid phases, which the reported strong hydrogen
bonding should produce properties. In the case of MEN–MEN and
THY–THY homoassociations, CVB values are close to zero, which
indicate moderately strong hydrogen bonds (in agreement with
results in Tables II and S5, supplementary material), whereas neg-
ative and large (in absolute value) CVBs are inferred for LEV–LEV
dimers, especially for the cyclic one. In the case of MEN–THY, Table
S6 (supplementary material), CVB for dimer No. 1 (the stronger
interaction) is slightly negative, confirming the stabilization upon
heterodimer formation compared to the corresponding homoasso-
ciations. For MEN–LEV and THY–LEV, those dimers (Nos. 4 and

3 for MEN–LEV and THY–LEV) are characterized by two CVBs,
one negative and the other one slightly positive, corresponding to
the stronger and weaker hydrogen bond, respectively, in the cyclic
dimer, thus confirming the asymmetry of the dimer from the ELF
viewpoint.

E. Molecular modeling: MD
The structure and nanoscopic properties of the studied

NADESs were also analyzed using MD. The considered force
field parameterizations were validated by comparison of predicted
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properties with experimental ones. The results in Fig. S7 (supple-
mentary material) show experimental and predicted density, with
values obtained from MD indicating a slight overprediction (2%
larger on average). Nevertheless, the slopes of density vs temperature
(i.e., expansion coefficients) are correctly predicted by MD, and the
reported deviations may be considered reasonable considering the
fully predictive nature of the model. Additional force field validation
was carried out by a comparison of the binding energies of the
corresponding dimers as obtained from DFT and MD calculations
using the reported force field. For this purpose, 1:1 dimers for each
NADES were optimized in vacuum using MD and the binding
energies compared with DFT values (Table S7, supplementary
material), showing excellent agreement.

The NADES properties have their roots in the development
of intermolecular hydrogen bonding between the considered donor

and acceptor sites (OH groups in MEN/THY/LEV), as inferred
from the DFT results in Sec. III D. For initial characteriza-
tion of these hydrogen bonds in the bulk liquid phases, Radial
Distribution Functions (RDFs) were calculated for all the possi-
ble donor–acceptor sites, considering both homoassociations and
heteroassociations. The first peak of each RDF was regarded as being
the one defining the possible hydrogen bonds, from which the inter-
atomic (donor–acceptor) distance and intensity were calculated. All
the peaks (atomic interaction sites) were systematically arranged in
a matrix named connection matrix (cmat), in which interactions are
assigned a color code according to the RDF peak height and dis-
tance. The cmat analysis allows us to infer those atomic pairs with
relevant interaction, i.e., hydrogen bonding, Fig. 10. For LEV–MEN
and LEV–THY, the cmat results indicate (green arrows) that OH
groups in MEN and THY lead to homoassociations (MEN–MEN

FIG. 10. Connection matrix analysis of the reported DESs at 293/313/333 K and 0.1 MPa. Rows represent hydrogen bond acceptors, and columns stand for hydrogen bond
donors. The color in each square represents both the intensity and distance of the first maximum in the corresponding RDF (for color scale, see the right-hand side).
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and THY–THY) and heteroassociations (MEN/THY–LEV) with
almost negligible relevance of any other type of interactions. In the
case of MEN–THY, cmat results indicate that both monoterpenoids
remain self-associated (MEN–MEN, THY–THY) upon NADES for-
mation, which is accompanied by heteroassociations through hydro-
gen bonding with the other type of terpenoid (MEN–THY). Like-
wise, MEN and THY acts as both the hydrogen bond donor and
acceptor through the corresponding OH sites.

The relevant RDFs for heteroassociations are reported in
Fig. 11. In the case of LEV–MEN/THY, the three available hydro-
gen bonding sites in LEV (O2, O3, and O4) lead to a complex
pattern, which is complicated by the fact that although O2 and O4
are pure acceptors, site O3 may act as both the donor and accep-
tor. The reported RDF results point to two different mechanisms of
interaction in the NADESs: (i) cyclic dimer (indicated as ∗), which
agrees with DFT results, with the O3 site in LEV acting as a hydro-
gen bond donor with MEN/THY and the O2 site in LEV acting
as an acceptor, and (ii) a linear dimer with O3(LEV) acting as an
acceptor (indicated as ∗∗). The linear dimer mechanism is less rele-
vant than the big trend to form the cyclic dimer as indicated by the
intensity of the corresponding RDF peaks. Regarding the possible
hydrogen bonding with the O4(LEV) site, it is confirmed by the cor-
responding RDFs, and it may be developed for both the cyclic and
linear dimer interaction through the head COOH group in LEV.

This mechanism of interactions is maintained with minor changes
for both MEN and THY. In the case of MEN–THY heteroassocia-
tions, both molecules may act as hydrogen bond donor or acceptors,
and both cases are present in the NADES, Fig. 11. In the case of
MEN, it shows a preference to act as a hydrogen bond acceptor,
whereas THY as a donor is preferred as indicated by the intensi-
ties of the corresponding RDF peaks. DFT results also confirmed the
strength of homoassociations by hydrogen bonding, and thus, they
may be present in the bulk liquid phases in parallel to heteroasso-
ciations. The possible homoassociations are analyzed by the RDFs
reported in Fig. 12. For LEV–MEN/THY NADESs, RDF results con-
firm MEN–MEN and THY–THY homoassocciations being present
in the NADES, whereas it is mainly discarded for LEV–LEV, only
being produced through the O2 group. In the case of MEN–THY
NADESs, homoassociation is also confirmed. Therefore, monoter-
penoids homoassociation remains even upon NADES formation,
thus competing with the developed heteroassociations (especially
for LEV-containing NADESs). The effect of temperature on both
homoassociations and heteroassociations is almost negligible, and
the same mechanisms of interactions are maintained in the studied
temperature range (293–343 K).

The homoassociations and heteroassociations are also analyzed
by the calculated percentage of homodimers and heterodimers, as
reported in Table III. These results than in the case of MEN + THY

FIG. 11. Site–site radial distribution functions, g(r), for HBA:HBD sites in the reported DESs at 293/303/313/323/333/343 K and 0.1 MPa. The proposed inferred interaction
mechanisms are reported and indicated as ∗ and ∗∗.
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FIG. 12. Site–site radial distribution functions, g(r), for HBA:HBA and HBD:HBD sites in the reported DESs at 293/303/313/323/333/343 K and 0.1 MPa.

TABLE III. Population of homodimers and heterodimers as inferred from MD simu-
lations at 293 K. Population is indicated in percentage values of the total molecules
(parenthesized).

NADES Homodimers Heterodimers

MEN + THY MEN–MEN (32.5%) MEN–THY (31.6)
THY–THY (35.9%)

LEV +MEN LEV–LEV (25.8%) LEV–MEN (56.5%)
MEN–MEN (17.7%)

LEV + THY LEV–LEV (29.8%) LEV–THY (45.9%)
THY–THY (24.3%)

NADES the amount of homodimers is almost equal to that
of heterodimers, which may be justified considering the similar
properties and molecular structure of MEN and THY. In the case
of LEV + MEN and LEV + THY NADESs, the population of
heterodimers is larger than for homodimers, thus confirming
a large trend to interact with LEV for both monoterpenoids.
Nevertheless, in all the cases, homodimers are present, and thus, they
should be considered for the description of the nanostructuring of
the considered fluids.

The water effect on the HBA:HBD heteroassoaciations was also
analyzed. Results for the most relevant RDFs in the presence of water
molecules are reported in Fig. S8 (supplementary material), showing
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negligible effect on hydrogen bonding and, thus, on NADES
structuring. This negligible effect may be justified considering the
low water content of these NADESs (lower than 2 wt. %), which does
not disrupt the strong HBA:HBD hydrogen bonds; thus, NADES
main features are maintained in the presence of the maximum water
content inferred for these fluids.

The integration of the corresponding RDFs leads to solvation
numbers, i.e., the number of atoms around a central one, Fig. 13. For

LEV–MEN/THY, the solvation numbers confirm the homoassocia-
tion of monoterpenoids and for LEV through the O2 site in parallel
to the heteroassociation through the cyclic dimer structure, which is
analogous for both monoterpenoids and maintained upon heating.
For MEN–THY, the prevailing heteroassociation formed by MEN
acting as a hydrogen bond donor is confirmed, which is combined
with MEN–MEN and THY–THY interactions, with MEN largely
homoassociated in comparison with THY.

FIG. 13. Solvation numbers, N, obtained from the integration of radial distribution functions reported in Figs. 12 and 13, corresponding to the first solvation sphere, defined
as the first minimum in the corresponding radial distribution function for HBA:HBD, HBA:HBA, and HBD:HBD sites in the reported DESs at 293/303/313/323/333/343 K and
0.1 MPa. (a) LEV–MEN, (b) LEV–THY, and (c) MEN–THY.
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The extension of hydrogen bonding is quantified by calculating
the number of hydrogen bonds per molecule using a geometrical
criterion (3.5 Å and 60○ for donor–acceptor separation and angle),
Fig. 14. In the case of LEV–MEN/THY, the results indicate extensive
hydrogen bonding with LEV through the O2 and O4 sites with the
monoterpenoids acting as donors, whereas the hydrogen bonding
with the O3(LEV) is developed with the monoterpenoid acting as
an acceptor. In the case of MEN–THY, although both monoter-
penoids act as both donors and acceptors, the number of hydrogen

bonds with MEN acting as an acceptor is more significant than a
donor. These results agree with DFT (Table II), which showed that
MEN–THY hydrogen bonding for isolated dimers leads to more
robust interactions with THY acting as a donor and MEN as an
acceptor.

Developing hydrogen bonds leads to highly localized spa-
tial distribution functions (SDFs) around the involved molecules,
Fig. 15. For LEV–MEN/THY, highly localized spots around the OH
group in the monoterpenoid are assigned to spatial arrangements,

FIG. 14. Average number of hydrogen bonds per HBD molecule, NH, for HBA:HBD atomic pairs in the reported DESs from MD simulations at 293/303/313/323/333/343 K
and 0.1 MPa. (a) LEV–MEN, (b) LEV–THY, and (c) MEN–THY.
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FIG. 15. Spatial distribution functions of the corresponding centers-of-mass around a central HBD molecule for the reported DESs at 293/313/333 K and 0.1 MPa. The
proposed inferred interaction mechanisms are reported and indicated as ∗ and ∗∗, as in Fig. 12.

FIG. 16. Combined distribution functions of radial distribution functions (x axis) and angular distribution functions (y axis) for the reported distances, r, and angles, ϕ
(HBA:HBD interactions), for LEV:MEN DESs at 293/313/333 K and 0.1 MPa.
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FIG. 17. Combined distribution functions of radial distribution functions (x axis) and angular distribution functions (y axis) for the reported distances, r, and angles, ϕ
(HBA:HBD interactions), for LEV:THY DESs at 293/313/333 K and 0.1 MPa.

leading to cyclic or linear dimers developed by heteroassociations
using the COOH group (O2 and O3) in LEV and through the O4
site. In the case of MEN–THY, the two localized spots around the
OH group correspond to the formation of hydrogen bonds, with
both monoterpenoids acting as donors or acceptors. These highly
localized interactions confirm the developed hydrogen bonds as the
source of the NADES formation with minor changes upon heating.

The hydrogen bonding formation is also analyzed through the Com-
bined Distribution Functions (CDFs), which show the angle and
distance around the corresponding hydroxyl sites, Figs. 16–18. The
CDFs for LEV–MEN/THY are reported around all the available O
site atoms in LEV, Figs. 16 and 17. The CDFs around the O4(LEV)
site are characterized by a single spot, indicating the only type of
hydrogen bonding around this site, whereas those around O2 and

FIG. 18. Combined distribution functions of radial distribution functions (x axis) and angular distribution functions (y axis) for the reported distances, r, and angles, ϕ
(HBA:HBD interactions), for MEN:THY DESs at 293/313/333 K and 0.1 MPa.

J. Chem. Phys. 156, 094504 (2022); doi: 10.1063/5.0080470 156, 094504-16

Published under an exclusive license by AIP Publishing

 26 July 2024 10:05:13

https://scitation.org/journal/jcp


The Journal
of Chemical Physics ARTICLE scitation.org/journal/jcp

O3 show two spots at small and large angles corresponding to the
cyclic and open dimers, respectively. This mechanism is maintained
for both monoterpenoids and the considered temperature range.
In the case of MEN–THY, two spots are also inferred, Fig. 18,
which are assigned to the two types of hydrogen bonding in which
each monoterpenoid acts as a donor or acceptor for the developed
hydrogen bonds.

The development of hydrogen bonding in the considered
NADESs leads to strong intermolecular associations, quantified
through the calculated intermolecular interaction energy, Einter ,

Fig. 19. For LEV–MEN/THY, Einter corresponding to heteroassoci-
ations, Fig. 19(a), is very similar for both types of monoterpenoids
and remarkably larger than the corresponding homoassociations
[Figs. 19(b) and 19(c)]. In the case of MEN–THY, energies for
homoassociations and heteroassociations are very similar, which
may be justified considering the parallel nature of both components.
Therefore, LEV-based NADESs lead to the formation of remark-
ably stronger intermolecular interactions in comparison with those
present in the neat components, i.e., more effective and stronger
hydrogen bonding, whereas in the case of MEN–THY, considering

FIG. 19. Intermolecular interaction energy, Einter (sum of Lennard-Jones and Coulombic contributions), for HBA:HBD, HBA:HBA, and HBD:HBD interacting sites in the
reported DESs at 293/303/313/323/333/343 K and 0.1 MPa. (a) LEV–MEN, (b) LEV–THY, and (c) MEN–THY.
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the similar nature of the forming compounds, a redistribution of
hydrogen bonds is produced. The presence of homoassociations and
heteroassociations in MEN–THY agrees with results reported by
Schaeffer et al.,37 and they are the molecular level reason for the
reported non-ideality of this NADES.

IV. CONCLUSIONS
The properties of NADESs formed by levulinic acid and

menthol or thymol are studied using a combined experimental and
computational approach. The reported results showed a low viscous,
moderately dense, and hydrophobic NADES, whose structure
is determined by the formation of heteroassociations through
hydrogen bonding between the monoterpenoid hydroxyl site and
all the available acceptor sites in levulinic acid. Results showed the
formation of cyclic and linear interactions around the COH group
in the acid, with particular preference for the cyclic dimer. The
hydrogen bonding formed between levulinic acid and monoter-
penoids is vastly stronger than those in the neat components, which
may be considered as the driving force for the NADES formation.
In the case of menthol–thymol NADESs, a suitable type V NADES
is formed with moderate viscosity and low density. This fluid is
characterized by the formation of homoassociations and heteroas-
sociations, which are produced by the similar chemical nature
of the forming compounds. Nevertheless, for heteroassociations,
hydrogen bonds formed by thymol acting as a donor are pre-
ferred, which leads to slightly stronger interaction than the opposite
option. Nevertheless, the nature and extension of homoassociations
and heteroassociations in menthol and thymol are similar, which
is on the roots of the thermodynamic behavior of the considered
NADES.

SUPPLEMENTARY MATERIAL

See the supplementary material for the specifications of the
considered chemicals (Table S1); thermophysical properties of the
studied DESs as a function of temperature (Table S2); systems used
for MD simulations (Table S3); force field parameterizations for
MD simulations (Table S4); cubic box for MD simulations (Fig. S1);
DFT optimized dimers for homoassociations and heteroassociations
(Figs. S2 and S3); QTAIM analysis of DFT optimized dimers for
homoassociations and heteroassociations (Figs. S4 and S5); results
for QTAIM analysis (Tables S5 and S6); scatter plots of NCI analysis
of DFT optimized dimers for homoassociations and heteroassoci-
ations (Fig. S6); comparison of experimental and MD predicted
densities (Fig. S7); comparison of binding energies obtained from
DFT and DFT calculations (Table S7); and water content effect from
MD simulations (Fig. S8).
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