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A B S T R A C T

In this work, we present experimental and molecular modeling results on archetypal hydrophobic natural deep 
eutectic solvents (NADES) based on fatty acids (octanoic and dodecanoic acid) and menthol, a representative 
monoterpenoid. Our goal is to provide a multiscale characterization to enhance the understanding of this field by 
studying these selected archetypical mixtures. We examine their liquid state properties, intermolecular forces, 
nanoscopic arrangements, toxicity, and environmental impact.

The computational study integrates quantum chemistry, molecular dynamics (both all-atom and coarse- 
grained approaches), and thermodynamic modeling (COSMO-RS approach) to analyze the fluids and their in-
teractions with biological entities, such as proteins and plasma membranes. The experimental characterization 
focuses on elucidating intermolecular interactions and liquid phase dynamics using NMR spectroscopy, visible 
and UV Resonance Raman spectroscopy (UVRR). Notably, this is the first report of UVRR data on NADES.

Additionally, we simulate the effect of the molecular moieties forming the solvents on biological targets—-
specifically, protein and cell membrane models –. This in silico analysis aims to rationalize and predict their 
potential toxicity.

Overall, our experimental findings and in silico simulations contribute to a deeper understanding of these 
novel solvents in terms of their network of interactions. Additionally, they highlight the potential impact on 
biological targets, providing new data to accurately define the eco-friendliness of type V DES and their suitability 
as sustainable alternatives to traditional molecular solvents.

1. Introduction

The quest for sustainable and environmentally friendly alternatives 
to conventional solvents has intensified over recent years [1]. Deep 
eutectic solvents (DES) have emerged as one such alternative, capturing 
the interest of researchers and industries alike [2]. DES are typically 
formed by the interaction of a hydrogen bond acceptor (HBA) and a 
hydrogen bond donor (HBD) at a specific molar ratio, resulting in a 

mixture with a melting point lower than the individual components and 
much lower than that predicted by assuming a thermodynamic ideal 
behaviour of the liquid phase [3]. According to the individual compo-
nents, they may display several unique properties, such as low volatility 
[4], thermal stability [5], tunable polarity [6], biodegradability [7], and 
low toxicity [8], which combined with their suitable physicochemical 
properties [9], make them promising candidates for a wide range of 
applications in chemistry, materials science, and biochemistry [10,11]. 
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Although some questions have been recently raised on the toxicity, 
sustainability and safety of large-scale use of DES [12–15], the possi-
bility of avoiding these problems through a suitable selection of DES – 
components [16] among the plethora of molecules leading to DES, 
confirms the possibility of developing (‘designer solvents’) DES with 
properties tuned for specific technological applications [17].

Considering the different (HBA and HBD) components that upon 
mixing may lead to DES, they have been classified into five different 
categories [18], among which those labelled as Type V DES [19] are the 
most recent ones and have attracted great attention because of being 
formed by non-ionic components, which lead to even more suitable 
properties such as low viscosity [20]. Additional DES classification has 
been established considering their affinity towards water, having in 
mind that their possible hydrophilic nature has been a limitation for 
certain applications [21], e.g. catalysis or those requiring the solubili-
zation of hydrophobic compounds [22], which has led to the search of 
hydrophobic DES (HDES) [23]. Likewise, HDES also show suitable 
physicochemical properties in comparison with hydrophilic ones, such 
as usually lower viscosity [24], especially when considering type V 
HDES. Noticeably, type V HDES not only emerged as a suitable platform 
for developing solvents for non-polar and hydrophobic substances, but 
indeed showed high versatility even in the field of metal ions extraction 
and separation form aqueous solutions [23,25,26]. Additional im-
provements on the development of DES considering environmental, 
toxicological and economical (low-cost) viewpoints may be reached 
when HBAs/HBDs of natural (vegetal) origin are applied, thus leading to 
the so-called Natural DES (NADES) [27]. Therefore, the group of type V 
hydrophobic NADES (V-HDES) may be considered as the most suitable 
DES group [28], considering economy, sustainability, toxicity and 
physicochemical properties, and thus, it was studied in this work using 
two archetypical fluids, Fig. 1: i) menthol (MEN) + octanoic acid (C8) in 
1:1 mol ratio and ii) octanoic acid + dodecanoic acid (C12) in 3:1 mol 
ratio, although this last fluid is an ideal liquid mixture. It should be 
stressed, at this stage, that the choice of the model systems was largely 
dictated by the above-mentioned factors and the expected “fitness-for- 
use” as green, low melting mixtures to be used as solvents or extractants. 
This work has no aspirations to enter into the ongoing debate on the 
definition of DES and how profound the lowering of the melting point 
must be to earn the label “deep”. To avoid misunderstanding and over 
interpretation, from this point onward, the term V-HDES will be 
replaced by V-HES when referred to the model system here studied.

The consideration of fatty acids (C8 and C12) for the development of 
V-HES [29] was done owing to presence of large hydrophobic alkyl 
chains and carboxylic acid functional groups in their molecules, which 
have garnered considerable attention as potential HBDs for the design of 
hydrophobic DES [30] and resulting in promising hydrophobic DES with 
unique properties [31]. Likewise, fatty acids can be produced from 
waste oils through hydrolysis (using enzymatic or alkaline mechanisms) 

[32], and thus valorizing waste oils via V-HES production, which can be 
further applied for environmental remediation purposes, such as CO2 
capture [33] or water purification [30,34], extraction of bioactive 
compounds [35] or catalytic purposes [31], among other relevant 
applications.

The proper design and selection of suitable V-HES for the proposed 
applications requires a deep knowledge of their physicochemical prop-
erties as well as their relationship(s) with molecular level nano-
structuring in liquid phases, with particular attention to intermolecular 
forces, for which molecular simulation studies provide a suitable plat-
form. Previous studies have proved that modelling methods such as 
molecular dynamics simulations (MD) [36] or those based in quantum 
chemistr [37] have provided detailed characterization of V-HDES 
nanoscopic properties. Likewise, spectroscopic methods, such as Raman 
measurements [29], or Nuclear Magnetic Resonance (NMR) studies 
[30,38], are also useful for V-HDES characterization. Therefore, a 
combined computational and experimental study is reported in this 
work, providing V-HES characterization based on quantum chemistry 
and MD paired with UV Resonance Raman (UVRR) and NMR studies. It 
should be remarked that this is the first study reporting UVRR mea-
surements on any type of DES, considering its use for intermolecular 
forces characterization.

Likewise, although V-HES based on fatty acids have been proposed 
even for therapeutic applications as drug delivery vehicles of poor water 
soluble Active Pharmaceutical Ingredients, [39] their possible toxic ef-
fect and their role on biological systems have been in silico studied in 
this work using two different approaches considering the interaction of 
the considered V-HDES with: i) model proteins and ii) model plasma cell 
lipid bilayers. These studies provide a nanoscopic mechanistic insight on 
the behavior of the considered V-HDES when in contact with biological 
targets.

In summary, this research paper aims to present a detailed investi-
gation into hydrophobic natural deep eutectic solvents based on fatty 
acids. Through a combination of experimental data and molecular 
modeling, we aim to elucidate their unique properties, shed light on 
their diverse applications, and provide insights into their toxicity and 
environmental impact, proving their suitability for developing sustain-
able processes.

2. Materials and methods

2.1. Chemicals, V-HES preparation and accidental ester formation

The HBA and HBD compound used for V-HES were obtained from 
commercial sources with purities as reported in Table S1
(Supplementary Information). V-HES, Fig. 1, were prepared by the 
heating method as described elsewhere [40]: suitable amounts of the 
two components were weighted into a screw-capped sample vial using 

Fig. 1. Molecular structures of compounds used in this work and the developed NADESs.
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an analytical balance (OHAUS Explorer, ±1 10− 4 g), and mixed under 
stirring at 60 ◦C, using a thermoregulated bath (VFT Fuzzy Logic 
Thermoregulator, Fisherbrand), up to liquid phase formation.

The water content of the V-HDES samples measured by Karl Fisher 
titration with a Metrohm 870 KF Titrino Plus instrument previously 
calibrated was below 0.05 wt% ± 0.005.

The presence of hydroxyl and acid groups in the MEN and C8, 
respectively, may rise the doubt about the development of a possible 
esterification reaction, and thus to the simultaneous presence of DES and 
ester molecules in the prepared systems. Hümmer et al. [41] studied the 
reaction among MEN and fatty acids in neat DES and in presence of 
lipase as catalyst. Their results indicated that in absence of catalyst and 
for initial low water content, this water content remains almost constant 
after 24 h incubation, consistent with negligible esterification immedi-
ately after the mixing of the components. Similar results were reported 
by Martins et al. in the case of MEN – fatty acid DES [42]. However, in 
the present work the MEN – C8 esterification reaction was also consid-
ered as side and unwanted reaction. The detection and quantification 
methods for the ester formation were based on NMR and Raman spec-
troscopies and are briefly described in the next section.

2.2. Apparatus and experimental procedures

Off-Resonance Raman spectra were recorded by using an integrated 
micro-Raman setup (Horiba-JobinYvon, LabRam Aramis) with exciting 
radiation at 632.8  nm. All the spectra were collected at room temper-
ature. The resolution was set at about 0.7  cm− 1/pixel. Noteworthy, the 
1720–1750 cm− 1 spectral region was also used to monitor the accidental 
presence of ester from the menthol octanoic acid condensation [43].

UV Resonance Raman (UVRR) spectra were collected by using the 
UVRR set-up available at the BL10.2-IUVS beamline of Elettra Sincro-
trone Trieste (Italy) [44]. The excitation wavelengths at 213 was pro-
vided by a CryLas FQSS 213-Q3 Q-switched DPSS laser. The Raman 
signal of the samples was collected in back-scattered geometry, analyzed 
via a single-pass Czerny-Turner spectrometer (Trivista 557, Princeton 
Instruments, 750 mm of focal length) equipped with holographic grat-
ings at 3600 and 1800 g/mm and detected using a CCD camera. We 
collected UVRR spectra with a resolution of 1.9 cm− 1/pixel. Cyclo-
hexane (spectroscopic grade, Sigma Aldrich) was used for calibrating the 
spectrometer. The final radiation power on the samples was kept at 
about 300 μW. Continuous spinning of the sample cell during the mea-
surements made it possible to prevent the photo-damage effect due to 
prolonged exposure of the sample to UV radiation.

High-resolution liquid-state NMR measurements were carried out 
with a Bruker NEO 500 console (11.74 T) equipped with a direct observe 
BBFO (broadband including fluorine) iProbe and a variable-temperature 
unit (1H resonance frequency of 500.13 MHz). The samples were 
transferred to 5 mm NMR tubes, equipped with a capillary containing 
deuterated dimethylsulfoxide (DMSO‑d6) and tetramethylsilane (TMS), 
as lock signal and chemical shift reference, respectively. Both tubes were 
flame-sealed immediately after preparation and NMR spectra were ac-
quired without sample spinning over a temperature range of 288 K to 
328 K, in 10 K increments, with a minimum of 30 min allowed for 
thermal equilibration. The instrument was carefully tuned, shimmed, 
and the 90◦ pulses calibrated. 1D 1H spectra were collected with 16 
scans using 32,768 points, over a spectral width of 12 ppm, according to 
the sample. The unwanted formation of mentyl octcanoate was moni-
tored by the integral ratio of the peak at 4.34 ppm (assignable to H1 of 
menthyl octanoate, ddd, J1 = J2 = 10.7 Hz and J3 = 4.3 Hz,) and that at 
3.06 ppm (H1 of free menthol, ddd J1 = J2 = 10.7 Hz and J3 = 4.3 Hz). 
Such a ratio was not computable on the freshly prepared sample and 
raised to 2.4 % (mol/mol) only after one month.

Pulsed-Field-Gradient (PFG) 1H NMR was applied to determine the 
self-diffusion coefficients (Di) of the individual species. The self- 
diffusion coefficients were determined using the bipolar pulse longitu-
dinal eddy current delay (BPP-LED) pulse sequence. All experiments 

were carried out with a total of 8 transients per increment using 16,384 
points in the F2 dimension, over a spectral width of 12 ppm, according to 
the sample. The relaxation delay was set to at least five times T1, and 8 
dummy scans were programmed prior to acquisition. The pulse gradi-
ents were incremented from 2 to 95 % of the maximum gradient strength 
in a linear ramp with 32 steps. For each experiment, the duration of the 
magnetic field pulse gradients (δ) and the diffusion times (Δ) were 
optimized to obtain 95 % signal attenuation for the slowest diffusion 
species at the last step experiment. For MEN:C8, δ values were in the 
1.5–2.4 ms range, while Δ values were 0.1–0.2 s long. For C8:C12, δ 
values were in the 1.3–1.8 ms range, while Δ values were 0.1–0.2 s long. 
The raw spectra acquired were subjected to manual phasing and auto-
matic baseline correction. Data were processed using an exponential 
filter in F2 dimension (LB = 0.3 Hz). Integrals were employed in the 
Bruker T1/T2 module of TopSpin to fit the Stejskal–Tanner relation [45]: 

I = I0exp
[
− (γgδ)2D

(
Δ −

δ
3

) ]
(1) 

where I is the signal intensity with the gradient applied, I0 is the echo 
intensity without field gradient, γ is the gyromagnetic ratio of the 
observed nucleus, and g is the maximum magnetic field gradient 
strength.

All signals were fitted with a mono-exponential function.
The temperature dependence of the self-diffusion can be fitted with 

the exponential Arrhenius equation to obtain the activation energy for 
diffusive flow, that is the amount of energy required for the molecules in 
the fluid mixture to diffuse: 

D(T) = D0exp
(

−
Ea

RT

)

(2) 

where D0 is a preexponential factor for the diffusive flow, Ea is the 
activation energy, R is the gas constant, and T is the absolute 
temperature.

Linear fits of the Arrhenius plots were performed with OriginPro 
2018.

2.3. Molecular modelling

Molecular modelling studies were carried out for MEN:C8 and C8: 
C12 1:1 dimers as well as for C8:C12 3:1 clusters, for different molecular 
orientations. Geometrical optimization calculations were carried out at 
BP86/def2-TZVP plus Grimme’s D3 [46] theoretical level using Turbo-
mole software [47]. Binding energy, ΔE, for the different clusters was 
calculated as the difference between the energy of the corresponding 
cluster and the sum of the corresponding monomers, considering basis 
set superposition error (BSSE) corrected via counterpoise method [48]. 
Topological analysis of intermolecular interactions was carried out with 
the Quantum Theory of Atoms in Molecule (Bader’s QTAIM theory) [49]
with MultiWFN software [50]. The QTAIM analysis of intermolecular 
forces was carried out considering electron density (ρe), and Laplacian 
of the electron density (∇2ρe) of Bond Critical Points (BCPs, type (3, − 1) 
in QTAIM). Electron localization function (ELF) and Core-valence 
bifurcation index (CVB [51]) were also calculated for the correspond-
ing hydrogen bonding intermolecular regions. Likewise, Non-Covalent 
Interaction analysis (NCI [52]) analyses were also developed for the 
optimized clusters.

The DFT optimized structures were considered for the calculations of 
COSMO files at BP86/def-TZVP theoretical level for COSMOtherm cal-
culations using COSMOthermX software [53]. All COSMO calculations 
were carried out using BP_TZVP_24 parameterization. COSMO files were 
considered to predict the properties of the considered V-HDES. COSMO 
calculations were carried out considering cosmo files for isolated HBA 
and HBD molecules.

Classical MD simulations were carried out using MDynaMix v.5.2 
[54] software using the force field parameterization reported in Table S2
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(Supplementary Information) for systems and conditions reported in 
Table S3 (Supplementary Information). Force field parameters were 
obtained from SwissParam database (Merck Molecular Force Field) 
[55], except atomic charges which were inferred from ChelpG charges 
obtained from DFT simulations as reported for the considered model 
clusters. Initial cubic simulation boxes were built with Packmol program 
[56]. Additional simulations were carried to describe V-HDES behavior 
at vacuum interface by placing a 150 Å vacuum layer on top of the V- 
HDES liquid layer in the z-direction. All simulations were carried out 
using periodic boundary conditions in the three space directions 
applying a three steps consecutive procedure: i) 1 ns NVT simulations at 
the corresponding temperature, ii) 10 ns NPT equilibration step, at each 
selected pressure–temperature condition and iii) 100 ns NPT production 
simulations at each selected pressure–temperature condition. The Nose- 
Hoover method [57] was used for pressure and temperature control, 
with 30 and 1000 ps as the time constants for the thermostat and 
barostat, respectively. The Tuckerman-Berne double time step algorithm 
[58] (with long- and short-time steps of 1 and 0.1 fs) was applied for 
solving the equations of motion. The Ewald method [59] (1.5 nm for cut- 
off radius) was applied for handling coulombic interactions. Intermo-
lecular interactions were described with the Lennard-Jones potential 
with 15 Å cut-off distance and Lorentz-Berthelot mixing rules for cross 
terms. The visualization, analysis and postprocessing of MD trajectories 
was carried out using VMD [60] and TRAVIS softwares [61].

The possible biological negative effects of the considered V-HDES 
were investigated using the concept of Adverse Outcome Pathways 
(AoPs), which delineate the sequence of events from the molecular to 
cellular to organ levels that lead to the toxic effects of a substance on a 
living organism [62]. The initiation of this complex cascade of processes 
is often associated with a Molecular Initiating Event (MiE), being the 
interaction of chemicals with plasma (cell) membranes [63]. In this 
study, we aimed to understand the mechanisms of interaction between 
the V-HDES and model cell membranes, specifically a dipalmitoyl-
phosphatidylcholine (DPPC) lipid bilayer, and to assess the changes in 
membrane properties in the presence of V-HDES in aqueous solutions. 
To achieve this, Coarse Grained Molecular Dynamics (CG-MD) simula-
tions were employed. The choice to use CG-MD simulations for studying 
the interactions between V-HDES and lipid bilayers, instead of All Atom 
simulations, was motivated by several factors. Notably, the size of the 
systems under consideration, which encompassed water, V-HDES, and 
the lipid bilayer, involved a large number of atoms. Furthermore, 
considering the time scale required to observe lipid bilayer changes, CG- 
MD was deemed a computationally efficient approach. The CG-MD 
simulations were conducted with a focus on V-HDES in aqueous solu-
tions at various concentrations as presented in Table S4 (Supplementary 
Information). The representation of V-HDES, water, and DPPC mole-
cules in the CG simulations (beading) is reported in Fig. S1
(Supplementary Information). The parameterization of the CG force 
field was carried out in accordance with the Martini3 CG forcefield [64], 
which has been demonstrated to be suitable for describing DES [65]. The 
CG-MD simulations were conducted using the MESOCITE/Materials 
Studio software and followed a three-stage procedure: i) Energy Mini-
mization: The geometry was optimized using a conjugated gradient 
method for energy minimization; ii) NVT Simulations: Subsequently, 1 
ns NVT simulations were performed at 318 K, utilizing the Velocity Scale 
method for temperature control; iii) NPT Simulations: Finally, 500 ns 
NPT simulations were conducted at 318 K using the Nose thermostat and 
1 bar with the Berendsen barostat. Throughout all simulations, a 
coupling constant of 1.0 ps was employed for the thermostat and 
barostat, and a time step of 20 fs was used. Electrostatic interactions 
were treated with the Ewald method, while van der Waals interactions 
were subjected to a group (bead) based cutoff method with a 15.0 Å 
cutoff radius.

Further investigations into the potential adverse biological effects of 
the analyzed V-HDES were conducted in silico by assessing the in-
teractions between the V-HDES molecules and specific target 

biomolecules (proteins). To accomplish this, a group of 100 human 
proteins were selected, Table S5 (Supplementary Information). Docking 
calculations were performed for V-HDES clusters as from DFT optimized 
arrangements, with the purpose of evaluating their binding interactions 
with the selected proteins. The protein structures were obtained from 
the Protein Data Bank, and prepared using Autodock Tools, ensuring 
that the docking regions encompassed the entirety of the respective 
biomolecules, employing a non-guided docking approach. The docking 
studies were carried out using Autodock Vina [66], and the resultant 
docked structures were ranked based on their corresponding affinities, 
as indicated by the scoring metrics.

3. Results and discussion

3.1. Visible and UV Resonance Raman studies

This section is focused on discussing the Raman spectra of MEN:C8 
(1:1) V-HES collected using both an excitation wavelength far from 
resonance (λ = 633 nm) and an excitation wavelength in the deep UV 
range (λ = 213 nm). The fatty acids mixtures C8–C12 (3:1) actually 
exhibited extensive peak overlap of the individual components, thereby 
impeding the detection of selective band changes due to intermolecular 
interactions, and will not be discussed here.

Fig. 2 shows the comparison between the visible Raman spectra of 
the pure components MEN and C8 and the spectrum of MEN:C8 (1:1) 
collected at room temperature.

The spectrum of octanoic acid exhibits a peak attributable to C––O 
stretching vibration at about 1662 cm− 1, a band typically visible in the 
spectra of fatty acids in this spectral region [67]. In the corresponding 
range, the spectrum of MEN:C8 (1:1) V-HES shows two signals detected 
at about 1664 cm− 1 and 1704 cm− 1, likely assigned to C––O stretching 
modes of C8. The signal at 1704 cm− 1 does not fall in the region reported 
for the homologous modes of ester C––O, thus ruling out the formation 
of the menthyl octanoate (see Section 2). As a matter of fact, the MEN 

Fig. 2. Visible Raman spectra (excitation wavelength at 633 m) of MEN, C8 and 
MEN:C8 (1:1) in the spectral region between 1000 and 1900 cm− 1. From top to 
bottom: C8 (black trace), MEN (blue trace) and MEN:C8 (1:1) (red trace). The 
inset shows the spectral region of the C––O stretching vibrations. For clarity, the 
trace of MEN is not present in the inset, as no significant signals are in that 
region. The spectra in the inset have the same colour code as above.
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component does not give any spectral contribution above 1500 cm− 1 

(Fig. 2). The splitting of the C––O signal into two components suggests 
the presence of distinct C––O oscillators, i.e. ~1704 cm− 1 (C––O weakly 
bonded) and ~1664 cm− 1 (C––O strongly bonded) for C8 in the mixture 
with menthol. This finding can be interpreted as a local rearrangement 
at the main H-bond site, such as the carboxyl group, implying a potential 
alteration in H-bond arrangement from the pure acid to the menthol 
mixture. Despite the signal intensity being too low for a rational inter-
pretation of peak shape, intensity, and wavenumber, a resemblance to 
the reported doublet for even fatty acids in the solid state due to dimer 
pair interactions [68] can be considered here.

As expected, the visible Raman spectrum of MEN:C8 shows, in the 
spectral region between 800 and 1500 cm− 1, many peaks attributable to 
both MEN and C8 although the spectrum of DES is not the simple linear 
combination of the spectra of the separate components. This confirms 
the establishment of some types of interactions between MEN and C8 in 
the eutectic mixture different from the H-bond. However, the strong 
overlapping of the bands in this spectral region makes the single 
decomposition of the Raman peaks of each component not reliable. For 
this reason, UV Resonance Raman experiments have been employed by 
choosing an excitation wavelength at 213 nm in close resonance with 
the electronic transitions of octanoic acid.

The UV Resonance Raman spectra collected with excitation wave-
length at 213 nm exhibited a distinct pattern in the wavenumber region 
between 1200 and 1800 cm− 1 as displayed in Fig. 3: a selective 
enhancement of octanoic acid Raman signals with respect to the men-
thol’s band intensity, resulting in simplified spectra of MEN:C8 (1:1).

An illustrative example is presented in the right part of Fig. 3, 
showcasing the C––O stretching region (referenced to Fig. 2 for 

comparison). The UVRR spectrum of octanoic acid reveals a prominent 
band resulting from the contribution of at least three components 
observed at about 1662, 1655, and 1644 cm− 1. Additionally, two sig-
nificant and previously unreported bands at 1606 and 1587 cm− 1 are 
evident. The next section on DFT simulation provides several examples 
of the complexity of saturated fatty acids clustering via hydrogen 
bonding, thus providing a rationale for the C––O vibration wavenumbers 
distribution here observed and reported in the case of pure C8, where 
the same self-aggregation motives are likely to occur. Noteworthy, also 
the UVRR profile of MEN shows a previously unreported peak at 1647 
cm− 1. Transitioning from the pure acid to the eutectic mixture, the 
signal at 1655 cm− 1 becomes predominant in the spectrum and in 
reasonable agreement with the DFT calculated vibrational frequency 
(see Table 1) for gas-phase MEN:C8 (1:1) hetero-dimer. The strong 
increment of the intensity of the band at about 1655 cm− 1 depicted in 
Fig. 3 reflects a substantial change in the local environment of the C––O 
oscillator associated with this signal, affirming the carboxyl group’s 
pivotal role as the primary interaction site constituting the network in 
the bulk ES. Furthermore, the absence of a frequency shift is noteworthy, 
indicating that the strength of the H-bond network remains undisturbed 
upon mixing, despite alterations in local structuring. The DFT calcula-
tion section (vide ultra) provides a simple but realistic model spotting on 
the local changes of the C––O oscillators upon ES formation. A com-
parison of Fig. 6a and b points out the different H-bond motives in the 
1:1 association of MEN and C8 on the one side, and the dimeric C8 on the 
other. Please note that, strictly speaking, Fig. 6b refers to the hetero- 
dimer C8–C12 but, considering the local environment of the carbox-
ylic oscillators only, the C8–C12 hetero-dimer is a good approximation 
of the C8–C8 homo-dimeric association.

3.2. NMR studies

Representative 1H NMR spectra acquired at 298 K on the two sam-
ples (MEN:C8 1:1 and C8:C12 3:1) are reported in Fig. S3. In both cases, 
a single peak for the exchangeable protons (–OH of MEN, here M10, 
and –COOH of C8 and C12, here A1) is observed, indicating a fast ex-
change in the NMR timescale.

The analysis of chemical shift variations gives preliminary hints into 
the strength of the intermolecular interactions experienced by the 
different species (Fig. 4). A marked low frequency (upfield) shift (Δδ =

δ(T) − δ(288 K) < 0) is observed for exchangeable protons, indicating a 
weakening of H-bonds due to the increase in temperature [38,69–71]. At 
first sight, all other signals are barely affected, meaning they are not 
particularly sensitive to the temperature increase. If this is expected 
considering their weak or null involvement in the H-bond network, a 

Fig. 3. A) UVRR spectra (excitation wavelength at 213 nm) of MEN, C8 and MEN:C8 (1:1) in the spectral region between 1000 and 1900 cm− 1. From top to bottom: 
MEN (blue trace), C8 (black trace), and MEN:C8 (1:1) (red trace). b) Expansion of the spectral region of the C––O vibration. The spectra have the same colour code 
as above.

Table 1 
Molecular property changes upon hydrogen bonding formation for clusters re-
ported in Fig. 6. r stands for the bond distances and ν for the stretching vibra-
tional frequency corresponding to the reported bonds. The redshifted frequency 
is reported parenthesized.

r (O– H)/ 
Å

r (C––O)/ 
Å

ν (O–H)/ 
cm− 1

ν (C––O)/ 
cm− 1

MEN (monomer) 0.975 − 3661 −

C8 (monomer) 0.982 1.223 3591 1693
C12 (monomer) 0.981 1.223 3591 1693
MEN at MEN:C8 

1:1
0.981 − 2901 (− 760) −

C8 at MEN:C8 1:1 1.024 1.233 2792 (− 799) 1642 (− 51)
C8 at C8:C12 1:1 1.029 1.243 2740 (− 851) 1630 (− 60)
C12 at C8:C12 1:1 1.029 1.243 2740 (− 851) 1630 (− 60)
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closer inspection reveals a weak downfield shift (Δδ ≈ 0.02 ppm) for 
protons M3, M4, M5, M8 and M9 in MEN:C8 and protons A3 and A4 in 
C8:C12 (see Fig. 4 for molecular sketches and atom labels). Despite a less 

intuitive interpretation, this would indicate that additional dispersive 
interactions do contribute to the intermolecular network of the eutectic 
and they are perturbed by the temperature increase [72]. Once again, as 

Fig. 4. Labelled structures of MEN, C8 and C12 (a). 1H chemical shift variations of different proton sites in MEN:C8 1:1 (b) and C8:C12 3:1 (c) as a function of 
temperature. Δδ is defined as the chemical shift difference of each signal at a given temperature and at the lowest temperature (288 K).

Fig. 5. Arrhenius plots showing the temperature dependency of the diffusion coefficients for the different species in MEN:C8 1:1 and C8:C12 3:1 (a) and apparent 
activation energies Ea (kJmol− 1) obtained from them. Ea are estimated to be accurate within ±5 %.
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previously underlined in the Raman spectroscopy section, the effect is 
weak compared to the one ascribed to H-bonding but not negligible.

PFG-NMR was applied to collect the self-diffusion coefficients of the 
different species in the mixtures (Table S6). Diffusion coefficients at 
room temperature are in line with those previously measured for the 
same systems [73] and higher than those previously reported for type III 
DES [67,69]. While in C8:C12 a single averaged self-diffusion coefficient 
is measured for the two molecular species, due to the structural simi-
larities of the two acid components, in MEN:C8 (1:1) two diffusivities 
are observed for the terpene and the carboxylic acid. Noteworthy, MEN 
is slightly slower than C8 at lower temperature (DMEN = 4.3⋅10− 11 m2/s 
vs DC8 = 4.5⋅10− 11 m2/s at 288 K), but gets faster at higher temperature 
(DMEN = 2.4⋅10− 10 m2/s vs DC8 = 2.3⋅10− 10 m2/s at 328 K), with a 
crossover at intermediate temperature (DMEN = DC8 = 1.1⋅10− 10 m2/s at 
308 K). The temperature increase affects the mobility of MEN more than 
the carboxylic acids, likely due to the strongest involvement in the 
intermolecular network.

The apparent activation energies for the translational motion Ea were 
obtained fitting the diffusion data to an Arrhenius expression [74] and 
are reported in Fig. 5 and Table S7. Ea are in the order of 23 kJ/mol for 
the acid-based systems and approximately 10 kJ/mol higher for the 
MEN-containing system (32–34 kJ/mol), due to the stronger intermo-
lecular network existing in the latter.

3.3. Molecular modelling: DFT

Intermolecular hydrogen bonding in the considered V-HDES were 
initially analyzed using DFT studies for model clusters starting from 
dimers (MEN:C8 and C8:C12 1:1 clusters, Fig. 6). The most stable dimers 
(i.e. largest ΔE) leads to the formation of complexes involving two 
hydrogen bonds per pair, i.e. cyclic structuring. In the case of MEN:C8, 
Fig. 6a MEN may act both as H-bond acceptor (hydrogen bonding [d1]) 

or donor (hydrogen bonding [d2]) with regard to C8, leading to large ΔE 
as a consequence of both interactions. Nevertheless, H-bond [d1] is 
remarkably shorter and stronger than [d2]. The QTAIM analysis is car-
ried out considering that 0.002 a.u. < ρe < 0.04 a.u. and 0.02 a.u. <
∇2ρe < 0.139 a.u. ranges correspond to interactions that can be classi-
fied as shared based interactions or H-bond, with larger values indi-
cating stronger interactions [75], with those values for interaction [d1] 
being on the top of the range, i.e. very strong H-bond, whereas those for 
[d2] indicate moderately strong H-bond. This agrees with ELF and CVB 
values, which in particular the largely negative CVB for [d1] indicates a 
very strong H-bonds. Therefore, although H-bond [d1] is remarkably 
stronger than [d2], both are present in the MEN:C8 interactions leading 
to a cyclic structure, as confirmed by the formation of a Ring Critical 
Point, Fig. 6a. The NCI analysis reported in Fig. 6a indicates a strongly 
interacting region around [d1] whereas a weaker one is obtained for 
[d2]. Additionally, the analysis of atomic charges shows almost negli-
gible charge transfer between MEN and C8, thus the interaction between 
both molecules in developed via H-bonding. The results in Table 1 shows 
the changes in molecular properties both for MEN and C8 upon forma-
tion of cyclic H-bonding, the hydroxyl bonds both in MEN and C8 suffers 
elongation (specially C8) as well as the bond in C8 carbonyl group. This 
changes in bond properties are accompanied by changes in vibrational 
spectra as inferred from DFT, Table 1 [76].

For the C8:C12 interactions, an initial 1:1 cluster was built and 
optimized, Fig. 6b, showing a head-to-head association via two equiv-
alent and strong H-bonds, as confirmed by the short donor – acceptor 
distance, the large values of QTAIM parameters, and ELF and large 
negative CVB. The NCI analysis shows two equivalent interaction re-
gions corresponding to the developed H-bonds as well as another 
interacting regions around the developed RCP. Additionally, proper H- 
bonds are inferred as a result of the elongation of hydroxyl and carbonyl 
groups leading to large red-shifting of the corresponding stretching 

Fig. 6. Analysis of H-bonding in the considered NADES via the reported 1:1 dimers showing DFT optimized structures of MEN:C8 and C8:C12 1:1 clusters showing 
the lowest energy configurations including binding energy, ΔE, H to O distance (r), H-bond donor – acceptor angle (α, O–H — O), QTAIM properties (electronic 
density, ρe, and Laplacian of electron density, ∇2ρe), Electron Localization Function (ELF), Core Valence Bifurcation index (CVB), all these properties reported at the 
Bond Critical Point (BCP, red cross) and region corresponding to the reported hydrogen bonds (red dashed lines) as well as for the ring critical point (RCP, green 
cross). Total molecular charges (ChelpG) are also reported, q. NCI analysis is also reported showing the main types of intermolecular interactions. Only the molecular 
region around relevant hydrogen bonds is reported for both clusters.
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frequencies, Table 1. As the V-HDES formed by C8 and C12 is considered 
for 3:1 mol ratio, although the 1:1 cluster model reported in Fig. 6b 
shows the formation of a largely stable structure via H-bonding, larger 
clusters are required to mimic the arrangements of C8:C12 3:1 V-HDES. 
For this purpose, different C8:C12 3:1 clusters were built considering 
different configurations, which were optimized, Fig. 7 (cl01 to cl08 
clusters). All these clusters are based on the 1:1 cyclic structuring with 
additional neighbor C8 molecules placed around this central cyclic site. 
The reported cl01 to cl08 structures show very large ΔE (roughly 
two–three times the value for 1:1 cluster, Fig. 6b). In most of the cases, 
the C8 molecules develop additional hydrogen bonds around the cyclic 
dimer, leading to structures with four hydrogen bonds, thus large ΔE. 
Some clusters, e.g. cl01, cl04 and cl08, show remarkably large ΔE, 
which indicate further stabilization by the presence of surrounding C8 
molecules. Additionally, cl07 shows that it is also possible that neighbor 
C8 molecules interact with the cyclic C8:C12 1:1 cluster via van der 
Waals interactions without developing H-bonding with the cyclic site 
leading also to large ΔE, as a consequence of the large number of 
available methyl/methylene groups, i.e. large number of carbon to 
carbon van der Waals contacts. The large ΔE for all the considered 

possible molecular arrangements reported in Fig. 7 indicate that all of 
them will be present in C8:C12 liquid phase at close to ambient tem-
peratures, with the most remarkable feature being the formation of cy-
clic dimers and the remaining C8 molecules being placed in different 
arrangements, mainly H-bonded, around this site.

3.4. Thermodynamic modelling: COSMO-RS

The thermodynamic properties of the considered V-HDES were 
predicted using the COSMO-RS approach starting from cosmo files 
generated from optimized structures using DFT. The starting points for 
COSMO-RS calculations are the cosmo files, which upon visualization 
show charge accumulation or depletion visualized in the molecular 
surface and which through the so-called σ-profiles (Fig. 8) indicate the 
different molecular regions in terms of their ability for different types of 
hydrogen bonding. Results in Fig. 8a show the σ-profiles for isolated 
monomers as well as for the corresponding 1:1 clusters. MEN is char-
acterized by a large non-polar region as well as by a hydrogen bonding 
acceptor and donor region around the hydroxyl group, Fig. 8b. In the 
case of isolated C8 and C12, the large non-polar region (alkyl chains) is 

Fig. 7. DFT optimized structures of C8:C12 1:3 clusters for different molecular configurations including binding energy, ΔE.

Fig. 8. COSMO sigma surfaces and profiles (polarization charge densities), σ, for the considered monomers and dimers.
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accompanied by the acceptor and donor regions around the COOH 
groups, Fig. 8b. In the case of MEN:C8 1:1 cluster, upon formation of the 
dimer, the cluster is mostly the sum of the properties of the monomers, 
maintaining the donor and acceptor regions on the molecular surface, 
therefore being prone to develop further H-bonding through increase of 
the cluster size. For C8–C12, the large non-polar regions are accompa-
nied by the exposed H-bonding acceptor sites, whereas the donor sites 
vanish, therefore the basic dimer structure is prone to act as acceptor for 
further H-bonds as showed in the model clusters reported in Fig. 7.

The main thermodynamic properties of the considered systems pre-
dicted via COSMO-RS are reported in Fig. 9. Solid-liquid equilibria as 
well as eutectic points are reported in Fig. 9a. For the case of MEN:C8, 
COSMO-RS predicts an eutectic composition almost at equimolar 
composition (x(MEN) = 0.54), which justifies the use of MEN:C8 1:1 
considered in this work, with melting temperature much lower than 
ambient conditions, i.e. assuring liquid range for most of the possible 
applications. For the MEN:C8 1:1 (x(MEN) = 0.5), the COSMO-RS pre-
dicted melting temperature is 248 K, which is lower than the experi-
mental value (262.8 K) reported in the literature [77], thus confirming 
the trend of COSMO modelling to underpredicts melting temperature for 
DES [78], although predictions can be considered reliable. In the case of 
C8:C12, COSMO-RS predicts an eutectic for C8-rich mixtures (x(C12) =
0.18), slightly different to the x(C12) = 0.25 used in this work. Never-
theless, the C8:C12 3:1 system is close to the predicted eutectic 

composition and the predicted melting temperature (288.3 K) justifies 
its use. Additionally, considering the non-ionic nature of the V-HDES, it 
is also relevant to analyze their possible vaporization as well as the 
properties of the vapor − liquid equilibria, Fig. 9b. The predicted vapor 
pressure at 303.15 K (slightly larger than ambient conditions) show very 
low volatile fluids for both cases, and although increasing vaporization 
upon heating is inferred, vapor pressures larger than 1000 Pa are only 
inferred upon heating to 373.15 K, i.e. not usual handling or using 
conditions. Likewise, both MEN:C8 1:1 and C8:C12 3:1 shows equivalent 
evaporation profiles. Therefore, combined results in Fig. 9a and b 
indicate that a suitable liquid range window can be considered for both 
fluids, assuring liquid phases and minor evaporation in a reasonable 
temperature range around ambient conditions. The low evaporation 
trends are justified by the large vaporization enthalpies reported in 
Fig. 9b (slightly lower for MEN:C8 than for C8:C12), which are produced 
by the strong hydrogen bonds inferred from results in Figs. 6 and 7.

The properties of the considered V-HDES, analyzed as a mixture of 
compounds, i.e. through the consideration of excess thermodynamic 
properties as a function of mixture concentrations, are reported in 
Fig. 9c. In this case, although for both systems property values shows 
maxima or minima around equimolar concentrations, which agree with 
the developed eutectic composition for MEN:C8 but not for C8:C12, the 
sign of the excess properties is different. In the case of MEN:C8, negative 
excess properties are inferred, the large (negative) excess Gibbs free 

Fig. 9. Thermodynamics properties of the considered NADES. (a) Solid – liquid equilibria (indicating eutectic point as well as the compositions considered in this 
work), (b) vapor pressure, pvap, (c) excess properties at 303.15 K (GE, excess Gibbs free energy; HE, excess enthalpy; SE, excess entropy) and (d) octanol – water 
partition coefficient (KOW).
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energy is produced by an exotermic mixing process accompanied by a 
remarkable negative excess entropy, both factors being justified by the 
different sizes and shapes of the mixed molecules (close to globular for 
MEN in contrast with linear for C8, Fig. 8b). The exothermic mixing 
process in MEN:C8 would arise from the strong hydrogen bonds between 

MEN and C8 molecules as reported in Fig. 6. In the case of C8:C12 
although excess properties are positive they are almost negligible in 
comparison with those for MEN:C8, thus showing close to ideal mix-
tures, which is justified considering the equivalent trend to develop 
cyclic dimers both for C8 and C12 through homo- and hetero- 
associations. The slightly positive entropic effect, would be on the root 
of positive excess Gibbs free energy as a results of the disrupting effect in 
molecular packing upon mixing as a result of the different chain lengths 
and their effects on the development of asymmetric apolar domains.

The hydrophobic nature of the considered V-HDES is quantified 
through the predicted octanol – water partition coefficients, Fig. 9d. It 
should be remarked that isolated components show a largely hydro-
phobic character, especially C12, which is reinforced upon formation of 
the considered V-HDES. Results in Fig. 9d indicate that upon V-HDES 
formation, a synergistic effect is inferred regarding the hydrophobic 
character, which is beyond the mere sum of those of components, 
leading to largely hydrophobic fluids, thus indicting that these fluids can 
be used in different technologies without water cross-contamination, e. 
g. for water treatment operations and of pollutants, as well as consid-
ering that exposition to atmospheric humidity would not lead to rele-
vant water sorption discarding the need of drying operations for the use 
of these V-HDES.

3.5. Molecular modelling: MD

The analysis of liquid phase nanoscopic properties was carried out 
using classical all atom MD simulations as a function of temperature for 
the two considered V-HDES. Initially, density and thermal expansion 
coefficient were predicted in the 288–318 K temperature range and 
compared with literature data for MEN:C8 1:1 [79], being in reasonable 
agreement with experimental data for both thermophysical properties, 
showing the reliability of the considered force field parameterization. 
C8:C12 is slightly denser than MEN:C8, although in both cases densities 
lower than water confirm their hydrophobic nature, Fig. 10a. Regarding 
thermal expansion coefficients, Fig. 10b, the reported values indicate 
that C8:C12 is more compressible than MEN:C8, because the long alkyl 
chain lengths in the considered fatty acids leads to less efficient mo-
lecular packings, i.e. larger free volumes forming more compressible 

Fig. 10. Comparison between experimental (EXP(LIT)) [69] and MD simula-
tions for density, ρ, and thermal expansion coefficient, αp, as a function of 
temperature for the reported NADES-.

Fig. 11. Snapshots of nanoscopic liquid arrangements in the reported NADES from MD simulations at the reported temperatures.
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Fig. 12. Intermolecular interaction energy (Lennard-Jones contribution), Einter, as a function of temperature for the reported NADES from MD simulations.

Fig. 13. Site – site Radial Distribution Functions as a function of temperature for the reported atomic sites in MEN:C8 (1:1) NADES as obtained from MD simulations.
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fluids (i.e. larger thermal expansion coefficients). Nevertheless, the 
thermal expansion coefficients are in the range of those for other V- 
HDES, e.g. 0.80 10− 3 K− 1 for the archetypical MEN: thymol [80], con-
firming that hydrophobic DES are more compressible (less dense) than 
hydrophilic ones [29].

The nanostructuring of the considered fluids is firstly analyzed 
considering the snapshots reported in Fig. 11 in the studied temperature 
range. Molecular arrangements are completely different for MEN:C8 
than for C8:C12. In the case of MEN:C8, the presence of MEN molecules, 
with the strong tendency to develop MEN – C8 hydrogen bonds (Fig. 6), 
hinders C8 self-aggregation via alkyl chains stacking. In contrast, for the 
C8:C12 case, alkyl chains self-aggregation is clearly inferred, showing 
large domains with fully stacked apolar (pillar) domains, which is 
justified considering that this arrangement may be produced in parallel 
with the formation of hydrogen bonding dimers leading to exposed long 
alkyl chains, which may lead to a system stabilization via van der Waals 
contacts, Fig. 7. These arrangements are maintained with negligible 
disruptions in the studied temperature range and they will justify the 
low vaporization (Fig. 9b) of the considered fluids.

The strength of the interactions is quantified via the intermolecular 
interaction energy, Einter, reported in Fig. 12. For MEN:C8, results indi-
cate that homo (MEN – MEN and C8 – C8) and hetero (MEN – C8) in-
teractions are present, although results indicate that hetero-associations 
prevail over homo-associations these are also present in the studied 
fluid. In the case of C8:C12, the role of van der Waals – like interactions 
is stressed as Einter is four times larger for C8 – C8 than for C12 – C12, 
corresponding the larger C8 content in the studied V-HDES, and the C8 – 
C12 is also largely extended in the fluid. This confirms the mechanism of 
interaction reported in Fig. 11b for C8:C12 with chain stacking among 
all the available alkyl chains.

Intermolecular forces are analyzed via Radial Distribution Functions 

(RDFs) among relevant atomic sites, i.e. those involving hydrogen 
bonding, Figs. 13 and 14. In the case of MEN:C8, results in Fig. 13a 
confirms MEN – MEN self-aggregation via H-bonding as inferred from 
the narrow and intense RDF peak at 2.75 Å, which remains in the 
considered temperature range. Regarding C8 – C8 self-association, re-
sults in Fig. 13b to d, indicate preferential interaction via OH − C(O) 
sites, as confirmed by stronger and narrower peak in Fig. 13d in com-
parison with those in Fig. 13b, which show the formation of cyclic di-
mers because of the CO-CO peak reported in Fig. 13c. For the MEN – C8 
hetero-association, the strong RDF peaks inferred both for MEN(OH) – 
C8(OH) and MEN (OH) – C8(CO), in this case with the development of a 
second intense RDF peak, confirms the formation of MEN – C8 cyclic 
dimers. These results confirm the mechanism of interaction obtained 
from DFT (Fig. 6) and observed with Raman spectroscopy and with NMR 
spectroscopy at increasing temperature (Fig. 3).

For the case of C8 – C12 a plethora of possible interactions are 
analyzed in Fig. 14. Results for fatty acid self-association, Fig. 14a–c for 
C12 – C12 and Fig. 14d–f for C8 – C8, show analogous patterns to those 
for C8 – C8 in MEN:C8 (Fig. 14b–d), and confirms that cyclic dimers by 
self-aggregation of each type of fatty acid are formed. Regarding C8 – 
C12 RDFs, Fig. 14g–j, results are analogous to those of C8 – C8 and C12 – 
C12, confirming that C8 – C12 H-bonds are developed through cyclic 
dimers but showing analogous properties top those also present formed 
by C8 – C8 and C12 – C12 self-associations. This behavior justifies the 
close to ideal behavior of C8 – C12 mixtures reported in Fig. 9c.

The integration of RDFs leading to the so-called solvation numbers, i. 
e. the number of atoms around a central one at a fixed distance, is re-
ported in Fig. S2 (Supplementary Information) for the first RDF peak (i. 
e. first solvation shell), both for MEN:C8 and C8:C12. In the case of MEN: 
C8, Fig. S2a (Supplementary Information) results indicate large trend to 
MEN – MEN self-association but also MEN molecules H-bonded to C8 as 

Fig. 14. Site – site Radial Distribution Functions as a function of temperature for the reported atomic sites in C8:C12 (3:1) NADES as obtained from MD simulations.
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well as parallel C8 – C8 interactions. The experimental counterparts of 
these findings can be found in i) Raman spectra in non-resonant con-
ditions, where the fingerprint profile of the MEN:C8 (1:1) mixture is far 
from the linear combination of the spectra of the individual components, 
and ii) NMR data obtained at different temperature (Fig. 4) showing a 
low but detectable sensitivity of MEN and C8 C–H protons to tempera-
ture effects, thus monitoring the behavior of the molecular frames not 
directly involved in H-bonds. For C8:C12, Fig. S2b (Supplementary In-
formation), results indicate that C8 – C12 interactions are developed in 
an extension intermediate between C8 – C8 and C12 – C12, which thus 
confirms that the presence of each type of interaction is a matter of 
composition in the mixtures, with one type of fatty acid being replaced 
by the other one, with almost negligible changes in the properties of H- 
bonds, thus leading to close to ideal systems. These arrangements 
remain unchanged upon heating in the considered temperature range.

Further details on nanoscopic arrangements are inferred from the 
Spatial Distribution Functions (SDFs) reported in Fig. 15 around central 
fatty acid molecules. For the MEN:C8 case, the distribution of molecules 
around a central C8 molecule shows that both MEN and C8 compete for 

H-bonding sites in C8, the two spots around the OH and CO groups in C8 
confirm that both MEN and C8 develop hydrogen bonds via cyclic di-
mers with C8 molecules and MEN:C8 is characterized both by homo and 
heteroassociation of their components. In the case of C8:C12, analogous 
patterns are inferred for homo and heteroassociations between the 
involved fatty acids, thus again showing the dimerization via hydrogen 
bonding among COOH groups.

Although nature and formation of hydrogen bonds has been showed 
in the previous results, the extension of hydrogen bonding is quantified 
in Fig. 16 defining hydrogen bond via a geometrical criterion (3.5 Å and 
150◦ for donor – acceptor separation and orientation). In the case of 
MEN:C8, a large competing effect of homo-associations (MEN – MEN 
and C8 – C8) is inferred leading to larger number than MEN – C8 in-
teractions. Nevertheless, the three types of hydrogen bonds are present 
in the studied composition range. In the case of C8:C18, C8 – C12 hetero- 
associations are produced in similar extension to C12 – C12 and lower to 
C8 – C8, but the three types are also maintained upon heating. There-
fore, the two considered V-HDES are characterized by homo- and hetero- 
association via hydrogen bonding.

Fig. 15. Spatial Distribution Functions around C8 molecule as a function of temperature for the reported atomic sites in the considered NADES as obtained from MD 
simulations. Atom labels as in Figs. 13 and 14.
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Fig. 16. Average number of hydrogen bonds per molecule, NH, as a function of temperature for the reported atomic sites in the considered NADES as obtained from 
MD simulations. Atom labels as in Figs. 13 and 14.

Fig. 17. Combined Distribution Functions for the reported intermolecular distances, r, and angles, φ, as a function of temperature for the reported atomic sites in the 
considered NADES as obtained from MD simulations.
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The geometrical characteristics of the developed hydrogen bonds are 
analyzed in Fig. 17 via the Combined Distribution Functions (CDFs) 
corresponding to the donor – acceptor separation and orientation. For 
MEN:C8, the MEN – C8 hetero-association is characterized by two spots 
corresponding to the two RDF peaks reported in Fig. 13f, showing a wide 
angular distribution, indicating flexibility by rotation of MEN molecule 
out-of-plane on top of the C8 but maintaining the H-bonds. In the case of 
C8 C12, the spots corresponding to the two hydrogen bonds in the cyclic 
dimer shows a narrow angular distribution, centered around 120◦, 
which show a more rigid structure in comparison with MEN – C8. The 
weakening of the main CDF spots upon heating is the main effect 
inferred at higher temperatures indicating larger bending around the 
interacting sites but maintaining their main features.

The dynamics of the considered V-HDES was analyzed by calculating 
the self-diffusion coefficients, with those values obtained from MD 
simulations (Fig. S4, Supplementary Information) being in fair agree-
ment showing those obtained from experiments (Fig. 5), thus probing 
how MD simulations are able to capture static and dynamic properties of 
the considered fluids.

To complete the analysis of the liquid properties of the considered V- 

HDES, the behavior at vacuum interface was also analyzed from MD 
simulations at two different temperatures (288 and 318 K), Fig. 18. The 
first main result confirms the almost negligible trend to evaporate of the 
considered fluids even under vacuum conditions, Fig. 18a, which agrees 
with the small vapor pressure reported in Fig. 9b. This absence of rele-
vant evaporation stands on the strong hydrogen bonding for all the 
components of the systems via hydrogen bonding (homo and hetero-
associations), which is maintained even upon heating. Regarding the 
molecular distribution at the interfaces, for MEN:C8 (Fig. 18b) there is 
an enrichment in MEN molecules at the interface, although this het-
erogeneity decreases upon heating. In the case of C8:C12, Fig. 18b, there 
is not any particular orientation at the interface and both molecules are 
present with larger content for C8 as a result of the larger number of C8 
molecules in the C8:C12 3:1 system.

3.6. In silico toxicological properties

The possible toxic effect of the considered V-HDES was firstly 
analyzed via the interaction of DFT model clusters with a collection of 
human target proteins via molecular docking. (Table S5 Supplementary 

Fig. 18. Results for MD simulations of NADES – vacuum interfaces showing (a) snapshots of molecular distributions and (b) number density profiles in the direction 
perpendicular to the interface.
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Information). It may be expected that, upon exposure to V-HDES, low 
concentrations may be present in organisms and thus model clusters 
may be representative of the molecular moieties reaching biomolecules 
such as proteins. The three model clusters (1:1 for MEN:C8 and C8:C12, 
as well as 3:1 for C8:C12) are considered for docking into proteins 
belonging to several groups having different biological functionalities. 

Results reported in Fig. 19 show binding energies in the range – 22.6 to 
− 27.7 kJ/mol, with remarkable larger values for C8:C12 3:1 clusters. 
The V-HDES – protein docking results indicate moderate to large affinity 
of the considered clusters for the studied proteins, being especially large 
for 3:1 clusters of fatty acids. The interaction of hydrophobic moieties 
with proteins has been previously reported for ionic liquids [81], 
concluding that large alkyl chains may interact with protein surfaces. 
Results in Fig. 19 confirm how increasing content of hydrophobic moi-
eties in model clusters increase affinity toward all the considered pro-
teins, and thus, strong binding may be inferred for large fatty acid 
content, i.e. leading to protein function disruption.

Further studies on possible biological effects of the considered V- 
HDES were carried out considering the interaction of V-HDES water 
solutions (20 wt%) with DPPC lipid bilayers as a model of the processes 
following V-HDES interaction with cell membranes. These studies, car-
ried out using CG-MD simulations, show possible disrupting effects 
because of the V-HDES presence on the cell membranes functionalities. 
Results in Fig. 20 shows the distribution of V-HDES component in the 
region around the lipid bilayer. For MEN:C8 1:1, results of Fig. 20a show 
two main conclusions: i) the comparison with results in absence of the V- 
HDES show disruption of bilayer properties as inferred from the changes 
in the distribution of choline groups, ii) the V-HDES components pene-
trate into the bilayer, with MEN groups staying in the vicinity of inner 
glycerol DPPC groups, and C8 adopting a parallel distribution to the 
DPPC molecules with head COOH groups placed in the vicinity of head 
choline DPPC groups and alkyl chains placed along the inner apolar/ 
hydrophobic region of the membrane. Therefore, large affinity for the 
DPPC molecules is inferred both for MEN and C8 components, thus 
leading to changes in the bilayer structuring. In the case of C8:C12, 
changes in the bilayer properties are also inferred, Fig. 20a, although 
lower disruption in the bilayer arrangement are produced as showed by 
the position of polar region (choline group) when compared with the 

Fig. 19. Docking results for the reported molecular clusters (Figs. 6 and 7) reporting cluster – protein average binding energy (Ebinding), as obtained from the 9-largest 
binding poses for each protein.

Fig. 20. Results of Coarse Grained MD simulations at 328 K and 1 bar for the 
interaction of the reported NADES in aqueous solution at 20 wt% in contact 
with a DPPC lipid bilayer. Results for neat water phase (0 wt%) are reported for 
comparison purposes. The distribution of choline bead and relevant NADES 
beads are reported in the direction perpendicular to the bilayer.
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case of MEN:C8 (the presence of polar and apolar moieties in MEN:C8 
leads to disruption in different regions of the lipid bilayer). Both C8 and 
12 are able to penetrate in the bilayer also adopting a parallel 
arrangement with DPPC molecules as for C8 in MEN:C8 V-HDES.

Changes in the lipid bilayer properties are quantified in Fig. 21. The 
DPPC relevant angles in the bilayer, internal polar angle (δ) and lipid 
head – tail (ϕ) suffer non-negligible changes in presence of both types of 
V-HDES, Fig. 21a and 21b, especially the ϕ angles, which are largely 
shifted toward lower values, indicating a compression of DPPC alkyl 
chains in presence of the fatty acids because of their insertion into the 
apolar bilayer region. Regarding the extension of lipid apolar chains, 
Fig. 21b, changes are also produced, especially for C8:C12 in which a 
chain length increase is inferred as a result of the decrease in ϕ angle. 
Regarding the bilayer width, Fig. 21d, MEN:C8 leads to a width 
decrease, whereas C8:C12 leads to a bilayer expansion. Therefore, the 
presence of MEN molecules in the V-HDES and their affinity for the polar 
head regions of the bilayers leads to disruption of the bilayer larger than 
for C8:C12, in which the fatty acids are inserted into the bilayer, 
increasing the bilayer length via apolar region increase in width, 
Fig. 21c. Results in Fig. 21e for Area per Lipid (APL), show minor 
changes in presence of the V-HDES, for C8:C12 the increase in ϕ leads to 
a slight compression of the bilayer, whereas for MEN:C8 the bilayer 
changes seem to be limited in the direction perpendicular to the bilayer 
(width, Fig. 21d), whereas in the APL no remarkable changes are 

produced. Finally, changes in the dynamic properties of the bilayer 
(fluidity) are quantified through the calculated self-diffusion coefficients 
in the bilayer direction (Dxy), Fig. 21f. The Dxy results show remarkable 
increase in the fluidity upon interaction with V-HDES, with larger effect 
for C8:C12. These results indicate that the presence of fatty acid and 
their arrangement into the lipid bilayer leads to a disruption of the 
bilayer caused by its position into the bilayer as inferred from Fig. 20. In 
the case of MEN:C8, although large structural disruptive effects are 
inferred from results in Fig. 21, specially in terms of bilayer width, the 
presence of MEN and its effective interaction with choline polar head 
groups decreases the effect of C8, which tend to increase fluidity, leading 
to a lower perturbation in terms of fluidity when compared with C8:C12. 
Therefore, the effects of the considered V-HDES on the lipid bilayer may 
be divided into i) structural (larger for MEN:C8) and ii) dynamic (larger 
for fatty acids). It may be concluded from the protein docking and lipid 
bilayer interaction studies, that the considered V-HDES leads to 
remarkable interaction with biological molecular entities.

4. Conclusions

The comprehensive analysis of the V-HDES based on the combina-
tion of different experimental and modeling approaches and in silico 
toxicological properties provides valuable insights into their structural, 
thermodynamic, and biological characteristics. The molecular modeling 

Fig. 21. Results of Coarse Grained MD simulations at 328 K and 1 bar for the interaction of the reported NADES in aqueous solution at 20 wt% in contact with a 
DPPC lipid bilayer. Results for neat water phase (0 wt%) are reported for comparison purposes. (a,b) Distribution of the reported angles in DPPC molecule; (c) 
distribution of the reported DPPC chain length; (d) lipid bilayer thickness, h, (e) area per lipid, APL; (f) DPPC lateral diffusion, Dxy.
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employing DFT studies, sheds light on the formation of intermolecular 
hydrogen bonds within the V-HDES. The results show that the consid-
ered V-HDES exhibit strong hydrogen bonding interactions, leading to 
the formation of cyclic dimers in both MEN:C8 and C8:C12 systems. The 
extensive analysis of these interactions, as well as the changes in mo-
lecular properties and vibrational spectra, emphasizes the stability and 
structural characteristics of these systems. The combination of NMR and 
Raman data allowed to highlight selective molecular interactions, 
mainly but not exclusively based on H-bond. Considering that the 
examined systems are expected to show ideal mixing, particularly for 
C8:C12 systems, the data of this work demonstrate that a thorough 
structural investigation on the interacting systems is due also in the case 
of ideal mixtures.

The thermodynamic modeling using the COSMO-RS approach pro-
vides valuable insights into the thermodynamic properties of the V- 
HDES. The predictions of solid–liquid equilibria, eutectic points, 
vapor–liquid equilibria, and the hydrophobic nature of these fluids 
indicate their suitability for various applications, with a wide liquid 
range and minimal evaporation at ambient conditions. Molecular dy-
namics (MD) simulations reveal the nanoscopic properties of the V- 
HDES. The analysis of density, thermal expansion coefficients, and the 
distribution of components within the systems offers a detailed under-
standing of their behavior at different temperatures. These simulations 
show that the V-HDES maintain their stability, and their hydrophobic 
nature is highlighted. The in silico toxicological properties analysis 
suggests that V-HDES may interact with human target proteins and 
disrupt protein functionalities, especially in systems with a higher con-
tent of hydrophobic moieties. Additionally, interactions with lipid bi-
layers indicate that the V-HDES can perturb the structural and dynamic 
properties of cell membranes, with the degree of disruption depending 
on the specific V-HDES composition.

In summary, the results of this study highlight the potential utility of 
V-HDES in various applications due to their strong hydrogen bonding, 
favorable thermodynamic properties, and low evaporation rates. The 
interaction of V-HDES with biological molecules and cell membranes 
indicates a need for caution when considering their use in biomedical or 
biological contexts, as they may disrupt biological systems. It is impor-
tant to note that the in silico toxicology findings serve as a starting point 
rather than a conclusive evaluation of the environmental sustainability 
of hydrophobic type V DES. A complete experimental eco-toxicological 
profile [82] is the necessary next step for a proper and thorough char-
acterization of DES in terms of environmental sustainability and a 
comprehensive understanding of their impact on living systems and 
ecosystems.
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