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The hydrophobic Natural Deep Eutectic Solvent formed by the combination of cineole and decanoic acid
(capric acid) was studied using a combined experimental and computational approach. Experimental
study was carried considering relevant physicochemical properties as density, viscosity, refraction index
and thermal conductivity as a function of temperature, as well as Raman spectra for 785 nm excitation
wavelength. Thermophysical properties measured showed a low -viscous low-dense fluid, which is of
great relevance for its technological application, as well as the Raman spectra confirmed the formation
of hydrogen bonding. The analysis of nanoscopic properties and structuring was carried out using theo-
retical method as the Density Functional Theory (BP86/def2-TZVP plus Grimme’s D3 theoretical level)
and classical Molecular Dynamics simulation (using AMOEBA polarizable force field). Molecular mod-
elling studies using quantum chemistry and classical molecular dynamics methods allowed a nanoscopic
characterization of the fluid as well as of its intermolecular forces (hydrogen bonding). Phase equilibria
were predicted using COSMO method considered solid–liquid (melting behavior) and vapor – liquid
(evaporation), as well as excess properties. The COSMO results showed a low volatile, wide liquid range
fluid, characterized by non-ideality because of the formation of hydrogen bonding. Likewise, the interac-
tion of the considered material with POPC lipid was studied using COSMOperm method to analyze its
behavior at lipid bilayers as models of cell membranes for the consideration of its possible toxicological
effects, showing how the considered molecules are able to penetrate and disrupt the model membranes
because of the lipophilic nature of the considered molecules.
� 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Deep Eutectic Solvents (DESs) [1,2] are a class of fluids formed
by the combination of two or more suitable compounds, which
upon mixing at a certain mole ratio leads to a system (eutectic
mixture) with melting point remarkably lower than the ones for
the corresponding components of the mixture [3]. This melting
point depression use to lead to systems being liquid at ambient
temperature, which have been considered as suitable fluids for
possible applications in a plethora of technologies, in particular
for a sustainable chemistry framework [4]. Therefore, applications
proposed consider water treatment [5], gas purification and sepa-
ration (with particular interest on CO2 capture) [6], metal process-
ing [7], synthesis and catalysis [8], agrifood sector [9],
pharmacological [10], polymer science [11] and many others. The
possibility of controlling the properties of the formed DES by
selecting suitable components led to a large number of possible
DES which properties can be designed according to the required
technological application (task – specific fluids) [12]. DES can be
initially classified in five different categories depending of the
involved components [1], with most of the available studies and
applications developed around the so-called type iii DES, which
are usually formed by a salt and an organic molecule. In these type
of DES, the combination of an hydrogen bond donor (HBD) and an
hydrogen bond acceptor (HBA) leads to strong intermolecular
hydrogen bonding [13,14], which is on the root of the DES forma-
tion and on the melting point decrease in comparison with DES
components [15,16]. A recently proposed type of DESs is the so-
called type v DES [17], which are usually formed by the combina-
tion of non-ionic HBAs and HBDs. Another relevant DES classifica-
tion stands on the origin of the involved DES components, thus, the
so-called natural DES (NADES) have been proposed as formed by
HBAs and HBDs with natural origin [18], thus being low cost,
highly biodegradable and low toxic, therefore being the most sus-
tainable type of DES. The well-known effect of water on DES prop-
erties have led to the distinction between hydrophobic and
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Fig. 1. (a) Molecules used for the DES development in CIN: C10 1: 1 composition as
well as sample of the considered DES at 293 K. Panels b to d show COSMO profiles
(indicating regions for different intermolecular interaction mechanism) as well as
molecular surfaces indicating regions with high (red) and low (blue) electron
density. Relevant atom labelling is indicated in panel a. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)
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hydrophilic DES/NADES with the first ones having remarkable
advantages such as their usually low viscosity [19], which
improves their performance for relevant industrial operations such
as those involving heat or mass transfer, lower density when com-
pared with water and applicability in a large collection of technolo-
gies [20].

The interest on hydrophobic DES has increased these last years,
both for those of type iii [21] and type v [22] categories. These flu-
ids have been proposed in application in food sector [23], water
treatment [24], Volatile Organic Compounds elimination [25],
CO2 capture [26], extraction of valuable compounds [27], or in
pharmacological applications [28]. The main characteristic of
hydrophobic DES stand on the low-density, low-viscosity for those
belonging to type v, with fluids such as those formed by the com-
bination of menthol – decanoic acid or thymol – decanoic acid
showing 0.896 and 0.918 g cm�3, for density respectively, or
12.71 or 11.13 mPa s, for viscosity respectively, at 298.15 K [29].
Likewise, in spite of their hydrophobic nature, it has been probed
that small water amounts (e.g. obtained from atmospheric water
absorption) have remarkable effects on the fluid properties,
increasing density and decreasing viscosity, e.g. for type iii Tetra-
butylammonium chloride – decanoic acid 1: 2 DES viscosity
decreases from 425 mPa s for neat DES to 80 mPa s for DES with
2.5 wt% water content [30]. Regarding the toxicity, safety and pos-
sible environmental impact of hydrophobic DES, studies are still
scarce. Nevertheless, available studies have probed that common
components of hydrophobic DES show moderate toxicity [31]
and even some of these DES have been applied for therapeutic
applications [28,32]. Additionally, sustainability of hydrophobic
DES has been probed, e.g. menthol – fatty acids have been applied
for water treatment showing a fully circular approach [33]. There-
fore, the formation of natural and hydrophobic DES [34] combines
most of the relevant features favoring technical application of DESs
as well as being suitable fluids for being scaled up to several rele-
vant technologies.

The objective of developing hydrophobic NADES being suitable
for different technologies is considered in this work through the
analysis of the properties of NADES formed by the combination
of a monoterpenoid (cineole, CIN), acting as HBA, and a saturated
fatty acid (decanoic acid, C10), acting as HBD, Fig. 1a. The proper-
ties of monoterpenoid – based NADES have been studied in the lit-
erature [35], being a suitable platform for developing sustainable
solvents. CIN is a natural compound, which can be obtained from
vegetal sources such as eucalyptus leaves or several plant essential
oils [36] and it also can be biosynthesized [37], being non-toxic, the
trading price is in the 10–20 USD per kg although it can be pro-
duced at relatively low-price (lower than 5 USD per kg [38]). C10
is also a natural compound being obtained from sources such as
palm or coconut oil [39] also at very low cost (roughly around 2
USD per kg). The considered CIN: C10 (1: 1), Fig. 1, was selected
as prototypical monoterpenoid + fatty acid hydrophobic NADES,
which properties are analyzed using a combined experimental
and theoretical approach considering both micro and macroscopic
viewpoints. Relevant physicochemical properties required for
industrial design and applications are measured as a function of
temperature. The suitability of COSMO methods for the prediction
of DES / NADES properties has been confirmed in the literature
[40,41], and thus they were applied for the prediction of phase
equilibria as well as for the analysis of interfacial properties (at
vacuum and water interfaces) and for the interaction with model
lipid bilayers to quantify the behavior of the considered NADES
at cell membranes [42], as a possible Molecular Initiating Event
(MIE) into an Adverse Outcome Pathway (AOP) for possible toxicity
effects [43,44]. Considering the advances on the description, prop-
erties prediction and nanoscopic structuring analysis of DES /
NADES via molecular modelling methods [45–47], CIN: C10 (1: 1)
2

hydrophobic NADES was studied using quantum chemistry meth-
ods (Density Functional Theory, DFT) and classical Molecular
Dynamics (MD) simulations for the analysis and quantification of
intermolecular forces (hydrogen bonding) and liquid structuring
in terms of aggregation, energy of interactions, and dynamic prop-
erties. The reported results allowed a multiscale characterization of
the considered hydrophobic NADES.
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2. Methods

2.1. Chemicals

The origin and purity of pure CIN and C10 used for the DES
preparation are reported in Table S1 (Supplementary Information).
High purity chemicals were used and thus no further purification
was carried out. The preparation of the DES (CIN: C10 1: 1 mol
ratio) was done by weighing (Mettler AT261 balance, ± 1 10-5 g)
suitable amounts and heating under stirring at 40 �C in closed vials.
Liquid samples were formed and dried under vacuum using a Hei-
dolph rotary evaporator at 40 �C. All the samples were stored in
closed vessels under vacuum to avoid water sorption from atmo-
sphere. The water content of the samples was measured using a
Karl-Fischer coulometric titrator (Metrohm 831 KF coulometer, ±
0.3 %) with the samples used for the determination of the consid-
ered physicochemical properties having 0.07 wt% water content.
A transparent, colorless, low viscous fluid is formed (Fig. 1a), which
remain in liquid state for weeks without any sign of crystallization
or turbidity at ambient temperature.

2.2. Apparatus and procedures

Melting point of the considered DES was measured by con-
trolled cooling of a liquid sample placed in a suitable vessel, with
the temperature controlled by a external liquid bath and measured
with a platinum resistance thermometer (PRT, ±0.01 K). Samples
under stirring were slowly cooled and the appearance of solid
phase was visually observed. The ability of DES to capture water
from atmospheric humidity was experimentally measured through
a kinetic experiment in which a DES (15 cm3) sample was placed in
a petri dish (90 mm of diameter, 25.5 cm2 of liquid surface exposed
to air) and exposed to atmosphere (50 ± 5 % relative humidity).
Samples (�0.1 g) were extracted as a function of time and the
water content determined with Karl-Fischer coulometer. The
experimental water content (mw, in wt %) vs time (t) data results
were fitted to the following kinetic model:

mw ¼ m1
w 1� exp �ktð Þð Þ ð1Þ

With m1
water being the limiting absorption value, and k the

absorption rate.
The following physicochemical properties (Table S2, Supple-

mentary Information) were measured for the considered DES: den-
sity, shear viscosity, refractive index and thermal conductivity.
These properties were measured in the 293.15 to 333.15 K, except
refraction index which was measured to 323 K. Thermal conductiv-
ity was measured only at 293.15 K because its variation in the
293.15 to 333.15 K range was below the uncertainty limit.

Density (q) was measured with a vibrating tube densimeter
(Anton Paar DMA1001, uncertainty 1 10-4 g cm�3), with Peltier
control for the cell temperature (uncertainty 0.01 K). The thermal
expansion coefficient, ap, was calculated according to its thermo-
dynamic definition:

ap ¼ � 1
q

@q
@T

� �
p

¼ � 1
q
a ð2Þ

where a is the slope of the corresponding q vs temperature linear
fit.

The refraction index, nD, was measured with regard to the
sodium D-line with a Leica AR600 (uncertainty 1 10-5). The refrac-
tometer cell temperature was controlled through an external circu-
lating bath (Julabo F30) and measured with a built in PRT (±0.01 K).
The experimental nD was used to calculate the molar free volume,
fm, [48], according to the following equation:
3

f m ¼ M
q

1� n2
D � 1

n2
D þ 2

� �
ð3Þ

Shear viscosity (g, uncertainty 2 %) was measured with an elec-
tromagnetic piston viscometer (VINCI Tech EV1000) [49], with the
temperature controlled with an external circulating bath (Julabo
Presto) and measured with a PRT (±0.01 K). The viscosity vs tem-
perature evolution was followed a non-Arrhenius behavior, and
thus, it was fitted to the Vogel-Fulcher-Taman (VFT) model:

g ¼ g0exp
B

T�T0

� �
(4).

VFT fitting parameters were used for the calculation of Angell’s
strength (fragility measurement) parameter, Df.

Df ¼ B
T0

ð5Þ

Thermal conductivity (r, 5 % uncertainty) was measured with a
Decagon devices KD2 Thermal analyzer (KS-1 sensor, 6 cm long,
1.3 mm diameter single needle. Sample was placed inside a
temperature- controlled cell (external circulating bath Julabo
F32) and measured with a PRT (±0.01 K).

Raman spectra were collected using a StellarNet-HR-TEC-785
spectrometer (4 cm�1 resolution) for a 785 nm laser excitation
wavelength including an enhanced CCD array detector.

2.3. Density Functional Theory calculations

Density Functional Theory (DFT) calculations were carried out
with Turbomole [50] software. The main objective of DFT calcula-
tions is to analyze the nature of intermolecular forces in the con-
sidered DES, in particular for the characteristics of hydrogen
bonding. For this purpose, CIN: C10 dimmers and tetramers were
built and geometrically optimized. All the calculations were carried
out at the BP86/def2-TZVP plus Grimme’s D3 [51] dispersion con-
tribution. The optimized geometries for the considered clusters
were used for the calculation of interaction energy, DE, as the dif-
ference between the energy of the corresponding cluster and the
sum of the corresponding monomers. All the DE were corrected
for the basis set superposition error (BSSE) using counterpoise
method [52]. The main intermolecular forces were analyzed con-
sidering the Quantum Theory of Atoms in Molecule (Bader’s QTAIM
theory) [53] as include in MultiWFN software [54]. The QTAIM
analysis of intermolecular forces was done through the properties,
electron density (q) and Laplacian of the electron density (r2q), of
bond (BCPs, type (3,-1) in QTAIM) and Ring (RCPs, type (3,-1) in
QTAIM) critical points. Non-Covalent Interaction analysis (NCI
[55]) and electron localization function (ELF) using Core-valence
bifurcation index (CVB [56]) were used for the characterization of
interactions in the optimized clusters. Likewise, Interaction Region
Indicator (IRI) analysis [54] was carried out.

The COSMOtherm software [57] was used for the prediction of
selected thermodynamic properties, for the analysis of interfacial
behavior as well as for the interaction of the considered DES with
POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine) lipid
molecules in model bilayers (COSMOperm) [42]. The CIN: C10 (1:
1) pair structure optimized at BP86/def2-TZVP/D3 theoretical level
were used as inputs for COSMO calculations, for which single point
BP86/def-TZVP were carried out.

2.4. Classical molecular dynamics simulation

MD simulations were carried out using TINKER software [58].
All simulations were carried out with AMOEBA09 polarizable
forcefield [59] with forcefield type assignation as in Figure S1 (Sup-
plementary Information). Initial cubic simulations boxes for the
systems explained in Table S3 (Supplementary Information) to
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mimic CIN: C10 (1: 1) DES were built using Packmol [60] program.
Temperature and pressure for the systems were controlled with
Nose-Hoover method [61] . The Ewald method [62] was considered
for treating electrostatic interactions. MD simulations were carried
out in a two-stages procedure for each pressure–temperature con-
dition (Table S3, Supplementary Information): i) 1 ns equilibration
in the NVT ensemble then followed by ii) 50 ns NPT simulations.
Proper equilibration was assured through the time evolution of
total potential energy, calculated physical properties (e.g. density)
and through the development of fully diffusive regime by the anal-
ysis of log–log plots of mean-square displacements (msd) versus
simulation time, leading to slopes in the 0.98–1.00. The low viscos-
ity of the considered DES (<7.1 mPa s for the considered tempera-
ture range, Table S2, Supplementary Information) assures proper
sampling of the considered liquid systems. MD trajectories visual-
ization and analysis were carried out with TRAVIS [63] and VMD
[64].
3. Results and discussion

The CIN: C10 (1: 1) hydrophobic NADES is a colorless liquid,
Fig. 1a, with 282 K melting temperature. The properties of the
molecules involved in the considered DES are firstly analyzed by
using COSMOtherm approach through the consideration of the
so-called COSMO r-profiles [65], Fig. 1b to 1d. The properties of
the isolated DES components were compared with those upon
DES pair formation. The r-profiles allow to identify non-polar,
hydrogen bonding and acceptor regions in the considered mole-
cules. The CIN molecule is characterized by high electron density
region around the ether group surrounded by a large non-polar
bulky region, which is showed in the r-profiles by the large non-
polar peaks and the formation of and HBA smaller peak. For C10,
the high electron density region around both oxygen atoms and
the low electron density in the hydroxyl hydrogen atom confirms
the HBA and HBD character of the molecules as well as the large
hydrophobic character as showed by the large non-polar peak in
r-profile. The formation of the DES is accompanied by the devel-
opment of CIN – C10 hydrogen bonding, which results in a dimer
with two electron rich areas around the oxygen atoms of C10
and large hydrophobic areas around it, and thus, this dimmer
may act also as HBA with neighbor dimmers. Therefore, the CIN
– C10 dimmer, which may be considered as the minimal con-
stituent of the liquid DES structuring, is a large hydrophobic
molecular moiety with HBA nature.

The COSMOtherm method was also applied for predicting rele-
vant phase equilibria and mixing properties to understand the liq-
uid macroscopic properties of the considered DES. Results in Fig. 2a
shows the predicted isobaric (1 bar) Solid-Liquid Equilibria (SLE)
for CIN + C10 mixtures as a function of mixture composition. It
should be remarked that the true eutectic composition is obtained
for CIN: C10 (2: 1), i.e. rich CIN DES leads to the largest melting
point decrease upon comparison with those for independent com-
ponents. Nevertheless, the DES formed by CIN: C10 in 1: 1 compo-
sition also has a low melting temperature being liquid at ambient
conditions, and it is much more hydrophobic than the one formed
by 2 CIN: 1 C10 eutectic mixture, therefore the equimolar DES was
considered for this work to target a hydrophobic fluid. The COS-
MOtherm prediction for the melting point of the equimolar DES
is only 12 K lower than the experimental value, which confirms
its suitability for predicting phase equilibria of the considered
DES. Vapor – liquid equilibria (VLE) were also predicted using COS-
MOtherm approach, Fig. 2b and 2c, showing low volatility for the
considered DES. This is another advantage of considering CIN:
C10 (1: 1) composition as the (2: 1) eutectic composition is more
volatile. The calculated VLE indicates that no vaporization is
4

inferred at ambient pressure up to 500.4 K, which combined with
the low melting point leads to a 230.4 K liquid window, and thus
showing the suitability of the considered DES as a wide tempera-
ture range solvent. The formation of CIN: C10 (1: 1) DES is pro-
duced by the mixing of the independent components, which
upon hydrogen bonding formation leads to the DES, therefore the
analysis of the mixing properties is relevant to characterize the
thermodynamics of the DES formation. For this purpose, activity
coefficients, Fig. 2d, and excess properties, Fig. 2e, were predicted
also using COSMOtherm. The predicted activity coefficients show
largely non-ideal behavior for CIN - C10 mixtures, with values
lower than unit for both components in the whole composition
range, which indicate strong CIN – DES heteroassociations in the
whole mixing range. Activity coefficients at infinite dilution are
0.16 and 0.05 for CIN and C10, respectively, which indicate the
hydrogen bonding ability of both DES components. At 1: 1
(equimolar) composition the activity coefficients are 0.43 and
0.64 for CIN and C10, respectively, indicating again the formation
of CIN – C10 hydrogen root being on the root of DES mixture for-
mation non-ideality. Exothermic mixing is predicted with an
excess enthalpy of �6.6 kJ mol�1 for the formation of CIN: C10
(1: 1) DES, which agrees with the large deviations from ideality
reported in Fig. 2d. Literature studies have showed endothermic
processes of formation of some well-known type iii DES, e.g. the
formation of DES involving quaternary salts such a choline chloride
(ChCl): glycerol (1: 2) or ChCl: ethylene glycol (1: 2) led to excess
enthalpies of 4.1, 5.4 kJ mol�1, respectively [66], which are in
remarkable contrast with the largely negative excess enthalpy for
CIN: C10 DES. Therefore, no external heating is required for the for-
mation of CIN: C10 (1:1) DES, which is largely relevant for the
industrial application and upscaling of the considered DES both
considering economical and technical aspects. Moreover, these
results are in agreement with literature data on other type v DES,
e.g. those involving flavonoids and monoterpenoids also leading
to largely exothermic mixing processes [67], thus showing advan-
tageous behavior of type v DES in comparison with type iii ones in
terms of energy costs for preparation. The CIN: C10 DES formation
through mixing was also analyzed considering the excess Gibbs
energy, Fig. 2e, which although being negative, confirming sponta-
neous DES formation, is less negative than the excess enthalpy,
thus indicating negative mixing entropy (-3.9 J mol-1K�1 for
equimolar mixture). The negative excess entropy results from the
formation of CIN – C10 heteroassociation through hydrogen bond-
ing, although the CIN – CIN (dipolar) and the C10 – C10 (hydrogen
bonding) interactions are disrupted upon DES formation (which is
a factor increasing entropy) the formed heteroassociations (a factor
decreasing entropy) seem to prevail resulting in the negative
excess entropy, which again contrast with positive excess entropy
for type iii DES [66]. Therefore, the reported thermodynamics anal-
ysis of the mixing process leading to CIN: C10 (1: 1) formation con-
firms the large trend to develop heteroassociations through
hydrogen bonding as being the driving force for the DES formation.

The properties of relevant CIN: C10 (1: 1) interfaces were also
analyzed considering the COSMOtherm approach. First, the proper-
ties at vacuum interface were predicted, Fig. 3a and 3b. The con-
centration profiles at the vacuum interface shows an enrichment
of the interface with CIN molecules in comparison with bulk liquid,
with C10 molecules placed in inner areas of the interface region.
The predicted interface tension (IFT) is lower than for most of
the DES considered in the literature. ChCl – based type iii DES show
IFT values (usually measured at the air interface but comparable to
the value reported in this work for vacuum interface) in the 40 to
70 mN m�1 range [68]. The IFT values are related with the strength
of the hydrogen bonding, the stronger the interaction the larger the
IFT. The low IFT obtained for CIN: C10 (1: 1) is justified by the
structuring of the interface reported in Fig. 3a, although strong



Fig. 2. Thermodynamic properties for � CIN: (1-x) C10 mixtures obtained from COSMO-RS calculation. Results include Solid-Liquid (SLE) and Vapor – Liquid (VLE) equilibria,
as well as activity coefficients (ci), excess enthalpy (HE) and excess Gibbs energy (GE). In panel a, black filled circle indicates COSMO-RS eutectic composition, red filled circle
indicates COSMO-RS melting temperature for equimolar composition and black empty circles indicate experimental melting temperatures of pure compounds and equimolar
composition obtained in this work. In panels a to c, red dashed line indicates equimolar composition considered in this work for the experimental and theoretical study. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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hydrogen bonding is inferred from the thermodynamic results in
Fig. 2, these interactions are weakened at the vacuum interface
because of the enrichment in CIN molecules, and thus the decrease
in C10 / CIN ratio leads to decrease in hydrogen bonding extension
and to low IFT. The pressure profile across the interface, Fig. 3b,
indicates a moderate peak corresponding to the IFT value. In the
case of DES – water interface, the behavior is inverse to the one
at vacuum interface: a C10 – rich interface is inferred, which
may be justified considering the competing effect of C10 – water
hydrogen bonding with C10 – CIN ones. In spite of the hydrophobic
character of bulk CIN: C10 (1: 1) DES, the water interface region is
enriched in the organic acid because of its suitability for acting
both as HBA and HBD with water molecules. This surface enrich-
ment in decanoic acid has been previously reported from MD sim-
ulations at water interface of type iii and type v hydrophobic DES
[69], and it leads to interface structuring very different to the bulk
liquid phase one, and it needs to be considered to analyze relevant
applications such as liquid–liquid equilibria or solutes extraction
from water liquid phases. The pressure profiles across the water
interface, Fig. 3d, are indicate a positive peak at the DES side and
negative one at the water side, which agrees with the disruption
of the DES self-structuring via the development of new interactions
with water molecules, leading to low IFT as reported in the litera-
ture [69]. Considering the hydrophobic character and at the same
time the heterogeneities appearing at the interface region, the abil-
ity of CIN: C10 (1: 1) for absorbing atmospheric water was exper-
imentally measured, Fig. 4. In spite of the affinity for water
5

molecules at the interface region, the saturation amount of
absorbed water is remarkably low (0.341 wt%), which confirms
that the affinity for water molecules is a local effect at the interface
whereas the bulk liquid phase has not a large trend to host water
molecules, thus leading to low water solubility. Nevertheless, the
saturation conditions are reached in a short time exposure as indi-
cated by the calculated kinetic constant. Therefore, the considered
DES can be exposed to open atmosphere conditions without large
changes in its properties, which is of great relevance considering
the well-known disrupting effect of water on many types of DES
[70,71], and it shows again the advantageous properties of
hydrophobic DES. Likewise, the use of type v hydrophobic NADES,
absent of halide ions, does not lead to the possible development of
acidic water phases with high halide, which may a problem both
from technical and environmental viewpoint [72].

Another relevant topic on the suitability of the proposed DES for
its large-scale use is its environmental and toxicological behavior.
The properties reported in Fig. 3c, 3d and 4, indicates both minor
impact of water on DES properties but also low impact of the con-
sidered DES on water, thus minimizing its impact on natural water
sources. To analyze its possible toxicological effects, considering a
first approach, its interaction with lipid bilayers as models of cell
(plasma) membranes because cell wall disruption may be consid-
ered as a possible MIE for the AOP of the studied DES. For this pur-
pose, the use of COSMOperm approach allows a quantification of
the properties of the considered DES at cell membranes modelled
as a systems formed by a POPC lipid bilayer. Although this is a sim-



Fig. 3. Properties of (a,b) CIN: C10 1: 1 – vacuum interface and (c,d) CIN: C10 1: 1 – water interface as calculated from COSMOplex method. Panels a,c shows molecular
distribution in the direction perpendicular to the interface (dashed line); panels b,d shows internal pressure profile across the interface. IFT stands for calculated interface
tension. All values reported at 303 K.

Fig. 4. Kinetics for atmospheric water absorption in CIN: C10 (1: 1) DES at 298 K.
Lines show fitting to the kinetic model, eq. (1), with the parameters reported at the
bottom of the Figure.
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plified approach, it may lead to relevant insights on the behavior of
the considered molecules in contact with cell environments, Fig. 5.
The free energy profiles are reported in Fig. 5a for independent CIN
and C10 molecules, and for the CIN: C10 pair, i.e. molecular struc-
ture corresponding to the DES in comparison with DES compo-
nents. The reported results indicate larger changes in the free
energy profiles upon formation of the molecular pair (CIN – C10)
leading to DES formation. The model bilayer is formed by two
well-defined different areas: the one on top corresponding to head
polar groups of the lipid molecules and the central apolar region
formed by the apolar hydrophobic chains. The reported results
indicate a remarkable stabilization of the CIN – C10 pair in the cen-
tral apolar region of the bilayer which results in a synergistic effect
upon comparison with the behavior of independent CIN and C10
molecules. The free energy behavior results in the resistance to
permeation reported in Fig. 5b, although a barrier to penetration
close to the head polar groups is inferred both for the independent
components and the CIN – C10 pair, this barrier is lower for the
pair, i.e. penetration is favored, and a very low resistance is
inferred once the CIN-C10 pair is placed in the central apolar region
of the lipid bilayer. The calculated self-diffusion coefficients,
Fig. 5c, for the molecules into the bilayer indicate low mobility
once the CIN – C10 pairs are placed in the center of the molecule,
in agreement with the low free energy reported in Fig. 5a, i.e. CIN-
C10 pairs are able to develop efficient interactions with alkyl
chains of lipid molecules, reducing molecular mobility, low self-
diffusion coefficients, and thus, disrupting lipid-lipid self-
interaction through alkyl chains. Therefore, CIN-C10 molecular
pairs have a large permeability on the considered model lipid
bilayer, Fig. 5d, and this large permeability is produced by a syner-



Fig. 5. Properties for the interaction of CIN, C10 and CIN: C10 1: 1 systems interacting with POPC lipid bilayer from COSMOperm calculations. Free energy profiles, DG,
resistance, R, and self-diffusion, D, profiles are reported in panels a, b and c, respectively as a function of the relative position with regard to the bilayer center, d. Panel d show
permeabilities, P. All values reported at 303 K.
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gistic improvement in comparison with isolated CIN and C10 com-
ponents, this increase in the effects on cells have been experimen-
tally reported for several types of hydrophobic DES [20]. Therefore,
the ability of CIN-C10 pairs to penetrate into the plasma mem-
branes should lead to a disruptive effect on membranes properties.

Relevant thermophysical properties are also reported in this
work for CIN: C10 (1: 1), Table S2 (Supplementary Information)
and Fig. 6. The q and ap values (Fig. 6a) shows a linear behavior
in the considered temperature range (293.15 to 333.15 K). The
density of the considered DES is remarkably lower than for water.
Likewise, the available density data in the literature for hydropho-
bic DES are in the 0.89 to 1.1 g cm�3 range [73–75,81], and thus
CIN: C10 (1: 1) stands in the low limit of the density range for
the hydrophobic DES studied in the literature [74], which agrees
Fig. 6. Experimental thermophysical properties for CIN: C10 (1: 1) DES as a function of te
g, refraction index; (c) nD, and molar free volume, fm. Linear fits and the corresponding
Tamman equation is reported in panel b.
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with its large hydrophobic nature, i.e. the larger hydrophobicity
the lower the density. This low density is even more remarkable
when compared with density for type iii DES, e.g. archetypical cho-
line chloride: urea (1: 2) hydrophilic DES shows 1.199 g cm�3 den-
sity at 298.15 K, which is 29 % larger than for CIN: C10 (1: 2). The
hydrophobicity of the considered DES is quantified through the
octanol–water partition coefficient as calculated using COS-
MOtherm being 3.10 (3.13 in [75]), 4.17 (4.09 in [76]) and 7.82
for logKow of CIN, C10 and CIN: C10 (1: 1), respectively. Therefore,
hydrophobicity of the fluid is reinforced upon DES formation in
comparison with independent components, and thus, very
hydrophobic DES is prepared leading to low viscosity. The
hydrophobicity of the DES is even larger than for pure n-decane
alkane (logKow = 6.25 [76]), thus showing how combining two
mperature, T. (a) Density, q, thermal expansion coefficient, ap; (b) dynamic viscosity,
coefficients of regression, R2, are reported in panels a and b. Fit to Vogel-Fulcher-



J.L. Trenzado, C. Benito, M. Atilhan et al. Journal of Molecular Liquids 377 (2023) 121322
moderately hydrophobic components leads to very hydrophobic
DES, which produces a low dense fluid. Likewise, its low density
leads to large thermal expansion coefficients, Fig. 6a, which results
from the presence of large alkyl chains leading to chain to chain
molecular packings, and thus forming holes into the liquid struc-
ture (i.e. the higher the thermal expansion coefficient, the higher
the free volume). The thermal expansion coefficient for CIN: C10
(1: 1) at 298.15 K (0.810 10-3 K�1) is in the same range of other
type v hydrophobic DES (e.g. 0.80 for menthol: thymol (1: 1)
[79]) and remarkably larger than for hydrophilic type iii DES (e.g.
0.437 10-3 K-1for choline chloride: urea (2: 1) [77]). Moreover,
the temperature evolution of thermal expansion coefficient for
CIN: C10 (1: 1) follows a linear increasing trend upon heating
but with just a 3.3 % change in the studied 293.15 to 333.15 K
range, i.e. a slight increase in compressibility thus showing the
fluid maintaining most of their volumetric features and molecular
packing for the 40 K studied temperature range. The increase of
thermal expansion coefficient upon heating is a common feature
for DES both for type iii [77] and type v DES [80]. Although the pos-
itive slope of thermal expansion coefficients vs temperature is the
common behavior of most fluids, it has been reported in the liter-
ature anomalous negative slopes for compounds closely related to
DES such as imidazolium or pyridinium ionic liquids [78], in the
case of DES, neither hydrophobic type iii DES, such as the one con-
sidered in this work, nor even imidazolium based hydrophilic DES
[79] show negative slopes for thermal expansion coefficient vs
temperature, and thus this anomaly seem to be absent in DES. As
the thermal expansion coefficient may be related with the effi-
ciency of molecular packing, i.e. with formation of holes (inter-
stices), this effect is quantified through the approach developed
by Yang et al. [80] for ionic liquids, which can be applied to closely
related DES fluids. In this approach, the average volume of inter-
stices, v, may be calculated from equation (7):

ap ¼ 3NAv
VT

ð6Þ

where V stands for the molar volume. The calculated v evolves in a
linear trend from 49.5 Å3 (cavities of 2.28 Å radius) at 293.15 K to
60.4 Å3 at 333.15 K, i.e. slightly larger interstice volumes are
inferred. Likewise, the volume percentage of interstices, i.e. the con-
tribution of interstices (holes) to the total molar volume evolves
from 25 % at 293.15 K to 30 % at 333.15 K, thus, large interstices vol-
umes are inferred (e.g. 10 to 15 % are obtained for related fluids
such as ionic liquids [80]), which slightly increase upon heating.
Therefore, large available empty space is inferred from the mea-
sured volumetric properties.

An additional remarkable result is the very low viscosity of CIN:
C10 (1: 1) DES, being one of the less viscous hydrophobic DES
reported in the literature [74]. This low viscosity is a remarkable
advantage for the application and scaling up of this fluid as it will
lead to more efficient heat and mass transfer operations. The vis-
cosity vs temperature behavior shows a non-Arrhenius evolution
and thus it was fitted to VFT model. The VFT fitting parameters
allowed the calculation of Df fragility parameter (=6.9), which
allow to classify the fluid as fragile (Df < 30 [81]), which can be jus-
tified considering that the structural properties of the considered
fluid are mainly determined by van der Waals interactions
between the available long alkyl chains in C10, which can be dis-
rupted considering its strength. The fragility of CIN: C10 (1: 1)
hydrophobic DES is larger (lower Df) than for hydrophobic type v
DES not containing long chain acids (e.g. those formed only by
monoterpenoids combination with Df in the 9 to 42 range [35])
and also lower than for type iii DES (e.g. Df = 18.9 for choline chlo-
ride: ethylene glycol 1: 2 [82]). Two main effects should control the
viscosity of the studied hydrophobic NADES: i) intermolecular
forces between CIN-C10 pairs, and ii) molecular mobility as con-
8

trolled by the availability of empty spaces (as quantified from
the obtained interstices volumes) and their dynamics. It is found
a close to linear correlation (R2 = 0.98) between experimental vis-
cosity and the average volume (size) of interstices, thus confirming
a pivotal role on the availability of interstices for improving molec-
ular mobility, and thus decreasing fluids viscosity, i.e. the presence
of long alkyl chains beyond conferring an hydrophobic nature to
the fluid controls the molecular packing, leading to a large avail-
able empty space resulting in low viscosity. Regarding the mea-
sured refraction index, Fig. 6c, a linear behavior is also inferred
upon heating, with the measured low refraction index correspond-
ing to large free volume, in agreement with the large compressibil-
ity of the fluid as a results of the presence of long alkyl chains.
Moreover, a linear relationship has been obtained (R2 = 1.00)
between experimental refraction index and thermal expansion
coefficient showing how this optical property also quantifies the
effectiveness of molecular packings in the considered fluid.

The Raman spectra for the isolated components as well as for
the DES are reported in Fig. 7a. The full spectral assignment is
out of the scope of this work as the objective of these measure-
ments were to infer the possible changes in the spectra upon
DES formation. Nevertheless, several relevant Raman spectral fea-
tures appear for pure CIN and C10 before DES formation. In the
case of CIN, Fig. 7a, a intense and narrow peak is obtained at
638 cm�1 which corresponds to the characteristic ring deformation
(d(ring), reported at 652 cm�1 in the literature [83,84]) as well as a
peak at 1433 cm-1 corresponding to CH deformation modes (re-
ported at 1446 cm-1 in the literature [85]). In the case of neat
C10, several relevant peaks are inferred: i) 878 cm�1 (CH2 rock),
ii) 1061 cm�1 (CAC stretch), iii) 1292 cm�1 (CH2 twist), iv)
1430 cm�1 (CH2 wagging, scissoring and deformation) and v)
1656 cm�1 (CO stretch, with weak intensity because of the involve-
ment in hydrogen bonding [86]); these peaks are in agreement
with literature results [87].Raman spectroscopy studies (laser exci-
tation wavelength of 532 nm in comparison with 785 nm used in
this study) on the tetrabutylammonium chloride: decanoic acid
1: 1 type iii hydrophobic DES have been reported in the literature
[88]. This study showed that the Raman spectra for tetrabutylam-
monium chloride: decanoic acid DES is not exactly the sum of the
spectra of the corresponding neat components with larger contri-
bution for the tetrabutylammonium chloride although this effect
is only showed in the region between 2900 and 3000 cm�1. The
main peaks for CIN and C10 below 2800 cm�1 were analyzed to
see if some of them is remarkably different to the sum of both com-
ponents, results in Fig. 7b indicate that the measured Raman spec-
tra (in the region up to 2800 cm�1, i.e. stretching vibrations of C10-
OH groups appearing around 3100 cm�1 are not considered) are
mostly a combination of those of independent components, with
a main effect resulting in the increase of the intensity of the most
relevant peaks but with peak positions remaining unchanged. As
the peaks appearing below 2800 cm�1 mostly correspond to vibra-
tions involving CH2 groups, and these groups are involved in dis-
persion intermolecular interactions, it may be concluded that
dispersion interactions are similar in the DES as in the neat inde-
pendent CIN and C10. Considering the large number of CH2 groups
in C10, the structure of the DES should be determined by alkyl –
alkyl chain dispersive interactions, which would justify the
reported thermophysical properties as well as the availability or
interstices. The Raman peak position for CO stretching does not
change on going from neat C10 to DES, as CO group is only involved
in hydrogen bonding as acceptor (i.e. C10 – C10 self-hydrogen
bonding via CO – OH interactions) it may be concluded that C10
self-interaction via CO groups is not changed upon DES formation.
Likewise, as the formation of the DES involves the development of
CIN – C10 heteroassociations via hydrogen bonding between the
C10(OH) and CIN(O) groups, to characterize this new interaction



Fig. 7. Raman spectra of CIN: C10 (1: 1) DES, neat CIN and neat C10 at 298.15 K. Panel b shows Raman spectra for the CIN: C10 (1: 1) DES as well as the sum of spectra for neat
CIN + neat C10 to compare with the spectrum for the formed DES.
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upon DES formation vibrations involving CIN(O) ether group were
considered, and for that purpose vibrations involving CIN(OAC)
were analyzed, the vibrations of the two CIN(OAC) bonds appear
at 916 and 800 cm�1 both in the neat CIN as well as in the DES.
The main change in the properties of CIN(OAC) bands stands on
the decrease of their intensity on going from neat CIN to DES,
which may be attributed to the formation of hydrogen bonding
with the C10 molecules. Therefore, the structure of the liquid
beyond the formation of CIN – C10 hydrogen bonds competing
with those C10-C10, is similar those in neat independent fluids
and mainly determined by the strong trend of alkyl chains to
self-associate forming large hydrophobic domains. Regarding the
possible effect of the laser excitation wavelength on the obtained
Raman spectra, it is well-known that the shorter the wavelength
the larger the stronger the induced fluorescence background,
whereas longer wavelengths lead to larger thermal effects, but
without relevant effects on the position of the obtained peaks
[89]. Therefore, the considered excitation wavelength (785 nm)
may be considered as a compromise solution to optimize both
effects in the considered DES.

The analysis of intermolecular forces was firstly considered
using DFT theoretical approach for CIN – C10 dimmers (minimal
model for hydrogen bonding in the considered fluid), Fig. 8. The
analysis of HBA – HBD hydrogen bonding in hydrophobic DES via
DFT approach is still scarce in the literature. Fan et al. [90] studied
terpene-based hydrophobic DES reporting HBA – HBD interaction
energies in the 19.9 to 41.6 kJ mol�1 range, with CVBs in the
�0.01 to �0.04 range for the hydrogen bonding sites. Gutierrez
et al. [91] carried out DFT studies on archetypical hydrophobic
DES such as menthol: thymol and those formed by these monoter-
penoids and levulinic acid reporting interaction energies in the
27.7 to 51.7 kJ mol�1 range with the QTAIM and NCI analysis indi-
cating the formation of strong hydrogen bonds. Additional litera-
ture studies [35] on monoterpenoid – based hydrophobic DES
confirmed using DFT the formation of strong hydrogen bonds,
although those combining only monoterpenoids have lower inter-
action energies (roughly 20 kJ mol�1) and larger (positive) CVB
indices than those conspiring the combination of monoterpenoids
and e.g. organic acids (binding energies larger than 50 kJ mol�1

[79]). It should be remarked that the HBA – HBD interaction energy
9

as obtained from DFT calculation for hydrophobic type v DES is in
the same range as for common type iii hydrophilic DES, e.g. this
energy for the archetypical choline chloride: urea 1:2 correspond-
ing to the HBA – HBD interaction is roughly 45 kJ mol�1 [92]. For
CIN – C10 hydrogen bonding, the calculatedDE is remarkably large
indicating strong interaction. This hydrogen bonding is identified
through QTAIM as the formation of a BCP between the donor and
the acceptor and a bond path between both sites. The BCP corre-
sponding to the hydrogen bond is characterized by the q and
r2q, Fig. 8a. According to Popelier and Koch [93] hydrogen bonds
are characterized by BCPs with ranges (0.002 to 0.035 a.u) and
(0.024 to 0.139 a.u.) for q and r2q, respectively, with larger values
corresponding to stronger interactions, and thus, the CIN – C10
hydrogen bond may be classified as a very strong interaction from
the topological viewpoint in agreement with the large DE. Like-
wise, the optimized structure for CIN – C10 dimmer indicates that
beyond the strong hydrogen bond, CIN and C10 molecules also
interact through the C10(CO) and CIN(CH3) groups, as inferred by
the formation of another BCPs with low but non-negligible q and
r2q. The NCI analysis also confirms this mechanism of interaction,
the strong localized blue spot in the C10(OH) to CIN(O) path is
accompanied by a large interaction region corresponding to van
der Waals like interactions. Moreover, the largely negative CVB
for the developed hydrogen bonding (Fig. 8a) as well as the highly
localized and intense spot from IRI analysis (Fig. 8b) confirm the
hydrogen bonding development, and thus, indicate this effect as
the pivotal interaction on the CIN – C10 DES formation. Moreover,
the very strong hydrogen bonding between CIN and C10 molecules
would be the justification for the very low volatility of the CIN: C10
(1: 1) DES, Fig. 2b and 2c, as well as for the ability of these molec-
ular pairs to penetrate lipid bilayers, Fig. 4d. Beyond the prevailing
role of intermolecular hydrogen bonding in DES properties, the
presence of large alkyl chains from C10 molecules would lead to
alkyl – alkyl van der Waals interactions, which although being
weaker than the developed hydrogen bonding they should be rel-
evant considering their additive character and the presence of a
large number of methyl and methylene groups. With the objective
of quantifying these van der Waals like interaction, tetramer mod-
els were built and optimized, Fig. 9. Two different types of tetra-
mers were build considering different possible mechanisms of



Fig. 8. DFT results for CIN – C10 dimmer showing (a) QTAIM and NCI analysis and
(b) IRIS analysis of the intermolecular hydrogen bonding region. QTAIM analysis
shows relevant BCPs (orange spheres) and RCPs (yellow sphere) in the region
around the intermolecular hydrogen bond, indicating electron density (q) and the
corresponding Laplacian (r2q). Core-Valence Bifurcation index (CVB) is also
reported for the region corresponding to relevant intermolecular interactions. IRI
analysis is reported for the region corresponding to the O(CIN) / OAH(C10)
hydrogen bonding. Counterpoise corrected interaction energy, DE, is also reported.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Fig. 9. DFT results for CIN – C10 tetramer showing NCI analysis. Arrows indicate
areas corresponding to (black) alkyl chain – alkyl chain, (blue) CIN – alkyl chain and
(green) CIN – CIN interactions, for the two lowest energy structures. DE stands for
the counterpoise corrected interaction energy after removing contributions for the
two CIN – C10 hydrogen bonds. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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interactions between neighbor dimmers in the fluid: i) tetramer
with C10 – C10 total interactions (i.e. overlapping of full alkyl
chains, Fig. 9a) and ii) partial overlapping between C10 alkyl chains
accompanied by CIN – C10 (alkyl) interactions, Fig. 9b. The binding
energy (removing hydrogen bonding contribution) corresponding
to van der Waals like interaction are remarkably large for both
types of tetramers indicating how these intermolecular interac-
tions would develop a pivotal role in the structuring in the liquid
state, i.e. large trend to develop hydrophobic alkylic domains
accompanied by CIN-C10 hydrogen bonding. The NCI analysis
show intense regions of interactions corresponding to van der
Waals interaction both of C10(alkyl) - C10(alkyl) and C10(alkyl) –
CIN interactions corresponding to the strong molecule to molecule
interactions.

The theoretical analysis of bulk liquid phases was carried out
from MD simulations. The considered polarizable forcefield
(AMOEBA09) was validated for this hydrophobic DES by the com-
parison of predicted and experimental density, Figure S2 (Supple-
mentary Information). Predicted density data are in excellent
agreement with experiments, with a slight overprediction but
deviations lower than 0.6 %, but with slope of density vs tempera-
ture in fair agreement ( @q=@Tð Þp ¼ �7:8� 10�5and�7:7� 10�5 g
cm�3 K�1, for experimental and MD predicted density, respec-
10
tively), therefore, the forcefield can be considered as suitable for
describing the fluid properties. Radial Distribution Functions
(RDFs) for relevant atomic sites (those leading to hydrogen bond-
ing) are reported in Fig. 10 for CIN – C10 heteroassociations
(Fig. 10a) and C10 – C10 homoassociations (Fig. 10b). RDF for
C10(OH) – CIN(O) interaction show two peaks, the first one, being
very intense and narrow, with a maxima at 2.84 Å (slightly larger
than the value obtained from DFT calculations of dimmers, Fig. 8)
confirming hydrogen bonding in the bulk liquid phase. The second
peak for C10(OH) – CIN(O) interaction indicates the interaction
with neighbor interacting pairs as in DFT models (Fig. 9). Likewise,
the peak for C10(CO) – CIN(O) interaction also confirms the devel-
opment of additional interactions beyond the direct hydrogen
bonding as in Fig. 8. The C10 molecules are also able to be self-
hydrogen bonding and this is confirmed by results in Fig. 10b
through the first narrow peak corresponding to C1O(OH) – C10
(CO) RDFs, whereas the hydrogen bonding between the C10(OH)
– C10(OH) are produced in a minor extension as indicated by the
weak first narrow RDF peak. Therefore, the bulk liquid phase is
characterized both by C10 – CIN and C10 – C10 hydrogen bonding,
with this last one being developed through hydroxyl and carbonyl
groups, as well as by the presence of van der Waals like interac-
tions. The molecular arrangements are also analyzed through Spa-
tial Distribution Functions (SDFs) around CIN (Fig. 11a) or around
C10 (Fig. 11b). For central CIN molecules, a spot indicating the
highly localized arrangement of C10(OH) group around the CIN
(O) atom is inferred with the C10(CO) groups placed around them.
Likewise, C10(COOH) groups are placed around the apolar areas of
the CIN molecule, confirming van der Waals interactions as
inferred from DFT results (Fig. 9). The SDF around central C10
molecule show how hydrogen bonding with C10 molecule for
neighbor C10 molecules is formed, as inferred from the well local-
ized spots around the C10(COOH) groups. Moreover, CIN(O) atoms
competing with O atoms in C10 as acceptors are accompanied a



Fig. 10. Site-site radial distribution functions, g(r), for the reported atomic pairs (labelling as in Fig. 1a) for CIN: C10 (1: 1) DES from MD simulations at 333 K and 1 bar. The
values of the integrated g(r) functions, N, are also reported. Label inside each panel indicate the position of relevant peaks.

Fig. 11. Spatial Distribution Functions around (a) CIN and (b) C10 molecules for selected atoms in CIN: C10 (1: 1) DES fromMD simulations at 333 K and 1 bar. Atom labelling
as in Fig. 1a.
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distribution of CIN molecules around the C10(COOH) group, i.e. CIN
molecules in hydrogen bonding and non-hydrogen bonding situa-
tions are developed around C10, which corresponds to the two first
RDF peaks reported in Fig. 10a. The extension of non-hydrogen
bonded CIN molecules around C10 is non-negligible, as inferred
from the extension of SDF (blue crown around the COOH) and from
the integration of RDFs reported in Fig. 10a.

The properties of the developed different hydrogen bonds are
analyzed through the Combined Distribution Functions (CDFs),
which consider both the hydrogen bond distance as well as the cor-
responding donor – acceptor angles, Fig. 12. Reported CDFs show
the maxima for CIN(O1) – C10(OH) corresponding at hydrogen
bonding distance and a second spot at larger distances (corre-
sponding to the two first peaks in RDF, Fig. 10a), both with a large
linear interaction (maxima at 175�) Fig. 12a. Regarding the C10
(OH) – C10(OH) interaction, Fig. 12b, three spots are inferred form
increasing distance corresponding to the three RDFs peaks
11
reported in Fig. 10b, with the one corresponding to the shortest
contact (hydrogen bonding) being linear and the second one show-
ing high deviations from linearity. In the case of C10(OH) – C10
(CO) interaction two peaks are also inferred corresponding both
ones to linear interactions. Therefore, all the possible interacting
pairs form hydrogen bonding as inferred from CDFs, although their
extension is not equivalent as inferred from the corresponding
RDFs. The hydrogen bonding extension was quantified considering
a geometric criteria both for homo and heteroassociations, Fig. 13.
The reported results indicate that the number of C10-C10 hydro-
gen bonds is 50 % larger than C10-CIN ones, therefore upon the for-
mation of the DES a large population of self-hydrogen bonded C10
molecules remain in the fluid in parallel with those C10 molecules
interacting with CIN, with both types of interaction competing for
the same donor sites in the acid, Fig. 10b. The temperature effect
on both types of interactions is not very large, upon heating to
333 K the extension of hydrogen bonding decreases (more for



Fig. 12. Combined Distribution Functions for the distance and angles between relevant sites in CIN: C10 (1: 1) DES fromMD simulations at 333 K and 1 bar. Atom labelling as
in Fig. 1a.

Fig. 13. Average number of hydrogen bonds per C10 molecule, <NH-bonds>, for the
reported atomic pairs in CIN: C10 (1: 1) DES from MD simulations as a function of
temperature and 1 bar. Atom labelling as in Fig. 1a. Hydrogen bonding criteria:
3.5 Å and 60� as donor – acceptor distance and angle. Values inside the
Figure indicate the decrease in < NH-bonds > on going from 293 to 333 K. Atom
labelling as in Fig. 1a.

Fig. 14. Cluster analysis for hydrogen bonding sites in CIN: C10 (1: 1) DES from MD
simulations at 303 K and 1 bar. Results show occurrence of possible clusters formed
by O1(C10) as hydrogen bond donor and O(CIN), O1(C10) and O2(C10) as acceptors
as a function of distance, R.
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C10-C10 ones) but a large number of hydrogen bonds is inferred,
which justified the minor trend to evaporate of the considered
fluid, Fig. 2b and 2c.

Considering that C10 molecules develop hydrogen bonds both
with CIN and C10 molecules a cluster analysis for these hydrogen
bonding interactions was performed, Fig. 14. The reported cluster
distribution show two intense peaks and a weaker one, with the
most intense corresponding to 5.61 Å. Therefore, the size of hydro-
gen bonded clusters is not very large, and thus, a fluid structure
formed by small hydrogen bonded sites dispersed in apolar
hydrophobic domains would be present in the fluid. This is con-
firmed by the molecular distribution reported in Figure S3 (Supple-
mentary Information), which indicate the presence of large apolar
domains interconnected between CIN domains.
12
The reported experimental and predicted density data as well as
the fluid’s compressibility showed a low dense, largely compress-
ible fluid, with interstices formation, therefore the extension of
cavities distribution is also analyzed from MD simulations. Results
in Fig. 15a show the cavity size distribution, showing a maxima for
0.58 Å cavity radius with an isoperimetric ratio of 0.86 (close to
unit) indicating highly symmetrical, close to spherical cavities.
Beyond the maxima of the cavity size distribution function, results
in Fig. 15a indicate the availability of cavities with radius up to
roughly 2.2 Å, i.e. cavities with volumes up to roughly 45 Å3 which
agrees with the interstices obtained from experimental properties.
These cavities are larger than for related fluids such as dense ionic
liquids (densities larger than 1) [94], which probes again the avail-
ability of empty space in the considered DES. Therefore, a relevant
populations of cavities is present in this hydrophobic DES in agree-
ment with experimental results, which is important for applica-



Fig. 15. Analysis of void distribution in CIN: C10 (1: 1) DES from MD simulations at 333 K and 1 bar. Panel a shows distribution of cavities as a function of cavity radius, panel
b shows distribution of isoperimetric ratio for cavities, RA/V.
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tions such as gas solubility or solutes extraction applications. An
additional analysis of the distribution inside the considered DES
is carried out through the domain analysis for CIN and C10 mole-
cules as well as for the domains corresponding to CIN – C10 hydro-
gen bonds, Table 1. The reported results indicate large domains of
isolated CIN and C10 molecules, in agreement with results in Fig-
ure S3 (Supplementary Information). The domain count for CIN –
C10 hydrogen bonds indicates that these domains are isolated,
i.e. as results indicate large CIN and C10 domains these are only
connected through (isolated) points where CIN and C10 molecules
develop hydrogen bonds, with the remaining parts of the fluid
formed by large apolar domains of C10 alkyl chains and CIN to
CIN interacting molecules. The concepts of holes distribution and
free volume is of great relevance for the characterization of fluids
properties and relevant work has been previously carried out for
ionic liquids, which can be compared with the behavior of DES as
the one considered in this work. Beichel et al. [95] carried experi-
mental studies for the determination of free volume and showed
its relevance for the prediction of relevant physicochemical prop-
erties such as dynamic viscosity or electrical conductivity. These
authors concluded that the hole free volume, as inferred in this
work from experimental and MD studies, determines dynamic
properties and thus it is a pivotal property for fluids characteriza-
tion. Brooks et al. [96] also carried out studies on free volumes for
ionic liquids and confirming the pivotal role of holes size on devi-
ations from ideality. Therefore, the concept of holes distribution
and sizes is also proved in this work for DES and it may be used
in future works for designing DES with larger holes, i.e. less vis-
cous, less dense and more suitable for solubility and extraction
purposes.
Table 1
Domain analysis for CIN: C10 (1: 1) DES from MD simulations at 333 K and 1 bar. The dom
isoperimetric quotient (Qper).

unit domain_count

CIN 1.0
C10 1.0
O1(CIN)-O1,H17(C10) 141
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The dynamic properties of CIN: C10 (1: 1) DES were also consid-
ered. First, the dynamic of the developed hydrogen bonds was ana-
lyzed through the van Howe correlation functions, Fig. 16. The
dynamic behavior for CIN – C10 hydrogen bonding (Fig. 16a) indi-
cates short living interactions, with interactions breaking for times
shorter than 10 ps with an analogous behavior inferred for C10 –
C10 interactions, Fig. 16b. Therefore, although the reported MD
results indicate the formation of homo and heteroassociations via
hydrogen bonding, these are short living interactions leading to a
dynamical picture of the liquid structure with very fast breaking
and reformation of the hydrogen bonding network, which would
be on the roots of the macroscopic properties such as the very
low viscosity, Fig. 6b. Center-of-mass Velocity Distribution Func-
tions (VDFs) are reported in Fig. 17a showing curves with a single
maxima appearing at higher values for CIN than for C10, i.e. veloc-
ities are faster for CIN than for C10 on average, which can be
related with the ability of C10 molecules to develop hydrogen
bonding with CIN and C10 molecules as well as due to the develop-
ment of van der Waals like interactions between alkyl chains of
C10 leading to apolar domains decreasing molecular velocity. Nev-
ertheless, CIN velocities are only slightly larger than for C10
because of the interaction via hydrogen bonding with C10 as well
as considering that CIN molecules are trapped among apolar C10
domains (Figure S3, Supplementary Information).

The calculated self-diffusion coefficients, D (Fig. 17b), obtained
from the Mean Square Displacements (msd) are also reported
showing faster diffusion for CIN molecules. Moreover, the reported
D values are remarkably larger than for most of the literature stud-
ied DESs (roughly-two orders of magnitude faster diffusion rates),
in agreement with the low viscosity for CIN: C10 (1: 1) DES [97,98],
i.e. in spite of the formation of large hydrophobic domains because
ain count is reported with domain volume (D-Vol) and surface (D-Surf) as well as the

D-Vol / Å3
D-Surf / Å2 Qperi

44,684 24,083 0.13
52,652 24,083 0.15
26 56 0.67



Fig. 16. Van Howe correlation functions for the reported atomic sites in CIN: C10 (1: 1) DES from MD simulations at 333 K and 1 bar. Arrows indicate increasing time for
relevant peaks. Atom labelling as in Fig. 1a.

Fig. 17. (a) Velocity Distribution Functions and (b) Mean Square Displacements, msd, for CIN and C10 molecules in CIN: C10 (1: 1) DES from MD simulations at 333 K and
1 bar. Properties calculated for molecules center-of-mass. In panel b, self-diffusion coefficients calculated from msd are reported.
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of the presence of long alkyl chains, a highly dynamic picture of the
liquid structuring is inferred, which can also be justified consider-
ing the availability of free volume, favoring molecular mobility, as
inferred from results in previous sections. The predicted self-
diffusion coefficients were combined with the dynamic viscosity
in the Stokes – Einstein equation to calculate the effective hydro-
dynamic radius of both type of molecules in DES leading to 0.50
and 0.77 Å for CIN and C10 molecules. These very low values are
even smaller than the sizes of the isolated monomers, and analo-
gous result have been reported for ionic liquids [99] as well as
for hydrophobic DES [30], in which small hydrodynamic radius
were justified considering the presence of heterogeneities in the
studied fluids resulting in poor performance of the Stokes – Ein-
stein which is known for fragile fluids as the DES considered in this
work [30]. It should be remarked that the hydrodynamic radius for
C10 in CIN: C10 DES at 333 K (0.77 Å) is even smaller than the
value obtained for C10 in the tetrabutylammonium chloride: C10
hydrophobic DES (2.0 Å at 333 K), which corresponds to a larger
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viscosity and thus lower diffusion rates. The formation of nano-
scopic heterogeneities reported in Figure S3 (Supplementary Infor-
mation) is confirmed from MD results of dynamic properties.

Considering the prevailing role of C10molecules in the structur-
ing of the considered DES, vector autocorrelation functions for
selected vectors in C10 were calculated, Fig. 18. First, the vector
for the C10(OH) group is considered, which may be considered as
a measurement of the stiffness for the hydrogen bonding network
(both considering C10 – CIN and C10 – C10 interactions). A mono-
exponentially decay is inferred, with fast reorientation in agree-
ment with the van Howe results in Fig. 16. This fast reorientation
dynamics indicate a low stiffness of the hydrogen bonding network
as indicated in previous results. Likewise, the reorientation dynam-
ics for the vector defined along the C10 alkyl chain (C1-10, Fig. 1) is
slower than for the C10(OH) vector, therefore it is highly correlated
with the C10(OH) reorientation and it is also fast, indicating also
that the apolar domain reported in Figure S3 (Supplementary
Information) are not rigid and suffer also remarkable reorientation.



Fig. 18. Vector reorientation dynamics for relevant vectors of C10 in CIN: C10 (1: 1)
DES from MD simulations at 333 K and 1 bar. Atom labelling as in Fig. 1.
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Therefore, the extended and strong hydrogen bonding network
formed by homo and heteroassociations as well as the presence
of apolar domains via van der Waals interactions is accompanied
by a fast evolution, reforming and reorientation of these interac-
tions, leading to a highly dynamic picture for the fluid structuring.

4. Conclusions

The reported results provided an experimental and theoretical
characterization of the properties, structuring and dynamics of
the hydrophobic natural eutectic solvent formed by the combina-
tion of Cineole (as hydrogen bond acceptor) and decanoic acid
(as hydrogen bond donor). The fluid properties are determined
by the development of heteroassociations between cineole and
decanoic acid as well as between decanoic acid molecules, these
last ones remaining in remarkable extension upon the formation
of the eutectic mixture. Likewise, the development of van der
Waals like interaction between alkyl chains are also pivotal for
determining fluid’s structuring. These intermolecular forces lead
to apolar and polar domains clearly separated in the fluid only con-
nected through the sites where cineole and decanoic acid develop
hydrogen bonds. Moreover, in spite of the formation of strong
hydrogen bonds, the isolation of these interacting sites, especially
for cineole – decanoic acid interactions, leads to highly dynamic
interactions being reformed in the scale of a few picoseconds con-
sidering the rotational dynamics of the hydroxyl group in the con-
sidered acid. Likewise, apolar alkyl domains lead to cavities in the
fluid and also suffer of fast reforming. These nanoscopic properties
lead to a very low viscous and low dense fluid, with suitable prop-
erties for several technologies involving solubilization phenomena.
The main factor that should be considered for the scaling up of this
fluid is its suitability to penetrate and stabilize into cell mem-
branes, which may lead to adverse outcome when living organisms
are exposed to this hydrophobic deep eutectic solvent.
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