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A theoretical study using Density Functional Theory and classical Molecular Dynamics simulations for the
study of carbon nanomaterials in archetypical Menthol + Thymol Type V Natural Deep Eutectic Solvent is
reported. The nanoscopic structure of the representative nanofluid is analyzed considering confinement,
adsorption and solvation effects, as well as consequences on diffusion properties through nano pores.
Different types of nanomaterials were considered such as fullerenes, nanotubes, graphene and nanopores.
The study of nanoscopic properties allowed to analyze the response of the solvent to the presence of the
nanomaterials, taking into account solvent rearrangement and confinement in nanocavities and surfaces.
This response shows liquid structure and mobility consequences, with a sort of nano-Venturi effect
among them. The reported results provide for the first time a characterization of this type of natural sol-
vents as a sustainable platform for the development of carbon – nanomaterials-based technologies.

� 2022 The Authors. 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] are formed by the combina-
tion of two of more compounds, which upon mixing at certain
mole ratios leads to a melting temperature remarkably lower than
those for the individual compounds (eutectic mixture), thus
enabling liquid systems at close to ambient temperature condi-
tions. Depending on the nature of the compounds mixed for DESs
formation, they may be classified from Type I to Type V [2,3,4]. Par-
ticular attention has been paid to Type III DESs formed by the com-
bination of an hydrogen bond acceptor (HBA, frequently a
quaternary ammonium salt) and an Hydrogen Bond Donor (HBD,
such as organic acids, alcohols, sugars, etc.), for which the forma-
tion of strong HBA – HBD hydrogen bonding is the main reason
for the melting point depletion [5,6]. For the case of Type V DES,
non-ionic HBA – HBD mixtures are considered [7]. Because of the
large number of HBA – HBD combinations leading to DESs forma-
tion, properties can be fine-tuned to produce DESs specifically
designed for a large range of possible applications [8,9].

Depending on the nature of the compounds involved in DESs
formation, they may be also classified as Natural DESs (NADESs)
[10,11], which, particularly for Types III and V, are formed by HBAs
and HBDs with natural origin [12]. NADES are particularly advan-
tageous considering their low cost [13], biodegradability, non-
toxicity [14], renewable origin [15], as well as showing suitable
physicochemical properties [16]. NADES have been proposed for
applications in a wide range of technologies including their use
as green solvents [17], in the agri-food sector [18], biotechnology
[19], extraction [20], or pharmaceutical applications [21].

Type V DESs are especially convenient because the absence of
ionic species leads to more suitable physicochemical properties
such as low viscosity [22,23] or hydrophobicity [24], allowing their
scaling up to industrial applications. Therefore, the design and use
of type V – NADES may enable fluids with the most suitable prop-
erties among the available DESs being applicable to a large collec-
tion of technologies. Among the possible application of general
DES, their use for nanotechnologies [25] and nanomaterials devel-
opment are of particular relevance in areas such as biosensors [26],
metal nanomaterials [27,28], graphene production by graphite
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liquid exfoliation [29], 2D-materials technologies [30], nanotubes
functionalization and dispersion [31,32], nanosorbents [33] and
nanofluidics [34]. The particular case of carbon-based nanomateri-
als is of great interest for DES / NADES applications, considering 0D
(e.g. fullerenes), 1D (e.g. nanotubes [35,36]) and 2D (e.g. graphene
[37,38]) nanomaterials, from the point of view of production, sta-
bilization (dispersion) and functionalization. Taking into account
the novelty and suitable physicochemical and technoeconomic
properties of Type V NADES, their use for carbon-related nanotech-
nologies is a highly promising area, scarcely explored.

The purpose of this work is to present a study of the interaction
of an archetypical example of Type V NADES and carbon nanoma-
terials. As representative of Type V NADES a mixture of menthol
(MEN) and thymol (THY), Fig. 1, in 1: 1 mol ratio has been selected.
The chosen carbon nanomaterials, Fig. 2, are: i) fullerenes (C60 and
C540), ii) Single Walled Carbon Nanotubes (SWNTs, with different
internal diameters), iii) heterojunctions (HET, formed by the com-
bination of two different SWNTs), iv) cylindrical and slit pores and
v) graphene sheets.

The general conceptual study scheme is as follows: a detailed
Density Functional Theory (DFT) study of the simplest systems is
done, then the study is repeated with Molecular Dynamics (MD)
for validation purposes of the results of this second technique
and, finally, once the confidence on these results is achieved for
the proposed systems it is applied to the more complex ones.
Hence, the equilibrium interaction situation properties of these
materials in MEN: THY Type V NADES were studied using a theo-
retical approach combining Quantum Chemistry and Molecular
Dynamics methods, as just explained. MD has also been used to
study the diffusion of MEN: THY 1: 1 liquid from one side to the
opposite one of a graphene bilayer connected with a SWNT,
Fig. 2f. Computational studies have been successfully used for the
nanoscopic characterization of DES / NADES considering both bulk
liquid phases [9,39] as well as their interaction with nanomaterials
[30,40,41,42]. These studies have provided relevant information on
nano structuring, dynamics, energetics of materials, which are
required for the characterization of the selected nano systems
and for MEN: THY + carbon nanomaterials considered in this work.
The reported results probed for the first time the possibility of
using Type V NADES for carbon nanomaterials technologies, thus
providing a green, sustainable and low-cost platform for materials
development.

2. Methods

DFT studies on single MEN: THY 1: 1 pairs adsorbed on periodic
graphene were carried out using the Quantum Espresso software
(v6.5) [43]. Graphene unit cell was obtained from Materials Project
Database [44] and used to build a single layer 10� 10� 1 supercell
with dimensions a = b = 24.68 Å, c = 40 Å. The dimensions of this
Fig. 1. Molecular structures of menthol (MEN) and thymol (THY), and directions
used for orientational study (Fig. 6): v1, is the direction perpendicular to graphene
layer and v2, is the directions defining main molecular axis of menthol and thymol.
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supercell allowed the introduction of MEN: THY 1: 1 at the super-
cell center as well as the large vacuum layer on top, hindering the
interaction of MEN: THY molecules with neighbor cells. The calcu-
lations were performed with Perdew-Burke-Ernzerhof (PBE)
within the generalized gradient approximation (GGA) for
exchange–correlation functional, with van der Waals interactions
included with Grimme’s D3 semiempirical correction [45], stan-
dard D3 correction with zero damping, i.e. DFT-D3 theoretical level
is used. The combination of standard DFT methods (such as
PBE) + Grimme Dispersion correction are the best compromise
between quality results and computational time. Ultrasoft pseupo-
tentials were used for all the considered atoms [46]. Although
Projector-Augmented Wave (PAW) pseudopotentials are fre-
quently used in the literature for the study of adsorbed systems,
ultrasoft pseudopotentials have been also successfully applied for
the study of adsorption phenomena on graphene surfaces [47].
The Brillouin zone sampling was carried out using the Mon-
khorst–Pack method [48] with a 6 � 6 � 1 k-grid. Calculations
were done with 40 Ry for the kinetic energy cutoff. The threshold
for the force minimization was 1 � 10–5 a.u. Full geometry opti-
mizations were completed, including variable cell (with 0.5 kbar
as threshold), for the previously mentioned systems: i) periodic
graphene supercell, ii) MEN: THY 1: 1 dimers in vacuum, consider-
ing THY as hydrogen bond donor (P1), and MEN as hydrogen bond
donor (P2), and iii) several configurations of these same dimers,
Fig. 3, on top of the graphene layer with preferably MEN on the sur-
face (P1a and P2a) or preferably THY on the surface (P1b and P2b).
Adsorption energies, Eads, were calculated according to:

Eads ¼ EGþM:T � EG þ EM:Tð Þ ð1Þ
Where G + M:T stands for the energy of the graphene + MEN: THY 1:
1 system and G and M:T for the energies of clean graphene and iso-
lated MEN: THY 1: 1, respectively.

Classical Molecular Dynamics simulations (MD) were carried
out with MDynaMix v.5.2 [49] software for the different geome-
tries as reported in Fig. 2 for the forcefield parameterizations
described in Table S1 (Supplementary Information). Initial simula-
tion boxes were built using Packmol [50] program, with the num-
ber of MEN / THY molecules for each system adjusted to the
experimental density of MEN: THY 1: 1 bulk liquid phase in
absence of carbon nanomaterials (q = 0.9332 g cm-3 at 298.15 K,
unpublished experimental result obtained in our laboratory). Ten
different initial configurations were prepared for each considered
system, thus leading to ten different trajectories which were com-
bined for the analysis to improve statistical sampling and avoid
possible effects derived from initial configurations. MD simulations
were done setting periodic boundary conditions in the three space
directions. MDs were done in the NVT ensemble at 298 K for all the
systems, with the temperature being controlled using the Nosé-
Hoover method [51], with 30 ps as temperature coupling time.
The equations of motion were solved using the Tuckerman-Berne
double time step algorithm, with long- and short-time steps of 1
and 0.1 fs. The Ewald method (1.5 nm cut-off radius) [52] was
applied for handling the electrostatic interactions whereas
Lennard-Jones potential was dealt with 1.5 nm cut-off distance
and the Lorentz-Berthelot mixing rules for cross terms. MD simu-
lations for each system were completed for 100 ns, for which the
first 50 ns were used for equilibration purposes (assured through
the analysis of systems properties) whereas the last 50 ns were
devoted to production purposes and used for the analysis reported
along this work. MEN: THY 1: 1 is a low viscous NADES (g = 58.
6 mPa s at 298.15 K, unpublished experimental result obtained
in our laboratory), thus the simulation time is long enough for a
proper sampling of the considered systems properties. The visual-
ization, analysis and postprocessing of MD trajectories was carried
out using VMD [53] and TRAVIS [54].



Fig. 2. Molecular structures of NADES and carbon-based nanostructures used in this work. Atom labelling indicated.
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Fig. 3. Structures considered for the adsorption of MEN: THY 1: 1 dimer on periodic graphene sheet using DFT: preferably MEN on top of the graphene surface (P1a and P2a)
preferably THY on top of the graphene surface (P1b and P2b). Note that the supercell used for the calculations is 40 Å high with graphene layer located at the middle.
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3. Results and discussion

3.1. MEN: THY adsorbed and confined in graphene

The adsorption of MEN: THY 1: 1 isolated dimers on graphene
were initially studied using DFT – D3 for the orientations and inter-
actions reported in Fig. 3, with the main results summarized in
Fig. 4. The interaction of MEN: THY dimmers with graphene surface
is characterized by a strong adsorption. Dimmers with THY acting
as hydrogen bond donor (P1 systems) leads to larger adsorption
energies than those with MEN acting as donor. Likewise, structures
with THY placed on top of the graphene surface (P1b and P2b) lead
to stronger adsorption, which can be justified considering the
matching between the THY and graphene aromatic rings, as can
be viewed in Fig. 4. Nevertheless, adsorption energies are in the
0.69 to 0.89 eV, which confirms strong interactions for all the pos-
sible orientations. The adsorption is characterized by NADES mole-
cules placed close to the surface (1.2 to 2.0 Å range), with globally
closer distances for P1 orientations, which would justify the larger
Fig. 4. DFT results for the adsorption of MEN: THY 1: 1 cluster on periodic graphene surfa
adsorption energy, DV indicates cell volume expansion upon MEN: THY 1: 1 adsorptio
undisturbed atoms, h indicates molecule – graphene distances considered atoms in mol
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adsorption energies. A particularly interesting feature of MEN: THY
adsorption stands on the disruption by expansion of the underlying
graphene surface upon adsorption, which is characterized by a
non-negligible relative cell expansion (one order of magnitude lar-
ger for P1 orientations). Moreover, the adsorption leads to losing
graphene planarity in the region below the MEN: THY adsorbed
molecules, quantified by a shifting of carbon atoms in the graphene
sheet up to 0.42 Å with respect to those in regions beyond the
adsorbed ones. Therefore, the adsorption generates a protrusion
with an associated electronic density depletion in the graphene
unperturbed plane specially for P1 mechanisms of adsorption.
Fig. S1a to S1d in Supporting Information (SI) confirms graphene
structure buckling and its consequences on electronic density.
Moreover, the adsorption of MEN: THY on the graphene surface
also disrupts the hydrogen bonding between MEN and THY mole-
cules. The MEN: THY dimers adsorbed on the graphene surface
were extracted and the energy calculated allowing the determina-
tion of the MEN – THY interaction energy (i.e. hydrogen bonding
strength). The MEN – THY interaction energy calculated for opti-
ce for the different configurations and orientations considered (Fig. 3). DE indicates
n, Dz indicates maximum disruption of graphene surface measured to position of
ecules closer to the surface.



Fig. 5. (left column) Number density profiles in the direction perpendicular to the graphene surface and (right column) the corresponding integral for MEN: THY 1:1 confined
between periodic graphene sheets with d intersheet distance (Fig. 2a). Dashed lines in panels on the left column indicate (black) the position of the graphene sheets and (gray)
the center of the pore. Numeric values inside panels on the left indicate the distance to the graphene sheets corresponding to relevant peaks. Number inside panels on the
right indicate the number of molecules in the layers in the first adsorbed layers (integration of the first number density peak).
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Fig. 6. Orientation of MEN or THY molecules placed in the first adsorbed layer on
graphene measured by the defined u angle for MEN: THY 1:1 (Fig. 1) confined
between periodic graphene sheets with d intersheet distance (Fig. 2a).

Fig. 7. Interaction energy, E, between graphene and DES component (MEN or THY)
for MEN: THY 1:1 confined between periodic graphene sheets with d intersheet
distance (Fig. 2a) as a function of d.

Fig. 8. Velocity, v, distribution functions for the reported molecules in MEN: THY
1:1 confined between periodic graphene sheets with d intersheet distance. Dashed
gray lines show results for bulk liquid phase, i.e. in absence of confinement between
graphene sheets. Values inside each panel indicate the position of the maxima.
Panel a and panel b show results for MEN and THY, respectively.
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mized dimers in vacuum (i.e. not adsorbed on graphene) is �0.49
and �0.31 eV, for P1 and P2 interacting positions, respectively,
whereas these values decrease to �0.09 and 0.05 eV for MEN –
THY dimers adsorbed on graphene. Therefore, the adsorption on
graphene leads to a large disruption of MEN – THY hydrogen bond-
ing although this interaction is maintained on the surface. It should
be remarked that the dispersion contribution (Grimme – D3) is in
the 4–6 % range (considering the different positions of adsorption)
of the total adsorption energy, therefore, not being the main contri-
bution to the mechanism of adsorption on the graphene surface.
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The large adsorption energies, the short surface to adsorbed mole-
cule distance as well as the disruption of the structure of the
underlaying graphene surface may indicate a certain chemical
sorption beyond the neat physical sorption mechanism.

The DFT confirmed the large trend of MEN: THY 1: 1 to be
adsorbed on graphene surface, although considering a simplified
model for isolated clusters. The behavior of the representative
NADES when confined between graphene sheets (i.e. slit like nano-
pores) is studied using MD simulations as a function of the nano-
pore diameter in the 10 to 100 Å range. Number density profiles
in the direction perpendicular to graphene sheets defining the
nanopores, Fig. 5, confirm the development of adsorption layers
in the vicinity of the surfaces. In the case of the narrower nanopore
(d = 10 Å), Fig. 5a1, the density profiles show a single peak near the
surface for each of the NADES components. The peaks correspond-
ing to THY are slightly closer to the surface and are narrower and
more intense than those for MEN, which agrees with DFT results
in Fig. 4 showing the stronger adsorption when THY aromatic rings
are placed on the graphene surface. Nevertheless, MEN adsorption
is also confirmed with the wider density peaks leading to a rele-
vant number of adsorbed molecules, Fig. 5a. The increase in nano-
pore size leads to the formation of a second adsorbed layer, which
is placed roughly 3.6 Å above the first one. This second layer is spe-
cially defined and more intense for MEN molecules, whereas THY
molecules seem to be concentrated in the first adsorbed layer. This
layering leads to a first adsorbed layer richer in THY (richer in the
20–30 % range for the studied nanopore diameter) and a second
layer richer in MEN, which agrees with DFT results showing pref-
erence of MEN: THY clusters with THY closer to the graphene sur-
Fig. 9. Average number of hydrogen bonds per MEN molecule in MEN: THY 1:1
confined between periodic graphene sheets with d intersheet distance (Fig. 2a).
Panel a shows results for molecules placed in the first adsorbed layer on graphene;
panel b shows results for all MEN: THY molecules. Red dashed line in panel b shows
results for bulk MEN: THY 1: 1 liquid phase (i.e. in absence of graphene sheets). (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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face. The irregular molecular distribution of adsorbed molecules on
graphene surface is showed in Fig. S2, in SI. A pattern of non-
overlapping alternating spots corresponding to MEN and THY
regions is observed. These spots correspond to MEN: THY clusters
with MEN or THY on the graphene surface and with the second
member of the couple of the cluster placed above the sheet corre-
sponding to the second layer inferred from Fig. 5.

The orientation of adsorbed molecules on graphene are
reported in Fig. 6 with angle definition of Fig. 1. A different behav-
ior is observed for confinement in small nanopores (Fig. 6a, d = 1
0 Å) and the remaining wider pores (Fig. 6b to 6f). In the case of
d = 10 Å nanopore, MEN molecules show an angular distribution
spanning in the 60� � 120� range, which confirms that molecules
are not co-planar with respect to the surface. For THY, the two
peaks at 60 and 105�, indicates also a larger preference for non-
planar orientations. As the nanopore diameter increases the prefer-
ence of THY molecules to be arranged in a co-planar way with the
graphene surface is developed, as showed by the peaks centered at
90� in Fig. 6b-6f. Complementary, for MEN two peaks at roughly
60� and 105� indicate preference to adopt skewed non-parallel ori-
entations, which agrees with those obtained with DFT techniques,
Fig. 4. Therefore, the small available space for d = 10 Å nanopore
allows the development of a single adsorbed layer on each gra-
phene surface. This steric restriction leads to a disruption of the
trend of THY molecules to be adsorbed on the surface with a co-
planar orientation promoting MEN – THY hydrogen bonding. But
as the nanopore size increases the THY co-planar adsorption is
accompanied with suitable hydrogen bonding with MENmolecules
in the second adsorbed layer on top of it, thus enabling efficient
THY – graphene and THY – MEN interactions. In the case of MEN
molecules, the weaker interaction with graphene surface gives rise
to skewed orientations upon adsorption which allows efficient
MEN – THY hydrogen bonding.

The strength of MEN: THY interactions with the graphene sur-
face upon adsorption is reported in Fig. 7. The evolution of strength
Fig. 10. Center-of-mass self-diffusion coefficient in the xy plane (DXY), where xy
stands for the plane containing the graphene sheets, in MEN: THY 1: 1 confined
between periodic graphene sheets with d intersheet distance (Fig. 2a). Dashed lines
show the values for bulk liquid phase.
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interaction with nanopore size shows a complex pattern. Although
for most of the nanopores, THY – graphene interaction energies are
larger than MEN – graphene ones, accordingly to the trend of THY
molecules to develop planar arrangements on the graphene sur-
face, at intermediate nanopore sizes (d = 40 Å) energies for MEN
are surprisingly larger than for THY. Nevertheless, results in
Fig. S3 indicate that, as a rule, the larger number of THY adsorbed
molecules in comparison with MEN ones corresponds to stronger
interactions with the graphene surface.

The arrangement of MEN – THYmolecules in the adsorbed layer
of graphene is analyzed by the site – site Radial Distribution Func-
tion (RDFs) between the oxygen atoms in MEN and THY (Fig. S4a)
as well as its evolution with nanopore size, i.e. graphene interlayer
separation. RDF for MEN (O) – THY(O) is characterized in bulk liq-
uid phase by a strong and narrow peak at 2.8 Å, which is main-
tained upon confinement for the molecules adsorbed on the first
layer in direct contact with graphene, Fig. S4a. The intensity of this
RDF peak rises with nanopore size. This shows the increase, with
nanopore growth, of the interaction trough hydrogen bonding
between MEN and THY molecules upon adsorption. Integration of
the RDFs, Fig. S4b, illustrates this argument and justifies the linear-
ity of the increase of the number of adsorbed MEN: THY dimers
with the size of the nanopore, Fig. S4c. Therefore, the very effective
adsorption of MEN: THY on the graphene surface is also accompa-
nied by an efficient MEN – THY hydrogen bonding with molecules
in the first adsorbed layer and those in the vicinity of molecules in
direct contact with the graphene surface.

The molecular distribution of molecules confined in the nano-
pores is also analyzed by domain analysis [55] using Voronoi –
based method, Fig. S5. Domain-count number is one both for
MEN and THY, with the exception of the narrower nanopore,
Fig. S5a. This is an evidence of an extended continuous network
Fig. 11. (a,b,c) Snapshots and (d,e,f) number density profiles in the direction perpendicul
r, in MEN: THY 1: 1 + SWNTs.
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for these species. Likewise, the domain volume and area, Fig. S5b
and S5c, increase linearly with nanopore size. This shows a cou-
pling between molecules in the first adsorbed layer and those in
the regions not directly interacting with the surface. It also agrees
with the RDFs reported in Fig. S4 and confirms that the adsorption
on graphene is accompanied by efficient MEN – THY hydrogen
bonding in the whole confined fluid. The calculated isoperimetric
quotient, Fig. S5d, a measure of the sphericity of the molecular
domains, decreases with increasing nanopore size. The largest val-
ues of this quotient correspond to the narrower nanopore, indicat-
ing sphericity domain loss as the nanopore size increases.

The dynamics of molecular movement was analyzed consider-
ing velocity distribution functions, Fig. 8, related with molecule
size as well as with the developed intermolecular interactions.
The reported results show distribution curves with the same max-
ima for MEN and THY, panels a and b of Fig. 8, in agreement with
the view of MEN – THY system as a strongly coupled one through
hydrogen bonding and thus twin displacement for both types of
molecules. Likewise, the confinement has a minor effect on the
molecular movement. The velocity distribution curves show more
intense peaks but without changing the position of the maxima.
This is a manifestation of a slight reinforcement of the movements
at lower velocities because of confinement. Although this minor
change produced by adsorption and confinement does not lead to
a large perturbation of the global molecular movement because of
the extended hydrogen bonding network. The almost negligible
perturbation on the MEN – THY hydrogen bonding upon confine-
ment is confirmed by the reported van Howe correlation functions,
Fig. S6, which are equal for the case of bulk fluid and confined
fluid, with only a minor change of the main peak at 2.8 Å corre-
sponding to a slight decrease of molecular velocities as inferred
from Fig. 8.
ar to the SWNT long axis as a function of the distance to the SWNT longitudinal axis,



Fig. 12. (a) SWNT – MEN /THY interaction energy, E, (b) number density inside
SWNTs, and (c) center-of-mass self-diffusion coefficient for molecules inside the
SWNT cavity, D. Dashed lines in panel c shows D values in bulk liquid phase. All
results for MEN and THY molecules, for MEN: THY 1: 1 + SWNTs as a function of
SWNTs internal radius, rSWNT.
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Although results in previous sections have probed minor
changes in MEN – THY relative orientation and thus hydrogen
bonding should be mostly maintained, the development of effec-
tive hydrogen bonding requires particular intermolecular orienta-
tion. We have defined a geometrical criteria considering 3.5 Å
and 60� for donor – acceptor hydrogen bonding sites and quanti-
fied the number of H atoms fulfilling this criteria. Results are
shown in Fig. 9. The extension of MEN – THY for those molecules
placed in the first adsorbed layer on graphene, Fig. 9a, indicates
that the number of hydrogen bonds per molecule decreases in a
non-linear way with decreasing nanopore size. Although RDF
results in Fig. S4 indicate that relative MEN – THY distribution does
not change upon adsorption, the rearrangements induced by the
small nanopores hinders the hydrogen bonding. This can be due
to steric constraints and only when removed, because of nanopore
size increase, allow the number of hydrogen bonds to approach
those of unperturbed, bulk liquid, systems. The presence of nano-
pore not only changes the hydrogen bonding for the molecules in
the adsorbed layers but the perturbative effect is extended beyond
this layer disrupting the whole confined fluid, Fig. 9b. As it can be
observed in this Figure only the larger nanopores (d > 50 Å) show
hydrogen bonding extension similar to those in bulk liquid phase.
These subtle changes in MEN – THY relative orientation are con-
firmed by the reported Combined Distribution Functions (CDFs)
for the distance and angle relevant for hydrogen bonding, Fig. S7.
Although the relevant (red) spots at 2.8 Å (in agreement with RDFs
in Fig. S4) are maintained upon confinement, CDF results indicate
that they are weaker for small nanopore. This indicates that the
geometrical condition regarding the reported orientation angle is
not fulfilled, hindering hydrogen bonding: MEN and THYmolecules
are arranged at suitable distances for hydrogen bonding but not at
suitable orientation. This effect can be understood as the rear-
rangement that improves MEN/THY – graphene interactions upon
adsorption, and it diminishes as the nanopore size increases
approaching the CDFs bulk liquid phase. Hence, the rearrangement
of molecules on the adsorbed layers does not change the MEN –
THY relative distribution in terms of separation or number of
neighbor molecules but hinders the fulfillment of the (angular ori-
entation) geometrical conditions required to develop true hydro-
gen bonds.

It could be expected that changes in hydrogen bonding would
have a reflect on molecular dynamics. We have quantified the cor-
responding self-diffusion coefficients, as reported in Fig. 10, and,
indeed, the dynamics of MEN and THY is coupled upon confine-
ment. This is in agreement with results of previous sections in spite
of the weakening of hydrogen bonding, as it was in the bulk liquid
phase. The decrease of hydrogen bonding upon confinement leads
to an increase of molecular mobility in the plane parallel to gra-
phene walls (Dxy) and only for the wider nanopores these values
approach those of bulk liquid phase. There is also a nanopore size
region in the d = 30 Å to 40 Å range with larger mobilities, which
agrees with the changes in interaction energy reported in Fig. 7a:
mobility echoes change in interaction energy with graphene, and
thus it points to a transition from a largely confined fluid to a fluid
with properties closer to the bulk liquid phase, including the evo-
lution of hydrogen bonding.

3.2. MEN: THY solvating and confined in SWNTs / heterojunctions

The interaction between MEN: THY 1: 1 and SWNTs leads to the
NADES being confined inside the nanotube (i.e. resembling with
cylindrical symmetry fluid confinement in slit nanopores reported
in the previous section) and also to the NADES being adsorbed in
the external SWNT surface (i.e mimicking on a convex surface
adsorption that on the planar one of graphene). Snapshots for the
NADES distribution inside and outside the SWNTs are reported in
9

Fig. 11a to 11c as a function of nanotube internal diameter, con-
firming MEN: THY confinement and external adsorption for all
the considered SWNTs. For the case of molecules inside the SWNTs,
the snapshots and the density profiles reported in Fig. 11d to 11 f
indicate the formation of an internal adsorbed layer on the concave
internal wall of the nanotube. As the SWNT diameter increases a
region of molecules placed around the center of the nanotube is
also developed. For the narrower SWNT, Fig. 11a and 11d, the
available space does not allow to develop a fully internal adsorbed
layer as the absence of density peaks shows, and only for the wider
SWNT, Fig. 11c and 11f, the properly defined adsorbed layer is
developed, with THY molecules closer to the surface and MEN
molecules with slight excess in internal regions. The results for
SWNT(20,20) internal cavity show analogous distribution to those
for graphene, Fig. 5: the increasing availability of space and the
increase in nanotube diameter that leads to a decrease in the wall
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curvature can be the origin of a behavior similar to graphene flat
surface. In the case of NADES molecules on the outer surface of
the nanotubes, a first adsorbed layer at 3.2 – 3.4 Å is inferred for
all the considered SWNTs. The density peaks for THY are narrower
than for MEN, which indicate an arrangement on concave surfaces
similar to that in flat graphene surfaces because of the THY trend to
adopt parallel arrangements also on these non-planar surfaces.
Nevertheless, the interaction of MEN and THY with SWNTs, both
considering confined and adsorbed molecules, is very effective as
indicated by the corresponding SWNT – MEN/THY interaction
energies, Fig. 12a, which are even larger than those for graphene,
Fig. 7, considering interaction in concave and complex faces of
the nanotubes. For narrower SWNT MEN interaction is more
intense (higher interaction energy, Fig. 12a, lower density,
Fig. 12b). These stronger interactions have a consequence in
molecular mobility, as self-diffusion coefficients show, Fig. 12c.
The main effect is an enhancement of mobility, i.e., an increase in
self diffusion coefficient in comparison with bulk values. Increase
in mobility as a consequence of radius reduction can be interpreted
as a manifestation of Venturi effect at nanoscopic scale, nano-
Venturi effect, because of the internal molecular liquid structure
modification as a consequence of steric hindering. As it has been
previously explained, geometrical restrictions deeply affect hydro-
gen bonding of this representative NADES. The second effect that
can be observed in Fig. 12 a is that when the relative order of the
interaction energies of THY and MEN are reversed, self-diffusion
coefficients, as can be expected from Newton diffusion equation,
immediately reflects this inversion, Fig. 12c, thus, approaching dif-
fusion coefficients of MEN and THY to the in bulk liquid phase. This
interaction energy increases with SWNT internal diameter as per
the increase of confined molecules and the more effective interac-
tion with the outer surface of the SWNTs, Fig. 12. The increasing
confinement is confirmed in Fig. 12b, which reports the density
inside the SWNTs cavity, showing a larger number of MEN mole-
cules inside the cavity in comparison with THY. This would justify
Fig. 13. Results for MEN: THY 1: 1 + SWNTs as a function of SWNTs internal radius, rSWN

the sake of visibility). Panel d: Menthol (oxygen) – Thymol (oxygen) site – site radial d
inside the SWNT cavity; panel e: Menthol (oxygen) – Thymol (oxygen) average number o
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the lower interaction energy values for THY reported in Fig. 12a,
being this effect more remarkable for the narrower nanotubes.

Additional information on the molecular arrangements of con-
fined MEN: THY is inferred from results in Fig. 13: in panel 13a iso-
lated spots of MEN and THY (in lower concentration in Fig. 13b) are
appreciated whereas as the SWNT internal diameter increases
MEN domains begin to interconnect and are permeated by THY.
For the wider nanopore, SWNT(20,20), the distribution is more
homogeneous and both MEN and THY domains are interconnected.
The quantification of MEN – THY relative distribution inside the
SWNTs cavities is carried out using RDFs for MEN(O) – THY(O)
pairs, Fig. 13d. The results show RDF peaks at 2.8 Å, analogous to
those when confined in slit graphene nanopores, Fig. 5a, with
increasing intensity as the nanotube diameter increases. Neverthe-
less, the calculated number of hydrogen bonds per molecule
decreases upon confinement when compared with bulk liquid
phase, with lower values for confinement in the narrower nano-
pores and increasing as the cavity size increases, Fig. 13b, thus fol-
lowing a parallel behavior to confinement in slit – like nanopores,
Fig. 9.

Regarding the dynamic properties upon confinement, the
decrease in hydrogen bonding reported in Fig. 13e leads to an
increase in molecular mobility, as it can be confirmed by self-
diffusion coefficients for confined molecules 12c. In fact, they are
larger than those in bulk phases, and, as this effect vanishes as
the nanopore diameter increases, i.e., as the available space in
the cavity enlarges, it leads to a disruption of the geometrical
requirements to develop hydrogen bonding and thus determines
the dynamics of the molecules inside the cavities.

Considering the prevailing role of SWNT diameter on the prop-
erties of the confined fluid, the MEN: THY distribution inside a
heterojunction cavity (i.e. inside a cavity resulting from the combi-
nation of two different types of nanopores, Fig. 2d) is studied,
Fig. S8. The results in Fig. S8a indicate a heterogeneous distribution
inside the cavity, with heterojunction regions in the narrower side
T. Panels a to c, show distribution of molecules inside the SWNT (SWNT omitted for
istribution function, g(r), and the corresponding integral, N, for molecules confined
f hydrogen bonds per MENmolecule, NH-bonds,inside, for molecules inside SWNT cavity.
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being richer in THY and for the wider side showing equivalent dis-
tribution of both types of molecules. Nevertheless, the RDF for
MEN (O) – THY(O) shows again the peak with maxima at 2.8 Å
as for confinement in slit and cylindrical nanopores, confirming
the trend of MEN – THY molecules to be associated, Fig. S8b. More-
over, the number of MEN – THY hydrogen bonds per molecule is
equal to that in bulk liquid phase and analogous to the wider slit
and cylindrical nanopores, Figs. 9 and 12c, and also the diffusion
coefficients. Therefore, the confinement in an heterojunction leads
to lower perturbative effect on MEN – THY association when the
size of at least one of the combined nanotubes is wider enough
to allow confinement of equivalent number of MEN and THY
molecules.
Fig. 14. Results for MEN: THY 1: 1 + cylindrical nanopore. Panels a and b shows
snapshots around the nanopore showing the distribution of MEN / THY centers-of-
mass. Panel c shows number density profiles in the direction perpendicular to the
nanopore surface, with d corresponding to the distance to the nanopore central
plane. Dashed lines in panel c indicate the position of the nanopore walls. Dashed
lines in panels a and b, as well as labelling as in panel c indicate the position with
reference to nanopore wall of the most relevant features.
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The analysis of the combined behavior on flat graphene surfaces
and cylindrical SWNTs cavities is performed considering the nano-
pore distribution reported in Fig. 2. To achieve this goal, we have
studied the diffusion of MEN - THY mixture from one side of a gra-
phene bilayer to the other through a connecting SWNT: initially a
mixture of MEN – THY is placed at one side of the first graphene
monolayers and the diffusion of the mixture through the SWNT to
the other side of the second graphene monolayer is simulated.
Results in Fig. 14 show the final equilibrium situation and how both
MEN and THYmolecules are arranged through the cylindrical nano-
poreafter100ns simulation time.Thebehavioraround thenanopore
has two main characteristics: i) adsorption on the planar graphene
surface, as indicated by the density peaks in Fig. 14c,with THYmole-
cules closer to the surface with up to three developed consecutive
layers. Also, a multilayer patter grows for MEN molecules but in
outer regions, and ii) diffusion ofMEN and THY along the cylindrical
channel toward the other side of the nanopore arrangement. This
nanofluidic diffusion pattern is confirmed in Fig. S9, where it can
be inferred twodiffusion layers along thenanopores: onewithmole-
Fig. 15. Selected Radial Distribution Functions, g(r), and the corresponding
integrals, N, for MEN: THY 1: 1 + C60 / C540. Results in panels a and b, shows
fullerene (center-of-mass) – MEN/THY(center-of-mass) g(r). Panel c shows Menthol
(oxygen) – Thymol (oxygen) site – site radial distribution function, g(r), and the
corresponding integral, N, for molecules confined in the first adsorbed layer around
the corresponding fullerene. Dashed lines in panels a and b indicate the position of
the fullerene surface.
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culesmainly adsorbed on the nanopore cylindrical wall and another
one along the central axis of the nanopore.
3.3. MEN: THY solvation of fullerenes

The solvation of carbon fullerenes (C60 and C540) is first ana-
lyzed by the distribution of NADES molecules around the spherical
nanoparticles, Fig. 15. In the case of the smallest fullerene, Fig. 15a,
the solvation is characterized by a first layer with THY closer to the
nanoparticle surface and MEN placed in slightly outer regions.
Therefore, the trend to keep THY molecules closer to the surface
upon adsorption is maintained in planar, graphene, and non-
planar surfaces, such as nanotubes and fullerenes. For C540,
Fig. 15b, the larger available surface leads to adsorption peaks clo-
ser to the surface (roughly 0.5 Å closer) and decreases the differ-
ences between the position of THY and MEN adsorption layers.
Likewise, for C540 the second adsorbed layers are better defined
in comparison with C60, thus inducing NADES ordering beyond
the first adsorption layer. Nevertheless, these arrangements also
maintain the MEN – THY interaction as inferred in Fig. 15c for
MEN(O) – THY(O) RDF with the peak at 2.8 Å for both fullerenes
as for the other considered surfaces in this work. Therefore,
MEN: THY is also able to efficiently solvate even the smallest
fullerenes upon adsorption on their surface without large disrup-
tion of the NADES self-arrangements. The interaction between
the NADES and the fullerenes is quantified in Fig. 16a through
the corresponding interaction energies, larger for MEN than for
THY. In spite of the presence of THY molecules closer to the fuller-
ene surfaces, MENmolecules lead to a larger second adsorbed layer
in comparison with THY, Fig. 15a and 15b, which would justify the
interaction energy values reported in Fig. 16a. Notwithstanding,
THY molecules are closer to the surface and thus they show lower
mobilities as inferred from the self-diffusion coefficients, Fig. 16b.
It should be remarked that molecular diffusion of MEN and THY
around fullerenes is one order of magnitude lower than for those
Fig. 16. (a) Interaction energy, E, between fullerenes (C60 or C50) and DES
component (MEN or THY), and (b) center-of-mass self-diffusion coefficients, D, for
molecules placed in the first adsorbed layer around fullerenes, in MEN: THY 1:
1 + C60 / C540. Values are reported per carbon atom in fullerene for normalization.
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adsorbed-on graphene, Fig. 10, or SWNTs surfaces, Fig. 12c, and
also lower than those in the bulk non-adsorbed liquid phase, see
the same Figure. This can be justified considering a combination
of geometrical and adsorption aspects: the extension of the avail-
able surface in fullerenes, its spherical shape and the efficient
adsorption hinder the molecular motions around the solvated full-
erenes. This could be a positive factor in order to consider these
fluids as agents for fullerenes solubilization.
4. Conclusions

The interaction, adsorption and confinement of menthol: thy-
mol 1: 1 type V natural deep eutectic solvent with carbon nanoma-
terials (graphene, nanotubes, nanopores and fullerenes) is studied
using theoretical methods. The confinement of the considered fluid
in slit – like graphene nanopores is characterized by strong adsorp-
tion on the nanopore walls with thymol molecules enrichment for
the adsorbed layers but maintaining menthol – thymol distribu-
tion. Nevertheless, the confinement disrupts hydrogen bonding,
especially for narrow nanopores, and only for pores larger than
50 Å the perturbative effect decreases and hydrogen bonding sim-
ilar to the bulk fluid is restored. In the case of single walled nan-
otubes, the fluid penetrates into the nanotube cavity leading to
confinement in cylindrical pores, and simultaneously it is adsorbed
in the external wall of the nanotube. The confined fluid inside the
cylindrical cavity is characterized by a faster diffusion and lower
hydrogen bonding than in the case of the bulk fluid with an inter-
nal distribution characterized by molecules adsorbed on the inter-
nal convex wall and for the larger nanotubes with a region of
molecules along the central axis of the nanotube. Analogous
adsorption and distribution patterns are observed for heterojunc-
tions, and the combination of graphene flat walls and cylindrical
nanopores allows the diffusion of fluid molecules along the devel-
oped nanopores. This nano-structure could be used as membrane
for this fluid, with diffusion patterns along the nanopore walls
and the central axis of the nanopore. Moreover, very efficient sol-
vation of fullerenes was inferred because of the suitable solvation
for small and large nanoparticles upon the adsorption of the fluid
on the fullerene walls, following a similar pattern to the nanotubes
solvation. Therefore, the menthol: thymol fluid shows suitable
properties regarding the considered 0D, 1D and 2D carbon nano-
materials, with large adsorption, solvation and confinement, which
indicates that these materials could be considered for the develop-
ing of mixed carbon – deep eutectics fluids for different applica-
tions from solubilization purposes to electrochemical devices.
Likewise, Venturi effect in liquids, when explained by means of
continuous medium model, relies on the boundary conditions
restrictions imposed to energy per unit mass distribution associ-
ated to internal tension and kinetic energy. The effect that we have
found, diffusion enhancement in slit nanopores and small radius
nanotubes, relies on the steric restrictions imposed to hydrogen
binding that allow the decoupling of constituent liquid molecules
and, as consequence, a more efficient diffusion through narrow
nanostructures. This is the argument that we think allows us to
properly label this as nano-Venturi effect.
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