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The nature of flavonoids in polar organic solvents solutions is studied using classical molecular dynamics
simulations considering quercetin as an archetypical flavonoid and acetone, dimethylformamide and
dimethyl sulfoxide as representatives of solvents with different polarity. The solvation, intermolecular
forces (hydrogen bonding) and interactions of the flavonoid with the solvents are analyzed. Likewise,
the role of quercetin on changing the solvent properties and the possibility of acting as a solubility enhan-
cer for fullerenes (C60) are studied by considering the properties of C60 fullerene in quercetin plus polar
solvents solutions. The reported results provide information on the nature of the considered complex liq-
uid mixtures and analyze the possibility of using flavonoids as natural, non-toxic, modifiers of traditional
polar organic solvents and to improve the solubility of complex solutes such as fullerene nanoparticles.

� 2021 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

Flavonoids constitute a group of natural compounds occurring
in plants containing more than 6000 different molecules [1] with
a large number of possible applications in the food and pharma-
ceutical industries [2,3,4]. The extraction of flavonoids from plant
sources [5,6] as well as the development of commercial formula-
tions involving these compounds, [7] considering stability [8,9],
delivery [10] and bioavailability [11,12], require the use of suitable
solvents. Likewise, when using flavonoids for therapeutic purposes,
their solubility plays a pivotal role [13]. Moreover, physicochemi-
cal properties of flavonoids, such as their antioxidant activity
[14], are solvent dependent. The complex molecular structures of
flavonoids as well as the particular need of each extraction process
or final product requires different types of solvents with suitable
physicochemical characteristics [15,16]. Organic solvents (OSs)
are typically used for flavonoids extraction and/or solubilization.
Typical OSs such as acetone (ACE), methanol (META), ethanol
(ETA) or acetonitrile (ACN) are considered and largely applied for
extraction, purification and stabilization of many different types
of flavonoids [17,18]. Nevertheless, the microscopic roots of the fla-
vonoids – OSs behavior, i.e. intermolecular forces, nanoscopic
structuring and flavonoid solvation, have been scarcely studied.
Sandoval et al. [19] studied solute – solvent interactions of differ-
ent flavonoids (flavones and isoflavones) in methanol, ethanol and
2-propanol using experimental measurements and molecular
dynamics simulations (MD). The role of the solvent was studied
by the effect on hydrogen bonding through the available donor –
acceptor sites in the flavonoid. Slimare et al. [20] studied solubility
of flavonoids (quercetin, QUER; isoquercitrin; rutin) in different
OSs using atomistic and mesoscale MD simulations. The reported
results allowed to characterize the flavonoid – OS interactions as
well as flavonoids self-aggregation. Smail et al. [21] studied flavo-
noid (luteolin) – OSs (alkanols, ACE, DMSO) interactions by using
MD. The role of hydrogen bonding through luteolin sites plays a
pivotal role in solvation and solubilization. For the case of flavo-
noids in mixed solvents, Jabbari et al. [22] studied the behavior
of the flavonoid naringenin in aqueous dimethylsulfoxide (DMSO)
mixtures using a combined experimental and computational (MD
simulations) approach. The reported results probed the preferen-
tial solvation of flavonoid molecules by DMSO ones in contrast
with water ones, thus leading to an increase in flavonoid solubility.
Naringenin was also studied in aqueous – OSs mixtures by Tooski
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Fig. 1. Molecular structures of compounds used in this work. Atom Labelling used
along this work is indicated.

Table 1
Experimental solubility (x, mole fraction) of QUER and C60 in OSs.

log(x) T/K Reference

QUER in OSs
ACE �2.23 323 [33]
DMF – – –
DMSO – – –
C60 in OSs
ACE �7 298 [24]
DMF �5.3 298 [24]
DMSO – – –
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et al. [23] through solubility and thermodynamics analysis, thus
probing preferential solvation of the flavonoid as a function of sol-
vent mixture content. Therefore, the available literature results
show twomain effects in flavonoids solubilization and solute – sol-
vent interactions: (i) role of hydrogen bonding and (ii) preferential
solvation for mixed fluids, i.e nanoscopic local heterogeneity. Nev-
ertheless, the nanoscopic behavior of flavonoids – OSs solutions is
still poorly understood. The undertanding of the relationship
between nanoscopic structuring and macroscopic behavior is
required for the improvement of flavonoids solubilization applica-
tions as well as the development of new and suitable solvents for
processing these natural compounds.

The solubilization of flavonoids in OSs leads to changes in the
OSs structuring at the nanoscopic level, and thus the solvent prop-
erties regarding other solutes (non-flavonoids) should also be
modified. Therefore, neat OSs solvation properties should be differ-
ent to those of OSs + flavonoids solutions. This effect constitutes a
way of modifying OSs by the addition of a natural compound to
provide improvements regarding to the solubilization of hardly
soluble compounds. A relevant technological problem in the nano-
materials processing and development industry is the low solubil-
ity in common OSs of the most relevant nanoparticles. In
particular, the low solubility of fullerenes [24,25], because of their
high hydrophobic character, in the most common OSs hinders the
development of suitable and stable fullerene – OS dispersions to be
applied for the considered technologies [26]. Fullerenes are poorly
soluble in the vast majority of polar OSs [27,28], which results in
the need of using low polar OSs, mainly aromatics such as benzene,
toluene or derived compounds, which leads to remarkable environ-
mental and toxicological problems [29]. Molecular level insights
have been inferred on the factors improving fullerenes solubility
in OSs [30], which may be used for the design of new solvents
for fullerenes solubilization [31] as well as for the improvement
of solubility in polar OSs. A possible approach considered in this
work stands on the modification of the OSs properties by the addi-
tion of flavonoids, and as a consequence, the improvement of
fullerenes solubility in OSs. The research reported in this work con-
siders an archetypical flavonoid, quercetin (QUER), belonging to
the flavonol type of flavonoids. The behavior of this flavonoid in
three selected OSs (acetone, ACE; N,N-dimethylformamide, DMF;
dimethyl sulfoxide, DMSO) was studied. Although recent studies
have proposed the use of neoteric green solvents for the extraction
of flavonoids [32], most of the available processes consider OSs as
extractant or solubilizing agents, thus the knowledge of flavonoids
– OSs solutions is of pivotal interest. Likewise, the properties of
fullerene C60 in QUER – ACE, QUER-DMF and QUER-DMSO solu-
tions was studied, Fig. 1. The experimental solubilities of QUER
in the considered OSs as well as for C60 in the same OSs are
reported in Table 1 [24,33] probing moderately (QUER) to low
(C60) solubility in both cases. The three selected OSs (ACE, DMF
and DMSO) are polar solvents but with polarity increasing on going
from ACE (l = 2.69 D) to DMF (l = 3.86 D) to DMSO (l = 4.1 D).
Therefore, the effect of solvent polarity on QUER and C60 solubility
may be inferred with the three considered polar OSs.

The properties of the considered complex solutions (QUER in OS
and C60 in QUER + OS) were studied considering classical molecu-
lar dynamics simulations (MD). MD simulations have been previ-
ously considered in the literature to provide suitable
characterization of flavonoids – OSs [20,22,34] solutions as well
as for the study of fullerenes – OSs solutions [31,35,36,37,38].

The use of MD simulations allows to infer the nature of specific
interactions of solute with solvents, such as intermolecular forces
or solvation mechanisms, which can not be captured with other
theoretical approaches such as the use of quantum chemistry
methods using continuum models to describe solvent effects
[39]. This theoretical approach provides a detailed characterization
2

of the nanoscopic behavior of the considered systems in terms of
structuring, solvation and intermolecular forces, thus providing
queues on the solubility of both flavonoids and fullerenes in the
considered OSs. Therefore, the reported study has two main objec-
tives: (i) characterize flavonoids (QUER) – OSs solutions and (ii)
analyze the behavior of fullerenes (C60) in flavonoid – OSs solu-
tions, to explore the possible improvement of fullerenes solubility
in OSs by using flavonoids as solubility enhancers.

2. Methods

MD simulations for were carried out using MDynaMix v.5.2
[40]. The considered simulation boxes are reported in Table S1
(Supplementary information), the simulated concentrations for
QUER in OSs are in the same range as those experimental as
reported in Table 1, whereas for C60 the MD studied solutions
(Table S1, Supplementary Information) are more concentrated than
the experimental data (Table 1) for computational reasons to
maintain the simulation boxes in a reasonable size, although they
are diluted enough to resemble the behaviour of C60 in the studied
OSs in presence of QUER. The simulated solutions correspond to
roughly 5 mg mL�1 C60 content, whereas experimental solubilities
are roughly 0.05 (DMF) to 1 (DMSO) mg mL�1 C60. Nevertheless,
the considered MD box sizes hinders the interaction between
neighbour C60 molecules, thus being representative of highly
diluted C60 solutions.

The initial cubic simulation boxes were built using Packmol [41]
program. To avoid any effect derived from the characteristics of the
initial configuration in the final results, 10 different initial config-
urations for each of the compositions reported in Table S1 (Supple-
mentary Information) were built with Packmol [41], considering
densities in the 0.95 qOS to 1.05 qOS (where qOS stands for the den-
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sity of each OS at 303 K). The analysis reported along this work
considers the average of the properties of the 10 trajectories for
each mixture.

The force fields applied for the involved molecules is reported in
Table S2 (Supplementary Information). The Force field parameters
for OS molecules were obtained from SwissParam database (Merck
Molecular Force Field [42]) as reported in Table S2 (Supplementary
Information). C60 fullerene was considered as composed of
uncharged sp2 carbon atoms interaction via Lennard-Jones poten-
tial, with the C60 molecule treated as a non-rigid entity with the
internal force field parameters as reported in Table S2 (Supplemen-
tary Information). MD simulations were carried out in a two steps
procedure in order to obtain both velocity distributions and den-
sity profiles accurately: i) initial simulation boxes were subjected
to NVT simulations at 303 K for 10 ns and ii) followed by NPT sim-
ulations at 303 K and 1 bar for 100 ns. The equilibration was
assured by analysing the system potential energy and relevant
physicochemical properties such as density as a function of simu-
lation time. The control of systems temperature and pressure was
done using the Nose–Hoover method, with 0.1 and 0.5 ps coupling
times for temperature and pressure, respectively. The equations of
motion were treated with the Tuckerman–Berne double time step
algorithm [43], with 1 and 0.1 fs for long- and short-time steps. The
Ewald method [44] (15 Å for cut-off radius) was used for treating
electrostatic interactions. The Lennard – Jones potential was con-
sidered, with 15 Å cut-off and Lorentz-Berthelot mixing rules for
calculating cross interaction terms. The analysis and visualization
of MD results was carried out with TRAVIS [45]and VMD [46]
programs.

Finally, although available literature reports toxicity of C60 full-
erene [47], the ecotoxicological properties of the studied mixtures
are considered in this work by an in silico approach using ADMET-
STAR 2.0 software tool [48]. The machine learning methods imple-
mented in ADMETSTAR 2.0 allows the prediction of relevant
ecotoxicological properties of chemicals from the available data-
bases. SMILES for the molecules were created for the structures
of each system (neat C60, C60 + OS and C60 + OS + QUER) and used
as input files for the ecotoxicological predictions.
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Fig. 2. Intermolecular interaction energy, Einter, for the reported pairs in
C60 + QUER + OS (OS = ACE, DMF or DMSO) solutions at 303 K and 1 bar.
3. Results and discussion

3.1. Quercetin in organic solvents

The flavonoid QUER is moderately soluble in the considered OS,
e.g. literature experimental results reported in Table 1 show log(x),
where x stands for QUER mole fraction, being �2.23 at 323 K,
which corresponds to 24 g QUER mL�1 ACE. Thus, the simulated
systems corresponding to these diluted solutions although may
lead to QUER – QUER self-association, the main features controlling
the behavior of QUER – OSs should come from QUER – OSs
heteroassociations. QUER molecule may act as i) hydrogen bond
donor, through oxygen sites (Oq2,4,5,6,7), and ii) hydrogen bond
acceptor (through oxygen sites Oq1 to Oq7), Fig. 1. Therefore, QUER
molecule is prone to develop extensive hydrogen bonding both
through homo and heteroassociation. The considered polar OSs
(ACE, DMF and DMSO) may act only as hydrogen bond acceptors
through the corresponding CO or SO sites. The neat OSs are self-
associated mainly through dipolar interactions [49,50], although
week self-hydrogen bonding is proposed in the case of DMF [51].
Therefore, the solubilization of QUER in the studied OSs should
lead to a competition between the QUER – OS heteroassociation
through hydrogen bonding and the disruption of OS – OS self-
association by dipolar interactions, i.e. the QUER solute should dis-
rupt the dipolar aggregation of rh solvents for the development of
the stronger heteroassociations by hydrogen bonding. The nature
3

of the developed intermolecular forces in QUER – OS mixtures is
firstly analyzed fromMD simulations considering the intermolecu-
lar interaction energy, Einter, as reported in Fig. 2 for all the possible
interacting pairs. The Einter is defined as the sum of coulombic and
Lennard-Jones intermolecular contributions in the simulation
boxes for each molecular pair.

The Einter shows two main results for the three considered polar
OSs: i) QUER molecules are not self-associated in the studied solu-
tions as inferred from the close to zero Einter values reported for
QUER – QUER interactions, and ii) QUER is largely hydrogen
bonded with the OS, as the large Einter values for QUER – OS pairs
indicate. Likewise, the strength of QUER – OS interactions follows
the ordering ACE < DMF < DMSO, which can be justified consider-
ing the increasing polarity from ACE to DMF to DMSO. Moreover,
OS – OS interactions are an order of magnitude weaker than QUER
– OS ones, which indicates dipolar interactions for the OS – OS self-
association in contrast with QUER – OS heteroassociations through
hydrogen bonding.

The properties of the solutions are further analyzed considering
relevant site – site radial distribution functions (RDFs), Fig. 3. The
reported RDFs show QUER – OS interactions developing hydrogen
bonding through the QUER donor sites (OH groups Oq2,4,5,6,7,
Figs. 1 and 3) whereas the interactions through QUER acceptor
sites (Oq1,3) are not hydrogen bonds (Fig. 3a and c). The interac-
tion through all the OH sites in QUER shows the same characteris-
tics with a narrow and intense first RDF peak with maxima at
2.8–2.9 Å corresponding to a hydrogen bond. The interaction
through the Oq4 OH site, Fig. 3d, shows a first RDF peak with max-
ima at longer distances (3.2 Å) and being weaker and wider, which
corresponds to a weaker interaction through this site. This weaker
interaction through the Oq4 site may be produced by steric hin-
drance to interact through this site in comparison with the remain-
ing available OH sites in QUER molecule. Additional features in
RDFs are inferred up to roughly 10 Å, which show the development
of solvation arrangements around QUER molecules beyond the first
solvation shell around the flavonoid. The effect of the type of OS on
the considered RDFs is very minor, with peaks maintaining their
position and shape, with only certain changes in the peak intensity,
thus the polar OS only (minorly) changes the extension of hydro-
gen bonding but not the interaction mechanisms.

Further analysis of the QUER – OS interactions is carried out
through the so-called connection matrix analysis (cmat) [52],
Fig. 4 and Figure S1 (Supplementary Information). For cmat analy-
sis atomic pairs are considered, those atoms which may develop
hydrogen bonding are considered and all the possible hydrogen
bond donor and hydrogen bond acceptor atoms are considered as
pairs. For these atomic pairs RDFs are calculated, the height and
distance of the first RDF peak are calculated (which correspond
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to hydrogen bond interaction) and they are plotted in a color
scheme which is used to indicate the strength of hydrogen bond-
ing. Therefore, short interatomic distances and large peak intensi-
ties inferred from RDFs and plotted in cmat analysis would indicate
strong hydrogen bonding. Results in Fig. 4 and Figure S1 (Supple-
mentary Information) report cmat analysis for the considered sol-
vents and possible QUER – QUER and QUER – OS interactions.
The cmat for QUER – QUER interactions discards QUER homoasso-
ciations by hydrogen bonding. The color scheme indicates the
strength of the interactions, e.g. red color indicating short distance
and large RDF peak indicates the stronger hydrogen bonding. For
QUER – OS interactions, cmat analysis, indicates hydrogen bonding
through Hq2,4,5,6,7 sites for all the considered OS with weaker
interactions (yellow code) for Hq4 site, as previously indicated in
Fig. 3. The effect of the type of solvent is minor, mainly DMSO leads
to weaker interactions for all the considered sites, Fig. 4c. This is in
contrast with the larger Einter values for QUER – DMSO in compar-
4

ison with ACE and DMF, which may be justified considering that
the increase of OS polarity on going to DMSO leads to a certain
rearrangement around the QUER molecules to favor dipolar inter-
actions, thus slightly changing the hydrogen bonding interactions.
Nevertheless, these changes are minor and QUER is hydrogen
bonded to all the considered polar OSs, Fig. 3.

The reported RDFs provide the distribution around QUER mole-
cules as a function of distance, i.e. the position of solvation shells,
but not the exact spatial arrangement of OS molecules around the
central QUER, which can be inferred from the Spatial Distribution
Functions (SDFs) reported in Fig. 5. SDFs for all the considered
OSs show analogous distribution around the OH sites in QUER,
with OS molecules being placed around all the QUER OH sites with
the exception of Oq4 site, which is free of QUER molecules proba-
bly because of steric hindrance. The SDF cap above the Oq1 site
(ether site) show also OS molecules concentrating around that site
are although without forming hydrogen bonding because the cap is
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placed at longer distances that those caps around the QUER OH
sites. Therefore, a largely localized distribution of OS molecules
around the OH groups of QUER is inferred for all the OSs. The dis-
tribution of molecules around QUER molecules may be also ana-
lyzed through the molecular surface coverage as reported in
Fig. 6, which confirms that QUER surface is covered mostly (greater
than 96 %, Fig. 6b) by OS molecules. Likewise, OS molecules
(Fig. 6c) are surface covered by surrounding OS molecules, which
agrees with the low content of QUER in the studied solutions.
Almost negligible changes are inferred considering the type of Os
in agreement with SDFs reported in Fig. 5.

The extension of QUER – OS hydrogen bonding was quantita-
tively determined considering a geometrical criterion (3.5 Å and
60� for donor – acceptor separation as limit values) and values
per QUER molecule are reported in Fig. 7. The hydrogen bonding
through Oq2,5,6 and 7 sites is confirmed, with roughly 0.5 hydro-
gen bonds per site for Oq2,6 and 7 sites, and 0.8 for Oq5, which
seem to be the preferred interaction site as confirmed by the large
cap around that site in SDFs reported in Fig. 5. Negligible interac-
tion through Oq4 is confirmed again. Likewise, a slight increase
in the number of hydrogen bonds on each site is inferred on going
from ACE < DMF < DMSO, in agreement with the increase in Einter
reported in Fig. 2. Thus, cmat results in Fig. 4 indicate not a
decrease of the QUER – OS hydrogen bonding, as discarded from
results in Fig. 6, but a slight change in arrangements of the interac-
tion. The total number of hydrogen bonds per QUER molecule is in
the 2.3 to 2.7 range, increasing with ACE < DMF < DMSO, thus con-
firming the large extension of heteroassociation. The formation of
hydrogen bonding considering the geometrical distance – angle
criteria is confirmed through the reported Combined Distribution
(a) ACE (b) DMF

Fig. 5. Spatial distribution functions around QUER molecule showing the arrangement of
1 bar.

5

Functions (CDFs) reported in Fig. 8. The CDFs spots at donor –
acceptor distances (�1.9 Å) and angles (�175�) show the most effi-
cient donor – acceptor orientations leading to QUER – OS hydrogen
bonding.
(c) DMSO

OS molecules in C60 + QUER + OS (OS = ACE, DMF or DMSO) solutions at 303 K and
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The dynamics of the QUER – OS hydrogen bonding is analyzed
through the reactive flux analysis method [52], which allows to
calculate the lifetime of a formed hydrogen bond (sf) as well as
the timespan for a broken hydrogen bond to be reformed (sb),
Fig. 9. A largely dynamic picture of QUER – OS hydrogen bonding
is inferred for all the QUER interacting sites with sf in the 5 to
32 ps range and sb (sb < sf) in the 4 to 37 ps. The reforming of a bro-
ken hydrogen bond takes short times, which show the large affinity
of OS molecules for the QUER OH sites. Nevertheless, the reported
results show QUER – OS forming and reforming in a few ps times-
pan, and although lifetimes of the formed hydrogen bonds follow
ACE < DMF < DMSO, a very dynamic hydrogen bonding network
is inferred. Likewise, self-diffusion coefficients, D, were calculated
for the considered solutions using calculated mean square dis-
placements, msd, and Einstein’s equation, Fig. 10. The low viscosity
of the considered solutions, the low QUER concentration does not
change remarkably the neat solvents viscosity, and the considered
MD simulation time (100 ns) lead to fully diffusive regimes, which
is assured through the calculation of the slopes (b) of log–log plots
of msd vs simulation time, leading to b values in the 0.98 to 1.00
range. Although D values for QUER are slightly lower than the cor-
responding OS, the diffusion of QUER molecules is largely coupled
to that for the OS molecules (moving only slightly faster), which is
produced by the large QUER – OS hydrogen bonding. Likewise, D
(QUER) decreases following ACE < DMF < DMSO, which is produced
because the increase of OS viscosity in ACE (0.2966 mPa s at
303.15 K [53]) < DMF (0.754 mPa s at 303.15 K [54]) < DMSO
(a) ACE (b) DMF (c) DMSO
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Fig. 8. Combined distribution functions for the reported distance, r, and angle, /, for the interaction between the hydroxyl oxygen atoms in QUER (Oq5-Hq5, atom labelling as
in Fig. 1) and the oxygen atoms in OS, in C60 + QUER + OS (OS = ACE, DMF or DMSO) solutions at 303 K and 1 bar.
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Fig. 11. Distribution of QUER and OS molecules around a central C60 molecule in C60 + QUER + OS (OS = ACE, DMF or DMSO) solutions at 303 K and 1 bar. The first column
shows isosurfaces for QUER and OS in the first solvation shell around the central C60; the second and third column show slices along the C60 center-of-mass for QUER (second
column) and OS (third column).
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(1.788 mPa s at 303.15 K [54]), i.e. decrease in D, as well as for the
strengthening of QUER - OS interactions in the same ordering
(Figs. 2 and 7).

3.2. C60 fullerene in organic solvents with quercetin

The results reported in the previous section showed polar OS
rearrangement around the QUER molecules to develop heteroasso-
ciation through hydrogen bonding, thus restructuring of the con-
sidered flavonoid presence. In this section we analyze the
solvation of C60 fullerene in QUER – OS solutions to infer the effect
of the considered flavonoid on the behavior of the fullerene in the
studied polar solutions. The strength of interactions involving C60
fullerene are quantified through Einter as reported in Fig. 2. The Einter
values are larger for C60 – OS than for C60 – QUER pairs, which
points to a preferential solvation by OS molecules (following
ACE < DMF < DMSO) in spite of their polar character. This effect
is confirmed by the percentage of C60 surface coverage, Fig. 6,
which show how C60 surface is covered by OS molecules, with
the percentage increasing with OS polarity, with negligible QUER
coverage for DMSO on the C60 surface. The distribution of mole-
cules around C60 is analyzed by the SDFs reported in Fig. 11
(where blue regions indicate high density of solvents around the
nanoparticle). For all the considered polar OSs, a first solvation
shell around the C60 corresponding to OS molecules in direct con-
tact, solvation, of C60 is inferred (yellow surface) with a second
solvation shell on top of it corresponding to QUER molecules.
Therefore, solvation of C60 is highly heterogeneous with a OS
region encasing the fullerene and it also encased by a external
QUER shell. The main difference in the nature of the solvation
shells with the considered OS stands on the more diffuse character
of solvation shells with increasing solvent polarity as it may be
inferred from comparing the results for DMSO with ACE. A more
quantitative description of the solvation shells may be inferred
from the RDFs reported in Fig. 12 showing the center-of-mass RDFs
8

for C60 and OS / QUER molecules. These RDFs confirm the OS –
QUER – OS solvation shells around the central C60 molecule for
the three considered OSs. The increasing polarity decreases the
QUER RDF peak intensity, as inferred from the diffuse layers in
Fig. 11 which leads to a decrease in the number of QUER molecules
in the QUER solvation shell as inferred from Fig. 12, but maintains
the solvation structuring. Previous literature results for DMSO –
water [55] also showed an enrichment of the first solvation shell
with DMSO polar molecules although in that case water molecules
were also present, although in minor concentration, in the first
shell. Nevertheless, results in Figs. 11 and 12 show a total exclusion
of QUER molecules in the first shell, with flavonoid molecules
being exclusively placed in the second shell around C60. Previous
works in our group have shown a trend of species that build up
two-dimensional materials, as carbon, to introduce a short range
layer order in liquids [56,57,58]. This sandwiched structure of
QUER molecules between two OS shells for solvating the C60 leads
to an additional stabilization of the C60 in the solution, Fig. 2, by
improving the fullerene – OS and fullerene – QUER (weaker) inter-
actions as well as the QUER – OS interactions (hydrogen bonding)
are maintained, which would also improve the separation related
processing. The larger size of QUER molecules compared with
those for OSs also leads to steric hindrance for placing these flavo-
noid molecules in the first solvation shells around the fullerene,
and thus, a larger number of QUER molecules may be surrounding
the C60 when QUER stand on the second solvation shell. The CDFs
reported in Fig. 13 showing the orientation of OS and QUER mole-
cules in the shells around the C60 show a slight trend of both mole-
cules to be placed in parallel to the fullerene surface (green arrows
in Fig. 13), but this trend is not so remarkable and then other ori-
entations are also possible.

The dynamic properties of C60 in the studied mixed systems are
analyzed considering the D values reported in Fig. 10. These results
show slower diffusion rates for C60 than for QUER and OS mole-
cules, which may be justified considering the bulkier size of C60,



Table 2
In silico predicted ecotoxicological properties for the systems studied in this work. (�) indicates non toxic, (+) indicates toxic, (III) for acute oral toxicity indicates slightly toxic, {}
values indicate the probability for each property. Results in bold indicate toxicity for the reported property.

property C60 C60 + ACE C60 + DMF C60 + DMSO C60 + ACE + QUER C60 + DMF + QUER C60 + DMSO + QUER

carcinogenicity (�) {0.5879} (�) {0.5879} (�) {0.7022} (�) {0.6022} (�) {0.9857} (�) {0.9714} (�) {0.9714}
eye irritation (+) {0.9819} (+) {0.9905} (+) {0.9781} (+) {0.9806} (+) {0.9473} (+) {0.9264} (+) {0.9291}
ames mutagenesis (�) {0.6300} (�) {0.5600} (�) {0.6600} (�) {0.5300} (+) {0.8200} (+) {0.7400} (+) {0.8300}
biodegradation (�) {0.7000} (+) {0.5250} (�) {0.7500} (�) {0.5750} (�) {0.8250} (�) {0.8500} (�) {0.8500}
crustacea aquatic toxicity (+) {0.7800} (�) {0.8300} (+) {0.5600} (+) {0.5900} (�) {0.6000} (�) {0.5500} (�) {0.5100}
fish aquatic toxicity (+) {0.9774} (+) {0.9522} (+) {0.8495} (+) {0.9534} (+) {0.9694} (+) {0.8595} (+) {0.9611}
acute oral toxicity (III) {0.7908} (III) {0.7447} (III) {0.6502} (III) {0.5090} (III) {0.6034} (III) {0.6023} (III) {0.5745}
water solubility (logS) �6.735 �4.853 �3.323 �3.832 �3.302 �2.642 �3.048
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the large Einter values for C60 molecules (Fig. 2) as well as for the
layered solvation shells around the fullerene hindering C60
mobility.

The reported results for C60 solvation in the QUER – OS solu-
tions shows a very efficient fullerene solvation through a layered
structuring around C60 favored by strong QUER – OS interactions,
which points to QUER (and probably other flavonoids) as natural
enhancers of fullerenes solubility in polar solvents.
3.3. Toxicity and ecotoxicity prediction

The selected relevant properties of the studied systems were
predicted and reported in Table 1. Literature studies on C60 fuller-
ene toxicity showed how pristine C60 leads to moderate toxicity
[59]; nevertheless, in silico prediction of certain relevant ecotoxic-
ity indicators was also calculated in this work, Table 2. The main
problem for pristine C60 from the environmental effect would
stand on their effect on aquatic living things, although this effect
is of limited relevance considering the low water solubility. The
preparation of C60 – OS solutions does not lead to large changes
in ecotoxicity problems beyond the increase in water solubility,
which will lead to larger effects on aquatic organisms. In the case
of C60 + OS + QUER solutions, the addition of QUER as solvent
enhancer has a main effect the increase of mutagenesis ability of
the mixed fluid in comparison with the neat nanomaterial but at
the same time a decrease of the carcinogenicity. Likewise, the addi-
tion of QUER increase the biodegradation ability. Therefore, the
solubilization of C60 with QUER as enhancer leads to more
biodegradable materials with additional properties similar to those
of neat fullerenes, and thus, the OS + QUER solvents are a suitable
option for C60 solubilization from the ecotoxicological viewpoint.
4. Conclusions

The microstructuring of quercetin in polar organic solvent solu-
tions is studied by using classical molecular dynamics simulations.
These solutions are characterized by large heteroassociations
through hydrogen bonding increasing with solvent polarity. The
hydrogen bonding is developed through quercetin hydroxyl sites,
being largely localized around several hydroxyl sites although
remaining almost unaffected by the considered polar solvent. Nev-
ertheless, these quercetin – organic solvent interactions are very
dynamic, with hydrogen bonding living and reforming in a few
picoseconds scale. The strong quercetin - organic solvent interac-
tions provide changes in the polar organic solvent properties,
which leads to different behavior when fullerene nanoparticles
are dissolved in comparison with neat solvents. Therefore, C60 full-
erene behavior is characterized by a largely heterogeneous solva-
tion with solvent adopting a sandwich – like structure with
alternating layers of organic solvent and quercetin, with the
organic solvent in direct contact with the surface of the fullerene
and flavonoid molecule being placed in a second external solvation
9

shell. Therefore, this nanoscopic arrangement allows an efficient
fullerene solvation through interactions with the organic solvent
and quercetin molecules, as well as maintaining the efficient quer-
cetin – organic solvent hydrogen bonding. This study proposes the
use of flavonoids as solubility enhancer for fullerenes in polar
organic solvents.
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