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ARTICLE INFO ABSTRACT

A theoretical and experimental study was performed on natural deep eutectic solvents (NADES) formed by lactic
acid-glucose (LGH), citric acid-fructose (CFH) and citric acid-glucose (CGH). The presence of nuclear Overhauser
effect (NOE) in the proton nuclear magnetic resonance (*H NMR) spectra of the NADES was studied. The spatial
proximity between the NADES components was experimentally confirmed by the detection of multiple NOE
effects in the dilutions analyzed. LGH showed the best outcome by partially maintaining its supramolecular
structure throughout the dilutions. In order to rationalize the intermolecular interactions generated among the
components, a theoretical study was performed using a density functional theory (DFT) computational method.
A simplified dimeric model of the NADES was selected in order to achieve a rapid screening of the system
searching for interactions between their constituents. In agreement with the experimental evidence, the calcu-
lations allowed to confirm the spatial proximity, by finding at least two hydrogen bonds between the compo-
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nents of every NADES.

1. Introduction

The development of sustainable solvents represents one of the main
challenges of Green Analytical Chemistry. In this context, Natural Deep
Eutectic Solvents (NADES) have been introduced as a green alternative
to ionic liquids (ILs) due to their environmental friendly composition,
ease of preparation, low cost and biodegradability. NADES are eutectic
mixtures constituted by metabolites naturally present in all types of
cells and organisms. The common components are sugars (glucose,
sucrose, fructose, etc.); organic acids (lactic, malic, citric acids, etc.);
urea and choline chloride [1]. A eutectic system is a combination of
substances building a super-lattice that melts and freezes at a tem-
perature that is lower than the melting points of the separate con-
stituents, being hydrogen bonding and Van der Walls interactions the
main driving forces of this phenomenon [2,3]. There are four methods
available for preparing NADES (a) heating and stirring method [4]: the
components are placed in a bottle with a stirring bar and cap and he-
ated in a water bath with agitation till a clear liquid is formed; (b)
evaporating method [4]: components are dissolved in water and solvent
evaporated with a rotary evaporator, the liquid obtained is placed in a
desiccator with silica gel till constant weight; (c) freeze-drying method
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[5] based on the freeze-drying of aqueous solutions of the individual
counterparts; (d) microwave assisted preparation [6]: the component
mixture is microwave irradiated at low power during a few seconds.

The physicochemical properties of the eutectic mixture (viscosity,
conductivity, density and polarity) depend on the chemical nature of its
components and on their intermolecular interactions [7]. The hydrogen
bonding interactions lead to highly structured liquids. Interestingly,
NADES can form additional hydrogen bonds with solutes, which gives
rise to endless analytical applications [4,8-10]. Thus, NADES compo-
nents can be tailored to be target-specific. Unique interactions between
the NADES with target analytes make possible to selectively separate
trace compounds from complex matrices [11,12]. NADES physico-
chemical properties can be modified with water addition, in order to
lower viscosity and density or increase their polarity. However, it has
been reported that dilution around 50% caused progressive rupture of
the hydrogen bonds and even the loss of the intermolecular interactions
[11].

In recent years, some reports exploring the structure of NADES
formed mostly by choline chloride have appeared [4,11,13]. To the best
of our knowledge, although NADES formed by monosaccharides (glu-
cose, fructose) and organic acids have been explored for their
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interesting analytical applications [14-16] there are no reports of their
intermolecular interactions and the influence of its dilution.

In most NMR experiments, the spectra are obtained by interactions
of the nuclei through bonds (scalar or J-coupling). When nuclei interact
with each other directly through space (dipolar or magnetic coupling),
a phenomenon responsible for the nuclear Overhauser effect (NOE)
takes place. In NOE experiments, one proton in the molecule is irra-
diated immediately before the acquisition of the spectrum, creating a
magnetization on that proton alone in the molecule. After this selective
excitation, there is a waiting period called mixing time, in which
transfer of magnetization to other protons (the increase of the NOE
effect) leads to a small but measureable enhancement in the signals of
any other peak that corresponds to protons nearby in space [17].

The aim of this work was to perform an experimental and theore-
tical study of the NADES formed by lactic acid-glucose-water (LGH),
citric acid-glucose-water (CGH) and citric acid-fructose-water (CFH), in
order to rationalize the intermolecular interactions generated among
the components. To this end, the existence of the NOE effect in the 'H
NMR spectra of the NADES was studied. Furthermore, NADES con-
stituents were modelled with a density functional theory (DFT) com-
putational method. In addition, we studied different dilutions of NADES
and their interaction with analytes, with the purpose of exploring the
effect produced on the modification of the supramolecular structure.

The results indicate that strong NOE interactions of the hydrogen
bonding type, with distances in the range 1.71-2.75 A, were observed
in the three analyzed NADES. Furthermore, each NADES presents at
least two hydrogen bond interactions. Interestingly, dilution effects in
the structure showed in some cases that water solutions that contain up
to 20% of NADES partially maintained their supramolecular structure,
as confirmed by the presence of the NOE interaction.

2. Material and methods
2.1. Reagents and standards

All reagents and solvents were used directly as purchased or purified
according to standard procedures [18]. The absence of impurities was
verified in the '"H NMR spectra due to the lack of isolated signals not
belonging to the NADES mixtures. Compounds for NADES preparation
including glucose anhydrous (99%), citric acid anhydrous (99%),
p-(—)-fructose (99%), 1-(+)-lactic acid (85-90%) were purchased from
Biopack (Bs. As., Argentina). Quercetin dihydrate (QR,
3,3%,4’,5,7-pentahydroxyflavone) 97% was obtained from Alfa Aesar
(Haverhill, MA, USA). Ultrapure water was obtained from a Milli-Q
system (Millipore, Billerica, MA, USA). Deuterium oxide (D,0, deu-
terium degree 99.9%) and 3-(trimethylsilyl) propionic-2,2,3,3-d4 acid
sodium salt (TMSP, deuterium degree 98%) were purchased from
Sigma-Aldrich.

2.2. NADES preparation

NADES were prepared using a method previously described by Dai
and co-workers [4]. The component mixture LGH (lactic acid:glucose
5:1); CGH (citric acid:glucose, 1:1) and CFH (citric acid:fructose, 1:1)
were placed with 15% of H,O (v/v) in a 20 mL amber glass vial. Sub-
sequently, the mixture was heated in a magnetic stirrer with tempera-
ture control (Fisatom model 752A, Brasil) at 80 °C for 60 min. The
synthesized NADES were transferred under nitrogen flow to completely
fill amber glass vials, and stored at 4°C to ensure their preservation
until NMR analysis. Dilutions from 50 to 90% of the corresponding
NADES were prepared by adding the necessary amount of DO and
water to the original mixture, e.g., 10% LGH were constituted with 90%
water and 10% of LGH. In the case of the LGH interaction with QR, the
analyte was added to the LGH dilutions, to reach a 10mgL ™' QR so-
lution in the corresponding NADES dilution.
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2.3. NMR spectroscopy

All NMR spectra were recorded on a 300 MHz Bruker Avance
spectrometer with a frequency and a phase resolution of 0.005 Hz and
0.006° respectively, fitted with an autosampler with a 5 mm internal
diameter smart probe with ATMA (Automatic Tuning Matching) [19].
During the experiments, the temperature was held stable at 300 K. Each
sample was acquired in triplicate. The D,O was used as the field fre-
quency lock signal, TMSP for internal referencing of 'H chemical shifts.
Suppression of H,O signals was carried out by using noesygppr-1d
(Bruker standard pulse sequence). Each spectrum was recorded with
128 scans and 48K data points. The spectral width was adjusted to
15.0084 ppm (4504.504 Hz) with an acquisition time of 4.0 s per scan.
The NOE spectra were performed by irradiating the particular proton
signal under study with a spectral width between 25 and 45 Hz (0.08
and 0.15 ppm, respectively), depending on the signal. Subsequently,
NOE difference spectra were calculated by subtracting original 'H NMR
of the corresponding NADES from the irradiated 'H NMR spectrum.

2.4. Computational methods

Initially, molecular modelling of the systems begun with con-
formational searches that yielded a large number of geometries (up to
100) of the NADES constituents (glucose, fructose, lactic acid and citric
acid) with the molecular mechanics method MM+ using the con-
formational search module of the HyperChem package [20]. Subse-
quently, the most stable conformations were optimized with the MO06-
2X exchange correlation functional [21] coupled with the 6-
31 + G(d,p) basis set by using the Gaussian 09W program [22]. The
functional M06-2X from Truhlar's group is frequently used to model
non-covalent interactions [23].

While the stoichiometry relationship between organic acid and
carbohydrates in NADES preparation was 5:1 (LGH) or 1:1 (CGH and
FCH), when three systems of these sizes (more than 25 heavy atoms) are
modelled, the CPU calculation times become prohibitively long for a
rational design. Consequently, the model chosen for the tree systems
under study was a dimer containing one molecule of organic acid and
one molecule of sugar. Although a dimer model cannot describe thor-
oughly all possible stabilizing intermolecular interactions between the
NADES components, this simplified model of the NADES was selected in
order to achieve a rapid screening of the system searching for interac-
tions between their constituents. Accordingly, intermolecular interac-
tions in the NADES were modelled by placing the most stable con-
formations of the constituents at a distance of approximately 3.5 A, and
re-optimizing the geometry of the system in water (¢ = 78.3553) with
the method M06-2X/6-31 + G(d,p). For these solvent optimizations,
Solvation Model based on Density (SMD) [24] of the Self-Consistent
Reaction Field method (SCRF) [25] was used. Finally, frequency cal-
culations were performed to verify the nature of the stationary points
(global energy minima) by the absence of imaginary frequencies in all
the optimized structures. In order to examine the more important in-
teractions in the modelled systems we performed natural bond orbital
(NBO) calculations and Wiberg bond indexes were analyzed [26]. Re-
ported thermochemical properties include zero-point energies (ZPEs)
without scaling and were calculated at 1 atm and 298.15K.

3. Results and discussion
3.1. Experimental study

3.1.1. Nuclear Overhauser effect in NADES

In a first phase, LGH, CFH and CGH were analyzed by 'H NMR in
order to select the hydrogen atoms that were eligible for NOEs ex-
periments, namely protons with chemical shifts different enough (at
least in 0.3 ppm) from the remaining protons in the other molecules
that conform the mixture. This requirement is due to the fact that the
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Fig. 1. '"H NMR spectra of the NADES under study. LGH: lactic acid-glucose, CFH: citric acid-fructose, CGH: citric acid-glucose. lac. a.: lactic acid, B-p-fru:

B-p-fructopyranose, -p-glu: B-p-glucopyranose.

hydrogen selected for irradiation should respond in an isolated region
of the spectrum, to prevent other protons reaching magnetization,
which would lead to wrong conclusions in the analysis.

As shown Fig. 1, both signals from lactic acid (H-2 and H-3) appear
clearly separated from glucose signals in LGH. In case of CFH and CGH,
double-doublet from citric acid (H-2a, b and H-4a, b) appear separated
from sugar signals. Therefore, the signal selected for NOE experiments
in the NADES containing citric acid (CFH and CGH) was the doublet at
& = 2.7 ppm (first doublet from the double-doublet), while for LGH, the
two signals selected for irradiation were the quartet at § = 4.10 ppm
and the doublet at § = 1.20 ppm from lactic acid (H-2 and H-3, re-
spectively). In addition, all 'H NMR spectra were also irradiated in the
central region of the sugar moieties, corresponding to the chemical
shifts from most carbinolic protons (i.e., around § = 3.30 ppm for glu-
cose and § = 3.60 ppm for fructose).

Structures of major isomers of p-fructose and p-glucose are also
shown in Fig. 1. At equilibrium in water p-b-fructopyranose (Fig. 1,
B-o-fru) is the preponderant tautomer of p-fructose, followed by
B-p-fructofuranose, and then a-p-fructofuranose (69.6%, 21.1% and
5.7% respectively) [27,28]. In case of p-glucose, pyranose were clearly
the predominant forms (c.a. 99% in a 36:63 ratio for a:[3 anomers re-
spectively) [29]. Although mayor isomer of p-glucose in water is
B-p-glucopyranose (Fig. 1, -p-glu), integration of anomeric H-1 signals
(H-1, and H-1p) afforded a relationship close to 1:1 between the glu-
copyranose anomers for the CGH mixture. In the latter case, it seems
that the formation of the NADES altered the original equilibrium.

Fig. 2 summarizes the best NOEs found for the three NADES under
study. In LGH, when both signals from lactic acid were irradiated, the
most intense NOEs were recorded by the irradiation of H-3 from lactic
acid. As can be seen in Fig. 2a, the existence of NOE was confirmed by
the occurrence of signals corresponding to most of the carbinolic

glucose hydrogens in the '"H NMR spectrum (H-2, H-3, H-5 and H-6).
Furthermore, with the irradiation at the central region of glucose pro-
tons (H-3, H-5 and H-6), the appearance of both H-2 and H-3 signals
from lactic acid was observed in the '"H NMR spectrum.

In the case of CFH, when the selected signal was irradiated
(6 = 2.7 ppm), the existence of the NOE effect was observed by the
occurrence of signals corresponding to most of the fructose carbinolic
hydrogens in the 'H NMR spectrum (H-1, H-3, H-4, H-5 and H-6,
Fig. 2b).

Finally, Fig. 2c shows the NOEs generated when the selected protons
of CGH were irradiated. Through irradiation of the signal at
8 = 2.7 ppm, most of the glucose carbinolic hydrogens (H-2, H-3, H-5
and H-6) emerge in the '"H NMR spectrum. Furthermore, since in this
case the region of the 'H NMR spectrum for protons attached to the
anomeric carbons (H-1p) is clear, it was also possible to see the NOE
effect in these signals. In addition, a reciprocal NOE was detected when
we irradiated the central region of glucose protons, i.e., the occurrence
of the proton signals from citric acid was observed in the 'H NMR
spectrum.

Unfortunately, NOEs intensities compete with a relaxation process
that returns all of the protons to the equilibrium state. The rate of the
relaxation process is determined by how fast the molecule as a whole
tumbles or rotates in solution. Since small molecules relax more slowly
than large molecules, they require longer mixing times to capture the
strongest NOE enhancements. Accordingly, for small molecules in non-
viscous solvents, the optimal mixing time in a NOE experiment can be
as long as 1.55s, and for large molecules in more viscous solvents, the
best setting can be ca. 0.15s. Therefore, once we had the preliminary
results of the existence of NOEs in the NADES solvents, three different
NOE experiments for LGH mixture were carried out with 0.15s, 0.7 s
and 1.5 s mixing times respectively, in order to study the influence of



P.L. Pisano et al.

a
H-3
S ] H2 Y
® i irr
b T .‘l T
g K.00 3.00 2.00 1.00
E 4
5=
H-5 H-4
H-6 H-3] H-2
sirr
1 T T T alagn———
3.00 2.00 1.00 0.00
= H-1b
=
AL
=
‘@
[=
2
=
T T T T T T
4.00 3.80 3.60 3.40 3.20 3.00 2.80 2.60
C J coupling artifact
El
&
2 7 T T T T
2 2.80 2.60 2.40 2.20 2.00 1.80 1.60
]
=
4 H-6 H-5
H-1 H-3
“'—“'*'ML“MMB IAM
4.40 4.20 4.00 3.80 3.60 3.40 3.20 3.00 2.80

chemical shift (ppm)

Fig. 2. NOE difference spectra registered from the 'H NMR spectra of the
NADES under study. a) Irradiation at § = 1.2 ppm and § = 3.6 ppm signals in
LGH. b) Irradiation at § = 2.7 ppm signal in CFH. c) Irradiation at § = 2.7 ppm
and § = 3.3 ppm signals in CGH.

this parameter in sensibility of NOE phenomenon. In theory, according
to the viscosity of these mixtures, NADES constituents in water are close
to the second system described above, although when this parameter
was optimized, the best NOEs were observed with the intermediate
value of 0.7 s mixing time. Consequently, this mixing time value was set
for the rest of the NOE experiments in the present work.

3.1.2. Dilution effects

Once we confirmed the spatial proximities between the NADES
components, different dilutions of LGH, CFH and CGH in water were
analyzed using the NOEs of 'H NMR, in order to study the dilution
effect in their intermolecular interactions.

Fig. 3 shows the 'H NMR spectra recorded for dilutions of LGH.
When H-3 signal from lactic acid was irradiated (Fig. 3a), 10% LGH was
the only dilution which did not present NOE, indicating the existence of
a limit value between 10% LGH and 20% LGH in which intermolecular
interactions between glucose and lactic acid are lost. Furthermore, a
reciprocal behavior was observed when the central region of glucose

255

Microchemical Journal 143 (2018) 252-258

a 4 |HS
N Y
H-6 H-4 B
50% LGH
=
s 40% LGH
2
‘@
c
g
£ 30% LGH
] 20% LGH
10% LGH
AN N,
3.60 3.40 3.20 3.00 2.80 2.60 240
b H-2
y 50% LGH
= 1 40% LGH
=
‘D
@
2 1 30% LGH
| 20% LGH
10% LGH
4.10 4.00 3.90 3.80 3.70 3.60 3.50

chemical shift (ppm)

Fig. 3. Dilution effects registered for LGH in the NOE difference spectra. a)
Irradiation at § = 1.2 ppm proton signal. b) Irradiation at § = 3.6 ppm signal.
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Fig. 4. Dilution effects registered for CFH in the NOE difference spectrum when
proton signal at § = 2.7 ppm was irradiated.

was irradiated (6 = 3.30 ppm, Fig. 3b); i.e., NOEs effects were observed
from 20% LGH.

The NOEs registered for the dilutions of CFH are shown in the 'H
NMR spectra of Fig. 4. In this case, when the proton signals from citric
acid were irradiated, 30%, 40% and 50% CFH presented the NOE effect.
Accordingly, it seems that the frontier value in which intermolecular
interactions decrease lies within 20% and 30% CFH. Specific care is
needed regarding the presence of fructose signals in '"H NMR spectra
analyzed for 10% CFH and 20% CFH. These signals are clearly artifacts
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Fig. 5. Dilution effects registered for CGH in the NOE difference spectra. a)
Irradiation at § = 2.7 ppm proton signal. b) Irradiation at § = 3.3 ppm signal.

from the technique instead of a real NOE effect. The two kinds of ar-
tifacts most commonly seen in the NOE spectra are subtraction artifacts
(instability in the deuterium lock) and J coupling artifacts (J coupling
between the irradiated peak and the observed peak). Since the hy-
drogen atoms analyzed correspond to different molecules, there can be
no J coupling artifacts. The instability in the deuterium lock cause the
peak subtracted out to be unaligned with the positive peak; according
to this, all the signals seem to be repeated upside-down and slightly
offset from the positive peak, resulting in an antiphase pattern (Fig. 4,
10% and 20% CFH). Unlike the case of LGH, when the sugar moiety was
irradiated in CFH (6§ = 3.60 ppm, fructose), no NOE effects were ob-
served in the '"H NMR spectra.

Finally, the 'H NMR spectra recorded for dilutions of CGH are
shown in Fig. 5. Through the irradiation of the signal at § = 2.7 ppm
from citric acid (Fig. 5a), dilutions beginning with 40% CGH presented
NOE effects by the appearance of most signals from the glucose carbi-
nolic hydrogens (H-1g, H-2, H-3, H-4 and H-5). Moreover, when the
central region of glucose protons was irradiated at § = 3.3 ppm
(Fig. 5b), NOE effects were observed for 40% and 50% CGH by the
occurrence of the citric acid double-doublet signal. As can be expected
in 'H NMR when varying concentrations, the dilution effects also pro-
duce chemical shifts with higher & values. Therefore, in Figs. 3 to 5, a
slightly different position from the same signal between the 'H NMR
spectra was observed.

In summary, the dilutions of LGH, CFH and CGH analyzed by 'H
NMR confirmed the spatial proximity between the hydrogen atoms of
the different NADES constituents. NOE effects were observed in several
of these dilutions, being LGH the solvent with the best outcome among
the higher dilutions. According to these dilution effects, thresholds
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could be established for each NADES in which the supramolecular
structure is lost. These thresholds would be between 10 and 20% for
LGH, 20-30% for CFH, and 30-40% for CGH.

3.1.3. NADES solvation effect

In order to study whether the NADES supramolecular structure are
affected when the solvents are in contact with certain analytes, QR was
added to the LGH dilutions (50-90%) to reach a 10 mg L~ ! QR solution
in the corresponding dilutions. LGH was selected because it showed the
largest NOE effects through the dilutions. The analyte evaluated was
QR, considering that it is the most common flavonoid widespread in
plants and a major bioflavonoid in the human diet. In addition, inter-
actions between QR and glucose-choline chloride based NADES has
been previously confirmed, showing that QR has strong interaction
with the structure of the natural solvent [4]. Fig. 6 shows the 'H NMR
spectra obtained when these dilutions were irradiated at the same
previously studied proton signals (i.e., lactic acid signal at
§ = 1.20 ppm).

As mentioned in Section 3.1.2, when the '"H NMR spectra were re-
corded for LGH dilutions, multiple NOEs were observed, and only 10%
LGH showed no NOE effect by irradiation of lactic acid and glucose
signals. However, when quercetin was added, NOEs were registered
only for 40% and 50% LGH. These observations indicate that the in-
teraction between QR and LGH is strong enough to perturb the inter-
molecular interactions present in diluted solutions of LGH (20% and
30% LGH).

3.2. Theoretical study

Simultaneously with the experimental study of NADES by 'H NMR,
a molecular modelling in solution of the systems LGH, CFH and CGH
was performed. This theoretical study was carried out in order to ra-
tionalize the presence of intermolecular interactions found between
NADES components. Fig. 7 shows the geometries of the three systems
optimized in water at the M06-2X/6-31 + G(d,p) level of theory. The
optimized geometries were ca. 2 Kcal/mol more stable than the rest of
conformations found for each system (1.86, 2.04 and 2.31 Kcal/mol for
LGH, CFH and CGH respectively).

In the case of LGH, the conformation obtained after geometry op-
timization presents two interactions of the hydrogen bond type
(Fig. 7a), namely one interaction between the oxygen bonded to C-6
from glucose and the hydrogen of the hydroxyl group from lactic acid
(1.83 A, Fig. 7a-1), and another interaction between the hydrogen of
the hydroxyl group of C-4 from glucose and the oxygen atom of the
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Fig. 7. Optimized geometries of NADES in water at M06-2X/6-31G + (d,p) level of theory. a) LGH. b) CFH. c¢) CGH.

carbonyl group from lactic acid (1.95 A, Fig. 7a-2).

On the other hand, the optimized geometry for the CFH system
yielded three hydrogen bond interactions (Fig. 7b). The minimum dis-
tance between a hydrogen atom and the acceptor was between the
hydrogen of the hydroxyl from the carboxylic group of citric acid and
the oxygen bonded to C-4 from fructose (1.71 A, Fig. 7b-1). A second
interplay was between the hydrogen of the hydroxyl group of C-5 from
fructose and the oxygen atom of carbonyl group from citric acid
(1.92 10\, Fig. 7b-2). The third interaction in CFH was observed between
the hydrogen of the hydroxyl group of C-1 from fructose and the oxygen
atom from another carbonyl group in citric acid (2.00 A, Fig. 7b-3).

Finally, the conformation obtained for CGH after geometry opti-
mization is shown in Fig. 7c. In this case, two interactions of hydrogen
bond type emerged: one interplay between the hydrogen of the hy-
droxyl group from citric acid and the oxygen from the glucopyranosyl
ring from glucose (1.86 ;\, Fig. 7c-1), and a second unconventional
hydrogen bond between H-2 from glucose and the oxygen atom from
carbonyl group in citric acid (2.75 A, Fig. 7c-2).

Additional information obtained during the theoretical study of the
NADES is summarized in Table 1. Although the Wiberg index is not
directly applicable to ab-initio wavefunctions, its values are usually
very close to the formal bond order. Using the Wiberg index together
with second order perturbation theory, it is possible to estimate the
strength in a non-covalent interaction. Only the main interactions are
detailed. Furthermore, Table 1 collects the energies of stabilization
through hydrogen bond formation (absolute energies including zero-
point energy correction in Kcal/mol), which are related to the stability
of NADES according to their intermolecular interactions. In addition,
Table 1 also shows specific bonding energies E(2) associated with de-
localization of electrons according to second order perturbation theory
analysis of Fock matrix in the NBO basis [30].

As can be seen in Table 1, most of the hydrogen bonds emerged from
the interaction between lone pairs of electrons (LP) from oxygen atoms
and antibonding orbitals (BD*) of the H—O bond from hydroxyl groups.
Three hydrogen bonds were observed for CFH, while LGH and CGH
presented only two interactions. In the three studied systems, strong
intermolecular interactions of the hydrogen bonding type with

257

Table 1

Wiberg bond indexes and second order perturbation theory analysis of Fock
matrix in Natural Bond Orbital (NBO) basis. a: Absolute energies including
zero-point energy correction (AE = Egimer — Eisolated monomers)- D: Specific
bonding energies E(2) associated with delocalization of electrons according
donor-acceptor NBO orbital interactions. LP: lone pair electrons; BD: bonding
orbital; BD*: antibonding orbital. glu: glucose; fru: fructose; lac: lactic acid; cit:
citric acid.

AE? Distance (10\) Wiberg Donor NBO  Acceptor NBO E(Z)b
(Kcal/ index (Kcal/
mol) mol)
LGH -857 1.83 0.0540 O (LP)S"™ H-O (BD®)™  17.48
1.95 0.0243 O (LP)'* H-O (BD*)!"  6.81
CFH -1051 1.71 0.0677 O (LP)™ H-O (BD®)t 2553
1.92 0.0351 O (LP)it H-O (BD®)™  6.63
2.00 0.0218 O (LP)t H-O (BD®)™  5.42
CGH -7.74 186 0.0424 O (LP)#" H-O (BD®  14.11
2.75 0.0024  H-O (BD)* H-O (BD*)EM 1.04

distances between 1.71 and 2.75 A were recorded. Furthermore, these
interactions present complementary bonds, i.e., each constituent of the
NADES has a hydrogen bond donor and a hydrogen bond acceptor. The
negative energy values obtained by the dimeric modelled systems
confirm the stabilization achieve by the intermolecular interactions. In
concordance with the number of hydrogen bonds find for each system,
the highest stabilization (highest AE in absolute value) was achieved for
CFH system, while CGH system yield the lowest stabilization by hy-
drogen bond formation (one of the interaction was an unconventional
hydrogen bond).

In summary, all the modelled structures of the NADES confirmed the
spatial proximities that allow through-space interactions between the
components, as registered in the NOEs observed in 'H NMR spectra. In
agreement with the experimental study, the molecular modelling con-
firmed the existence of hydrogen bonding interactions for the LGH,
CGH and CFH systems. According to the number of interactions and the
stabilization energies predicted for each NADES, CFH should in prin-
ciple be the strongest NADES in holding the supramolecular structure
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across the dilutions. Nevertheless, the experimental evidence found in
the 'H NMR spectra showed otherwise, i.e., LGH is apparently the
NADES that best holds its supramolecular structure throughout the
dilutions. Although the proposed model was able to find intermolecular
interactions among the NADES, it partially failed to predict which of the
three systems under study should have a stronger supramolecular
structure. This is probably due to the fact that the real system could
contain a network of organic acids and monosaccharides interacting
with each other simultaneously, which would be impossible to model
due to the computational times associated with the level of theory
employed in this study.

4. Conclusions

A theoretical and experimental study was performed on three
NADES, namely, LGH, CFH and CGH. Intermolecular interactions be-
tween NADES components were experimentally confirmed by the pre-
sence of multiple NOE effects in the analysis of "H NMR spectra. In
addition, the dilutions of LGH, CFH and CGH also confirmed the spatial
proximity between several hydrogen atoms of the different NADES
constituents. NOE effects were observed in many of these dilutions,
LGH being the solvent with the best outcome throughout the dilutions.
In solutions containing quercetin and LGH, an attenuation in the NOE
effect was observed, indicating that the interaction between LGH and
the analyte was strong enough to modify the LGH structure for the
highest dilutions. In agreement with the experimental evidence, a
simplified dimeric model of the NADES in the theoretical study re-
produced the spatial proximity between their components.
Furthermore, the calculations allowed rationalizing the intermolecular
interactions by finding at least two complementary hydrogen bonds
between the components of every NADES.
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