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Abstract

Nowadays, the eutectic liquids (DESs) are considered an adequate alternative to the
traditional solvents. Therefore, there is an increasing interest in the study of the structure,
properties and applications of these mixtures. In this paper, several NMR spectroscopic
techniques have been used in order to evaluate the molecular structure of three ternary
DESs, composed of choline chloride, urea or glycerol or ethylene glycol, and water. The
use of routine and non-routine NMR techniques, such as 'H, '*C, correlation experiments,
NOESY, ROESY, and diffusion experiments gave us some important evidences pointing
to a supramolecular structure of the DES, which may be the origin of their particular
behaviour. The mixture containing ethylene glycol shows the feeblest structure. In these
ternary solvents, the water is found within the structure that is still retained when DESs

are diluted at 10% wt.
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1. Introduction

The full solvents elimination in the laboratory or industry is an unreasonable
objective due to the different roles exerted by them in the physicochemical procedures.
The environmental problems derived by use of traditional ones, usually volatile organic
compounds (VOCs), have turned the development of new eco-friendly products a priority
line in the Green Chemistry. According to the IUPAC [1], this chemistry area “deals with
the design of chemical products and processes that reduce or eliminate the use or
generation of substances hazardous to humans, animals, plants, and the environment”.
Because of this, the synthesis processes should include: (i) non-toxic and renewable
substances; (i1) a maximum economy of materials avoiding by-products and wastes; (ii1)
minimum requirements of energy (temperature and pressure); and (iv) minimum risks
respect to possible accidents. In addition, the products formed should be able to

decompose into non-harmful ones when their function has finished.

Several VOCs substitutes have been proposed such as supercritical fluids, biomass
based solvents, or low temperature transition liquids (LTTMs) [2-5]. In the latter group,
the ionic liquids (ILs) and the deep eutectic solvents (DESs) are included. Both type of
fluids are used for applications in similar fields. However, there are important differences
between them. The high toxicity and economic cost of some of ILs have caused the ionic
liquids are not currently catalogued as green solvents [6,7]. By contrast, the composition
and the synthesis procedure of the DESs make them eco-friendly solvents. The term DES
was proposed by Abbott et al. [8] to refer to mixtures (two or more substances) with a

melting temperature, T,,, lower to that of the individual components. It is necessary to
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clarify that the composition of the eutectic mixtures studied in the literature does not
always correspond to that of the eutectic point. In bibliography, ionic and non-ionic
eutectic solvents have been reported; some of them are hydrophilic liquids and others
have hydrophobic behavior [9—13]. However, the commun feature is the ability of the
components of the mixture to establish an important hydrogen-bond network. So, DESs
contain both hydrogen bond acceptors (HBA) and donors (HBD) substances. Natural
deep eutectic solvent (NADES) is a term frequently used in the literature when the
eutectic is composed by metabolites (sugars, organic acids, amines,...) [14]. Moreover,
if the components are active pharmaceutical ingredients (APIs), the term therapeutic deep
eutectic solvent (THEDES) is applied by some authors [15]. The issue of the
nomenclature is being a controversial subject [5]. In this paper, the acronym DES will be

used to refer to the studied mixtures.

Two methods are mostly used for the DESs synthesis from the adequate molar ratios
of HBA and HBD components: heating with agitation at soft temperature (about 323 K),
and dissolution of the components in water and subsequent evaporation [16]. In these
processes, no chemical reaction is involved so the efficiency is total, no waste is produced,
and the energetic cost is low; three basic issues in the Green Chemistry. In relation to the
environmental analysis, these compounds are usually more biodegradable than other
solvents but the toxicity profiles are varied. Caution must be applied in their classification
because both the toxicity of the individual components and possible synergistic effects
between them must be evaluated [17]. For instance, choline chloride-based DESs are
moderatly toxic, relatively harmless or practically harmless depending of the HBD
compound [18-20]. It has also been observed that certain DESs can be used as
antibacterial, antifungal or anticancer agents; therefore, their toxicity become into an

advantage [3,21]. One mayor drawback for the implementation of these solvents in the
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industrial processes is the high viscosity values of the mostly of DESs [9]. However, this
property can be modulated using the plasticizer effect of the water; the addition of small
amounts increases substantially the fluidity of the liquid [22,23]. The hygroscopic

capacity of several ChCl-based DESs has been studied by Chen et al [24].

The research to date has tended to focus on applications of these liquids rather than
on their chemical characterization. As a result, aspects related to the structure of the DESs
and the role of the water in the aqueous eutectics are not well elucidated. Nevertheless,
some papers have been published. For similar mixtures to those included herein, the self-
diffusion coefficients at several temperatures were determined by D’Agostino et al.
[25,26] from PFG-NMR spectroscopy. Recently, the micro-segregation in the diluted
eutectic has been observed using Brillouin and 'H NMR techniques by Posada et al. [27]
The effect of the water in the nanostructure has been studied with neutron total scattering
by Hammond et al. [28] They have evidenced the existence of clusters even at high
dilution. Other authors [29-31] have performed quantum calculations and molecular
dynamics simulations in order to analyse the hydrogen bonding network. Finally, for
eutectics different from those studied in this work, a supramolecular structure has been

detected from several spectroscopic experiments [14,16,32,33].

The aim of this paper is to examine the molecular structure of three deep eutectic
solvents whose composition includes choline chloride, urea or glycerol or ethylene
glycol, and water. We evaluate the interactions stablished between the three components
of each mixture from several NMR spectroscopic studies performed at 298 K. In addition,
we calculate the self-diffusion coefficients of the different species and compare with those
of the literature. From these results, we analyse the role of the water in these aqueous

eutectics.
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2. Material and methods
2.1 Materials

Choline chloride, [Ch]CL (purity >98%) provided by Sigma-Aldrich was used as
hydrogen bond accept (HBA) for all DESs studied in this work. This compound was dried
under vacuum during several hours. The several hydrogen bond donors (HBDs) were:
urea, U, (purity >99.5) acquired from Panreac, and glycerol, Gly, (purity >99.5%) and
ethylene glycol, EG, (purity >99%) from Sigma-Aldrich. Moreover, distilled deionized
water, W, with resistivity less than 18.2 uS-cm™ was utilized. A Sartorius balance
BP210S (£0.1 mg) was used to weigh the compounds in adequately proportion: 1:2
([Ch]CI:HBD) mole ratio and a water content < 10.5% wt. The liquids were obtained by
heating to 50°C under magnetic agitation until a homogeneous liquid is formed. The

characteristics of the ternary eutectic mixtures are listed in Table S1.
2.2 Methods

NMR measurements were performed on a Bruker AVANCE operating at 400 MHz
for 'H using a direct 5-mm broadband probe with z-axis gradients. The sample
temperature was established at 298 K. The chemical shifts were referenced to TMS as
external standard. '"H-NMR spectra were recorded with a standard one-pulse sequence
with 90° flip angle for excitation (Bruker pulse program zg), with a spectral width of 16
ppm, centred at 5 ppm, 16 K data points and relaxation time fixed to 30 s. 8 scans were
acquired for each spectrum. *C-NMR spectra were recorded with an APT sequence
(Bruker pulse program jmod), with a spectral width of 240 ppm, centred at 110 ppm, 64
K data points and relaxation time fixed to 2 s. 256 scans were acquired for each spectrum.
Signal assignation was performed with routine gradient selected DQF-COSY, 'H-'*C

HSQC and 'H-3C HMBC (Bruker pulse programs cosygpmfqf, hsqcedetgp and
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hmbclpndqf respectively) employing optimized 90° angle pulses. NOESY experiments
were carried out using a gradient selected NOESY sequence (Bruker pulse program
noesygpph) with a spectral width of 4 ppm centred at 4 ppm, with 128 t1 increments and
8 scans for each increment. Mixing time (t,,;,) Was adjusted as described for each case.
ROESY experiments were measured using a non-gradient selected sequence (Bruker
pulse program roesyph) with the suitable spectral widths and centers, with 128 tl
increments and 16 scans for each increment. Diffusion experiments were performed by
using a stimulated echo sequence with bipolar gradient pulses (Bruker pulse program
stebpgpls) with a spectral width of 16 ppm centred at 5 ppm, and 16 K data points. Big
delta was set to 200 ms and 16 us for small delta. Gradient pulses strength were varied
over 32 steps (8 transients each) to obtain a 95% decrease in the resonance intensity at
the largest gradient amplitudes. The self-diffusion coefficients, D, were calculated by

fitting the intensity of each signal to the exponential function:

1(g) = lpexp[-Dy59°6*(A - 6/3)] ey

where I(g) is the resonance intensity measured for a given gradient strength, g; I, is the
NMR signal in the absence of the gradient pulse; yy is the gyromagnetic ratio of the
hydrogen nucleus; & is the duration of the bipolar gradient pulse; and A is the observation

time.
3. Results and discussion

In this section, the chemical structure of each eutectic is analysed. First, we present
the '"H and '3C spectra that allow to identify the different atoms present in the mixtures.
Second, we used the Nuclear Overhauser Effect SpectroscopY (NOESY) technique in
order to examine the interactions that may be associated to the formation of the liquid
phase and the high stability of the DESs, supported by other experiments such as ROESY.

6
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Third, we calculate the mobility of the species from Diffusion-Ordered SpectroscopY
(DOSY) spectra. Last, to evaluate the effect of addition of water on the eutectic structure,
NMR experiments for two dilutions of each DESs (10 % and 90 % D;0) are included.
Throughout this section, we will use the following abbreviations: aliphatic hydrogens of
the choline, Ch*; hydroxyl hydrogens of the choline, OH — Ch*; aliphatic hydrogens of
the HBD compound, Gly, or EG; mobile hydrogens of the HBD compound, such as
hydroxyl, OH — Gly or OH — EG or aminic hidrogens from urea NH, — U; water, W; and
partially deuterated water, HDO. In addition, in each section a particular notation will be
used for each individual hydrogen or carbon. We have chosen the choline
chloride:glycerol:water as a model for a more detailed study, due to the higher number of

hydroxyl and aliphatic hydrogens.
3.1 [Ch]ClL:Gly:W

In the '"H-NMR spectrum (Fig. 1a), the signals of the methylene group bounded to
the choline nitrogen, CH, — N* (¢), and those of two hydroxylmethylenes of the glycerol
(f), are overlapping; the rest are perfectly separated: & = 3.04 (s, 9 H, Hq), 3.23-3.33 (m,
4 H, Hy), 3.33-3.43 (m, 6 H, Hr, He), 3.44-3.53 (m, 2 H, Hy), 3.76-3.85 (m, 2 H, Hy), 4.26
(s, 2.0 H, H;), 4.73 (t, ] =5.0 Hz, 4 H, He), 4.82 (d, ] = 4.8 Hz, 2 H, Hy), 5.08 (t, ] =4.7
Hz, 1 H, Ha). The '*C spectrum was the expected (Fig. 1b) with: 8 =53.9 (t, J = 3.0 Hz,
Ca), 55.9 (Cv), 63.1 (Cy), 67.5 (C¢), 72.6 (Cg). From the 'H-NMR spectrum integration,
the calculated composition (u(x)= 0.05) is choline chloride/glycerol/ water in molar ratio

1:1.96:0.97. The calculated water content is: 5.3%wt.

The addition of 10% of deuterated water, D>O, in the ternary eutectic does not
causes significant changes in the "H-NMR signals of the aliphatic hydrogens but those of

the hydroxyl ones widen and decrease the value of their integral (Fig. S1a). Adding 90%
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D:0, the resolution of the spectrum improves and a single signal corresponding to HDO
is observed. The pronounced displacement of aliphatic signals may indicate a substantial
variation of the chemical environment showing the loss of the H-bond network. On the
other hand, the 10% dilution causes small variations in the '*C spectrum being the signals
of glycerol the most modified. Higher differences of chemical shift between neat and 90
% diluted samples were observed: Ad (neat —diluted) = +0.3 Cp, +0.1 C, +0.6 Ct, +0.4

C, (Fig. S1b).

(a) (b)

Figure 1. [Ch]Cl:Gly:W spectra at 298 K: (a) 'H-NMR (b) *C-NMR.

Figure 2 shows the NOESY spectra for t,,;,=50 (Fig. 2a) and t,,;,=800 ms (Fig.
2b); spectra for intermediated times are reported in Fig. S2. With the longer mixing time
appear crosspeaks among almost all the proton signals (mobile and aliphatic hydrogens),
what evidences the existence of interaction between the protons from the different species
throughout space. It can be observed strong nOe couplings between choline and glycerol,
both aliphatic and hydroxyl hydrogens, as well as choline with water (being the most
intense ones coming from the methyl groups). No nOe signals were observed between
glycerol aliphatic hydrogens and water. In the case of mobile protons, in these spectra, a
priori, it is not possible to distinguish whether the signals are coming from chemical

exchange or nuclear Overhauser effect. However, the increasing intensity of these
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crosspeaks with the mixing time suggests an important contribution of nOe to signals,
besides the chemical exchange. Spin diffusion effects were discarded when a ROESY
experiments were measured, showing strong negative ROE crosspeaks between choline
methyl groups and all the proton signals from the other species, as well as less intense
signals from the glycerol hydrogens (Fig S3).Through the study of the enhancement of
nOe signals with mixing time a tentative model of interaction between the hydrogens of
the three species can be represented, as shown in Fig. 2¢; the thicker the line the more
intense the interaction. Moreover, the spectrum obtained after six months (Fig. S2c) was
similar to that performed just after synthesis (Fig. S2a); so, we can conclude that the

structure is stable.

(a) (b) (c)

Figure 2. NOESY spectra of [Ch]CL:Gly:W at 298 K and at different mixing times: (a)

tmix=50 ms, and (b) t,,;,,=800 ms; (c) H-H interactions representation.

In the NOESY experiment of the 10 % diluted sample (Fig. 3a), the negative nOes
previously observed between the methyl groups of the choline and the Gly continue. In
addition, signals of exchange for OH — Ch* /W and OH — Gly/W appear. On the other
hand, the interactions OH — Ch* /Gly, OH — Gly/Gly, and OH — Ch* /Ch* show nOes of
sign positive. These results suggest that the eutectic maintains its properties even though

the viscosity has decreased. By increasing the dilution to 90%, the negative nOes
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disappear and positive signals for Gly/HDO and Gly/methyls of the choline are observed
(Fig. 3b). The interaction between the compounds remains but as aqueous solution of

them.

(a) (b)

Figure 3. NOESY spectra of [Ch]Cl:Gly:W at 298 K, at t,,;,=800 ms, and at several

dilutions: (a) 10 % D>0O, and (b) 90 % D-O.

DOSY spectrum for the ternary DES (Fig. 4a) shows five clearly differentiated
traces whose numeric analysis allows calculating the self-diffusion coefficients (Table 1).
These traces correspond to (from higher to lower D): W, OH — Gly, Gly, OH — Ch* and
Ch*. Obviously, water has the highest D value but is much lower than those obtained for
the eutectic containing urea (as seen below) or for free water: Dy, o (T=298.15 K)=230-10-
''m?-s! [34]. Highlight that the diffusivity for the rest of species (especially in the case
of hydroxyl hydrogens) is very similar indicating the presence of a very low mobility due
to a strong interaction between glycerol and choline, and with their mobile hydrogens.
This fact has already been reported in the literature [26] and our calculated values of D
agree with those. Again, we can suggest that the eutectic has an orderly and stable
supramolecular structure. When D,O diluted samples were measured, very similar
behaviour was observed for the 10% diluted sample (Fig. 4b), with similar D values for

all type of hydrogens, except those from water. This result shows that the supramolecular

10
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structure is conserved. However, for the 90% diluted sample (Fig. 4c), the self-diffusion

coefficients correspond to those of individual and solvated molecules.

(a) (b) (©)

- L Ml, log(m2/s)

L J - 9.1

F -9.0

- -8.8

T T T T
45 40 35 3.0 ppm

Figure 4. DOSY experiments of [Ch]Cl:Gly:W at 298 K. (a) neat eutectic; (b) 10% of

D>0; and (¢) 90% of D,0.

Table 1. The self-diffusion coefficients, D, at 298 K of the several species in the non-

aqueous and aqueous DES with glycerol.

DES 10" Dep+ 10" Doy_cn+  10''Dgy, 10" Doy—giy  10M Dy,
/m?-s’! /m?-s’! /m?-s! /m?-s! /m?-s7!
[Ch]CL:Gly 0.38?2 0.38 0.522 0.522 -
[Ch]CL:Gly:W 0.80 0.86 0.97 1.03 3.55
0.7° 0.7° 0.7° 0.7° 4°
[Ch]CL:Gly:W 2.72 5.10 3.18 5.71 9.65
(10% D10)
[Ch]CL:Gly:W 78.0 - 74.6 - 173.5
(90% D10)

"D’ Agostino et al. [25]; ° D’ Agostino et al. [26], T= 293 K.
3.2 [Ch]Cl:U:W

11
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All signals of the 'H and '*C-NMR spectra (Fig. 5a and 5b) were assigned. For 'H-
NMR 400 MHz at 298 K, the chemical shifts were: ¢ 3.25 (s, 9 H, Hq), 3.53-3.60 (m, 2
H, Hc), 4.04 (s, 2 H, Hy), 4.53 (s, 3 H, Hy), 5.40-5.48 (m, 1 H, Ha), 6.12 (s, 8 H, He). The
BC-NMR 100 MHz signals were: § 54.0 (t, ] = 3.7 Hz, Cq), 55.9 (Cv), 67.7 (t, ] =2.7 Hz,
C.), 161.9 (Cy). From the integration of each signal in 'H spectrum, we have obtained the
following composition: choline chloride/urea/water in molar ratio 1:1.95:1.67 (water

content: 10.5% wt.) with a standard uncertainty, u(x)= 0.05.

(2) (b)

ML

crd
T T T T T T T T T
65 60 55 50 45 40 35 30 ppm

Tl el s lsnsr

Figure 5. [Ch]C1:U:W spectra at 298 K: (a) 'H-NMR; (b) *C-NMR.

In the 'TH-NMR for the ternary eutectic diluted with 10% or 90% deuterated water,
HDO, the OH — Ch* signal appears with HDO (Fig. S4a). For the amine groups of the
urea, the peak decreases in intensity by exchange with deuterium of the solvent. In the
BC-NMR (Fig. S4b), a drastic reduction of the urea carbonyl signal due to the exchange
and coupling with deuterium atoms is observed. Also, the chemical shift signals changed
in the following quantities: Ad (neat —diluted) = +0.3 Cyp, +0.3 C, +0.1 Cq, -0.8 Ct. In the
NOESY experiments with short time of mixing (Fig. 6a), only a negative peak of
correlation indicating chemical exchange between OH — Ch™ and W is observed.
Increasing t,,;, (Fig. 6b and S5), an intermolecular positive nOe corresponding to the

W/Ch™ interaction appears. Moreover, negative nOe signals for U/Ch* correlation,

12
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corresponding to choline methyl groups are detected. No U/W correlation is observed.

Fig. 6¢ shows a tentative drawing of the H-H interactions deduced from above results.

(2) (b) (©)

Fig. 6 NOESY spectra of [Ch]C1:U:W at 298 K and at several mixing times: () t;;;,=50

ms, and (b) t,,,;,=800 ms; (c¢) H-H interactions representation.

Sample diluted with 10% of D>0O showed a NOESY spectrum (Fig 7) very similar
to the pure sample, with positive nOe crosspeaks among all present signals (OH — Ch*
signal appears with HDO), indicating that remains the close contact between the species.
However, 90% diluted sample did not show any remarkable interaction apart those from

intramolecular protons.

Figure 7. NOESY spectrum of [Ch]Cl:U:W with 10% of D>O at 298 K and with t,,,;,, =800

ms.
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Fig. 8 shows the results obtained with the DOSY technique. For this DES, four
different traces can be identified: Ch*, OH — Ch™, U, and W (Fig. 8a). Again, in order to
calculate the self-diffusion coefficients, D, of the several species, we have fitted the
logarithm of the spin echo attenuation versus the gradient using the eq. (1). The values
obtained for [Ch]CLl:U:W and those reported in the literature for the aqueous and non-
aqueous eutectics [25,26] are listed in Table 2. The addition of water to the binary eutectic
causes a difference of diffusivity between both type of hydrogens of the choline. Unlike
the study previously published by D'Agostino et al. [26], we have not detected
coalescence of the two peaks OH — Ch*™ and W. Moreover, the D coefficient of U is
slightly lower than that of OH — Ch™ indicating a lower mobility due to a stronger
interaction with the neighboring molecules. The D coefficients calculated herein, except
for the OH — Ch*, are in good agreement with those. Our values are slightly higher but it
is a logical result since the temperature is also slightly higher. Diffusion measurements
with 10% D20 diluted sample (Fig. 8b) gave very similar results in self-diffusion
coefficients than the pure NADES, in the same order of magnitude. The unique value that
increases the most is the one corresponding to the amine hydrogens from urea, possible
due to the exchange with water protons. When sample diluted with 90% of D0, similar
data were obtained to [Ch]Cl:Gly:W (90% D-0O) sample (Fig. 8c), consistent with a water

solution system.

(a) (b) (©)

l A I log{m2/s)

e

| E-88
E-87
E-86

-85

T T T T T T
50 45 40 35 30 25 ppm
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Figure 8. DOSY experiments of [Ch]Cl:U:W at 298 K. (a) neat eutectic; (b) 10% of D>0;

and (c) 90% of D,0.

Table 2. The self-diffusion coefficients, D, at 298 K of the several species in the non-

aqueous and aqueous DES with urea.

DES 10" D¢+ 10Dy cp+ 10Dy, 10Dy o
/m?-s! /m?-s! /m?-s7! /m?-s7!
[Ch]CL:U 0.35° 0.35° 0.66
[Ch]CL:U:W 2.50 4.49 4.07 10.2
2° 10° 3b 10°
[Ch]CL:U:W 7.57 13.2 23.9
(10% D,0)
[Ch]CL:U:W 82.35 159.1 90.3
(90% D,0)

"D’ Agostino et al. [25]; ° D’ Agostino et al .[26], T= 293 K.
3.3 [Ch]CI:EG:W

Figure 9a shows the 'H-NMR spectrum of this DES. We can see that the peaks of
the CH2-N" of the choline and the aliphatic hydrogens of the ethylene glycol are
overlapped. The rest are separated and can be identified: & 3.38 (s, 9 H, Hq), 3.70 (s, 10
H, Hc, Hy), 4.12 (s, 2 H, Hy), 4.56 (s, 2 H, Hy), 5.10 (s, 4 H, He), 5.44-5.55 (m, 1 H, Ha).
In the 3C-NMR spectrum (Fig. 9b), the signals are the expected: & 54.1 (t, ] = 4.0 Hz,
Cq), 56.1 (Cp), 63.3 (Cy), 67.7 (t, J = 3.0 Hz, C.). The molar ratio of the several
components, choline chloride/ethylene glycol/water, is: 1:1.89:1.33 (u(x)= 0.05). The

calculated water content is 8.5% wt.

With 10% dilution of D>O, a slight displacement of the ethylene signal respect to

that of the CH2-N" is produced (Fig. S6a). Also, all mobile hydrogens (OH — Ch*, OH —
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EG, W) are collapsed to a unique signal. With 90% dilution, the signals previously
overlapped appear full separated and the mobile hydrogens coalesce to the HDO signal.
Respect to the '°C, the signals of the carbons attached to the oxygen are the most changing

(Fig. S6b): A5 (neat —diluted) = -0.3 Cb, -0.0 Cq, -0.1 Ce, -0.5 Ct.

(a) (b)

H,0

T T T T T T T T T T T T T
74 72 70 68 66 64 62 60 58 56 54 52 ppm

Figure 9. [Ch]CI:EG:W spectra at 298 K: (a) 'H-NMR (b) *C-NMR.

The NOESY spectrum at short t,,;, (Fig. 10a) exhibits only exchange signals
between the water and the hydroxyls of both choline and ethylene glycol; these latter are
more intense. Increasing t,,;, (Fig. S7), in addition to the exchange signals, we obtain
positive nOes corresponding to both the intramolecular signals of the choline and the
strong EG/W interaction. For t,,;;,, >500 ms (Fig. 10b), crossing peaks between all 'H
signals are observed. The intensity of hydrogen interactions is represented in Fig. 10c. To
emphasize that contrary to the other studied eutectics, the donor specie in this mixture
(ethylene glycol) is the one that presents stronger interactions, especially with water.
NOESY spectra for the diluted samples did not afford any significant information, mainly

due to the coalescence of the hydroxyl signals with HDO.

Fig. 11 shows the measured DOSY experiment for this DES. The self-diffusion

constants calculated with eq. 1 (Table 3) show a clearly difference of mobility between
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328 the several species, to except OH — EG and W which have similar values. This result is in
329  accordance with the above conclusions and with those previously published [26]. From
330 the overlapped signal for CH>-N" and EG, we have obtained an apparent coefficient,
331 D(,q[,p=6.83-10'11 m?/s. Taking into account the calculated value of D¢p+ in this DES
332  (Table 3), we can deduce that Dgg will be significantly higher. Therefore, it can be
333  concluded that a weak eutectic structure is established. As for the diluted samples the
334  aliphatic hydrogens appear separated, it is possible to calculate the self-diffusion constant
335  for each specie, however, all hydroxyl protons collapse to HDO signal, so no information

336 can be obtained from them.

337 (a) (b) (c)
Ho/\/?w)”t\/‘:\w
338

339  Figure 10. NOESY spectra of [Ch]Cl:EG:W at 298 K and at several mixing times: (a)

340  t;ix=50 ms, and (b) t,,;,=800 ms; (c) H-H interactions representation.

341

342 Figure 11. DOSY experiment of [Ch]CL:EG:W at 298 K.
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Table 3. The self-diffusion coefficients, D, at 298 K of the several species in the non-

aqueous and aqueous DES with ethylene glycol.

DES 10" Dep+ 10" Doy_cp+  10''Dgg 10" Doy_gg 10Dy,
/m?-s! /m?-s! /m?-s! /m?-s! /m?-s7!
[Ch]CL:Gly 2.62% 2.62° 4.77% 4.77% ---
[Ch]CL:Gly:W 4.56 9.00 -—- 10.7 10.3
4b 7° 5.8 9P 9b
[Ch]CL:Gly:W 8.45 --- 12.6 --- 25.9¢
(10% D:0)
[Ch]CL:Gly:W 70.5 -—- 85.4 -—- 168.6
(90% D-0)

"D’ Agostino et al. [25]; ® D’Agostino et al. [26], T= 293 K. ‘Apparent self-diffusion

constant.
4. Conclusions

This paper has investigated the structure of three aqueous eutectics from several
NMR experiments. The purpose of the current study was to assess the interactions
between the species within the liquid as well as the role of the water in the mixtures. Also,

we have calculated self-diffusion coefficients from DOSY spectra.

The composition of the studied eutectics has been: choline chloride, urea or glycerol
or ethylene glycol, and water with a water content less to 10.5% wt. The results of this
research support the idea that a supramolecular structure in these eutectic fluids is
presented. For the eutectic with urea, the stronger interactions appear between the
hydroxyl protons of the choline and the water followed by those between the methyl
groups of the choline and the urea. No correlation urea/water is observed. For the second

eutectic, interactions among all species are detected. Both the aliphatic and hydroxyl
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360
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364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

hydrogens of the glycerol exhibit a significant correlation with the methyl groups of the
choline. The glycerol/water shows the weakest signal. Contrary to the previous mixtures,
the strongest interactions in the eutectic formed by ethylene glycol are those established
between the donor component and water. This eutectic has the feeblest structure. Finally,
we have found that these ternary solvents still retain the eutectic character when are

diluted at 10% wt.

Supplementary data

Supplementary data to this article can be found in version online.
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Table S1. Characteristics of the studied DESs. Nomenclature used in this paper,

composition, molar ratio, and calculated water content (mass percentage).

DES Component  Component Component Molar Water content
abbreviation 1(HBA) 2(HBD) 3 ratio® /(Wt%)
[Ch]CL:Gly:W Choline Glycerol Water 1:1.96:0.97 53
chloride
[Ch]CL.U:W Choline Urea Water 1:1.95:1.67 10.5
chloride
[Ch]CLEG:W Choline Ethylene Water 1:1.89:1.33 8.5
chloride Glycol

®NMR characterization; standard uncertainty, u(x)= 0.05. The compositions are in agreement

with those calculated from the quantities weighed in and from Karl-Fischer method.
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Figure Sla. 'H-NMR 400 MHz spectra of [Ch]CI:Gly:W at 298 K. i) neat eutectic; ii) 10

% D>0; 1i1) 90 % D;O.

Lrs

(iii) I :
i ‘ =
-+

(ii) /J :
' r

,
0 |
| { ‘ -

"8 720 T e T s I[ppr'r;]

Figure S1b. *C spectra of [Ch]CI:Gly:W at 298 K. i) neat eutectic; ii) 10 % DO iii) 90

% D»0.
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(a) (b)

(c)

Figure S2. NOESY spectra of [Ch]CL:Gly:W at 298 K and at several mixing times: (a)
tmix= 200 ms; (b) t;ix= 500 ms; (c) t;nix= 800 ms, spectrum made six months after the

previous.
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Figure S3. ROESY spectra of [Ch]C1:Gly:W at 298 K.
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Figure S4a. 'H-NMR 400 MHz spectra of [Ch]CL:U:W at 298 K. i) neat eutectic; ii) 10

% D»0; 1i1) 90 % D-O.
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Figure S4b. 13C spectra of [Ch]CI:U:W at 298 K. i) neat eutectic; ii) 90 % D-O.
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Figure S5. NOESY spectra of [Ch]CI:U:W at 298 K and at several mixing times: (a) t,;;,=

200 ms; and (b) t,;;;,,= 500 ms.
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Figure S6a. 'H-NMR 400 MHz spectra of [Ch]CI:EG:W at 298 K. i) neat eutectic; ii)

10 % D205 1i1) 90 % D2O.
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Figure S6b. '*C spectra of [Ch]CL:EG:W at 298 K. a) neat eutectic; b) 10 % D,0; ¢) 90

% D»0.
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(a)

(b)

Figure S7. NOESY spectra of [Ch]CI:EG:W at 298 K and at several mixing times: (a)

tmix= 200 ms; and (b) t,;;;,,= 500 ms.
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