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In this work the physicochemical properties of newly obtainedmixtures (ChM) based on choline acetate (ChAc)/
chloride (ChCl) as a hydrogen bond acceptor (HBA) and carboxylic acids (oxalic (OxA),malonic (MA), citric (CA),
acetic (AA), formic (FA))/ urea (U) as a hydrogen bond donors (HBD) are discussed. NMR study showed slow re-
action between choline and carboxylic acid, leading to obtain ester and water. After 3 weeks of synthesis, water
content (wH2O) increased ca. 1.4 and 1.9 times for ChAc+FA and ChAc+OxA respectively. This factor is acid
strength (as HBD) dependents. Moreover, the results clearly shown that wH2O can be rapidly determined
based on the measurements of the refractive index. The densities of the examined systems are in the range
1.084–1.296 g·cm−3 at 298.15 K, while kinematic viscosity at the same temperature varies from ca. 19 cSt to
2190 cSt for ChAc+FA and ChAc+CA respectively. The highest conductivity was measured in ChCl+FA system
and equaled 14.60 mS·cm−1.

© 2020 Elsevier B.V. All rights reserved.
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1. Introduction

The increasing importance of ‘green chemistry’ has led to a great in-
terest in development a new class of environmentally friendly com-
pounds such an ionic liquids (IL). However, it has been confirmed that
some of these solvents have disadvantages such as toxicity, poor biode-
gradable [1,2] and high cost of synthesis [3]. This leads to evaluating a
related class of liquid mixtures named deep-eutectic solvents (DES).
Such types of systems can be obtained by mixing a quaternary ammo-
nium salts (e.g. choline chloride, ethylammonium chloride) with
a) metal salts (e.g. ZnCl2, SnCl2) or b) a hydrogen-bond donors (e.g.
urea,malonic acid, glycerol) [4–6]. The DES aremixtures whosemelting
points are lower than either of the individual components. For example,
the freezing point of themixture choline chloride+urea (inmolar ratio
1:2) is 285.15 K while the individual component freezing points are
575.15 K for ChCl and 406.15 K for U [7].

Eutectic mixtures are attractive solvents for industrial usage
such as liquid for extraction [8], in separation processes of oil [9],
sity of Warsaw, Pasteura 1, 02-

ski).
metal electrodeposition [10–12], metal electropolishing [13], synthe-
sis of metal nanoparticles [14–15], gas adsorption [16–18], and a
biotransormation [19].

Despitemany applications of DES, no stricter definition of thesemix-
tures has been developed to date [20]. The very popular term “hydrogen
bond complexes” often used to describe such types of systems is unclear
and in our opinion cannot be applied to describe the interaction of the
components in all types of DES. Moreover, formally for eutectics sol-
vents the chemical reaction between their components should not be
observed.

Regardless of the definition problems, the properties of these mix-
tures are very interesting in context of their availability and safety.
From this point of view the subgroup of DES called Natural Deep Eutec-
tic Solvents (NADES) are especially attractive [21–22]. They are formed
by naturally occurring compounds, such as sugars, sugar alcohols,
amino acids, organic acids (as a hydrogen bond donor (HBD)) and e.g.
choline derivatives (as a hydrogen bond acceptor (HBA)).

A recent paper by Rodriguez et al. [23] showed that mixing choline
chloride with carboxylic acid and heating for 2 h at 60 °C, 80 °C or 100
°C leads to DES that contains several percent of appropriate ester and
water (Eq. (1), where R is the alkyl group or hydrogen). This observation
clearly showed that their physicochemical properties must be carefully
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examined andH2O content is an important consideration that cannot be
completely eliminated.

Rodriguez et al. [23] stated that elevated temperature accelerates this
process. Moreover, after a long period of time a significant increase of
water content in the ChCl+carboxylic acid mixtures was observed.

This manuscript presents the results of the preliminary studies on
the physicochemical properties of the systems based primarily on cho-
line acetate and urea or carboxylic acids. These mixtures provide suit-
able properties e.g. biodegradability, relatively high conductivity,
satisfactory viscosity and the possibility of water content control by ap-
plying right organic acid (e.g. formic). Combination of abovementioned
factors enables testing of NADES in context of their application as a me-
dium for various reaction e.g. electrogeneration of reduced forms of
technetium-99 m – one of the most important radionuclide applied in
nuclearmedicine. The results obtained in this work delivered additional
information on the esterification process in examined systems and the
correlation of the water content with the strength of carboxylic acid.
This result provides a means to correlate some physiochemical proper-
ties with the chemical behaviour of the constituent compounds.
2. Experimental

2.1. Materials

All experiments described in this paper were prepared using analyt-
ical grade chemicals: choline acetate (ChAc), choline chloride (ChCl),
urea (U), oxalic acid anhydrous (OxA), malonic acid (MA), citric acid
monohydrate (CA), formic acid (FA), acetic acid (AA). Chemicals are
listed in Table 1.
2.2. Preparation of mixtures

To prepare themixtures selectedHBAsweremixedwith HBDs at ap-
propriate molar ratios in closed vials. To obtain homogeneous liquid
phase each sample was slightly heated in a metallic heating block. All
procedures for the examinedmixtures are given in Table 2. Tomaintain
the molar proportions of the reagents such as DES based on ChCl with
urea (1:2), the investigated systems were prepared in the same molar
ratio. Only one of the systems (choline acetate+ citric acid)was formu-
lated in a molar ratio of 2:1, as a 1:2 ratio did not result in a homoge-
neous liquid phase. Based on the results obtained by Rodriguez et al.
[23] and in order to minimalize the acceleration of the esterification re-
action at elevated temperatures, heating time was minimized.
Table 1
Chemical used in the study.

Chemical materials Molar mass
(g۰mol−1)

Source Mass fraction
purity

Choline acetate (ChAc) 163.21 IoLiTec 0.98
Choline chloride (ChCl) 139.62 Sigma-Aldrich ≥0.98
Urea (U) 60.06 Merck ≥0.99
Oxalic acid anhydrous (OxA) 90.03 Sigma-Aldrich ≥0.99
Malonic acid (MA) 104.06 Sigma-Aldrich ≥0.99
Citric acid monohydrate (CA) 210.14 Chempur ≥0.99
Formic acid (FA) 46.03 POCH ≥0.98
Acetic acid (AA) 60.05 POCH ≥0.99
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2.3. Measurements

The water content (wH2O) of the mixtures and their components
were measured using Schott Instruments TitriLine KF - Coulomat AG
(Honeywell, Fluka). Measurements included an assessment of weak or-
ganic acids on determination of H2O content in the samples, see SI 1. The
densities (ρ) of all samples were measured using Gay-Lussac pycnome-
ters (Carl Roth GmbH, volume 1.029ml) and precise balance (RADWAG
PS 210/C/2) from 298.15 K to 323.15 K temperature range. The accuracy
of obtained density results was verified by comparison with densities
obtained from measurements collected on the Anton Paar DMS 4500
apparatus. (SI 2). The kinematic viscosities (ν) were measured using
Ubbelohde viscometer (Carl Roth GmbH). Measurements were per-
formed from 293.15 to 333.15 K. The kinematic viscosities (ν) were
measured using Ubbelohde viscometer (Carl Roth GmbH). The uncer-
tainties of thewH2O, ρ,νwere determined based on three repeatedmea-
surements. The electrical conductivity (κ) was registered by
conductivity cell (ECF-1 t 0429/19) coupled with conductivity meters
(Elmetron CX-401) from 293.15 to 333.15 K. The refractive index (nD)
measurements were made using Abbe refractometer at a temperature
of 298.15 K. The uncertainties of the κ and nD were determined based
on the devices resolutions. The 1H and 13C NMR spectra of samples
were acquired on the Bruker AVANCE III 500 MHz spectrometer with
the 5 mm CPPBBO BB probe at the temperature of 298 K. The samples
were measured in the 3 mm NMR tube, which was placed in the 5
mmNMR tube filledwithmethanol‑d4 (≥99.8 atom %D, Sigma Aldrich).
The magnetic field was stabilized using the 2H signal of methanol. The
signals of the methyl group of methanol were used as references of
the chemical shifts of the proton (3.31 ppm) and carbon-13 (49.0
ppm) [24]. Thermogravimetric analysis in nitrogen atmosphere were
done using TGA Q50 (TA Instruments Inc.) The N2 flow rate was 40
mL∙min−1 from 298.15–673.15 K, and heating rate was 10 K∙min−1.
The uncertainty of the determine decomposition temperature is
0.05 K. The electrochemical measurements were performed using
CHI700C (CH Instruments, Inc.) electrochemical analyser. All electro-
chemical measurements were carried out in a three electrode system
with Au, Pt and Ag/Ag+ {(10 mmol dm−3) in 1-ethylpyridinium bis
(trifluoromethylsulfonyl)imide [C2py][Tf2N]} as a working, a counter
and a reference electrode respectively. All the potential are given
vs. ferrocene (Fc/Fc+) system.

3. Results and discussion

After synthesis, the mixtures were divided into small parts (0.5 ml)
and stored in Eppendorf closed vials at room temperature for a total of
1.5 month. An aliquot ca. 100 μl of ChAc+OxA, ChAc+FA mixtures
was regularly taken from new (not opened since the beginning of the
experiments) vial to determine the water content changes over time.
The moisture of the pure components before obtaining the mixtures
was 0.47± 0.04wt%, 0.66± 0.03wt% and 0.74± 0.04 wt% respectively
for ChAc, FA, OxA.

The changes in water content due to component acid strength was
examined for systems with oxalic and formic acid, the strongest and
weakest carboxylic acids evaluated. Within the first few days after
mixing of the compounds rapid increase in water content (Fig. 1).
After ca. 3 weeks apparent water saturation is reached.

The water content measured in ChAc+FA and ChAc+OxA equaled
1.9 wt% and 3.8 wt% respectively and is strictly depends on the acid
strength (pKa) of the hydrogen bond donors. The highest value of this
parameter was observed for themixture based on the strongest organic
acid – OxA. This relationship is presented in Fig. 2.

Rodriguez N.R. et al. [23] also noticed increase of the water content
of choline chloride with carboxylic acids and discussed that this is due
to the esterification reaction. The work from [23] examined water con-
tent immediately after synthesis ormonths after preparation, formation
kinetics were not addressed. It was also noted elevated temperature



Table 2
Composition and conditions of preparing mixtures based on choline acetate and choline chloride.

Abbrev Hydrogen bond acceptor (HBA) Hydrogen bond donors
(HBD)

Molar
ratio (HBA/HBD)

Conditions

Temperature (K)a Heating Time (min.)b

ChAc + U choline acetate urea 1:2 338.15 25
ChAc + OxA oxalic acid 1:2 333.15 60
ChAc + MA malonic acid 1:2 338.15 40
ChAc + CA citric acid 2:1 343.15 120
ChAc + FA formic acid 1:2 RT 5
ChAc + AA acetic acid 1:2 RT 5
ChCl + MA choline chloride malonic acid 1:2 353.15 150
ChCl + FA formic acid 1:2 333.15 7
ChCl + AA acetic acid 1:2 RT 5

a u(T) = ±0.05 K.
b u(t) = ±0.1 min

Fig. 2.Water content of themixtures based on choline acetate as a function of pKa1 (after 3
weeks of synthesis).
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accelerates this process. The results from in Fig. 1 in the current study
clearly show that the highest increases in water content is observed
within a few days after synthesize of the examined mixtures. It is the
fact that according to the reaction (1), drying of the mixtures based on
choline acetate/chloride and carboxylic acidswill promote esterification
process, therefore water will always be present in the sample.

The NMR measurements for mixture ChAc+AA were performed in
order to confirm the esterification reaction. The 1H and 13C spectra
showed the presence of the acetylcholine in the samples (See Fig. 3).
The 1H and 13C chemical shifts of choline acetate and acetylcholine are
in agreement with literature data [25] but due to high concentration
of acetic acid they are systematically shifted by approximately −0.4
ppm (1H) and − 1.0 ppm (13C). For the sample soon after synthesis,
the molar ratio of the acetylcholine to choline acetate determined
from the integrals of 1H NMR peaks is 0.030(3). The equilibrium is not
achieved for 7 days since the amount of acetylcholineis approximately
threefold smaller after few days in comparison the case of 3 months.

The nature of the components of the mixtures, their molar ratios,
and the temperature are the main factors that determine the densities
and kinematic viscosities of the examined systems. Experimental values
of kinematic viscosities (v), densities (ρ), conductivities (k) of mixtures
based choline acetate/chloride are listed in Table 3.

Kalhor P. et al. [26] reported from the literature [27–30] that den-
sities of DES are from 0.785 to 1.63 g۰cm−3, with the majority falling
Fig. 1. Changes in water content of ChAc + OxA, ChAc + FA.
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from 1.0 to 1.35 g۰cm−3 at 298.15 K. The densities of examined sys-
tems based on choline are in the range of 1.084 to 1.296 g·cm−3 at
298.15 K. The lowest density value is observed for ChAc+AA and
equals 1.084 g۰cm−3. For the ChCl + MA in molar radio 1:2, the
density is 1.257 g۰cm−3 and is close to evaluated by Abbott et al.
[31] value of 1.25 g۰cm−3.

The kinematic viscosities of the examined mixtures are in the range
ca. from 19.18 cSt to ca. 2192.13 cSt at 298.15 K. The analyses of the vis-
cosities of selected mixtures presented in Table 3 shows strong influ-
ence of the nature of ChM components (type of anion, HBD,
temperature, etc.). It is worth noting that viscosity values for ChAc
+MA −375.23 cSt (437.15 cP) is lower than for ChCl+MA – 711.43
cSt (894.26 cP), while the water content is higher for the latter.

Taking into account the data presented in Table 3 and using the
Eqs. (2–3) dynamic viscosity (ƞ) and activation energy of lamination
flow (Eƞ) in the examined systems [5] were calculated.

ƞ ¼ ν∙ρ ð2Þ

where ƞ – dynamic viscosity, ν – kinematic viscosity, ρ – density.

ln ƞ ¼ ln ƞ0 þ
Eƞ
RT

ð3Þ

where ƞ0 – constant, Eƞ – activation energy viscosity, T – temperature
(K), R - universal gas constant (8.314 J∙K−1∙mol−1).



Fig. 3. (A) 1H and (B) 13C NMR spectra of the sample measured 3 months after the reaction. The chemical shifts of signals are shown for choline acetate in the upper trace and for
acetylcholine in the bottommagnified trace. The signals of the acetate and acetic acid are not resolved due to fast exchange of the acetic group.

D. Połomski, P. Garbacz, K. Czerwinski et al. Journal of Molecular Liquids 327 (2021) 114820
The natural logarithmof the dynamic viscosity reciprocal of the tem-
perature for selected ChM are presented in Fig. 4. and Table 4 (with cor-
relation coefficient R2 > 0.99).

The activation energy of laminar flow values are in the range
22.37–60.69 kJ∙mol−1. The Eη parameters for examined ChM are signif-
icantly larger than those for high temperature molten salts based on
chlorides and conventional liquids, e.g. water or ethanol [32].

The electrolytic conductivity (κ) is found to be strongly correlated
with viscosity. An increase in viscosity causes a decrease in electrolytic
conductivity [33]. This feature is observed for the examined mixtures
(Table 3). In the literature [31,34–35], the κ parameter for ionic liquids
and DES is in the range 0.1–14 mS∙cm−1. The synthesized mixtures
based on choline acetate/chloride and selected carboxylic acid suitable
electrolytic conductivity from 0.19 to 14.60 mS∙cm−1 for ChAc+CA
and ChCl+FA respectively.

For the examined mixtures, the temperature-conductivity depen-
dence is described by an analogous expression to Eq. (3), namely:

ln κ ¼ ln κ0 þ Eκ
RT

ð4Þ

where κ0 – constant, Eκ – activation energy for electrical conductivity, T
– temperature (K), R - universal gas constant (8.314 J∙K−1∙mol−1).

Fig. 5 presents the natural logarithm of conductivity reciprocal of
temperature for the studied ChMbased on choline acetate. The E values
Table 3
Kinematic viscosity (ν), density (ρ), conductivity (κ), water content (wH2O) at 298.15 K and 32

Mixtures ν (cSt)a ρ (g∙cm−3)b

298.15 Ke 323.15 Ke 298.15 Ke

ChAc+U 1228.50 177.13 1.176
ChAc+OxA 1130.03 212.23 1.296
ChAc+MA 375.23 93.18 1.165
ChAc+CA 2192.13 525.20 1.211
ChAc+FA 19.18 9.43 1.119
ChAc+AA 51.03 20.12 1.084
ChCl+MA 711.43 168.68 1.257
ChCl+FA 21.13 10.40 1.155
ChCl+AA 44.53 18.20 1.104

Uncertainties: au(ν) = 5%; bu(ρ) = ±0.8%; cu(k) = ±0.05 mS∙cm−1; du(WH2O) = ± 6%; eu(T
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listed in Table 4 correlate with those obtained by Abbott A.P. et al. [4] for
eutectic mixtures of zinc chloride and donor molecules such as acet-
amide (E = −28 kJ∙mol−1) and urea (E = −77 kJ∙mol−1).

Fig. 6 presents the influence of water content on refractive index for
the examined mixtures.

All of obtained ChM have large values of nD, which are comparable
with mixtures (e.g. ChCl + OxA - 1.480, ChCl+MA - 1.478) studied by
Abbott et al. [31]. As thewater concentration increases in the givenmix-
tures (ChAc+OxA, ChAc+FA, ChAc+AA), the refractive index decreases
reaching the values characteristic for pure water (nD for H2O equals
1.333) [36]. The refractive index is linearly corellated with water con-
tent in themixture (Table 5, correlation coefficient R2 > 0.999). This ob-
servation clearly shows that this simply, easy and quickly method can
be applied for direct determination of H2O in such types of mixtures.

The initial decomposition temperature (Td) is very important factor
indicating the maximum temperature at which the mixtures remain
without high mass loss. Delgado-Mellado et al. have reported the ther-
mal properties for the eutectic mixtures based on choline chloride [38].
The TGAmeasurements weremade to study the thermal stability of the
obtained systems. Fig. 7 presents the dynamic TGA curves for five mix-
tures based on choline acetate and selected hydrogen bond acceptor.
The highest Td value (approx. 410 K) among the studied mixtures was
recorded for ChAc+U. In general, the values of the initial decomposition
temperature for the studied ChM are between those of their pure com-
ponents. The highest values of mass loss is observed for mixtures based
3.15 K of mixtures (after 3 weeks of synthesis).

κ (mS∙cm−1)c wH2O /wt%d

323.15 Ke 298.15 Ke 323.15 Ke 298.15 Ke

1.164 0.24 1.36 0.98
1.286 0.48 1.30 3.83
1.155 0.79 2.23 2.17
1.198 0.19 0.50 4.43
1.105 9.93 15.82 1.98
1.074 3.28 4.96 1.09
1.223 0.43 1.03 2.32
1.138 14.60 19.05 3.40
1.089 4.55 6.55 1.55

) = ±0.05 K



Fig. 4. Natural logarithm of dynamic viscosity vs. reciprocal of temperature for selected mixtures based on choline acetate.

Table 4
Eη and EΛ for the mixtures based on choline acetate.

Mixtures Eƞ a

(kJ·mol−1)
Eꓥb

(kJ·mol−1)

ChAc + U 60.69 −55.52
ChAc + OxA 53.94 - 32.51
ChAc + MA 41.80 −35.83
ChAc + FA 22.37 −12.06
ChAc + AA 28.57 −13.61

Uncertainties: au(Eƞ) = ±5%; bu(Eꓥ) = ±5%

Fig. 5. Natural logarithm of conductivity reciprocal of t
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on formic and acetic acids. It should be noted that such types of systems
undergo relatively fast evaporation of one of the component (FA or AA)
rather than initial decomposition.

The electrochemical characterization of the mixtures containing
choline halides as hydrogen bond acceptor in the presence of appropri-
ate hydrogen bond donor is known. The electrochemical windows po-
tentials for ChCl + U, ChBr + U and ChI + U are 4.29 V, 3.32 V, 1.25 V
respectively [37]. The examined mixtures show that the widest poten-
tial window (1.65 V) were observed for ChAc+MA and for ChAc+U
emperature for selected mixtures based on ChAc.



Fig. 6. Refractive index of mixtures as a function of H2O concentration.

Table 5
Dependence of the refreactive index on H2O concetration in mixtures at temperature
298.15 K.

Abrrev Equation Adj. R2

ChAc + OxA nD = −13.42·10−4 * (wt% H2O) + 1.464 0.999
ChAc + FA nD = −10.32·10−2 * (wt% H2O) + 1.437 0.999
ChAc + AA nD = −10.99·10−4 * (wt% H2O) + 1.444 0.999

Uncertainties: u(nD) = ± 0.001

Fig. 7. TGA plots to illustrate thermal decomposition of choline acetate andmixtures based
on ChAc.
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(1.30 V). In comparison to chloride analogous this parameter is lower
due to lower stability of acetate ions.

4. Conclusion

In this work, we described the physicochemical properties of newly
formulated mixtures based on choline acetate/chloride as a hydrogen
bond acceptor (HBA) and simple carboxylic acids (oxalic,malonic, citric,
acetic, formic) or urea as hydrogen bond donors (HBD). The
6

measurement of physicochemical properties showed that density and
viscosity of these mixtures decrease with increasing temperature and
are in the range characteristic for similarmixtures. TheNMR andKarl Fi-
scher titration studies confirmed the esterification reactions taking
place between choline cation and organic acid. An increase of the
water content is correlated with the acid strength (pKa) used as HBD.
Additionally, determination of the refractive index may be applied as a
simple method for water content determination. Due to relatively
high vapor pressure of acetic acid these mixtures can be use under at-
mospheric pressure at room temperature.

Examined mixtures can be applied as a reaction medium in com-
pound synthesis where slightly acidic conditions and small fraction of
water are required. It is possible to control the latter factor in the sample
choosing organic acid as HBD.
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