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Within the green chemistry area, deep eutectic solvents (DESs) are playing an increasingly prominent
role thanks to their intriguing physicochemical properties. However, a comparative study encompassing
a wide range of properties as a function of different parameters such as the nature of the hydrogen bond
acceptor (HBA) and donor (HBD) and their molar ratio is still missing. In this work, six DESs based on the
most used HBAs (choline chloride (ChCl) and betaine (Bet)) and HBDs (ethylene glycol (EG), glycerol (Gly)
and levulinic acid (LevA)) combined in three different molar ratio (1:2, 1:3, 1:4) have been prepared and
subjected to a series of analysis aimed at measuring different properties such as density, viscosity, refrac-
tive index, thermal stability and thermal behaviour. The most striking findings see the EG-based DESs dis-
playing the lowest density and viscosity values, while the Gly-based DESs exhibited the highest. High
viscosity and density have been obtained using Bet instead of ChCl as HBA. Increasing the amount of
HBD in DESs caused lower viscosity in all cases, while density increased for all Gly-based DESs and
decreased for EG and LevA-based DESs. The refractive index also decreased when the HBD portion was
increased. However, higher refractive index was obtained using ChCl instead of Bet as HBA. The temper-
ature and wavelength dependence of the refractive index is otherwise described pretty well by a
Sellmeier model. The molar refractivity implied by density and refractive index data via the Clausius-
Mossotti equation is consistent with that predicted by the empirical but well-established model of
Wildman and Crippen.

The short thermal stability of all investigated DESs is strictly related to the HBD used. EG-based DESs
were less stable than LevA-based ones while Gly-based DESs were the most stable materials. Moreover,
for all DESs three characteristic mass loss events have been identified. They can be attributed to the evap-
oration/degradation of the HBD, of the intimately interacting HBD-HBA and of the HBA, respectively.
Finally, DSC analyses showed that all DESs can be used as solvents given that they are liquids at room
temperature, and they maintain a liquid state in a broad range of temperatures (Tg < —50 °C or no thermal
events are observed).
© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
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1. Introduction

The transition towards a sustainable growth requires great and
radical changes in modern chemistry both in academia and in the
industrial sector. In this context, the development of the green
chemistry concept has prompted the scientific community to rede-

* Corresponding author.
E-mail address: lorenzo.guazzelli@unipi.it (L. Guazzelli).

https://doi.org/10.1016/j.molliq.2023.121563
0167-7322/© 2023 The Authors. Published by Elsevier B.V.

sign processes by focusing on sustainability. The replacement of
conventional organic solvents with the so-called green solvents is
one of the main goals of the ecological transition. Indeed, classic
organic solvents raise several concerns due to their toxicity and
their high volatility and flammability. To overcome these issues,
since their discovery by Abbott’s team in the early 2000s [1], deep
eutectic solvents (DESs) have attracted increasing attention and
have been extensively investigated. DESs are defined as homoge-
neous eutectic mixtures obtained by mixing two or more pure
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components (liquids or solids, ions or neutral molecules) acting as
hydrogen bond acceptor (HBA) and hydrogen bond donor (HBD).
The “deep” nature is related to the significant negative tempera-
ture divergence observed at the eutectic point from the predicted
temperature of the ideal liquid mixture [2]. DESs show a great
number of interesting features [3] such as relative low volatility
and flammability as well as a very simple preparation that does
not require the use of solvents. The use of natural compounds or
compounds derived from natural sources makes possible to obtain
DESs with a particularly low environmental impact (natural DESs
or NADESs) [4]. Similarly to ionic liquids, the main attractive fea-
ture of DESs is the tunability of their physicochemical properties
that allows for defining them as designer solvents. Indeed, the pos-
sibility to pair a large number of diverse HBA and HBD in different
molar ratios allows in theory the preparation of DESs with specific
properties in terms of density, viscosity, polarity, refractive index,
ionic conductivity, surface tension, thermal and chemical stability
and phase behavior [3-6].

DESs have been used in a broad range of research areas, for
instance as media or catalyst for organic synthesis [7,8], enan-
tiodiscrimination media in electroanalysis [9], as extraction sol-
vents for bioactive molecules [6,10-12] such as polyphenols [13-
15] or for removing metal ions or other contaminants from water
and different media [7,16], as well as medium for terrestrial and
marine [17] biomass treatment [3,18-21]. Furthermore, DESs have
been employed in the pharmaceutical field [3] as drug delivery
media or solubilizing systems [6,22] or therapeutic systems [23],
in material chemistry [3,24], as media for CO, and SO, absorption
[3,25] or in enzymatic biotransformation processes [26] and in
electrochemistry [27].

The first HBA reported was choline chloride (ChCl), also known
as vitamin B4, due to its numerous advantageous features. Indeed,
ChCl is cheap, readily available, highly biodegradable, non-toxic
and is approved as a feed additive for several animal species
[28,29]. Although numerous quaternary ammonium salts and
other compounds have been used as HBA, ChCl is still the most
commonly used thanks to its strong propensity to form inter-
molecular interactions [30]. More recently, the zwitterionic
trimethylglycine, commonly called betaine (Bet), has gained
increasing interest as an alternative to ChCl as HBA in the pursue
towards the synthesis of novel DESs. Bet presents the same posi-
tively charged ammonium moiety of ChCl and a carboxylate group
and the resulting inner salt nature confers it a number of distinc-
tive features. Furthermore, Bet is a non-toxic, readily biodegrad-
able osmolyte playing fundamental roles in cells of most living
organisms. In contrast to the ChCl available on the market, which
is a synthetic product, Bet derives from renewable sources since
it is a by-product of sugar production [30]. For what concerns
natural-derived HBD partners, the most employed classes are poly-
ols, such as ethylene glycol (EG) and glycerol (Gly), sugars and car-
boxylic acids. Among this latter class of HBDs, levulinic acid (LevA)
shows appealing properties as it can be readily obtained from cel-
lulose and is widely available at low cost [31-33]. ChCl and Bet
based-DESs with EG, Gly and LevA as HBDs have been largely stud-
ied and found applications in several fields. To date, numerous
publications reported the measurement of some of the physico-
chemical properties of these DESs, especially of ChCl-based ones,
and more specifically of ethaline (ChCI:EG 1:2) [34-37] and glyce-
line (ChCl:Gly 1:2) [38-40]. However, these studies only focussed
on the characterization and the comparison of these DESs. Indeed,
in most cases specific properties have been investigated in order to
evaluate the suitability of these DESs for an application of interest
[41-45]. In this context, a comprehensive study describing the
properties of the DESs is still lacking despite its potential general
interest. Needless to say, the understanding of the influence of
HBA, HBD and their molar ratio on the DESs behaviour will make
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for a better partner selection given a target application and for a
conscious design of large-scale processes [46]. Moreover, the col-
lection of a robust data set as a function of different parameters
is key to the development of a reliable theoretical model for the
prediction of the properties of new DESs. In this work, different
families of DESs based on ChCl or Bet as HBAs, and EG, Gly and
LevA as HBDs, were prepared at three molar ratios (1:2; 1:3; 1:4)
and their physicochemical and thermal properties were measured
and compared. Density, viscosity and optical properties were first
evaluated as a function of the temperature. Afterwards the thermal
properties were determined to assess their thermal stability and
behaviour.

2. Materials and methods

Choline chloride 98 % (ChCl), betaine anhydrous > 97 % (Bet),
ethylene glycol 99 % (EG) and levulinic acid 98 % (LevA) were pur-
chased by Alfa Aesar, Thermo Fisher. Glycerol (Gly) 99 % was pur-
chased from Sigma-Aldrich (Merck Life Science).

2.1. DES preparation

Prior to the DES preparation, ChCl, EG, Gly and LevA were accu-
rately dried under vacuum for 6 h at 80 °C. Briefly, ChCl or Bet and
the corresponding HBD (EG, Gly and LevA) were mixed in different
molar ratios at room temperature until a homogenous transparent
liquid was formed; see Table 1. After DES formation, no purifica-
tion step was needed. The DESs were further dried under vacuum
for 24 h at 60 °C to ensure the removal of water and they were kept
at room temperature in sealed vessels until their use. The purity
and the composition of DESs was ascertained by 'H NMR analysis
(D,0), reported in Supplementary File (Figs. S1-S6).

2.2. NMR spectroscopy

'H NMR spectra were recorded in D,0, on a Bruker 400 MHz
NMR spectrometer at 25 °C. "H NMR chemical shifts (ppm) are ref-
erenced to residual D,0 (6y 4.79). All samples were analyzed at
fixed concentration (30 mg/cm?).

2.3. Water content determination

The water content of DESs was estimated by Karl Fischer titra-
tion using a SI Analytics coulometer (Titroline 75 000 KFtrace).

2.4. Density

Densities of DESs at different temperatures were measured
using a density-meter (Anton Paar, DMA 4500 M). This instrument
exploits a U-shaped oscillating tube as a sensing element. Mea-
surements were collected in the temperature range from 20 to
90 °C. Densimeter calibration was conducted by using the refer-
ence density values of water, which was obtained from the funda-
mental equation of state by Wagner and Pruss (uncertainty lower
than + 0.003 % in the full pressure and temperature ranges).

2.5. Viscosity

Viscosities of DESs as a function of temperature were measured
using a modular compact rheometer (MCR 302, Anton Paar)
equipped with a plate-plate geometry (diameter of 5 cm) and a
protective hood. Before conducting the measurements, the samples
were subjected to a pre-shear to get uniform and homogeneous
samples on the plate. First of all, flow curve measurements were
carried out by varying the shear rate from 100 to 1000 s ! at
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Table 1
DESs studied in this work.

Journal of Molecular Liquids 377 (2023) 121563

Name HBA HBD Molar ratio Physical Appearance
ChCL:EG HO 1:2 Transparent liquid
\/\OH 1:3 Transparent liquid
1:4 Transparent liquid
ChCl:Gly 1:2 Transparent liquid
| HO/\K\OH 1:3 Transparent liquid
N+ OH 1:4 Transparent liquid
N B p q
ChCl:LevA - _\/\OH o 1:2 Transparent liquid
Cl 1:3 Transparent liquid
OH 1:4 Transparent liquid
o
Bet:EG fo) HO. 1:2 Transparent liquid with white precipitate
~ | . ~"oH 1:3 Transparent liquid
/N 6 1:4 Transparent liquid
Bet:Gly 1:2 Transparent liquid
HO/\(\OH 1:3 Transparent liquid
OH 1:4 Transparent liquid
Bet:LevA fo) 1:2 Transparent liquid
1:3 Transparent liquid
OH 1:4 Transparent liquid

20 °C. 37 data points were collected by the rheometer every 15 s.
Then, the effect of increasing temperature was tested, performing
the measurements in the temperature range from 20 to 90 °C
applying a constant shear rate at which all mixtures behave as
Newtonian liquids. The temperature of the instrument was con-
trolled by a Water-Cooled Peltier system (H-PTD200, Anton Paar).

2.6. Thermal gravimetric analysis (TGA)

The thermal stability of DESs and their components was inves-
tigated by thermal gravimetric analysis (TG) conducted in a TA
Instruments Q500 TGA (weighing Precision * 0.01 %, sensitivity
0.1 pg, baseline dynamic drift < 50 pg). The temperature calibra-
tion was performed using Curie point of nickel and Alumel stan-
dards and for mass calibration weight standards of 1 g, 500 mg,
and 100 mg were used. All the standards were supplied by TA
Instruments Inc. 12-15 mg of each sample were heated in a plat-
inum crucible as sample holder. First, the heating mode was set
to isothermal at 60 °C in N, (80 cm®/min) for 30 min. Then, the
sample was heated from 40 °C to 500 °C at 10 °C/min under nitro-
gen (80 cm>/min) and maintained at 500 °C for 3 min. Mass change
was recorded as a function of temperature and time. TGA experi-
ments were carried out in triplicate.

2.7. Differential scanning calorimetry (DSC)

The thermal behavior of DESs was analyzed by a differential
scanning calorimeter (TA DSC, Q250, USA, temperature
accuracy = 0.05 °C, temperature precision + 0.008 °C, enthalpy
precision + 0.08 %). Dry high purity N, gas with a flow rate of
50 cm>/min was purged through the sample. 1-5 mg of each sam-
ple was loaded in pinhole hermetic aluminium crucibles and the
phase behavior was explored under nitrogen atmosphere in the
temperature range from —90 to 100 °C with a heating rate of
10 °C/min. The temperature calibration was performed considering
the heating rate dependence of the onset temperature of the melt-
ing peak of indium. The enthalpy was also calibrated using indium
(melting enthalpy AH,, = 28.71 ]J/g). DSC experiments were carried
out in duplicate. Ty was obtained by taking the midpoint of the heat
capacity change on heating from a glass to a liquid. T;;, and T, were
taken as the peak temperature of the endothermic peak on the

heating run while T. as the peak temperature of the exothermic
peak on the cooling run.

2.8. Refractive index

The refractive index was measured for five wavelengths
(450 nm, 532 nm, 633 nm, 964 nm, 1551 nm) each for tempera-
tures from 30 °C to 100 °C with the same Metricon 2010/M refrac-
tometer previously utilized by the authors[47] and described in
more detail elsewhere[48,49]. Before commencing with the main
measurement, each sample was preheated at 100 °C and the refrac-
tive index at 633 nm was measured every 10 min for at least an
hour in a preliminary stability and reproducibility check. After sta-
bility and reproducibility was ensured, a temperature controller let
the sample cool down in steps of 5 °C and the refractometer auto-
matically determined the refractive index by the acquired reflec-
tance profile around the angle of total internal reflection for each
of the five available wavelengths at the resulting stabilized
(within 0.5 °C) temperature. The refractometer’s angular resolu-
tion of 0.004° leads to an uncertainty of + 0.0002 in the determined
refractive index. Since cooling slows down appreciably close to
ambient temperature, temperature steps were often increased to
10 °C or even 20 °C below 50 °C, for a last measurement at 30 °C.
In each case, we checked for water absorption from the exposed
surface of the DES, which was not an issue for the duration of
the measurement except for ChCl:Gly 1:4. It should be noted that
prolonged overnight exposure of the measured samples to the air
at ambient temperature always led to a substantial decrease of
the refractive index, which could be slowly reversed by reheating
the sample, indicating water absorption.

3. Results and discussions
3.1. DES preparation

All eutectic mixtures were prepared through simple mixing of
the selected HBA and HBD at room temperature until the obtain-
ment of homogeneous liquids (please refer to Table 1, Section 2.1).
Considering the influence that the water content has on the final
mixtures’ properties, prior to the synthesis, ChCl, EG, Gly and LevA
were accurately dried under vacuum. Instead, betaine was pur-
chased in anhydrous form and did not require further drying. Fur-
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thermore, after preparation the obtained DESs were further dried
under vacuum and their water content was determined by Karl
Fisher titration before all measurements. The water content was
below 400 ppm for DESs containing LevA and in the range 400-
600 ppm for DESs containing EG and Gly. The purity and the right
molar ratio of prepared DESs was ascertained by '"H NMR analysis
(Figs. S1-S6). Bet:EG 1:2 was obtained as a transparent liquid with
a white precipitate, even after stirring and heating the mixture up
to 80 °C. For this reason, this system was excluded from the follow-
ing study.

3.2. Density

Density data for some of the DESs studied in this work, espe-
cially ChCl based-DESs with EG and Gly, have been reported for
specific temperatures [50,51] or as a function of temperature. In
particular, systematic investigations of density dependence on
temperature and the one or the other molar ratio for these com-
pounds have been performed by different groups [34,36-40,52-
56]. Similar investigations have been carried out for ChCl DESs
with LevA [44,57-59] and Bet DESs with LevA [42,43,60,61]. To
the best of our knowledge, data for the temperature dependence
of density for Bet DESs with EG and Gly have been reported only
for the 1:3 molar ratio [41,62,63] and also for Bet:Gly 1:2 [63,64].

Despite the large number of relevant publications, the reported
density data are still incomplete, in the sense that some DES fam-
ilies (e.g. ChCl:EG and ChCl:Gly) and molar ratios (eg 1:2) are over-
represented while others are underrepresented or even missing. A
comprehensive and representative database of physical properties
of DESs is fundamental in the construction of empirical predictive
models for hitherto unstudied DES families. Density is especially
important because it relates to other physical and optical proper-
ties by established physical laws (please refer to Section 3.5).

The density of all DESs studied in this work was measured with
a step of 5 °C for temperatures between 20 °C and 90 °C and the
obtained values are reported in Tables S1-S3. In all cases density
was higher than water and decreased linearly by increasing tem-
perature, as demonstrated by the plots of Fig. 1. Linear regression
describes the temperature dependence always with R > 0.9999
in the measured range. The resulting optimal slopes and intercepts
of the linear model are tabulated in Table 2 for each DES and molar
ratio. The densities of the pure HBDs were also measured and com-
pared to the prepared DESs. An influence of both the HBA and HBD
was detected. Indeed, all Bet-based DESs displayed higher densities
than their counterparts containing ChCl as HBA. Instead, regarding
the HBD, the density decreased in the following order
Gly > LevA > EG within the same families of DESs. Unsurprisingly,
considering the high density of pure Gly (from 1.25956 g/cm? at
20°C to 1.21376 g/cm? at 90 °C), Gly-containing DESs were the sys-
tems with the highest densities, which increased as a function of
the Gly amount. Among the Gly-containing solvents, Bet:Gly 1:4
showed the highest density. Specularly, giving the density value
of pure EG (from 1.11147 g/cm® at 20 °C to 1.06058 g/cm’® at
90 °C), EG-containing DESs were the less dense solvents. LevA-
containing DESs showed an intermediate behaviour characterized
by higher densities than pure LevA. Interestingly, no significant dif-
ferences were noticeable for the three molar ratios in the case of
ChCl-based DESs. As previously reported in the literature, the
higher the number of -—OH functional groups in the HBD (Gly vs
EG), and thus the increased possibility of hydrogen bonds’ forma-
tion, the higher the density of the system [6]. This trend has been
widely reported by Basaiahgari et al. who found lower densities for
DESs composed of benzyl trialkylammonium chloride salts as HBAs
and EG as HBD than DESs with the same HBA and either diethylene
glycol, triethylene glycol, or Gly as HBDs [65]. In the same way,
carbohydrates-based DESs exhibited higher values of density
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[66]. Intermolecular interactions, hence, represent one of the main
factors influencing density. In the cases studies here, also the dif-
ferent nature of the HBA plays an active role considering that ChCl
principally participates in the hydrogen bonding network through
the chloride anion [67] while Bet via the carboxylate group.

Based on the hole theory, it has also been speculated that the
density of a DES, as well as other properties, is strictly related to
the size and shape of the mixture’s components as well as the
available free space in the structure of the mixture. Indeed, the
molecular structure of a DES can contain empty vacancies or holes,
the size of which will determine the systems’ density [63]. This
could further explain the different behaviour of Bet and ChCI-
based DESs: the small zwitterionic betaine can lead to more com-
pact systems than the salt ChCl. The influence of the HBA can be
further confirmed by analyzing the density data reported for N,N-
diethanolammonium chloride:EG or Gly DESs [68]. Indeed,
although the HBA differs from ChCl for only one methyl group,
lower values of densities were obtained. Also, for tetrabutylammo-
nium chloride:EG 1:2 much lower values of density have been
reported due to the higher steric hindrance of the HBA when com-
pared to ChCl, that led to a worse packing of molecules. It is worth
mentioning that the HBA and HBD molar ratio can be used to
manipulate the density of a DES. Also, the higher number of hydro-
gen bonds reduces the free spaces available and consequently
increases the density of DESs [69,70]. All these considerations are
in agreement with the highest density registered for Bet:Gly 1:4.

Additionally, the free space in the DES may increase at higher
temperatures due to the reduction of the number of hydrogen
bonds, leading to a faster movement of molecules, and a reduction
in density of the DES [68].

A physical property with considerable explanatory power,
which is readily determined by the temperature dependence of
density, is the volumetric thermal expansion coefficient g defined

by

1 /0V 1 /op
-3(50, 5
V\aT/, p\IT/,

The coefficient of thermal expansion is a measure of the ease
with which a liquid expands when heated under constant pressure.
Since our observations revealed a linear density dependence on
temperature for the investigated DESs, thermal expansion coeffi-

cient is simply calculated by the formula p = (B/|A| — T) "', where
A, B are the parameters of the linear model listed in Table 2.

Fig. 2 further suggests that the thermal expansion coefficient
increases when the molar ratio of the specific HBD increases. It also
increases in the order LevA > EG > Gly among the investigated
HBDs and Bet > ChCl among HBAs. Considering that LevA, EG,
and Gly can form at most 1, 2, and 3 hydrogen bonds respectively,
it appears that the coefficient of thermal expansion increases when
the possibility of hydrogen bond formation are reduced. By the
same token, the possibilities of hydrogen bond formation appear
to be lower for DES with betaine as a HBA instead of choline
chloride.

Since hydrogen bonds tend on average to keep molecules closer
together than they would otherwise be, it is reasonable to assume
that a liquid with more hydrogen bonds would expand less easily
when heated, resulting in a correspondingly lower coefficient of
thermal expansion.

It is noteworthy to point out that the thermal expansion coeffi-
cients of the LevA-based DESs, especially at 1:4 molar ratio, are
very close to the B values of the most commonly used commercial
heat-transfer fluids (Therminol 66 and Marlotherm SH) in the same
range of temperatures [71]. Conversely, EG and Gly-based DESs
show slightly lower values and, among them, ChCl:Gly 1:2 and
Bet:Gly 1:2 display the lowest values. The regular behavior of the
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Fig. 1. Density dependence on temperature for the indicated DES and molar ratio. Dots are measurements while solid lines are linear model fits with the parameters of

Table 2.

thermal expansion coefficient in Fig. 2 should be contrasted with
the behavior of density in Fig. 1 where, except of course for the lin-
ear decrease, there is no other immediately obvious universal pat-
tern that would lend itself to physical interpretation.

To conclude with all the properties related to density, molar
volume (V) of DESs can be calculated from experimental density
data by the following equation:
_ Moss

p

Vin (2)
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Table 2
Optimal parameters of the linear model p = AT + B for the temperature dependence
of density from 20 °C to 90 °C, for the indicated DES and molar ratio.

DES Molar Ratio -10*A[°C] ! B|g/cm?]
ChCl:LevA 1:2 6.61557 1.15486
1:3 6.98443 1.15652
1:4 7.21636 1.15788
ChCL:EG 1:2 5.59543 1.12999
1:3 5.82886 1.12892
1:4 6.01579 1.12927
ChClL:Gly 1:2 5.54789 1.20467
1:3 5.72636 1.21862
1:4 5.87493 1.22789
Bet:LevA 1:2 7.04986 1.17540
1:3 7.35064 1.17277
1:4 7.55557 1.17076
Bet:EG 1:3 6.26479 1.14760
1:4 6.39300 1.14508
Bet:Gly 1:2 5.89929 1.20378
1:3 6.04621 1.24229
1:4 6.12679 1.24638

where Mpgs and p are the molar mass and the density of DESs,
respectively. The molar mass was calculated using the following
equation:

Mpgs = Xupa ¥ Mypa + Xupp ¥ Musp (3)

where X and M are the molar ratio and the molar mass of the
HBA and HBD denoting as subscripts.

As observed from the data reported in Tables S4-S6 and
depicted in Fig. 3, higher values were obtained increasing the
molar ratio from 1:2 to 1:4 for all the investigated families of DESs.
Moreover, as expected, the molar volumes increased with increas-
ing molar mass of each compound. Indeed, higher values were
detected for ChCl-based DESs while considering the same HBA
(both Bet and ChCl) and molar ratio, the molar volume decreased
in the following order: LevA > Gly > EG. Finally, the variation of
Vm with temperature is similar for all DESs, that is Vy, slightly
increased when temperature increased [60,72].

3.3. Viscosity

The viscosity of DESs represents another fundamental parame-
ter which contributes to transport properties and thus can be used
to define their possible applicability as reaction or extraction
media, especially from an industrial point of view.

As mentioned previously for density data, also viscosity values
for some of the DESs investigated in this work, again especially
those composed of ChCl and polyols, have been already reported
by different groups. In particular, measurements at specific tem-
peratures and in some cases as a function of temperature have
been carried out, principally for so-called ethaline and glyceline
(ChCL:EG 1:2 and ChClL:Gly 1:2) [38,51,73-75] and their mixtures
with water, methanol or dimethyl sulfoxide [36,76,77]. For these
systems, sporadically also the influence of the molar ratio on the
viscosity has been evaluated (from 1:2 to 1:6 for ChCI:EG DESs
[37,39,78] and from 1:2 to 1:5 for ChCl:Gly DESs [40,45,69]). Sim-
ilar investigations were performed for ChCl:LevA DESs, particularly
for 1:2 molar ratio [44,57,59]. Once again, for Bet based-DESs with
EG, Gly and LevA as HBDs, only few works have been reported on
their rheological properties [41,42,60,61,63,64], despite the
increasing number of studies including their application. Further-
more, in each work, generally only one molar ratio has been stud-
ied (1:2 or 1:3).

At first, in order to determine the general flow behaviour of our
DESs, the viscosity was measured as a function of the shear rate
(from 100 to 1000 s ') at 20 °C. The flow curves reported in
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Fig. 4 showed a clear and typical Newtonian behaviour for all DESs.
Indeed, viscosity appears constant and independent of the value
and duration of the shear rate applied. However, it is worth noth-
ing, as observed in literature for many ionic liquids [79,80] and in
some cases also for DESs [81], that the most viscous solvents (Gly-
containing DESs and Bet:LevA 1:2) no longer behave as Newtonian
liquids at higher shear rates, but showed a decrease of the viscosity
thus acquiring a shear-thinning behaviour. This behaviour indi-
cated that DESs exist as liquid phase aggregates that can be dis-
rupted or broken at high shear rates.

Subsequently, the viscosity of DESs was measured, applying a
constant shear rate where they all behave as Newtonian liquids,
increasing the temperature up to 90 °C. Data were registered with
a step of 5 °C and the obtained values are reported in Tables S7-S9
and are depicted in Fig. 5. The viscosity of pure HBDs was also mea-
sured and compared to the corresponding DESs.

From the flow curves and the curves obtained as a function of
temperature, it is evident that Bet-based DESs are significantly
more viscous than ChCl-based DESs. Within DESs with the same
HBA, the viscosity increased in the following order:
EG < LevA < Gly for both ChCl and Bet-based solvents. This is in
agreement with previous works that showed very low viscosities
for several EG-containing DESs with different ammonium and
phosphonium salts as HBA (always < 200 mPa*s) [82] and high vis-
cosities for various Gly-containing DESs and similar HBA [35].
Moreover, compared to pure HBDs, all EG and LevA-containing
DESs showed higher viscosity than the pure constituting compo-
nents. Instead, ChCl:Gly DESs were less viscous than Gly, while
the opposite trend was observed for the Bet:Gly DESs. Finally, by
increasing the molar ratio from 1:2 to 1:4 the viscosity decreased,
with the exception of ChCl:Gly systems. Regarding trends of vis-
cosity as a function of the temperature, a significant decrease at
higher temperatures was observed in all cases. The differences
between DESs at different molar ratios drastically reduced at the
highest temperatures applied and, in some cases, very similar val-
ues were obtained. Our viscosity measurements showed satisfac-
tory agreement with those available in the literature.

As for density data, the observed trends can be ascribed to the
nature (molecular weight and molecular size) of HBA and HBD
and hence their intermolecular interactions (hydrogen bonds, van
der Waals interactions. . .); these parameters can greatly influence
the mobility of the whole system [6]. The addition of one -—OH
(Gly) or -—COOH (LevA) functional group with respect to EG con-
tribute to the increase of viscosity. Again, also the hole theory
can be brought into play to rationalize the results. Abbott and
co-workers applied this theory showing how the presence of holes
in the liquid facilitates the mobility of compounds in the final net-
work [83]. They asserted that volumetric factors, that consider also
steric effects, strongly affected the viscosity rather than the inter-
molecular interactions between HBA and HBD. Indeed, the distri-
bution of the size of holes depends strictly upon the nature of
both HBA and HBD. This theory well explains the decrease of vis-
cosity as temperature increases. Holes with different size and loca-
tion are in continuous motion. At lower temperatures the size of
holes is small compared to the size of the DES components, which
thus difficultly fit into the holes, reducing the free mobility of com-
ponents and increasing the viscosity of the system [6]. Conversely,
at high temperatures the average size of holes becomes compara-
ble to the size of DES components that can easily move through
holes and increase the mobility of the DES [6]

As shown, the dependence of viscosity from temperature was
non-linear and this behaviour has been extensively described by
the logarithmic form of the Arrhenius equation:

E,
Inp =In, + RT (4)
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Fig. 2. Thermal expansion coefficient dependence on temperature according to (Eq. (1)) for the indicated DES and molar ratio.

where In N, is the viscosity at infinite temperature, E, is the
activation energy for viscosity flows and R is the ideal gas con-
stant. The E, was calculated from the slope of Inn vs 1/T as
shown in the graphs in the supplementary file (Figs. S7-S23).
The fitting parameters are reported in Table 3. The obtained data
showed, in accordance with the literature [6,84], low values of E,
for less viscous DESs, with the lowest value for ChCl:EG. The
most viscous DESs such as the Gly-containing ones displayed
instead higher E, with the highest one observed for Bet:Gly.
LevA-containing DESs exhibited intermediate values of viscosity
and consequently of E,. Hence, calculated data of E, perfectly
correlate with the measured values of viscosity. However,

although data seem to fit well enough with the Arrhenius model,
resulting R? for all DESs and the presence of a subtle but visible
deviation from linearity in the graphs obtained by the applica-
tion of selected fitting model (Figs. S7-S23) call for the adoption
of a better model.

For this reason, the viscosity data were also fitted with the
alternative most widely used approach to correlate the viscosity
with the temperature, the Vogel-Fulcher-Tammann (VFT) model.
The VFT equation is similar to the Arrhenius one, but with a
substantial difference in the term (T — Tp):

— et
« e ()
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Fig. 3. Molar Volumes as a function of temperature of indicated DES and molar ratio.

excellent fitting for our collected experimental viscosity data (for
all DESs R? > 0.999).

where represents again the viscosity at infinite temperature
and B and Ty are fitting parameters.

The graphs of the fitting of viscosity according to the VFT model
are reported in Figs. S7-S23 while the obtained fitting parameters
are summarized in Table 4. The R? values and the fitting lines
reported in the graphs, compared to the data obtained adopting
the Arrhenius model, showed that the VFT approach provides an

3.4. Refractive index

The refractive index is an important physical property in the
optical characterization of materials because of the accurate and
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Fig. 4. Flow curves as a function of the shear rate of the indicated DES and molar ratio.

relatively straightforward experimental methods used to determine
it. It also relates by well-established physical laws to other physical
properties which can be independently measured, such as density
and surface tension, providing a testbed for building (semi)empirical
models and checking for the consistency of experimental data.

Except for the structure of the material itself, which makes the
refractive index so suitable for optical characterization after all,
the main factors influencing the refractive index are the material’s
temperature and the wavelength of incident light. While tempera-
ture effects are appreciated and often systematically investigated
in the relevant literature, data regarding wavelength effects are
totally absent. In some cases, the wavelength of the monochromatic
light that was used to measure the refractive index, normally the
standard D-line of sodium at 589.3 nm, is not even reported explic-
itly and must be inferred indirectly by the type of instrument used.

Systematic investigations of temperature effects on the refrac-
tive index of ChCl-based DESs with EG and Gly for various molar
ratios have been carried out by many of the groups that reported
density measurements [36,37,40,53,55,56]. The same holds true
for ChCl-based DESs with LevA [44,57,58] and Bet-based DESs with
LevA [60]. Data for the temperature dependence of the refractive
index for Bet-based DESs with EG and Gly have been reported only
for the 1:3 molar ratio by one of the groups that investigated the
temperature dependence of density [41].

The refractive index of the DESs investigated in this work was
measured for five wavelengths (450 nm, 532 nm, 633 nm,
964 nm, 1551 nm) each for temperatures from 30 °C to 100 °C.
We fit the collected refractive index datasets to a nonlinear Sellme-
ier model of the form

1/2

2
G EnDh L s (6)

22— a2

uv

n(\T)= |1+

which captures both wavelength and temperature depen-
dence using four free parameters, whose optimal values are tab-
ulated in Table 5 for each DES and molar ratio. The same
Sellmeier model was used in previous work on ionic liquids with
good results [47]. Fit quality is best described by the adjusted R?
value, which also accounts for the number of independent vari-
ables in the model.

Fit quality was excellent for all DESs studied in this work, with
the resulting adjusted R? so close to unity that it makes more sense
to refer to the difference 1 — adj.R?>, which was always less than
10°% except for ChCl:LevA 1:4 where it obtained the highest value
1.58 x 10°°.

Extrapolating the Sellmeier model outside the measured wave-
length range is known to produce wrong estimates, the most
absurd being the infinite refractive index when 1 — /... However,
reasonable extrapolations outside the measured temperature
range should be reliable and perfectly fine if no critical or phase
change temperature is nearby or crossed.

Optical properties like temperature dispersion and chromatic
dispersions can be ultimately determined by the derivatives of
the Sellmeier model. The derivative with respect to temperature
is commonly referred to as the thermooptic coefficient and it is
given by

s 7
aT ~ 2n0,T) 3212,

while the derivative with respect to wavelength is

on__»
o n(nT)

2
5 (51 4+ 52T)N, (8)
(1222,
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Fig. 5. Viscosity dependence on temperature for the indicated DES and molar ratio.

Chromatic dispersions of the first and second order can be
expressed in terms of the group index n, that regulates the group
velocity v, = c/ng, and the dispersion of group velocity, respec-
tively [47].

To better appreciate the behavior of the Sellmeier model for the
studied DESs, Fig. 6 presents the temperature dependence at

633 nm, while Fig. 7 presents a typical wavelength dependence
at 70 °C (midway between 30 °C and 100 °C).

The first striking feature of temperature dependence in all plots
of Fig. 6 is its apparent linearity even though n(T) is not linear in
the Sellmeier model (the dielectric constant is € = n?). A linear
decrease of the refractive index for increasing temperatures is

10
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Table 3
Optimal parameters of the Arrhenius model for the temperature dependence of density from 20 °C to 90 °C, for the indicated DES and molar ratio.
DES Molar ratio R? Iy, Noo E. [KJ/mol]
ChCl:LevA 1:2 0.98954 —8.56352 1.91-10* 34.74650
ChCl:LevA 1:3 0.98874 —8.20438 2.73-107* 32.63935
ChCl:LevA 1:4 0.98812 —7.09573 829-10* 28.70874
ChCLLEEG 1:2 0.98648 —4.80488 8.19-1073 21.29136
ChCLEG 1:3 0.98269 —4.35229 1.29 - 1072 19.14803
ChCL:EG 1:4 0.98833 —4.78772 833.10°3 19.76086
ChCl:Gly 1:2 0.99483 —-9.38438 840-10° 37.93102
ChCl:Gly 1:3 0.99735 —10.00169 453-107° 39.39392
ChCl:Gly 1:4 0.99465 -10.5819 2.54-10°° 41.06686
Bet:LevA 1:2 0.98901 —12.5574 3.52-.10°° 48.66027
Bet:LevA 1:3 0.98983 —11.08405 1.54-10°° 42.68056
Bet:LevA 1:4 0.98922 -10.18157 3.79-10°° 38.95268
Bet:EG 1:3 0.99002 —6.24338 1.94-103 25.83872
Bet:EG 1:4 0.99059 —6.3562 1.74-1073 25.37597
Bet:Gly 1:2 0.98882 —11.75165 7.88-10°6 47.79510
Bet:Gly 1:3 0.99377 —12.43044 4.00-10°¢ 48.81080
Bet:Gly 1:4 0.99283 —12.07827 5.68-10°° 47.25378
Table 4
Optimal parameters of the VFT model for the temperature dependence of density from 20 °C to 90 °C, for the indicated DES and molar ratio.
DES Molar ratio R? 1o [MPa*s] B [K] To [K]
ChCl:LevA 1:2 0.99999 054495 544.92234 201.28465
ChCl:LevA 1:3 0.99999 0.54883 527.74627 204.60236
ChCl:LevA 1:4 0.99999 0.874 403.82901 212.08777
ChCL:EG 1:2 0.99952 1.66871 266.82401 217.98069
ChCI:EG 1:3 0.99971 1.28464 275.30568 211.45271
ChCI:EG 1:4 0.99989 0.75058 344.35321 200.24586
ChCl:Gly 1:2 0.99993 0.08854 1134.22196 163.18723
ChCl:Gly 1:3 0.99993 0.06156 1180.79078 163.08736
ChCl:Gly 1:4 0.99994 0.0476 122446717 163.57598
Bet:LevA 1:2 0.99999 021317 858.58387 199.86291
Bet:LevA 1:3 1 030017 706.60036 203.12556
Bet:LevA 1:4 0.99999 0.29096 659.48135 202.00513
Bet:EG 1:3 0.99996 0.59497 490.5073 195.0367
Bet:EG 1:4 0.99994 0.42848 511.19562 191.25926
Bet:Gly 1:2 0.99997 0.09816 1201.10752 177.53849
Bet:Gly 1:3 0.99999 0.05793 1264.47603 174.14742
Bet:Gly 1:4 0.99999 0.08718 1117.99733 180.65983
Table 5
Optimal parameters of (Eq. (6)) for the indicated DES and molar ratio when 2 is in nm and T in °C.
DES Molar Ratio s ~10%s, ~10%s3 Juv
ChCl:LevA 1:2 1.13406 7.65319 2.06576 107.266
1:3 1.11638 7.94600 2.34020 107.009
1:4 1.13510 10.7287 2.55830 106.352
ChCL:EG 1:2 1.13450 5.92885 3.00991 104.747
1:3 1.11878 6.77491 3.37535 103.928
1:4 1.10275 6.86581 3.22467 103.509
ChCl:Gly 1:2 1.18155 6.46007 3.31255 104.756
1:3 1.17364 6.39347 4.55002 102.542
1:4 1.16496 5.80371 4.03464 101.932
Bet:LevA 1:2 1.12558 7.86075 3.63414 105.159
1:3 1.11181 8.24163 3.59010 104.062
1:4 1.10278 8.42562 3.73152 104.213
Bet:EG 1:3 1.10469 7.23091 3.82163 101.351
1:4 1.09146 7.23411 4.45306 100.822
Bet:Gly 1:2 1.17571 6.74134 487115 100.596
1:3 1.16849 6.86825 4.63414 100.182
1:4 1.16672 7.00495 5.32526 99.6437

commonly observed in ionic liquids and has been also reported by
all groups with published data for the DES families studied in this
work. It is obvious from Fig. 6 that the Sellmeier model still cap-
tures the linear evolution in the studied temperature range well,
despite the assumption of T'/? dependence.

Another striking feature of the refractive index plots in Fig. 6 is
the qualitative resemblance to the density plots presented in Fig. 1

11

regarding the observed linear decrease. Even the crossing of the
density curves of ChCl:LevA at approximately 55 °C is observed
in the refractive index curves shifted about 10 °C higher. But there
are also differences, the most obvious being that the refractive
index decreases when the molar ratio of the hydrogen bond donor
increases, in contrast to density and the thermal expansion coeffi-
cient, which exhibit the exact opposite behavior. It is also the case
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Fig. 6. DES refractive index dependence on wavelength for different molar ratios at 633 nm. Dots are measurements, while solid curves are the corresponding Sellmeier
model fits with the parameters of Table 5.

that the refractive index is increasing in the order ChCl > Bet with
respect to the hydrogen bond acceptor instead of the opposite
order encountered in the density data. However, in contrast to den-
sity and the thermal expansion coefficient, there is no clear order
of increase or decrease of the refractive index in terms of the
HBD (LevA, EG, Gly) for the same molar ratio and HBA.

The typical wavelength dependence from 450 nm to 1551 nm of
the refractive index at 70 °C, a temperature lying roughly in the
middle of the measured temperature range, is shown in Fig. 7. In
accordance with the Sellmeier model, the refractive index is mono-
tonically decreasing toward the infrared part of the spectrum at a

general. Indeed, the very small refractive index difference between
ChCl:LevA 1:3 and ChCl:LevA 1:4 at 70 °C visible in Fig. 6 is carried
over throughout the measured wavelength range.

3.5. Physical models relating density and the refractive index

An important physical property related to the atomic polariz-
ability is molar refractivity, usually denoted by R;,,. Molar refractiv-
ity depends on both density and the refractive index, as dictated by
the Clausius-Mossotti (or, sometimes, Lorenz-Lorentz) equation

progressively lower rate, and there are no curve crossings in

g, Mo 1
"7 p n242

9)
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Fig. 7. DES refractive index dependence on wavelength for different molar ratios at 70 °C. Dots are measurements, while solid curves are the corresponding Sellmeier model

fits with the parameters of Table 5.

In the equation above, M,, is the molar mass, p is the density
and n the refractive index. When data on density and the refractive
index of a substance are available, one can determine molar refrac-
tivity at a given temperature and wavelength (usually the D-line of
sodium at 589.3 nm).

On the other hand, the large number of density and refractive
index data collected over the years for many compounds, made
possible the development of semiempirical models for predicting
the molar refractivity of a substance. The Wildman-Crippen model
[85] takes advantage of the additivity of molar refractivity by
defining atomic contributions to molar refractivity for specific
chemical elements. A distinguishing feature of the model is that
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it assigns different contributions to certain chemical elements (car-
bon, hydrogen, nitrogen, oxygen) depending on what other ele-
ments or functional groups bond with them in the molecule
under consideration. Total molar refractivity is the sum of individ-
ual contributions [MR]; while accounting for k; appearances of the
i-th type of atom in the molecule,

Rn =" k[MR]; (10

Since the DESs in this work are binary mixtures of HBA and HBD
with a molar ratio of 1 : r, the molar refractivity of the DES should
be simply
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Rm[DES] = %H (Rm[HBA] + R, [HBD])

This approach before applying (Eq. (9)), which takes full advan-
tage of the additivity of molar refractivity, is also favored by other
workers in the field [53]. The alternative would be to use the molar
refractivity of the components and one of the many proposed mix-
ing rules to calculate the refractive index of the DES in terms of its
components. This alternative approach is obviously unworkable in
our case since our measurements concern the refractive index of
the final DES.

Density and refractive index data along with the molar mass of
each DES, which is calculated similarly to (Eq. (11)) from the

(11)
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known molar mass of its constituents while accounting for their
molar ratio, can be substituted in (Eq. (9)) to obtain the molar
refractivity of the respective DES. When we constrain ourselves
to refractive index data at 589.3 nm for better reference with pub-
lished data, the temperature dependence of molar refractivity for
each DES studied in this work results in the plots of Fig. 8. Molar
refractivity exhibits a weak positive temperature dependence,
except for DES with LevA where this dependence is more pro-
nounced and even negative in the case of ChCl:LevA 1:4.

The Wildman-Crippen model [85] is silent on both the temper-
ature and wavelength dependence of molar refractivity. Since the
authors of the model do not even report the temperature and
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Fig. 8. DES molar refractivity dependence on temperature according to (Eq. (1)) for different molar ratios at the standard wavelength of 589.3 nm.
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Table 6

Measured and predicted molar refractivities according to (Eq. (9)) and the atomic
contribution model of Wildman and Crippen [85] respectively, for the indicated DES
and molar ratio.

DES Molar Ratio Molar Refractivity at 20 °C
[cm?/mol]
Measured Predicted
ChCLLEG 1:2 21.9 214
1:3 20.1 19.6
1:4 189 18.5
ChCl:Gly 1:2 25.9 254
1:3 245 241
1:4 23.7 233

wavelength at which their proposed atomic contributions to molar
refractivity are correct, we will assume a temperature of 20 °C and
the standard wavelength of 589.3 nm.

The decompositions of ChCl, Gly, and EG according to the
atomic types of the model do not present any problems, and the
resulting molar refractivities for each molecule, 35.838, 20.178,
and 14.171 respectively, are easy to calculate [53]. The predicted
molar refractivity for the studied DESs containing these com-
pounds can then be obtained from (Eq. (11)) and compared with
the molar refractivity obtained by (Eq. (9)) from our density and
refractive index measurements. The results, listed in Table 6, never
deviate >2.2 %, indicating an excellent agreement between theory
and experiment. It is immediately apparent that the predicted
molar refractivities systematically underestimate the molar refrac-
tivities measured, and this shortfall has been independently
observed by other workers as well [53].

Working along the same lines for DESs containing Bet and LevA,
we came up with the atomic type decompositions proposed in
Table 7. Due to lack of sufficient data, Wildman and Crippen could
not determine a reliable molar refractivity contribution of 012 and
left the relevant entry empty in their original publication [85]. The
molar refractivities of Bet and LevA are then 28.295 + 012 and
27.116 + 012, where 012 is the unknown contribution of acidic
oxygen.

Molar refractivities for DESs with Bet or LevA can be determined
from our data, as Fig. 6 demonstrates, and those measured at 20 °C
are listed in the relevant column of Table 8. The unknown contri-
bution of 012 for each DES and molar ratio can be easily worked
out from measured molar refractivities and it is also listed in
Table 8. The mean value of 012 contributions can then be used
as a surrogate in the Wildman-Crippen model to calculate the pre-
dicted molar refractivities in Table 8.

Even using that crude surrogate value for 012 contribution, the
deviation between measured and predicted molar refractivities is
never >3.6 %, a value certainly greater than the 2.2 % encountered
in Table 6, though not by much. More interesting, however, is the
appearance of two distinct groups in Table 8, one where 012 con-
tribution is almost neutralized and a second, consisting of DESs
with Bet and alcohols, where 012 contribution in molar refractivity
is much larger. Bet:LevA DESs, both of which contain an 012 acidic

Table 7
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Table 8

Measured molar refractivities according to (Eq. (9)) and predicted 012 contributions
in the atomic contribution model of Wildman and Crippen [85], for the indicated DES
and molar ratio. Predicted refractivities were calculated using the mean value of the
resulting 012 contributions.

DES Molar Ratio Molar Refractivity at 20 °C 012
[cm? /mol]
Measured Predicted
ChCl:LevA 1:2 30.2 30.7 0.268
1:3 293 30.0 0.063
1:4 293 29.7 0.524
Bet:LevA 1:2 27.7 28.5 0.192
1:3 27.5 284 0.068
1:4 27.4 284 0.002
Bet:EG 1:3 18.2 18.0 1.949
1:4 17.4 17.2 2.069
Bet:Gly 1:2 235 232 1.787
1:3 22.7 225 1.873
1:4 223 22.0 2.390
Mean 012: 1.017

oxygen, exhibit the largest 012 neutralization among the DESs
studied. Moreover, the already small 012 contribution to molar
refractivity is further reduced when the molar ratio of LevA
increases.

3.6. Thermal properties

Thermal properties in terms of thermal stability and thermal
behavior are fundamental properties along with the rheological
characteristics to evaluate any possible applications of these sol-
vents. These properties are necessary to determine the operative
range of temperature within which DESs can withstand without
degradation and at the same time retain the liquid form.

3.6.1. Thermal gravimetric analysis

The short thermal stability of DESs was ascertained by employ-
ing thermal gravimetric analysis. The short thermal stability
(ramped temperature analysis) along with the long thermal one
(isothermal temperature analysis) is the most commonly used
techniques to investigate the thermal stability of a sample [86].
While the long thermal stability is generally preferred to obtain
more reliable information on the maximum operating tempera-
ture, the short thermal stability allows for performing a fast and
straightforward comparison of different samples [87]. This latter
technique was thus selected here to evaluate the thermal stability
as a function of the solvent composition. Compared to the rheolog-
ical properties, very few works reported the analyses of the ther-
mal properties of DESs and often only decomposition
temperatures (Tqec) have been listed without thermograms and
their DTG analyses or comparison with the pure components.
Regarding the DESs studied in this work, only thermal studies of
ChCL:EG and ChCl:Gly DESs and in one instance of ChCl:LevA have
been reported [40,88-92], while for Bet based-DESs only TGA of
Bet:LevA 1:2 and Bet:Gly 1:2 were featured by Sanchez et al. [60]

Proposed decomposition of betaine and levulinic acid in the atomic types of the Wildman-Crippen model [85]. Molar refractivity (MR) contributions for each type are also

provided for easier reference.

Atomic Type

C1 Cc3 c5 H1 H4 N13 09 011 012
MR 2.503 2.753 5.007 1.057 1.805 0.2604 0.000 0.3890 N/A
Bet 0 4 1 11 0 1 0 1 1
LevA 3 0 2 7 1 0 1 1 1
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Fig. 9. TG and DTG curves of ChCl and Bet-based DESs and their components.

and Fuad and Nadzir [61]. Before carrying out the analyses, all
sample have been dried (isothermal run at 60 °C for 30 min) to
remove possible water absorbed from the atmosphere while their
loading into the TGA pan. Afterwards, DESs were subjected at a
continuous linear increase of temperature at 10 °C/min up to
500 °C and the mass loss was recorded as a function of tempera-
ture. Two characteristic values, Topser and Tpeak, denoting the ther-
mal stability were evaluated for each sample. Topse; is the point of
intersection between the baseline weight and the tangent of the
weight against the temperature curve when decomposition of
samples occurs and represents the starting degradation step, while
Tpeak, derived from the DTG curve represents the temperature at
which the maximum degradation rate was observed. For compar-
ison TG analyses were performed also on the pure HBAs and HBDs.
Comparison of curves and related derivatives of both components
and DESs at the three different molar ratios (1:2; 1:3; 1:4) are
depicted in Fig. 9. The single thermogram of each DES is reported
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in the supplementary file (Figs. S24-S40). Table 9 summarizes all
the obtained values from thermograms and derivatives.

For all examined DESs there are three main peaks in the deriva-
tive curves (DTG). In any case, by comparing the curves obtained
from DESs and their components, it is possible to ascribe the first
significant weight loss to the HBDs evaporation/degradation and
the third main peak to the HBA degradation. The intermediate peak
and its relative weight loss can be attributed to both components
that are strictly bonded within a hydrogen bonding network. These
observations are in agreement with the results reported before in a
work where thermal stability and analysis of the gases evolved
during the thermal decomposition of the different DESs (some
based on ChCl and EG, Gly and LevA) were evaluated by TG-FTIR
analysis [92]. A similar approach (TGA/FTIR-ATR) has been
reported for eight ChCl-based DESs by Delgado-Mellado et al. [90].

This study shows that the thermal stability of a DES is strictly
related to the HBD when highly stable salts are used as HBA.
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Indeed, as observed from the comparison of TG and DTG curves of
pure components reported in Fig. S41, ChCl and Bet display a single
sharp mass loss around or higher than 300 °C, while the three
HBDs are much less thermally stable. Their thermal stability
decreases in following order: Gly > LevA > EG. The same trend is
reflected in the thermal stability of the DESs. Unsurprisingly, by
increasing the molar ratio from 1:2 to 1:4, an increase of the
weight loss correlated to the degradation of the HBD and a con-
comitant decrease of the mass loss associated to the HBA degrada-
tion was recorded. An interesting decrease of the weight loss
related to the middle peak was also observed. This last difference
may be explained with a less intense network of hydrogen bonds.
This intermediate step of degradation may lead to a greater weight
loss when the employed molar ratio is close to the eutectic point.

3.6.2. Differential scanning calorimetry

The thermal behavior of DESs was analyzed by differential
scanning calorimetry. The phase behavior was explored under
nitrogen atmosphere in the temperature range from —-90 to
100 °C with a heating rate of 10 °C/min. The comparison of
the heating runs of analyzed DESs is shown in Fig. 10, while
the single thermograms comprising the heating and cooling runs
are reported in the supplementary file (Figs. S42-S58). The char-
acteristic temperatures in terms of T, Ty, Tc or Te are listed in
Table 10. Only glass transition temperatures without any fusion
events were detected for LevA-containing DESs both with Bet
and ChCl as HBA and for Bet:Gly DESs at very low temperatures
(below —50 °C), as it has been reported for other studied DESs
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[57,60,72,93,94]. For the three mentioned families of DESs, a
decrease of T, value was observed by increasing the molar ratio
from 1:2 to 1:4. This trend was particularly evident for Bet:LevA
DESs. The influence of both HBA and HBD on the glass transition
temperature was clear. Indeed, significant differences were
detected changing ChCl with Bet when LevA was used as HBD,
but also when Gly was employed instead of LevA in Bet-based
DESs. For Bet:EG and ChCl:Gly DESs no thermal events were
noticeable in the thermograms, suggesting that glass transitions
may occur at temperatures below those detectable by our equip-
ment. This behaviour was also observed with similar systems
[95]. For instance, Jani et al. [96] reported Ty value below
—100 °C for ChCI:EG 1:2. In our experiments, no T was observed
for ChCl:EG DESs cooling down to —90 °C. At the same time only
this class of DESs showed melting and crystallization events. In
particular, a T in the range of temperatures from —40 °C to
—50 °C followed by a T, around —25 °C were identified for all
the three molar ratios. ChCl:EG 1:2 thermogram (Fig. S45) also
displayed an evident T. at —0.03 °C, while the T, was less
intense compared to the other molar ratios where only T, was
recorded. A similar behavior was reported for this solvent again
by Jani et al. [96] although with different values of temperatures.
This can be ascribed to the different heating and cooling rates
applied and to different water content. According to these data,
all DESs under investigation are ideal candidates as solvents
for several applications. Indeed, they are all liquids at room tem-
perature, and they maintain a liquid state in a very large range
of temperatures.

Table 9
TGA data of all investigated DESs.
DES Molar ratio TGA
Tonset1/°C Tpeara/°C Tonset2/°C Tpeaka/°C Tonset3/°C Tpears/°C
(Mass loss %) (Mass loss %) (Mass loss %)
Chcl:LevA 1:2 126.05 157.15-183.08 (220.94) 228.50 289.98 309.13
(49.64) (15.20) (35.27)
Chcl:LevA 1:3 133.52 169.57 (219.29) 219.29 291.43 291.43
(62.88) (11.58) (25.49)
Chcl:LevA 1:4 138.10 174.38 (237.85) 226.75 293.92 310.20
(68.86) (10.51) (20.58)
ChCLEG 1:2 86.12 112.63 246.07 250.04 296.74 307.86-322.20
(31.31) (17.29) (51.23)
ChCL:EG 1:3 94.63 123.88 241.82 251.95 307.07 321.74
(40.76) (15.55) (43.51)
ChCL:EG 1:4 102.34 136.84 237.80 260.53 295.91 308.13
(52.99) (13.08) (33.73)
ChCl:Gly 1:2 167.45 208.47 263.83 270.74 (303.53) 313.75
(46.26) (23.59) (30.35)
ChCl:Gly 1:3 167.49 205.23 260.13 267.29 304.01 314.06
(58.55) (18.02) (23.44)
ChCl:Gly 1:4 163.57 199.32 266.22 280.21 (305.18) 312.82
(65.16) (17.79) (16.86)
Bet:LevA 1:2 144.72 180.39 228.87 241.60 302.14 309.75
(34.62) (42.43) (22.18)
Bet:LevA 1:3 144.46 184.34 231.17 241.72 302.77 311.15
(55.70) (25.93) (17.76)
Bet:LevA 1:4 119.27 151.03 222.19 239.86 295.66 307.16
(61.77) (20.73) (17.01)
Bet:EG 1:3 89.66 112.44 158.71 179.14 303.24 312.12
(31.44) (30.30) (37.20)
Bet:EG 1:4 101.74 132.69 174.25 189.81 304.81 314.00
(43.78) (24.04) (31.04)
Bet:Gly 1:2 167.11 207.01 - 239.65 306.02 313.76
(47.96) (16.67) (3442)
Bet:Gly 1:3 169.87 206.27 - 245.72 303.30 311.36
(62.45) (11.51) (36.71)
Bet:Gly 1:4 171.50 207.36 - 249.75 303.5 311.38
(71.45) (7.689) (20.16)
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Fig. 10. DSC thermograms (heating runs from —90 °C to 100 °C) of all DESs at different molar ratio.
Table 10
DSC data of all DESs at the different molar ratio.
DES Molar ratio DSC
Ty (°C) T (°C) Tc (°C) Tec (°C)
ChCl:LevA 1:2 —76.06 - - -
ChCl:LevA 1:3 -77.20 - - -
ChCl:LevA 1:4 -77.12 - - -
ChCL:EG 1:2 - -25.80 -0.03 -50.59
ChCL:EG 1:3 - -25.63 - —40.67
ChCL:EG 1:4 - -26.77 - —41.53
ChCl:Gly 1:2 - - - -
ChCl:Gly 1:3 - - - -
ChCl:Gly 1:4 - - - -
Bet:LevA 1:2 -52.70 - - -
Bet:LevA 1:3 —59.06 - - -
Bet:LevA 1:4 —65.03 - - -
Bet:EG 1:3 - - - -
Bet:EG 1:4 - - - -
Bet:Gly 1:2 —74.09 - - -
Bet:Gly 1:3 —76.62 - - -
Bet:Gly 1:4 -78.23 - - -

4. Conclusions

The physicochemical properties of some DESs based on choline
chloride and betaine as HBA and ethylene glycol, glycerol and levu-
linic acid as HBD have been experimentally determined and com-
pared. In particular, rheological, optical and thermal properties
have been analyzed at different temperatures as a function of
HBA/HBD composition and their molar ratio. EG-based DESs dis-
played the lowest density and viscosity values and ChCL:EG 1:4
represented the less dense and viscous system. Conversely, Gly-
based DESs exhibited the highest values of both density and viscos-
ity and, among them, Bet:Gly 1:4 was the most dense and viscous
DES. All LevA-based DESs showed an intermediate behavior. For
DESs containing the same HBD, all Bet-based DESs appeared more
viscous and dense compared to those based on ChCl as HBA.
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Moreover, increasing the molar ratio caused a decrement of viscos-
ity for all DESs studied, while a different behaviour was observed
concerning density. Indeed, an increase of density was observed
for all Gly-based DESs, while a decrement was found for EG and
LevA-based DES. Finally, both density and viscosity decreased with
temperature in the case of all DESs studied. In particular, the den-
sity values decreased linearly while the decrease of viscosity as a
function of temperature showed the best fitting parameters
according to the VFT model. The observed trends of density and
viscosity can be ascribed to the nature (molecular weight,
molecular size and the presence of different functional groups such
as -—OH or -—COOH) of the HBA and HBD components and hence
their capacity to establish intermolecular interactions through
hydrogen bonds. These have a large influence on the number of
free volumes, holes and the mobility of the whole system. The
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trend between refractive index, temperature and wavelength fol-
lows the behavior described by the Sellmeier model. Increasing
the relative amount of the HBD component compared to the HBA
generally led to a decrease in the refractive index at the studied
temperature and wavelength range with the exception of ChCl:
LevA. In this particular instance, the reverse trend is observed at
temperatures higher than 65 °C and for molar ratios 1:3 and 1:4.
The molar refractivity calculated by the Clausius-Mossotti equa-
tion using experimentally obtained data on density and refractive
index is consistent with the one predicted by the well-
established Wildman-Crippen model.

The thermal properties showed that the stability of all investi-
gated DESs is strictly related to the HBD portion, for which the
trend is EG < LevA < Gly. As a result, the EG-containing DESs were
less stable than those containing LevA, while Gly-based DESs were
the most stable DESs. Moreover, three characteristic mass loss
steps were present in all the studied DESs. They can be attributed
to the HBD portion, to the strongly interacting HBD-HBA system
and to the HBA evaporation/degradation events, respectively. Anal-
ysis of the thermal behavior showed a glass transition only in a rel-
atively number of cases and at low temperatures, especially when
the molar ratio was increased from 1:2 to 1:4 for LevA-containing
DESs with both Bet and ChCl as HBA and for Bet:Gly DESs. Instead,
for Bet:EG and ChCl:Gly DESs, no thermal events were observed.
Lastly, all ChCl:EG DESs displayed a clear melting event around
—20 °C, preceded by a cold crystallization event. These results
showed that all DESs presented in this work can potentially substi-
tute conventional solvents by virtue of their being liquid at room
temperature and due to the ability to maintain their liquid state
across a broad range of temperatures.
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