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Abstract

Despite some promising potential applications of eutectic systems containing choline
chloride and a polyalcohol, a detailed investigation of the thermodynamic behavior of
these systems is still missing. In this work, the solid-liquid equilibria phase diagrams of
binary systems containing choline chloride, and one from six different polyalcohols
(ethylene glycol, 1,3-propanediol, glycerol, meso-erythritol, xylitol and sorbitol), were
measured in the full composition. Excepting the mixtures with glycerol or ethylene glycol
a quasi-ideal behavior in the [Ch]CI solubility curve is observed. In the polyalcohol
solubility curve, the mixtures present small negative deviations from ideality, excepting
[Ch]Cl+ethylene glycol, which is slightly positive. The solid—liquid phase diagrams show
a large liquidus composition window, and not a fixed stoichiometry for the eutectic points,
where the mixtures can be used as solvents close, or below, room temperature. Aiming at
their application, viscosities and densities were measured at the eutectic point in the
temperature range from 278.15 to 373.15 K. All systems present densities and viscosities
higher than water, which are directly related to the strong interactions between the
components. Solvatochromic parameters were measured to characterize the solvents and

they show how to achieve solvent tunability by varying the polyalcohol mole fraction.

Keywords: Eutectic solvents, solid-liquid equilibrium, phase diagrams, density,

viscosity, solvatochromic parameters.
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Introduction

Over the years, volatile organic compounds have been widely used as solvents. These are
mainly composed of low molecular weight petrochemical derivatives and alcohols, which show
often drawbacks such as volatility, flammability, toxicity, and in many cases, poor
biodegradability.! In the last decade, the concept of sustainable development has impacted
different industries and the way of thinking processes and methods, especially due to the
properties of the solvents used. Alternative solvents such as ionic liquids, supercritical fluids,
and biomass-based solvents, among others, have been sought.>* However, these also present
several drawbacks regarding the large-scale use, such as their thermal and chemical instability,
high cost, advanced equipment requirements, and/or life-cycle assessment. In this sense, the
replacement of traditional organic solvents is crucial, and mixtures of natural compounds have
emerged as a green sustainable alternative. The potential solvent character of eutectic and deep
eutectic solvents (ES and DES, respectively) have been investigated as an alternative to
conventional organic solvents due to their promising properties and industrial applications.*>
The possibility of having solvents of lower viscosity at room temperature, or relatively low
operating temperatures, led researchers to investigate different combinations of hydrogen bond

acceptors (HBA) and hydrogen bond donors (HBD) as constituents of ES.6

Regarding the interest of the industrial and scientific communities for new greener solvents,
the eutectic systems present several advantages: low toxicity, high biodegradability, negligible
volatility, and can be considered as having less impact on the environment than other
solvents.l* However, the green character of any eutectic mixtures relies on the use of
environmentally friendly components. These include non-toxic quaternary ammonium salts as
HBA and HBD such as amines, sugars, alcohols, sugar alcohols, polyalcohols, and organic

acids.*’

One of the most ubiquitous HBA is choline chloride ([Ch]Cl), an essential nutrient and additive
in animal feed. Mixtures containing [Ch]Cl are generally biodegradable. Being a strong HBA
presenting a relatively small (4300 J mol')® melting enthalpy, it usually shows a very steep
solid-liquid equilibrium curve.® On the other hand, polyalcohols are widespread materials
derived from natural sources presenting non-corrosive and non-toxic characteristics and are
often used as HBD.!! Among them, glycerol and ethylene glycol (EG) are widely studied due
to their ability to form liquid mixtures in a large composition range namely with choline

chloride, or urea.!0-14
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Sustainable ES composed of cheap biodegradable polyalcohols and choline chloride have been
commonly used in DES formulations, as they allow numerous applications namely on
chemical, pharmaceutical, and material fields. These eutectic solvents were proposed as
extraction media for azeotropic mixtures,'> to extract flavonoids as well as purification agents
of biodiesel.'® In this respect, Abbott and co-workers!® reported glycerol-based DES as an
efficient extraction media for glycerol from biodiesel based on rapeseed or soybean oil, while
Hayyan et al.!” showed that a cheap quaternary ammonium-salt can be successfully used as a
solvent to extract the glycerol from palm oil-based biodiesel in a continuous separation process.
In the pharmaceutical area Morrison et al.'® used ethylene glycol-based DES to increase the
solubility of very low water solubility compounds favoring bioavailability in early drug
development studies. Shekaari et al.!! studied the effect of using choline chloride/ethylene
glycol, or glycerol, as co-solvents on the acetaminophen solubility enhancement, showing that
interactions with acetaminophen became stronger by increasing the DES concentration.!!
Additionally, polyalcohols and their eutectic mixtures have been proposed as potential phase
change materials substitutes,!”?° which are an important class of modern materials that
contribute to the efficient use and storage of energy in processes such as solar thermal,

industrial waste heat recovery and thermal management of electronics.

When selecting eutectic systems, many authors tend to study only fixed stoichiometric mole
ratios and report those at which the mixtures are visually liquid at room temperature.*>!4
However, to select the appropriate molar ratio of the ES components, and the operating
temperature for a specific application, the solid-liquid equilibria (SLE) phase diagrams must
be known,® but very seldom in studies on eutectic systems the SLE phase diagrams were
characterized. Additionally, the physicochemical characterization of the resulting mixture is
also poor. Among the studies available in the literature involving eutectic mixtures of [Ch]CI
and polyalcohols, only Abbott and co-workers'® have measured the SLE phase diagram for the
system [Ch]Cl+glycerol. This was later complemented with an extensive study of the
physicochemical properties of that system by the same group.!# It was shown it could be used
effectively at room temperature, !¢ in spite of its high viscosity'4 that could be a limitation to

some applications of this solvent at an industrial scale.

The number of applications and the performance of these mixtures can be enhanced and
optimized by an a priori knowledge on the phase equilibria and thermodynamic properties of

these mixtures. In parallel, this knowledge also contributes to a more profound understanding
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of the type and magnitude of the interactions governing these mixtures that, subsequently,
enables the development of theoretical models able to accurately correlate and predict the
behavior of these mixtures under different conditions, avoiding a high number of experimental

measurements.

In this work, eutectic binary mixtures of [Ch]CI with polyalcohols are investigated. The SLE
phase diagrams of six [Ch]ClI based-eutectic mixtures containing ethylene glycol, glycerol, 1,3-
propanediol, meso-erythritol, sorbitol, or xylitol were measured in the full composition range.
The main goal is to provide meaningful information on the compositions and temperature
ranges for operating these alternative solvents. Additionally, densities, viscosities, and

solvatochromic parameters were determined for each system at the eutectic composition.

Experimental Section

Chemicals

The source, purity, and melting properties of the compounds studied in this work are detailed
in Table 1, while their chemical structures are illustrated in Figure S1. The [Ch]CI was dried
under vacuum, at room temperature and at atmospheric pressure with constant stirring, for at
least 72 hours. For ethylene glycol, 1,3-propanediol, and glycerol, a purification was done
through contact with zeolites (<45 um) for 72 hours. All the remaining compounds were stored
at room temperature and used as received from the supplier as they present a low
hygroscopicity. The water content was measured using a Metrohm 831 Karl-Fischer
coulometer, with the analyte Hydranal Coulomat AG from Riedel-de Haén and was found to

be lower than 600 ppm for choline chloride and below 150 ppm for the remaining compounds.

Table 1. Source, purity (according to the supplier) and melting properties of the substances
used in this work.

Compound Supplier Mass Purity % T /K A,H /kJ-mol?

Choline chloride ([Ch]CI) Acros Organics 98 597% 4.3
Ethylene glycol (EG) Sigma-Aldrich 99.5 256.6%2 9.522
1,3-propanediol (PD) Sigma-Aldrich 99.5 2493 11.4%

Glycerol (Gly) Fischer Chemical 99.88 29323 18.282
Meso-erythritol (ME) Alfa Aesar 99 391.2% 38.9%
Xylitol (Xyl) Acros Organics 99 365.7% 37.4%
Sorbitol (Sor) Fischer Bioreagents 98 366.5% 30.2%

5
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Solid-Liquid Phase Diagrams Measurements

Due to the hygroscopic character of some polyalcohols and [Ch]Cl, all mixtures were prepared
inside a dry-argon glove box at room temperature using an analytical balance from Kern (ALS
220-4N) with an accuracy of 0.2 mg. After the first heating to mix the compounds and
immediate crystallization, three experimental methods were applied depending on the physical
state of the mixture. /) For mixtures presenting a pasty consistency, samples were heated in an
oil bath under stirring until complete melting. The melting temperatures, measured using a
Pt100 probe (0.1 K), correspond to the last solid disappearance. ii) For mixtures showing
complete recrystallization, the samples were ground in the glove box, and the powder was filled
into a glass capillary. The melting point was then measured in a device model M-565 from
Biichi, with a temperature resolution of 0.1 K. Each procedure was repeated at least three times.
iii) For mixtures liquid at room temperature, a Hitachi DSC7000X model working at
atmospheric pressure was applied. Samples of approximately 2-5 mg tightly sealed in
aluminum pans were prepared inside the dry-argon glovebox and submitted to one repeated
cooling-heating cycles at 5 K min'! (cooling) and 2 K min! (heating). The thermal transition
temperatures were taken as the peak temperature. The equipment was previously calibrated

with several standards with weight fraction purities higher than 99%.

Preparation of Eutectic Mixtures

To further characterize the eutectic systems, a certain number of compositions per system were
selected (Table S1) and prepared in a larger quantity (2 batches of 5 g), following the procedure
described above. After melting and immediate cooling at room temperature, mixtures were

stored for 2 days in the glove box to check their stability.

Density and Viscosity Measurements

Densities and viscosities were measured at atmospheric pressure in the temperature range from
278.15 to 373.15 K using an SVM 3001 Anton Paar viscometer-densimeter (temperature
uncertainty: + 0.03 K; absolute density uncertainty: 1x10* g cm3, relative viscosity
uncertainty: 0.35%). Mixtures with compositions close to the eutectic point were used (Table
S1). The water content of each mixture was measured using a Karl-Fischer coulometer

(described above) and the results are presented in Table S2.
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Kamlet-Taft Solvatochromic Parameters

The Kamlet-Taft solvatochromic parameters, a, f, and 7* were measured at 298 K for a
parameter and at 323.15 K f and #* parameters, in mixtures with compositions close to the
eutectic point (Table S1). For the systems [Ch]CI+EG and [Ch]Cl+glycerol, the
solvatochromic parameters were measured over the entire composition range in which the
system is in a liquid state at 323.15 K (Table S1). The measurements of z*, f, and a were
performed by adding small amount of the probes N, N-diethyl-4-nitroaniline, 4-nitroaniline or
pyridine-N-oxide, respectively, to the mixtures, that were immediately stirred at 323.15 K and
1400 rpm using an Eppendorf Thermomixer Comfort until complete dissolution. Whereas a
was obtained by 13C nuclear magnetic resonance (NMR) spectra, using a Bruker Avance 300
apparatus at 75 MHz, 7* and f parameters were obtained using the longest wavelength
absorption band determined by UV-Vis spectroscopy (BioTeck Synergy HT microplate reader)
at 323.15 K. Trimethylsilyl propanoic acid (TSP) and deuterium oxide (D,O) were respectively
used as internal reference and solvent in the NMR measurements. The procedure was repeated
at least three times for parameters 7* and /. The equations used to calculate the parameters are

available in SI.

Soli-liquid equilibrium

After some assumptions, the solubility of a solid solute in a liquid solvent, can be obtained

from the following expression:2°

Ay H; 1 1 AGCD; (T Tmi
In G y) == (=~ 1)+~ (5 = I — 1) M
where x; is the mole fraction of the solute i in the liquid phase, y; its activity coefficient in the
liquid phase, A,,H; and T,,; its melting enthalpy and temperature, respectively, and A,,Cp;
represents its heat capacity change upon melting, R is the ideal gas constant, and T is the
absolute temperature of the system. The heat capacity change upon melting is often not known
(e.g. [Ch]CI), but its contribution to the second term of Equation 1 is typically negligible,?’

allowing Equation 1 to be simplified as:?®

In (x; - v:) =#' (Trln—%) )

i
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Therefore, knowing the melting properties of the solute, using Equation 2 one can estimate
the activity coefficients from the experimental data, allowing to evaluate the non-ideality of
the liquid phase. Furthermore, the experimental solubilities can also be compared with those

obtained assuming an ideal solution by setting the activity coefficients to unity.

Results & Discussion

Solid-liquid phase diagrams

The six SLE phase diagrams measured in this work are depicted in Figure 1, along with the
ideal liquid phase curves and the experimental activity coefficients. The detailed experimental
data and experimental activity coefficients are listed in Table S3 of Supporting Information.
The experimental activity coefficients were calculated using Eq. (2), without considering the
solid-solid transition of choline chloride. Other relevant thermic events as eutectic temperatures
and solid-solid and glass transitions are reported in Table S4. In the eutectic region of
[Ch]Cl+glycerol it was not possible to measure the melting temperatures due to crystallization

problems and in these cases, only the glass transitions were observed and reported.
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Figure 1. Solid-liquid phase diagrams (left) and activity coefficients (right) for binary mixtures
composed of choline chloride and a polyalcohol: A) EG; B) PD; C) Gly; D) ME; E) Xyl and
F) Sor. Legend: ¢, experimental melting temperatures measured in this work; =, glass
transitions temperatures; ®, eutectic temperatures; 4, — [Ch]Cl solid-solid transition (7ss =

352.93 K, AHss=17.19 kJ kJ-mol!);?° Literature: X, Abbott et al.!%; X, Bagh et al.?’; - -, ideal

solubility curve; ¢, O, experimental activity coefficients, --- y = 1. Gray regions represent the
concentration range for which the mixture is liquid at room temperature (7' = 298.15 K).

To the best of our knowledge, literature data is only available for [Ch]CI + glycerol and [Ch]Cl
+ EG systems. For the system [Ch]Cl+glycerol, Abbott et al.!® reported the freezing
temperatures in a considerable composition range for xgjycero1 > 0.3, while Bagh et al.* reported
only 3 melting temperatures near the eutectic composition. Small discrepancies between both
sets of data are observed — Figure 1C. For the system [Ch]CI+EG, there are discrepancies
between our results and those reported in the literature by Bagh et al* as can be seen in Figure
1A. [Ch]CI+EG phase diagram was reported by us before,?* showing a considerable different
SLE phase diagram than the one reported here for xgg > 0.4, composition intersecting the solid-

solid transition temperature of choline chloride (Figure S2). The discrepancies in the results

10
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obtained are attributed to the metastability of [Ch]Cl. The polymorphism of choline chloride
was previously reported by Shanley and Collin®'3? that identified two forms: a and B, the latter
observed for temperatures higher than the [Ch]Cl solid-solid transition. This has an impact on
the SLE phase diagram depending on choline chloride solid phase. Considering the temperature
levels observed in both works, it indicates that here choline chloride remains in the o form,
while in our previous work, it changes from o to B at the SS transition temperature shifting the
slope in the SLE phase diagram. The temperature and enthalpy for the solid—solid transition of

[Ch]CI, 352.92 K and 17.19 kJ-mol-!, respectively, were measured in this work using DSC.

The high hygroscopicity of choline chloride can lead to a significant decrease in the melting
temperature due to absorbed water. As shown by Meng et al.,3* after 48 hours in contact with
atmosphere samples containing [Ch]CI can absorb 5.5 wt% of water leading to a decrease of
more than 15 °C in the melting temperature.®? This result can contribute to explaining the
discrepancies observed in the literature on the melting temperatures of different eutectic
systems.?3 However, in this work, the pure components were carefully dried (water content of
[Ch]CI less than 600 ppm), and the preparation of all samples was made in a water-free
environment (< 1 ppm), as described in the experimental section. Thus, it is improbable that
the measured SLE phase diagrams here reported are significantly affected by the presence of

undesired water.

As shown in Figure 1, all the studied systems exhibit a phase diagram characterized by a single
eutectic point — as expected for systems where the constituents are immiscible in the solid
phase. Additionally, the eutectic temperatures observed are much lower than those of pure
[Ch]C1 (597 K)?! as common in other [Ch]Cl-based eutectic mixtures.® On the other side, the
lowering of the melting point of the polyalcohol is in general small for systems containing
ethylene glycol (-11.1K), propanediol (-6.91 K) and xylitol (- 18.8 K) and large for glycerol (-
57.64 K), erythritol (-47.67 K) and sorbitol (-39.7 K).

Assuming an ideal behavior in the liquid phase (y = 1), ideal solubility curves are also depicted
in Figure 1, and evidence a quasi-ideal behavior in [Ch]CI solubility curve with activity
coefficients close to 1 (Table S3) for all systems excepting for ethylene glycol and glycerol
containing systems (Figures 1A and 1C) where some deviations to ideality are observed in the

region below the solid-solid transition point.

Excepting the system [Ch]CI+EG, in the polyalcohol rich region all systems display negative

deviations to ideality, indicating the existence of stronger interactions between [Ch]Cl and the

11
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polyalcohol, than those observed in the pure polyalcohol. The non-ideality in the polyalcohol
rich side seems to increase with the increasing number of hydroxyl groups and chain length till
[Ch]Cl+sorbitol, where the activity coefficients are close to one at high sorbitol mole fractions.
Thus, the increase in the number of hydroxyl groups increases the possibility of cross-
interactions with choline chloride favoring the non-ideality, to the extent where steric effects
and strong interactions in the pure compound become dominant like in the case of sorbitol,

leading to a significant deviation to the ideality.

The experimental eutectic point coordinates (xfpyy0, T%) are represented in Figure 2 and
reported in Table S5, along with those calculated assuming an ideal behavior. The
experimental eutectic points were determined from the interception between the two In (x) vs
1/T curves (using Equation 2) and are plotted in Figure S3. Eq. (2) shows a linear relationship
between In (x) and 1/7 and thus, a linear regression of a set of experimental data that can
provide an indirect estimation of the experimental eutectic point for these systems. Due to the
lack of experimental points observed for the system [Ch]Cl+glycerol due to recrystallization
difficulties in the eutectic region, and as the SLE phase diagram measured here is in agreement
with the one reported by Abbot et al.,'® the two experimental sets of data were used to calculate

the experimental eutectic point for this system.

As can be seen in Figure 2, with the exception of the systems involving ethylene glycol and
propanediol where 7%, = T%.,1, the eutectic temperatures obtained in this work are lower than
those predicted assuming an ideal solution, due to the negative deviations from ideality of these
systems. Regarding the eutectic compositions, in almost all systems xFey, > xFigea due to those
negative deviations being present in the HBD, the [Ch]Cl showing a near ideal behavior as

discussed above.

Both xF¢,, and 7%, depend strongly on the number of functional groups present in the polyol
chemical structure. These can be divided into two groups: those that present up to 3 OH groups
— ethylene glycol, propanediol, and glycerol; and those having more than 3 OH groups in their
structure (erythritol, xylitol, sorbitol). In each group, the experimental eutectic coordinates are
similar. This means that the eutectic coordinates are mainly controlled by the HBD chemical
structure, specifically the number of functional groups and their interaction with the HBA. This
can be seen in the eutectic temperature of the mixture [Ch]Cl+erythritol that is lower than that
observed for the system [Ch]Cl+sorbitol, although the melting temperature of erythritol is 25
K higher than that of sorbitol. Although sorbitol has two more -OH group able to interact with

12
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[Ch]CI the intermolecular interactions between [Ch]Cl and erythritol are stronger, as the
activity coefficients suggest, and the temperature depression confirms, showing that the two
additional -OH groups present in sorbitol do not contribute for stronger interactions with
[Ch]CI, but for more interactions with other sorbitol molecules. These results suggest that
additional hydroxyl groups in the HBD, and their configuration on the chemical structure play
an important role in the interactions with [Ch]CI. This is in agreement with our previous work,>*
where we investigated mixtures composed of [Ch]Cl and sugars. In that work it was observed
that the interactions with the chloride anion seem to be favored by some sugar configurations,
as demonstrated by the difference in the values of the activity coefficient between the two

isomers reported there, arabinose and xylose.’*
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360 ; 1 075
40 | © 1070
320 | o N

< 100 @ $ & 1065

. =
~ 1 060 &
~ 280 | : %

1055 ™
260 ®
L4 ¢ |
40 | @ ’ & s 1%
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220 ® 1 0.45
200 ' - g ' 0.40

Figure 2. Eutectic coordinates for the systems measured in this work. Legend: 4,0 Eutectic
composition (polyol mole fraction) and ¢,0 eutectic temperature. The full marks correspond to
the experimental data, while the open marks are calculated assuming ideality. For the system
[Ch]Cl+glycerol the experimental coordinates were reported by Abbott et al.!®

Although the systems studied are often reported as DES,#>12:13:1635-38 jt ig here demonstrated
that in some mixtures the eutectic temperature is very close to that predicted assuming ideality
([Ch]Cl+ethylene glycol or propanediol). The absence of favourable interactions on these
systems is further supported by the excess enthalpy measurements reported by Lopez-Porfiri
et al.’’showing these mixtures to be endothermic. Moreover, almost all systems studied present
a quasi-ideal behavior in the [Ch]Cl solubility curve. This means that the interactions between
the components are not significantly different from those present in the pure compound to
induce negative deviations from ideality and the temperature depressions associated with them.

Nevertheless, systems composed of [Ch]Cl and ethylene glycol, propanediol or glycerol,

13

ACS Paragon Plus Environment



oNOYTULT D WN =

ACS Sustainable Chemistry & Engineering

present a wide compositions range at which the mixtures are liquid at room temperature. One
cannot help noticing that the formulation of liquid mixtures at room temperature with the
compounds here studied only occurs when the HBD used is already liquid at room temperature
(ethylene glycol, propanediol, or glycerol), and thus they should more appropriately be

considered solutions of [Ch]Cl on these solvents rather than DES.

Densities and Viscosities

In general, a useful solvent should have a low viscosity allowing for fast mass transfer, and a
density sufficiently different from water for good phase demixing. Therefore, these two
physicochemical properties were studied to further characterize the mixtures herein

investigated.

Densities of the polyalcohol-based mixtures at a composition near the eutectic point
composition (see Table S1), were measured at atmospheric pressure in the temperature range
from 278.15 to 373.15 K, and are presented in Figure 3, and reported in the tabular form in
Table S6.
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Figure 3. Density of the binary systems [Ch]CI(1)+polyalcohol(2) at different temperatures
and a mole fraction of component 2 of: EG) 0.67; PD) 0.75; Gly) 0.68; ME) 0.50; Xyl) 0.55
and Sorb) 0.50.

All systems present densities higher than water being [Ch]Cl+propanediol and [Ch]Cl+sorbitol
mixtures the less and more denser, respectively. As expected, density decreases linearly with
increasing temperature due to thermal expansion. Similarly to the density of pure polyalcohols,

at a fixed temperature, density increases with the increase of the alkyl chain length and the
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number of -OH group in the polyalcohol structure.®® Ethylene glycol and 1,3-propanediol both
have 2 OH groups in their structures and at the same temperature pichjci+ec > Pjcnjci:pp. The
organic salt/HBD molar ratio also has a strong effect on the densities of ES. Analyzing the
mole fraction of choline chloride in each mixture, one can say that density increases with the
amount of [Ch]Cl in the mixture for systems involving ethylene glycol, propanediol and
glycerol, as can be seen comparing the systems [Ch]Cl+propanediol with xcpjcr = 0.25, and
system [Ch]CIH+EG with xcpcr = 0.33, where the amount of [Ch]Cl influences the density of
the mixtures. The remaining systems, all have approximately the same mole fraction of choline

chloride, X[ch]c1 ~ 0.5.

Differences in density can be explained in terms of the molecular arrangement or packing of
the ES. This was previously analyzed by Garcia et al.,>® who reported that the molecular
characteristics of the HBD and the molar ratio at which the ES is formed have a large effect on
their density and its temperature variation. In this work, the system [Ch]Cl+sorbitol is denser
due to the higher intermolecular packing of the mixture structure. The volume packing
indicates that systems with larger molecules of polyalcohol, or that present more functional
groups in their structure, are arranged in a more packed arrangement than systems containing
smaller polyalcohol molecules. Also, bigger polyalcohols are able to occupy a part of the space
between the polar heads of the [Ch]Cl cation and anion which cannot be occupied by the pure

compounds or small species.3

The experimental density data measured in this work is plotted against literature data for the
same systems at the same composition (1:2, HBA:HBD) and the respectively pure polyalcohol
density (Figure S4). The percentage average relative deviations, %ARD, were calculated

through:

Xlit _ Xexp

= 3)

%ARD(X) = 100‘

where X and X¢ are the literature and the experimental quantities, respectively.

A good agreement between the data reported in this work and those reported in the literature
for [Ch]CI+EG and [Ch]Cl+glycerol is observed, with an %ARD in the range of 0.3%. Overall,
small and non-systematic deviations were found between the different sets of data. An

exception is the density reported by Leron et al.*® for the mixtures with glycerol, and for
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temperatures above 320 K, where the density values reported are significantly lower than those

measured in this work. Differences may be attributed to the presence of water on their samples.

Comparing the density between the mixtures, and the corresponding pure polyalcohol, one can
realize that for ethylene glycol and propanediol, the densities of the mixtures are higher than
those reported to the pure compounds.?? Like ionic liquids, in ES a lattice containing holes or
empty vacancies is structured in the solution. It seems that when ethylene glycol or propanediol
are mixed with [Ch]Cl, the average hole radius is decreased*! resulting in a slight increase of
the ES density as compared to that of the pure solvent.!® On the contrary, the ES containing
glycerol presents a smaller density than reported for the respective pure polyalcohol.?? These
differences can be associated with the free volume in the system and the number of -OH groups
in the polyalcohol structure, since ethylene glycol and propanediol both have one OH group

less than glycerol.!3-3

Viscosities of the same polyalcohol-based mixtures (compositions at Table S1) were measured
at atmospheric pressure, in the temperature range from 278.15 to 373.15 K, and are presented

in Figure 4 and, and reported in the tabular form in Table S7.
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Figure 4. Viscosity of the binary systems [Ch]CI(1)+polyalcohol(2) at different temperatures
and a mole fraction of component 2 of: EG) 0.67; PD) 0.75; Gly) 0.68; ME) 0.50; Xyl) 0.55
and Sorb) 0.50.

The viscosities of the investigated systems are higher than water and decrease with increasing
temperature. Moreover, the number and position of the functional groups strongly influence

the behavior of these systems as, at a fixed temperature, viscosity increases with the number of
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-OH groups and number of carbons in the polyalcohol structure, as for pure polyalcohols. For
instance, [Ch]CI+EG exhibits a viscosity of 34.96 mPa's at 298 K, much lower than the
viscosity of [Ch]CI combined with glycerol in the same proportion and at the same temperature
(298.57 mPas at 298 K). The higher viscosity of the later is due to the presence of a more
robust 3D intermolecular hydrogen-bond network, increasing the viscosity of the system. The
highest viscosity is observed for [Ch]Cl+sorbitol, where sorbitol has more -OH groups than the
other polyalcohols, forming more extensive H-bonds networks in the mixture. The activity
coefficients of the mixtures can support this evidence. Smaller activity coefficients indicate
greater molecular interactions between the species. Thus, mixtures comprising polyalcohol’s
with less -OH groups, like EG, have greater activity coefficient in the eutectic point than
mixtures with a higher number of -OH groups, leading to lower viscosities, due to the less
robust intermolecular hydrogen-bond network. It was previously reported that increasing alkyl
chain length or the number of functional groups causes an increase in van der Waals
interactions and hydrogen bonds, which results in lower mobility of free species within the
ESs, making them more viscous.'334> However, the effect of chain length is less relevant at
higher temperatures where viscosity values are closer among the various series.*> Regarding
the mole fraction of choline chloride in each system, its increase seems to lead to an increase

in the viscosity values.

Although several authors reported viscosity data for the mixture of choline chloride with EG*-
46 and glycerol**+4647 to the best of our knowledge, no data were reported for the remaining ES
investigated. A comparison of the available literature data with the values measured in this
work for [Ch]Cl + EG or glycerol, at the same molar proportion (1:2, HBA:HBD), is plotted
in Figure S5 together with the viscosities of the pure polyalcohols ethylene glycol, glycerol or
propanediol, showing considerable viscosity deviations between the different literature
sources, and with the data measured in this work, which can reach 90%. These differences may
arise from the experimental methodology used, sample preparation procedures, water content,
or even impurities. It has been already reported that the sample preparation substantially
influences the physicochemical properties of the ES. Florindo et al.*® reported differences of
6.5% between the viscosity data of DES samples prepared by the traditional heating and stirring
method in comparison with a grinding approach. Although this effect is more significant for
viscosity than density, it should be considered in both properties. As in density, the viscosity
of mixtures of [Ch]Cl with ethylene glycol and propanediol are higher than the pure

corresponding polyalcohol, while the mixture with glycerol presents a lower viscosity than the
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pure HBD. Glycerol has strong cohesive energy due to the presence of an extensive
intermolecular hydrogen bond network. This drastic decrease of the viscosity upon the addition
of [Ch]Cl in the mixture was attributed to the partial rupture of the hydrogen bond network of
glycerol, which can be corroborated by analyzing the low activity coefficients of glycerol in

this mixture (close to 0.24) that reinforces the strong interaction between [Ch]Cl and glycerol.!

The experimental viscosity data of the systems [Ch]Cl + glycerol or ethylene glycol was further
compared with literature data involving different**3! HBAs and at the same HBD/HBA molar
ratio — Figure S6. The systems studied in this work have lower viscosities than the other
ammonium, or phosponium based ES. Within the ammonium group, and at the same
temperature, it was observed that the viscosities of the different ES increase as the HBA
molecular volume increases ([Ch]CI<DAC<TEMA<BTMA<TBAB). Additionally, the salts
that have aromatic rings in their structure (like MTPB, BTPC, and BTMA) lead to ES with
higher viscosities. These results show that ES are tunable solvents with viscosities that can be

designed considering the structure of both the HBA and HBD.

The viscosities of the studies ES are much larger than those of conventional liquid solvents,
which can be explained by a large ion-to-hole radius ration in these eutectic mixtures, since ES
are composed of roles holes or empty vacancies as reported by Abbott.!>#! One possibility to
reduce their viscosities, and their densities, is the addition of water. As shown before by us, in
systems with [Ch]Cl+sugars and hydrophobic terpene+terpene mixtures, and others [333234]
the addition of water, can reduce by approximately half the viscosities of these systems.34>3
However, this should be done with caution since it may affect and change other properties of

the system.

The low toxicity and ready availability of the investigated polyalcohols make them very
interesting solvents. However, their properties, namely high viscosities and densities, limits
their use. The results reported in this work show that the addition of salt can be used to tune
the ES properties, leading to higher or lower densities and viscosities, depending on the molar
proportion of the mixture and the interaction between the components. The temperature has a
significant effect on viscosity, and if highly viscous mixtures are formed at room temperature,
which hampers its use for practical purposes, higher temperatures can be chosen instead. the
meso-erythritol, xylitol, and sorbitol melt, or decompose upon melting, at temperatures around
373.15 K and thus, comparisons between their pure densities and viscosities with the ones

measured in this work in mixtures with choline chloride are not possible.
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Solvatochromic parameters

The solvatochromic parameters give information about the dipolarity/polarizability (z*),
hydrogen bond donor (a) and acceptor (f) capacities of a compound, or mixture, thereby
providing insights into the solvent nature. Here, the Kamlet-Taft solvatochromic parameters of
the [Ch]Cl-polyalcohol systems were measured at the same compositions (Table S1), and at
323.15 K for both 7z* and f, while a was measured at 298.15 K. The experimental data are
presented in Figures 5 and 6, and Table S8 (a brief description of the equations used is also
available in SI). The parameters in the system [Ch]Cl+erythritol were not measured due to the
fast crystallization of the eutectic mixture. This does not happen in all other systems due to
supercooling, allowing the measurement of the KT parameters at a temperature lower to their
melting points. At these temperatures, only pure ethylene glycol, glycerol and propanediol are
in the liquid state, and thus only for those pure polyalcohols the KT parameters were found:
ethylene glycol (=0.554, 0=1.05, 7*=0.956; glycerol (=0.480, o=1.14, #*=1.089; and
propanediol $=0.602, a=0.96, 7*=0.913.
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Figure 5. Kamlet-Taft solvatochromic parameter of some pure polyols and polyol + ChCl
mixtures at compositions close to the eutectic point at 323.15 K (z* and f) or 298.15 K (a).
Clustered columns correspond to the KT parameters (left y-axis). The dotted line corresponds
to the mole fraction of each polyalcohol in the respective mixture (righ y-axis).

The parameter n* provides a measure of the solvent polarizability/dipolarity and present values
between 0.995 ([Ch]Cl+propanediol) and 1.119 ([Ch]Cl+sorbitolb), considerably higher than
those of conventional organic solvents (Table S8), and very close to water. Moreover, there is
a slight increase in the n* value with the number of -OH groups in the alkyl chain length of the

polyalcohol, which is probably connected to the simultaneous increase in the [Ch]Cl mole
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fraction at the eutectic point. The parameter n* for the mixture studied in this work is always

higher than the respective pure polyalcohol, except for glycerol containing system.

The f and a parameters describe the hydrogen bond acceptor and donor capacity, respectively.
The f values obtained here for the mixtures are between 0.497 ([Ch]Cl+glycerol) and 0.563
([Ch]Cl+propanediol), similar to methanol and acetone (Table S8), but smaller than the S of
ethanol. On the other hand, the a values are between 0.87 ([Ch]Cl+propanediol) and 1.12
([Ch]Cl+glycerol), higher than most of the organic solvents used nowadays, but lower than
water (Table S8). The variation observed for parameter S is the opposite of a, as previously
reported.** Mixtures involving polyalcohols with 2 -OH groups in their structures (EG and
propanediol) present a higher capacity to accept hydrogen bonds (higher £) than mixtures
involving other polyalcohols. Additionally, this parameter tends to increase with the
polyalcohol mole fraction. The ability to act as hydrogen bond donor (a) is higher in mixtures
involving polyalcohols with more than 2 -OH groups (glycerol, xylitol, and sorbitol). The
values obtained for mixtures are lower than pure compounds in the case of the a parameter,
while, in the case of f, the values are close to the corresponding pure polyalcohol. In general,
mixtures with smaller polyalcohols, present a higher capacity to accept hydrogen bonds
meaning a higher ability to establish nonspecific interactions with a solute, while the capacity

to act as hydrogen bond donor is higher in mixture with higher polyalcohols.

Aiming to explore the designer solvent character of these mixtures, the KT solvatochromic
parameters of [Ch]CI+EG and [Ch]Cl+glycerol were measured as a function of the polyalcohol
mole fraction — Figure 6. For the system with ethylene glycol, n* decreases with the increase
of ethylene glycol mole fraction, while B shows a smooth minimum at around 0.80 of
polyalcohol. In the case of [Ch]Cl+glycerol system, m* increases with the increase of
polyalcohol in the mixture. f shows the opposite behavior. In both systems, parameter o
increases with the increase of polyalcohol mole fraction. These results suggest that the desired
properties of the final solvent can be tailored based on the mole fraction of the constituents

avoiding the typical use of fixed stoichiometric proportions.
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Figure 6. KT solvatochromic parameters of mixtures [Ch]CI+EG and [Ch]Cl+glycerol at
323.15 K (n* and ) and 298.15 K (o) as a function of the polyalcohol mole fraction. The dotted
lines are guides for the eyes. Legend: ¢ [Ch]Cl+glycerol; A [Ch]+EG; ® [Ch]Cl+propanediol.
In literature, some authors reported the KT solvatochromic parameters for [Ch]+EG and
[Ch]+glycerol systems and the pure compounds (see Table S9). In general, significant
discrepancies between the different sets, especially for parameter m* can be observed being the
results from literature larger than those here measured. However, it is important to highlight

that the measurements were carried out at different compositions, inhibiting a direct
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comparison. Regarding the pure compounds, there are also some discrepancies in the KT
values, namely for glycerol, and generally the results from literature lower than those here
presented. Discrepancies can be attributed to the different probes used, different

methodologies, water content and temperature.>>-7

The studied mixtures present KT parameters similar to [Ch]Cl-based DES, but higher than
those obtained for tetraalkylammonium-based DES,*3>° indicating that choline chloride plays
an important role in the polarizability of these mixtures. The results obtained here have lower
values than those of [Ch]Cl+sugars previously reported by us*’ for all parameters evaluated,
probably due to the presence of a ring-shaped structure in sugars.** Compared with
hydrophobic mixtures containing only terpenes, or terpenes and fatty acids, the mixtures
studied in this work present much higher values, except the n* parameter.*3->> These are related
to the fact that cholinium based DES are constituted by charged moieties with polar groups,

more polar than the terpenes-based mixtures formed by non-charged compounds.
Conclusion

Herein mixtures involving natural compounds — polyalcohols and choline chloride — were
investigated, aiming to characterize their behavior and evaluate their potential as eutectic
solvents. The SLE phase diagrams of the mixtures were measured in the full composition range
using three different techniques. It is shown that in general choline chloride displays an ideal
behavior while the polyalcohol exhibit negative deviations from ideality, resulting in a
temperature depression that may lead to the formation of liquids at relatively low temperature.
Results suggest that the number and positions of functional groups, HBD:HBA eutectic ratio
and interactions in the pure HBD have a strong influence on the solubility of the HBD in the
ES and thus on the eutectic melting temperatures.

Although these systems are often reported as DES, this works shows that this is somewhat
arbitrary: negative deviations from ideality are only observed in one side of the SLE phase
diagram and in some cases, small temperature depressions face to the pure polyalcohol are
found, along with eutectic points very close to the ideally predicted ones. It must, however, be
stressed that room temperature solvents can be obtained for some of these mixtures on a wide
composition range and not fixed to any particular stoichiometric relationship between the
hydrogen bond donor and acceptor, what reinforces the tunable character of the liquid phase

region of these mixtures.
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The densities and viscosities were measured in order to evaluate the potential of these systems
as solvents, and were found to be higher than water. Generally, both properties increase with
the increase of -OH groups, and the number of carbons in the polyalcohol structure, as well as
with the increase of [Ch]CI mole fraction in the eutectic mixture.

The mixtures investigated were further characterized measuring their solvatochromic
parameters, which are influenced by the number of -OH groups in the polyalcohol structure,
and vary with its mole fraction in the mixture. Mixtures involving ethylene glycol and
propanediol present a higher hydrogen-bond basicity character, while mixtures involving
polyalcohols with more than 2 -OH groups in their structure show a higher hydrogen-bond
acidity and higher nonspecific interactions. Moreover, it was shown that mixture properties can
be tailored changing the mole proportion of its constituents. The knowledge gathered here is a
contribution for the study of eutectic mixtures involving choline chloride and polyalcohols, and

their interactions, enhancing their attractiveness for pratical applications.

Supporting Information

Supporting information is available free of charge on the ACS Publications website. Water
content of mixtures used in the density and viscosity measurements; experimental solid-liquid
phase diagrams and calculated activity coefficients; experimental and ideal eutectic points;
densities; viscosities; Kamlet-Taft solvatochromic parameters equations and experimental and

literature values.
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Synopsis

Design and characterization of sustainable eutectic solvents formed by choline chloride and

polyalcohols.
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