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Abstract 

Inspired by the lack of characterization of natural eutectic and deep eutectic (DES) 

systems, we studied the solid-liquid equilibria (SLE) of binary and ternary mixtures 

involving choline chloride and sugars. The densities, viscosities and solvatochromic 

parameters for the binary systems containing choline chloride, [Ch]Cl, were measured 

at the eutectic composition, and the water impact on these properties was also 

investigated in order to address the tailoring of their properties using water. Mixtures of 

sugars are shown to present an ideal behavior, while their binary mixtures with choline 

chloride present negative deviations to the ideality, particularly in the sugar solubility 

curve. Aiming to develop a predictive model to design new sugar based DES, the 

[Ch]Cl + sugars phase diagrams were used to tune the COnductor-like Screening 

MOdel for Real Solvents (COSMO-RS) parameters, which was after applied in the 

estimation of the eutectic points of new ternary DES. The predictions quality was 

checked experimentally, proving that COSMO-RS can be a useful tool for the design of 

deep eutectic solvents.  

Keywords: Sugars, choline chloride, SLE, COSMO-RS, solvatochromic parameters, 

densities, viscosities, eutectic solvents. 
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Introduction 

The development of the chemical industries has led to an improvement in the quality of 

life, but it has also been deemed responsible for the generation of chemical pollutants 

and toxic wastes with worldwide impact in both human health and environment. 

Minimizing, or fully eliminating, the use of noxious solvents and contaminated effluents 

in industrial processes has been the target, under the head of "green chemistry", of much 

research in the last decades.1 Nowadays, the search for green solvents to be used on 

chemical processes is being focused on bio-based compounds. In this context, the 

neoteric Deep Eutectic Solvents (DES) based on natural compounds are attracting a lot 

of interest.2,3 

Natural based DES (NADES) are a particular group formed by biomolecules such as 

urea, choline chloride ([Ch]Cl) and organic acids, including amino acids. Some authors 

have also proposed sugar based DES.3–8 These hold a lot of interest given its easy 

availability, low price, non-toxicity, and good biodegradability, that could lead to cheap 

environmental friendly solvents.  

Given the recent interest for NADES and the number of articles reporting applications 

using sugars as DES precursors,3,5,9,10 data on the solid-liquid equilibria (SLE) of their 

mixtures is surprisingly scarce, despite the information it provides on the range of 

compositions and temperatures to operate these systems. Moreover, a characterization 

of the physical properties of these systems is rarely presented.4–6,11 Regarding mixtures 

of [Ch]Cl and sugars, only in a few cases3,7,9 the authors report what they believe to be 

the eutectic composition. Even the information available on the SLE of mixtures of 

sugars is scarce with just 3 binaries and one ternary system published.12,13 Kelly and 

Brown12 evaluated the SLE of the ternary system sucrose+glucose+fructose and the 

correspondent binary subsystems. The thermal instability of the mixtures is mentioned 

as a limitation, as well as the need to implement fast measurements to minimize 

degradation. The limited experimental details reported inhibit a correct evaluation of the 

data. Later, Bhandari and Hartel13 studied the effect of the presence of glucose, or 

fructose, on the co-precipitation of sucrose. This work includes experimental data on the 

SLE of the binary and ternary systems for high concentration of sucrose, measured by 

differential scanning calorimetry (DSC). The main reason for this dearth of data in 

sugar-based mixtures is related with their poor thermal stability. They are reactive 
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species with high melting points and their isomerization and polymerization may take 

place upon heating leading to the formation of brown chromophores characteristic of 

sugar degradation.14 An interesting review on the decomposition of sugars is reported 

by Roos et al.15 

Due to the lack of experimental data, and the poor characterization of the 

thermophysical properties of pure sugars and other NADES precursors, namely 

cholinium chloride,16 it is not surprising that attempts to describe the SLE of DES by 

equations of state or activity coefficient models are scarce too. Moreover the complexity 

of the interactions between the DES constituents17 are often not easily represented by 

conventional models. In previous works reporting experimental SLE phase diagrams of 

DES, PC-SAFT17,18 and NRTL17 were successfully used to model these systems.  

Aiming at contributing to the characterization of systems containing sugars (sucrose, 

glucose, fructose, arabinose, mannose and xylose), in this work the SLE of sugar+sugar 

and choline chloride+sugar mixtures were studied, evaluating the nature of these 

systems and of their eutectic mixtures. The experimental phase diagrams for the binary 

systems composed by [Ch]Cl and sugars were described by two excess Gibbs energy 

(gE) models, namely NRTL and a modified Redlich-Kister expansion, after used to 

develop tools for predicting the behavior of other sugar-based DES. The predictive 

ability of COSMO-RS19 was tested, and a few parameters tuned with the knowledge 

gathered by the new binary experimental data and gE modeling. The model was then 

used to predict novel systems that were experimentally validated. In a final stage of the 

work, densities, viscosities and solvatochromic parameters for the eutectic mixtures of 

systems containing choline chloride were measured. The water impact on these was also 

investigated in order to further discuss the tailoring of the properties by the presence of 

water. 

Experimental 

Chemicals 

The properties of the compounds used in this work are presented in Table 1. Before use, 

choline chloride was dried under vacuum (0.1 Pa and 298.15 K) for at least 72 h, while 

the remaining compounds were stored at room temperature and used as received, due to 
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their reduced hygroscopicity. The water content was measured using a Metrohm 831 

Karl-Fischer coulometer, with the analyte Hydranal®–Coulomat AG from Riedel-de 

Haën and found to be lower than 600 ppm for choline chloride and lower than 10 ppm 

for all the sugars. Distilled water was used in for properties measurements. 

Table 1. Source, purity and melting properties of the substances used in this work. 

Compounda Supplier Mass Purity % 𝑻𝒎 / K ∆𝒎𝐻 / kJ·mol-1 

Choline Chloride Acros Organics 98 59716 4.316 

D(-)-Fructose Panreac 98 386.7520 33.021 

Sucrose Himedia 99.5 462.0520 32.022 

D-Glucose Analar 98 42021 32.021 

D(+)-Xylose Sigma 99 42323 31.6523 

D-Mannose Aldrich 99 40723 24.6923 

L(+)-Arabinose Biochemicals ≥ 99 43521 35.7821 

aThe sugars stereochemistry is omitted in the rest of the manuscript. 

Experimental methodology  

Melting points determination 

The mixtures were prepared weighing, inside a dry-argon glove-box, the desired 

amounts of each pure compound using an analytical balance model ALS 220-4N from 

Kern with an accuracy of ±0.002 g. The vials with the mixtures were heated under 

stirring until complete melting and then recrystallized. Depending on the physical state 

of the final mixture two different methods were employed: 1) For mixtures with a paste-

like appearance a visual method using an oil bath was applied. The mixtures were 

gradually heated until complete melting and the temperature controlled with a PT100 

probe with a precision of ±0.1 K. The probe was previously calibrated against a 

calibrated platinum resistance thermometer, SPRT100 (Fluke-Hart Scientific 1529 

Chub-E4), traceable to the National Institute of Standards and Technology (NIST), with 

an uncertainty less than 2 × 10−2; 2) For the remaining mixtures, the recrystallized solid 

was grounded inside the glove-box and the powder filled into a glass capillary. A 

melting point device model M-565 by Bucchi (100-240 V, 50-60 Hz, 150 W) with a 

temperature resolution of 0.1 K was used to determine the melting points, applying an 
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heating rate of 1 K·min-1. Both procedures were repeated at least three times and the 

estimated reproducibility of the measurements is of 1.8 K.  

Density and viscosity 

Densities and viscosities measurements of the mixtures [Ch]Cl+sugars at the eutectic 

composition, and of the [Ch]Cl+sugars+water mixtures were carried out at atmospheric 

pressure, in the temperature range (293.15 to 373.15) K using an automated SVM 3000 

Anton Paar rotational Stabinger viscometer-densimeter. The uncertainty of temperature 

is ±0.02 K and the relative uncertainty of the dynamic viscosity is ±0.35%. The absolute 

uncertainty in density is ±5×10-4 g·cm-3. The fixed water mass content in 

[Ch]Cl+sugars+water mixtures is presented in Table S1 of Supporting Information (SI). 

Kamlet Taft Solvatochromic Parameters  

The Kamlet Taft solvatochromic parameters π*, β and α were measured at the eutectic 

composition for the mixtures [Ch]Cl+sugars, and also for the [Ch]Cl+sugars+water  

mixtures at 323.15 K. Small quantities of the probes N,N-diethyl-4-nitroaniline, 4-

nitroaniline or pyridine-N-oxide were added to the mixtures and immediately stirred at 

323.15 K using an Eppendorf Thermomixer Comfort (1400 rpm during 30 min) until 

complete dissolution. π* and β were obtained using the longest wavelength absorption 

band, determined by UV-Vis spectroscopy (BioTeck Synergy HT microplate reader) at 

323.15 K. α was measured by 13C nuclear magnetic resonance (NMR) spectra, using a 

Bruker Avance 300 apparatus at 75 MHz. Deuterium oxide (D2O) and trimethylsilyl 

propanoic acid (TSP) were used as solvent and internal reference, respectively. The 

procedure was repeated at least three times for parameters π* and β. The water content 

used in the solvatochromic parameters was 9 wt%, the minimum amount of water 

required for all mixtures to become liquid at 298.15 K. 

Modeling 

Solid-liquid thermodynamics 

The solid-liquid equilibrium of a compound i in a solution can be described using the 

following thermodynamic equation:24 
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where 𝑥𝑖
𝐿 is the mole fraction of the component i in the liquid phase and 𝛾

𝑖
𝐿 its activity 

coefficient, R is the ideal gas constant and T is the absolute temperature. 𝑇𝑚,𝑖 and ∆𝑚𝐻𝑖 

are the melting temperature and enthalpy of compound i, respectively, while ∆𝑚𝐶𝑝𝑖 its 

the heat capacity change upon melting.  

Data on ∆𝑚𝐶𝑝 are seldom available, as is the case for most of the pure compounds 

studied here since they decompose upon heating. Magoń et al.22 measured the sucrose 

∆𝑚𝐶𝑝 (around 250 J·mol-1·K-1) using fast scanning and temperature modulated 

calorimetry. This was the value used in this work for sucrose, while for all the other 

sugars that are monosaccharides a fixed ∆𝑚𝐶𝑝=120 J·mol-1·K-1, roughly half of the 

value for the disaccharide, was adopted as proposed in the literature.21,25 Choline 

chloride also degrades upon melting and so its melting properties cannot be measured 

directly. In this work, the estimated16 set 𝑇𝑚 = 597 K and ∆𝑚𝐻=4.3 kJ·mol-1 was 

applied and ∆𝑚𝐶𝑝 was neglected. This last assumption has been checked in detail by us 

elsewhere.26 The melting temperatures and enthalpies are summarized in Table 1.  

Excess Gibbs energy models 

To represent the non-ideality of the liquid phase, two excess Gibbs energy models were 

applied: the well-known Non-random Two-Liquid (NRTL) model27 – a semi-empirical 

model based on the local composition concept; and an empirical model based on the 

Redlick-Kister (mRK) expansion models, where a dependence on the composition is 

achieved through the so-called active fraction.28 Additional information about the 

models and their equations is available in the Supporting Information. 

COSMO-RS model 

The use of COSMO-RS19 as a predictive model for DES have been explored by 

different authors.29,30 In this work the geometry of all compounds was optimized at the 

B3LYP/6-31++G** computational level using the software Turbomole V7.2, which was 

also used to produce the COSMO files. Choline chloride was optimized as a neutral ion-

paired structure. On a second step, the programme COSMOSthermX C30_1201 



7 
 

(COSMOlogic GmbH & Co KG, Leverkusen, Germany) was used to perform all the 

calculations.  

Results  

The detailed experimental solid-liquid data for the systems composed of: sugar+sugar, 

sugar+sugar+sugar, [Ch]Cl+sugar, and [Ch]Cl+sugar+sugar are reported in Tables S2 – 

S5 of the Supporting Information. All systems present a SLE phase diagram 

characterized by a single eutectic point. The consistency tests proposed by Kang et al.31 

and Cunico et al.32 were used to evaluate the quality of the measured SLE data. Results 

are compiled in Table S6, revealing very satisfactory quality factors, even if invariably 

Q2 is always much lower from the two others, which is related to the definition of that 

quality factor (equation 1 by Cunico et al.32). To the best of our knowledge there are no 

consistency tests to evaluate the data quality for ternary systems. 

Thermodynamic behavior of mixtures of sugars 

The phase diagrams for the binary mixtures of sugars are shown in Figure 1 along with 

solubility curves calculated by equation 1 assuming ideality. Analyzing Figure 1 it is 

possible to see that assuming ideality very satisfactory results are obtained, while the 

experimental eutectic temperature of each binary mixture (Table S7) is at least 10 K 

below to the lowest melting temperature of their constituents pure compounds.  
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Figure 1. Phase diagrams of the binary systems composed of: A) sucrose (1)+glucose 

(2); B) sucrose (1)+fructose (2); C) glucose (1)+fructose (2). Legend: (♦) Data from this 

work; (×) Kelly and Brown12; (+) Bhandari and Hartel13; (—) Ideality curve; (---) 

Experimental eutectic temperature. 

The data measured in this work is in Figure 1 compared with values previously reported 

in the literature.12,13 The new data reported in this work show, in most cases, 

consistently higher melting temperatures than those previously reported. The data from 

Bhandari and Hartel13, in the limited composition range studied, are close to the data 

from this work, while those from Kelly and Brown13 show considerable differences 

particularly in the region rich in the compound with higher melting point. 

The (x1, T) projections of the ternary phase diagram sucrose+glucose+fructose are 

presented in Figure 2, where the solid black lines represent the SLE curve assuming 

ideality. The 3D surface is also represented in Figure 2, comparing the experimental 

data with ideality predictions. Other perspectives are presented in SI (Figure S1). 

Figure S2 illustrates a plane projection of the 3D phase diagram with the respective 

eutectic compositions and the isothermal lines. 

The eutectic temperatures of the ternary and binary mixtures of sugars are well above 

room temperature, in contradiction with some recent reports that claim these mixtures to 

be deep eutectic solvents and liquid at room temperature.33 As shown before, the liquid 

phase of these mixtures behaves almost ideally, as the interactions between the different 

sugar molecules is similar to those of the pure compounds, forming simple eutectic 
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mixtures, not presenting a temperature depression to the ideal eutectic temperature of 

significant magnitude. Although theoretically these mixtures could potentially form 

DES, since they have both hydrogen-bond acceptors (HBA) and hydrogen-bond donors 

(HBD), the hydrogen bonds (HB) are present in both pure compounds, and in the liquid 

mixture the amount of HB formed or destroyed as result of the mixture is negligible. 
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Figure 2. Representation of the solid-liquid equilibria of the ternary mixture sucrose+glucose+fructose, at constant glucose/fructose molar 

ratio, as a function of sucrose mole fraction (x1):  A) 0.10 glucose + 0.90 fructose; B) 0.25 glucose + 0.75 fructose; C) 0.50 glucose + 0.50 

fructose; D) 0.75 glucose + 0.25 fructose; and E) 0.90 glucose + 0.10 fructose. The last figure represents the 3D phase diagram of the 

mixture. Legend: (●,♦) Data from this work; (—) Ideality curve; (---) Experimental eutectic temperature.



11 
 

Thermodynamic behavior of [Ch]Cl + sugars systems  

The experimental SLE data for the mixtures of [Ch]Cl with the six different sugars studied 

(sucrose, glucose, fructose, arabinose, mannose and xylose) are reported in Table S4 and 

plotted in Figure 3. All systems present a eutectic point close to equimolar composition. 

The coordinates of the eutectic points are reported in Table S8. The activity coefficients of 

the ionic compound are always close to one, as shown in Table S4 and Figure S3, 

indicating that [Ch]Cl presents a quasi-ideal behavior in the liquid phase. This behavior can 

be related to the stability of [Ch]Cl in solution as reported before.34 However, the sugars 

activity coefficients show, in most of the cases, significant negative deviations to the 

ideality. These are particularly strong for the systems [Ch]Cl(1)+arabinose(2) and 

[Ch]Cl(1)+sucrose(2), where the values of the activity coefficient are very low in all the 

composition range, and for the binaries [Ch]Cl(1)+glucose(2) and [Ch]Cl(1)+xylose(2), 

with (x[Ch]Cl=0.6)<0.3. These values suggest the formation of novel and favorable 

interactions between [Ch]Cl and the sugars, that are not present in the pure sugars. These 

interactions are related with the formation of HBs with the [Ch]Cl chloride anion and seem 

to be favored by some sugar configurations, as demonstrated by the difference in the values 

of the activity coefficient between the two isomers arabinose and xylose.  

The estimated parameters for the two models during the correlation of the experimental 

data are reported in Table S9. The mRK model leads to a better description of the phase 

diagrams than NRTL, as shown in Figure 3 and by the temperature deviation as defined in 

the SI (equation S6). Even using a temperature dependency the NRTL model cannot 

represent the data as well as the mRK, due to the asymmetry of the systems (Figure S3). As 

mentioned above while the activity coefficients of [Ch]Cl is very close to one the sugars 

present very low values for this property, where the mRK is quite suitable to represent such 

type of systems. Thus, this model was chosen as the basis to calculate the activity 

coefficients to be used in the COSMO-RS fine-tuning procedure as described below. 
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Figure 3. Solid-liquid phase diagrams for the binary mixtures composed of [Ch]Cl and: A) 

glucose, B) fructose, C) xylose, D) mannose, E) arabinose, and F) sucrose. Legend: (♦) 

experimental data from this work, (---) NRTL modeling, and (—) mRK modeling. 

COSMO-RS description of the thermodynamic behavior of [Ch]Cl + sugars systems  

Original COSMO-RS model was used to predict the phase diagrams of the [Ch]Cl + sugar 

systems. After, some sensitivity tests and analysis, when the values on heat capacity upon 

melting were used as given above, the COSMO-RS lead, generally, to eutectic temperatures 

well below the experimental values and, in some cases, as shown in the system containing 

sucrose, the solubility curves do not even intersect. As can be seen in Figure 4, even 

considering ∆𝑚𝐶𝑝 = 0 J·mol-1·K-1, the descriptions obtained are not satisfactory 

particularly concerning the sugars solubility curve, what makes the predictions unreliable. 

Although the eutectic point for the systems with xylose and arabinose are estimated with a 

moderated error, the rest of the systems show predicted eutectic temperatures much lower 

than the experimental ones, and for the system [Ch]Cl+sucrose the two solubility curves 

never intersect at temperatures above the absolute zero.  

The poor performance of COSMO-RS has already been shown by us19 as in other systems 

containing [Ch]Cl, since COSMO-RS predicts very small values for the activity 

coefficients at lower temperatures. In order to improve the poor performance of COSMO-

RS and aiming at improving the estimations of the [Ch]Cl+sugar SLE, a fine-tuning of the 

COSMO-RS parameters was attempted. The hydrogen bond contribution to the excess 

enthalpy was unusually high (>5000 J·mol-1, as shown in Figure S4) and thus, the 

parameters corresponding to the hydrogen bond interaction were optimized. Additionally, 

the misfit parameters were also fitted to the experimental data. The optimized parameters 

are reported in Table S10 and the procedure detailed in SI. 
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Figure 4. Solid-liquid phase diagrams for the binary mixtures composed of [Ch]Cl and 

sugars: A) glucose, B) fructose, C) xylose, D) mannose, E) arabinose, and F) sucrose. 

Symbols: (♦) experimental data from this work; (—) original COSMO-RS, and (- -) tuned 

COSMO-RS. 

The SLE phase diagrams obtained using the modified parameters are plotted in Figure 4, 

showing a significant improvement on the calculation of the eutectic temperatures. 

Furthermore, the estimated excess enthalpy is now more reliable as shown in Figure S4. 

For the mixture [Ch]Cl+sucrose the problem observed before, concerning the inability to 

calculate the eutectic temperature, was overcome although the behavior is still not correctly 

reproduced (Figure 4F). In general COSMO-RS underestimates the non-ideality of the 

sugars and overestimates the non-ideality of choline chloride. 

Prediction of new DES using COSMO-RS 

The tuned COSMO-RS parameters were used to estimate the eutectic points of novel 

ternary DES, formed by [Ch]Cl and two different sugars (Table S12). Sucrose was not 

included in this study due to the poor results obtained in the previous section. Observing 

Table S12 it is clear that in some cases results are somewhat unexpected. An evidence of 

that is the low content of one of the sugars in the estimated eutectic compositions of some 

mixtures {e.g. [Ch]Cl(1)+arabinose(2)+fructose(3) and [Ch]Cl(1)+arabinose(2)+mannose 

(3)}. In these cases we are dealing with a quasi-binary system, instead of a ternary, with the 

estimated values consistent to what can be found in Table S11. 

Although the estimated values can be somehow influenced by the error of the model, some 

conclusions can be drawn in order to design novel ternary DES. The lower eutectic 

temperatures observed correspond to mixtures involving mannose, which present eutectic 

temperatures always inferior to 295.2 K. However only the mixture [Ch]Cl(1)+mannose(2) 

+xylose(3) presents what seems to be a more adequate proportion between the mole 

fractions of the two sugars. Another interesting eutectic system is formed by 

[Ch]Cl(1)+fructose(2)+glucose(3), which have an estimated eutectic temperature around 

298 K. 
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Figure 5. Solid-liquid behavior of the mixtures composed by: [Ch]Cl(1)+mannose(2)+xylose(3) as a function of [Ch]Cl (x1):  A) 0.33 

mannose + 0.67 xylose; B) 0.50 mannose + 0.5 xylose; C) 0.67 mannose + 0.33 xylose; and [Ch]Cl(1)+fructose(2)+glucose(3), as a 

function of [Ch]Cl (x1):  E) 0.33 fructose + 0.67 glucose; F) 0.50 fructose + 0.50 glucose; G) 0.67 fructose + 0.33 glucose. Figure D) 

and H) represents the 3D phase diagram of [Ch]Cl(1)+mannose(2)+xylose(3) and [Ch]Cl(1)+fructose(2)+glucose(3), respectively. 

Legend: (●,♦) Experimental data from this work; (—) tuned COSMO-RS prediction.  
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The phase diagram of the two mentioned ternary systems 

{[Ch]Cl(1)+mannose(2)+xylose(3) and [Ch]Cl(1)+fructose(2)+glucose(3)} were 

experimentally measured at different sugar proportions. Results are reported in Table S5 

and presented in Figure 5, along with their respective binary systems. 

The solubility curves were estimated by the tuned COSMO-RS and are also presented in 

Figure 5. The tuned COSMO-RS descriptions are in very good agreement with the 

experimental data measured in this work. However, the experimental temperatures in the 

eutectic point are slightly higher than the estimated by the tuned COSMO-RS, as observed 

above for the binaries (Figure 4). The estimated eutectic points coordinates are described in 

Table S13 and the projections of the locus of the eutectic points depicted in Figure S5.  

Since most of the studied systems present rather high melting eutectic points, in general 

well above room temperature, we decided to measure the amount of water required to bring 

the eutectic mixtures melting point down to 298.15 K. These values are reported in Table 

S1. To be a liquid at room temperature, the system [Ch]Cl+mannose needs just 3 wt% of 

water, while the system [Ch]Cl+xylose requires 9 wt% of water. In general, a water content 

lower than 10 wt% is enough to reduce the melting point of the [Ch]Cl+sugars mixtures to 

values close to the room temperature. Given the high hygroscopicity of [Ch]Cl this water 

can be easily absorbed from the atmosphere. However, it is important to state that 3 wt% of 

water corresponds to 35 mol% while, 10 wt% corresponds to 65 mol%. From a 

thermodynamic point of view, we are now dealing with aqueous solutions of sugar+[Ch]Cl. 

The addition of water to these systems leads to a higher number of potential hydrogen 

bonds between the solutes and water, decreasing their densities and viscosities, and turning 

the final mixtures into systems with enhanced transport properties for industrial 

applications as described below.  

Densities 

The experimental density data at the eutectic composition for the binary and ternary 

[Ch]Cl-sugar systems, and the same mixtures with water (water content present in Table 

S1) are presented in the SI (Figures S6 and S7, Tables S14 and S15). As expected, the 
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density decreases linearly with increasing temperature and with the addition of water. For 

the binary systems, in the studied temperature range, the density follows the rank; mannose 

> fructose > glucose > xylose, but systems containing the two last present very similar 

densities. This trend suggests that systems involving hexoses present higher densities than 

the ones involving pentoses. However, after the addition of water (8 and 9 wt% to the 

systems involving glucose and xylose, respectively) there is a much more evident 

difference between their densities. In general, the density of systems containing water is 

lower (reduction within the range 0.82 – 2.22%) than the density of the dry mixtures. 

Concerning the ternary systems, [Ch]Cl+fructose+glucose present a higher density than 

[Ch]Cl+mannose+xylose. 

Viscosities 

Viscosity measurements at the eutectic composition for the binary and ternary [Ch]Cl-sugar 

systems and of the same mixtures with water (water content Table S1) were carried out in 

the temperature range (293.15 to 373.15) K. Results are presented in Figures 6 and 7, and 

Tables S16 and S17 of SI. The viscosity of the systems studied decrease with increasing 

temperature and with the addition of water. Similarly to the density, viscosity follows the 

rank; mannose > fructose > glucose > xylose, but systems containing the fructose and 

mannose are very close in terms of viscosity. In this way, the number and position of the 

functional groups strongly influence the behavior of these systems. The addition of water 

reduces by approximately half the viscosities of the dry mixtures. Concerning the ternary 

systems investigated, the mixture [Ch]Cl+fructose+glucose presents the highest viscosity, 

but again, with the addition of water this value decreases substantially (Figure 7). The high 

viscosities presented by the dry systems investigated here may be attributed to the strong 

hydrogen bonds between the components. Moreover, the large size of the components lead 

to a small void volume and, therefore, a lower mobility of the species contributing to the 

high viscosities observed. 
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Figure 6.  Viscosity of the binary systems [Ch]Cl+sugars at different temperatures. The full 

markers correspond to the dry systems while the empty markers to the same mixture with 

water: (♦) [Ch]Cl+mannose; (♦) [Ch]Cl+fructose; (♦) [Ch]Cl+glucose; (♦) [Ch]Cl+xylose. 
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Figure 7. Viscosity of the ternary systems [Ch]Cl+sugar+sugar at different temperatures. 

The full markers correspond to the dried systems while the empty markers to the same 

mixture with water: (♦) [Ch]Cl+fructose+glucose; (♦) [Ch]Cl+mannose+xylose. 

Solvatochromic Parameters 

The Kamlet-Taft solvatochromic parameters of the [Ch]Cl-sugar were measured at 323.15 

K and are presented in Figure 8 and Table S18 (an a brief description available in SI). Due 

to high viscosity of some mixtures, it was not possible to measure their solvatochromic 

parameters without the presence of water. To the best of our knowledge, no such 

experimental data is available in the literature. 

Polarizablility, π* 

The parameter π* provides a measure of the solvent polarizability. The π* values obtained 

here are between 1.1 and 1.3, considerably higher than those of conventional organic 

solvents (Table S18). However, they present values similar with other [Ch]Cl-based 

DES,35 and are higher than those obtained for tetraalkylammonium-based DES.35,36 This 

indicates that choline chloride plays an important role on the polarizability of the mixture. 

Moreover, the hydrophilic character of the mixtures investigated in this work contributes to 

higher values of π*. Hydrophobic mixtures of menthol with different HBD presented much 

lower values.35 These differences are related with the fact that cholinium based DES are 

constituted by charged moieties with polar groups, more polar than the menthol-based 

mixtures formed by non-charged compounds. Among the sugars studied, the role of the 

HBD is not clear since they present very similar structures. However, the system 

[Ch]Cl+sucrose (+water) stands out. In general, ternary systems present lower values than 

binaries, showing that the addition of other HBD decreases the mixture polarizability. As 

expected, the addition of water increases the value of π*. 

Hydrogen bonding acceptor ability, β 

The parameter β describes the hydrogen bond acceptor capacity or hydrogen-bond basicity. 

When comparing the β values obtained in this work with other [Ch]Cl-based DES,35 similar 
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values are obtained, while tetraalkylammonium-based DES35,36 present higher values of β. 

This highlights the importance of the nature of the HBA and its interactions with the HBD. 

Among the systems containing water the different HBD used changes β from 0.36, 

([Ch]Cl+sucrose) to 0.53 ([Ch]Cl+fructose). This considerable difference shows the 

important effect of the HBD on the basicity of the mixtures. The β values reported in the 

literature (Table S18) are much higher for the very strong HBDs like methanol and ethanol, 

but in some cases the values found in this work are close to the basicity of acetone.  

Hydrogen bonding donor ability, α 

The Kamlet-Taft parameter α describes the hydrogen bond acceptor capacity or the solvent 

acidity. The values obtained are in general higher than those obtained for 

tetraalkylammonium-based DES36 and, as in the other parameters, similar to those obtained 

for [Ch]Cl-based DES.35 All mixtures studied present α’s higher than 1 and thus, higher 

than most of the organic solvents used nowadays (Table S18). Among the different HBD 

used, sucrose system with water stands, with α equal to 1.27, while the other binary systems 

(+water) present similar values. The system [Ch]Cl+mannose+xylose (+water) presents a 

value surprisingly low when comparing with the other ternary investigated here. The 

reported results suggest that the parameter α of the investigated mixtures is mainly driven 

by the HBA. 
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Figure 8. Kamlet-Taft solvatochromic parameters of the [Ch]Cl-based mixtures studied at 

323.15 K. Full symbols correspond to [Ch]Cl+sugar+water (9 wt%) mixtures; empty 

symbols correspond to [Ch]Cl+sugar mixtures. 

In summary, in this work the SLE phase diagrams of eutectic mixtures composed of 

sugar+sugar, sugar+sugar+sugar and [Ch]Cl+sugars were measured experimentally through 

visual techniques. For all the binary systems the quality of the data obtained was checked 

using consistency tests. While, mixtures of sugars present only slight deviations from ideal 

behavior, the binary mixtures of choline chloride with sugars present eutectic points with 

much lower temperatures than the sugar+sugar systems, and important negative deviations 

from the ideal behavior, especially in the sugar solubility curve, were observed. Despite 

being solids at room temperature, due to its deep temperature depression many of these 

systems can be considered deep eutectic mixtures. The non-ideal behavior observed for 

these mixtures was described using NRTL or a modified Redlich-Kister expansion, but due 

to the marked asymmetry of these systems only m-RK was able to correctly describe the 

SLE behavior of binary [Ch]Cl+sugar mixtures. Trying to develop a predictive tool to 

search for new multicomponent systems, a tuned version of COSMO-RS was proposed. 

Targeting liquid mixtures at room temperature, and in order to avoid an extensive number 

of experimental measurements, the tuned COSMO-RS was applied to estimate the eutectic 

points of possible novel ternary DES containing [Ch]Cl and two sugars. Results were 
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checked by measuring experimentally two ternary systems [Ch]Cl+mannose+xylose and 

[Ch]Cl+fructose+glucose showing that COSMO-RS can be a useful tool for screening and 

designing deep eutectic solvents of this kind. The amount of water required for the binary 

[Ch]Cl+sugar mixtures to be liquid at room temperature was found to vary between 3 and 9 

wt%. The densities and viscosities of the dried and wet systems were measured in order to 

evaluate the potential of these systems to be used as solvents in industrial applications. The 

mixtures investigated were further characterized by the measurement of their 

solvatochromic parameters. While choline chloride plays the major role on the 

dipolarity/polarizability and acidity of the mixture, the parameter β is strongly influenced 

by both, the HBD and HBA used. 
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