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Deep eutectic solvents (DES) present interesting properties, mostly connected to their solvation ability,
and have been subject to much research in the recent past. Currently, the discovery of new eutectic
solvents is accomplished by experimentally measuring the eutectic point of random systems, often using
choline chloride as a hydrogen bond acceptor. In this work, the eutectic temperatures of new choline
chloride-based eutectic systems were experimentally assessed. These data, along with other previously
reported in the literature, were used to evaluate a method based on COSMO-RS to predict the eutectic
temperature of choline-chloride based mixtures. The predictive methodology herein developed allows
for the quick scanning of a large matrix of systems in order to identify those more promising to be in the
liquid state at a given temperature. To validate this method, the eutectic temperature of pharmaceutical
drug mixtures was predicted and, then, assessed experimentally, showing that COSMO-RS is useful in the
design of liquid drug-based formulations.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Deep eutectic solvents (usually shortened to DES) are a rela-
tively new class of green solvents that were first proposed by
Abbottet al., in 2003 [1]. Their liquid state at operation temperature
arises from the mixing of two or more solid components (typically
hydrogen bond acceptors and donors) presenting a eutectic tem-
perature at or below the operation temperature. In this way, what is
commonly named deep eutectic solvents are eutectic mixtures that
are liquid at the operation temperature, where the prefix deep,
although disputable [2], can be understood in two ways: to high-
light the fact that these are eutectic mixtures that have large
negative deviations from ideality, or to emphasize that the eutectic
melting temperature is significantly lower than that of the original
components [3].

There has been a lot of scientific interest in this type of mixtures
and comprehensive reviews are available [4—10]. A wide range of
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applications for these systems has been proposed and extensively
studied. To conform to the status of a green solvent, it is common to
prepare deep eutectic solvents using non-toxic, cheap substances.
Following this line of thought, the most recurrent substance used in
DES research is choline chloride, which acts as a hydrogen bond
acceptor. It takes the form of deliquescent crystals, it is non-toxic
and the DES prepared from it are, in general, non-toxic and
biodegradable [11,12]. It is believed that its chemical structure al-
lows for a great deal of hydrogen bonding with other substances
and generally produces eutectic mixtures with interesting proper-
ties, in particular, good solvation abilities that can be tailored by
choosing the appropriated hydrogen bond donor and its
proportion.

A particular area of DES research is concerned with pharma-
ceutical compounds [13—16]. More specifically, the liquefaction of
pharmaceutical drugs by the addition of a second component can
solve problems such as poor solubility and bioavailability or poly-
morph instability. This, in turn, would solve non-optimal dosage
problems, reducing wastes, and increasing the shelf life where
crystalline morphology changes are an issue. As such, this work has
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a particular emphasis on the prediction of melting temperatures of
binary systems consisting of choline chloride and a pharmaceutical
ingredient.

Considering the interest in choline chloride-based deep eutectic
solvents, it would be quite valuable to have a method able to predict
the eutectic point of these systems and, thus, support the design of
novel DES. The two pillars of such a development are (i) the
knowledge of the melting temperature and enthalpy of the pure
components and (ii) the ability to predict with enough accuracy
their activity coefficients. In this perspective, the decomposition of
choline chloride upon melting would hamper any attempt to search
for that method. Recently, however, Fernandez et al. [17] were able
to indirectly assess the melting temperature and enthalpy of
choline chloride from solid-liquid equilibrium (SLE) data of a large
number of systems. These properties were further appraised by
Martins et al. [2] Concerning the activity coefficients, the predictive
model COSMO-RS, based on quantum chemistry, has been exten-
sively used in the study of DES [18—29], but generally focusing in
applications and/or specific systems and not in the analysis of
phase diagrams, or in the prediction of eutectic points, as will be
here explored.

The present work aims at evaluating the ability of COSMO-RS to
predict the eutectic temperature of choline chloride-based eutectic
mixtures. For that purpose, a database of eutectic points was built
from data collected from the open literature and supplemented by a
considerable number of novel data measured in this work. The
choline chloride was modelled in the COSMO-RS framework as
either a single ion pair or two separated ions, comparing the two
approaches. The predictive methodology was validated in the
design of new pharmaceutical based DES by initially predicting the
eutectic temperature of mixtures not previously studied and, then,
measuring it experimentally, assessing the quality of the pre-
dictions by comparing both sets.

2. Experimental

In order to develop a suitable method to predict eutectic tem-
peratures, a database on the melting temperatures of the pure
compounds as well as of several choline chloride-based mixtures
was assembled from literature data, and further extended
measuring such data for new systems studied in this work.

2.1. Chemicals

The source and purity of the compounds used in this work are
detailed in Table 1, as well as their melting properties, taken from

the literature. Before use, each compound was dried under vacuum
(0.1 Pa and 298.15K) and constant stirring for at least 72 h. The
water content of all compounds was determined using a Metrohm
831 Karl Fischer coulometer, with the analyte Hydranal Coulomat
AG from Riedel-de-Haén and found to be lower than 600 ppm for
all compounds.

2.2. Phase diagrams measurement

All mixtures were prepared by weighting, inside a dry-argon
glove-box and at room temperature, the amounts of each pure
component using an analytical balance (model ALS 220-4 N from
Kern) with an accuracy of +0.002 g. Whenever possible, all samples
were heated under stirring until complete melting, and then
recrystallized. The solid-liquid phase diagrams were measured
using two different methods, described below, depending on the
physical state of the final mixture. Both procedures were repeated
at least three times and the estimated reproducibility of the mea-
surements is 2.0 K.

For the mixtures with a paste-like consistency, a visual method
with an oil bath previously described elsewhere [30] was
employed. The mixtures were gradually heated until complete
melting and the temperature was controlled with a PT100 probe
(previously calibrated) with a precision of +0.1 K.

For the remaining mixtures, the recrystallized solid was crushed
in a mortar inside a glove-box and the powder was filled into a glass
capillary. The solid-liquid phase diagrams were measured using a
melting point device, model M — 565 by Buchi (100—240V,
50—60 Hz, 150 W), with a temperature resolution of 0.1 K, as pre-
viously described [30], and a temperature gradient of 0.1 Kmin~".

3. Model
3.1. Thermodynamic framework
To describe a eutectic type solid-liquid phase diagram, the

equilibrium curve for each component can be calculated by
Ref. [43]:

111("1"71'):#' (;—;) + AmRCp,-. (%— ln%— 1)
m.a
(1)

where x; is the mole fraction of component i, v; its activity coeffi-
cient, AzH; is the melting enthalpy of pure component i and Ty, ; its

Table 1

Name, CAS number, supplier and purity of the compounds experimentally studied in this work, along with their melting properties and literature source.
Compound CAS Number Supplier Purity (%) Tim/K AmH{(kJ/mol) Reference
Choline Chloride 67-48-1 Acros Organics 98 597 4.30 [17]
Urea 57-13-6 Analar 99.5 406.5 14.79 [31]
Methylurea 598-50-5 Acros Organics 97 373.8 15.75 [31]
1,1-Dimethylurea 598-94-7 Acros Organics 98 454.0 29.11 [31]
1,3-Dimethylurea 96-31-1 Acros Organics 98 379.5 13.62 [31]
Thiourea 62-56-6 Acros Organics 99 4447 15.64 [32]
Benzoic Acid 65-85-0 Acros Organics 99 395.4 17.10 [33]
Salicylic Acid 69-72-7 Acofarma 99 432.5 23.05 [34]
5-Phenylvaleric Acid 2270-20-4 Aldrich 99 332.0 23.40 [35]
D-Mannitol 69-65-8 Sigma-Aldrich 99 4373 54690 [36]
Meso-erythritol 149-32-6 Alfa Aesar >99 391.2 38.90 [37]
Malonic Acid 141-82-2 Fluka >98 407.5 23.10 [38]
Citric Acid 77-92-9 Fischer Scientific 100 426.2 26.70 [39]
Succinic Acid 110-15-6 Merck 99 455.2 34.00 [40]
Acetamide 60-35-5 Acros Organics 99 354.1 15.50 [41]
Benzamide 51-21-0 Acros Organics 99 403.0 23.76 [42]
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Fig. 1. Sigma surfaces of the choline ion (a) and of the chloride ion (b) as calculated
using TURBOMOLE and used as input to the COSMO-RS model (model A + B). The total
electronic energy is —328.8959 Ha and —460.4521 Ha, respectively.

Fig. 2. Sigma surface of the choline chloride ion pair as calculated using TURBOMOLE
and used as input to the COSMO-RS model (model AB). The total electronic energy
is —789.3558 Ha.

melting temperature, R is the ideal gas constant, T is the absolute
temperature and Ap,Cp; is the heat capacity change of component i
upon melting. Notice that Equation (1) does not describe solid-solid
transitions, which are not present in the systems herein studied.

The influence of the heat capacity term tends to be very small in
most systems [44,45], in particular if the temperature is not too far
from the melting temperature of the pure compound. Moreover,
the Ap,Cp value is not available for most compounds used in this
work due to a variety of reasons, one of which is thermal decom-
position, as is the case of choline chloride. Taking all this into
consideration and for the purpose of this study, the equilibrium
equation used is a reduced form of equation (1):

AmH; 1 1
In(x;=v;) = nlz - <TT> (2)
m,i

For an ideal system it becomes:
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In order to calculate the solid-liquid phase diagrams, it is
necessary to know the melting properties (temperatures and en-
thalpies) of each component. These properties are reported in
Table 1 for the compounds studied experimentally in this work, and
in Table S1 for the remaining ones.

3.2. COSMO-RS

COSMO-RS, short for Conductor like Screening Model for Real
Solvents, is a thermodynamics model, based on quantum me-
chanics, that predicts the chemical potentials of individual com-
ponents in liquid mixtures [46,47]. This model considers the
polarization charge-density (o) to build o-profiles of molecules.
From those, the chemical potentials of the components can be
calculated considering pair-wise interactions and from these, the
activity coefficients.

In the present work, COSMO-RS was used through the software
COSMOtherm [48,49] with the parametrization BP_TZVP_
C30_1701.ctd. Each input file needed to apply the model was pre-
pared using the software TmoleX [50,51], adopting a DFT with the
B—P86 functional level of theory and a def-TZVP basis set.

It should be noted that COSMO-RS is not particularly suitable for
calculations with ionic species [30,52]. Attempting to minimize this
problem, two distinct approaches are investigated in this work. The
first considers choline chloride as two individual ions, each mo-
lecular file being optimized with TURBOMOLE (model A + B) while
in the second approach, choline chloride is dealt as an ion pair
whose structure is based on the work by Ashworth et al. [53], and
then optimized using TURBOMOLE (model AB). Both sigma surfaces
obtained are presented in Figs. 1 and 2.

Regarding the second component in the binary mixtures, its
sigma surface was calculated considering it as a single molecular
species. Thus, when the second component was ionic, it was
modelled as an ion pair, much like choline chloride is modelled in
the AB model. Moreover, other geometries (Fig. S1) were tested for
choline chloride. Since the results thus obtained were much poorer,
these are not further analysed in this work.

4. Results and discussion
4.1. Experimental eutectic points
The experimental eutectic temperatures of the systems being
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Fig. 3. Experimental solid-liquid phase diagrams for the mixtures a) choline chloride/octadecanoic acid [54] and b) choline chloride/[N»222]Cl [55]. Legend: ¢ choline chloride
melting; A 2nd component melting; ----- linear regression of choline chloride equilibrium data;

linear regression of 2nd component equilibrium data; e estimated eutectic point.
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Table 2
Eutectic points of choline chloride-based systems (mole fraction and temperature)
and standard error (S), along with source of the SLE phase diagram.

Table 3
Experimental and predicted eutectic temperatures estimated considering the ideal
liquid mixture and using COSMO-RS with model A + B or model AB.

2nd Component Reference Xeut Sxeut Teut Steut 2nd Component Experimental Ideal T,,; Model A + B T, Model AB Ty
FC Teul"C Fckc J-c
Urea This Work 0.42 0.01 16 3 Urea 16 73.0 -178.6 14.9
Methylurea This Work 0.40 0.01 31 3 Methylurea 31 56.3 -131.5 23.6
1,1-Dimethylurea This Work 0.38 0.03 119 7 1,1-Dimethylurea 119 126.3 68.0 130.9
1,3-Dimethylurea This Work 0.39 0.01 56 2 1,3-Dimethylurea 56 54.9 -171.8 47.7
Thiourea This Work 0.42 0.03 100 7 Thiourea 100 95.2 B E—
Decanoic Acid [54] 0.40 0.02 34 4 Decanoic Acid 34 17.8 E— -6.0
Dodecanoic Acid [54] 0.41 0.03 39 1 Dodecanoic Acid 39 32.1 S 349
Tetradecanoic Acid [54] 0.51 0.03 52 1 Tetradecanoic Acid 52 41.2 —_— 475
Hexadecanoic Acid [54] 0.41 0.02 52 2 Hexadecanoic Acid 52 51.9 E— 61.2
Octadecanoic Acid [54] 0.40 0.03 66 1 Octadecanoic Acid 66 59.7 -27.2 67.6
Tetradecanol [54] 0.44 0.02 30 2 Tetradecanol 30 29.0 -10.2 37.8
Hexadecanol [54] 0.62 0.03 55 6 Hexadecanol 55 34.0 —69.7 48.4
Octadecanol [54] 0.58 0.03 56 3 Octadecanol 56 43.4 47.1 56.9
Benzoic Acid This Work 0.28 0.01 78 2 Benzoic Acid 78 72.0 B —45.2
Salicylic Acid This Work 0.48 0.02 61 6 Salicylic Acid 61 104.6 E— -107.0
5-Phenylvaleric Acid This Work 0.40 0.03 20 7 5-Phenylvaleric 20 371 E— -11.6
D-Mannitol This Work 0.50 0.02 112 4 Acid
Meso-erythritol This Work 0.44 0.02 78 6 D-Mannitol 112 134.2 —20.5 100.3
p(+)-Glucose [30] 0.53 0.02 55 4 Meso-erythritol 78 91.9 —143.6 323
p(—)-Fructose [30] 0.50 0.02 53 5 p(+)-Glucose 55 108.4 S -74
p(+)-Sucrose [30] 0.54 0.03 58 8 p(—)-Fructose 53 79.9 E— -139.7
p(+)-Xylose [30] 0.49 0.01 47 4 p(+)-Sucrose 58 139.4 E— —68.7
Malonic Acid This Work 0.48 0.02 12 4 p(+)-Xylose 47 104.7 -78.3 49.6
Citric Acid This Work 0.68 0.04 79 6 Malonic Acid 12 89.33 E— Em—
Succinic Acid This Work 0.52 0.02 66 4 Citric Acid 79 106.0 E— E—
Choline Acetate [17] 0.44 0.01 35 3 Succinic Acid 66 132.7 B B
[Naaaq] C1 [17] 0.50 0.02 47 4 Choline Acetate 35 30.8 — 27.0
[BzCh] C1 [17] 0.41 0.01 31 3 [Naaaq] C1 47 413 B 60.0
[Campyr] C1 [17] 0.63 0.02 148 2 [BzCh] C1 31 24.4 —85.2 21.0
[Comim] C1 [17] 0.44 0.01 30 4 [Campyr] C1 148 139.9 90.5 146.8
[C20Hmim] CI [17] 0.55 0.03 49 3 [C2mim] C1 30 233 -131.7 26.0
[N2222] C1 [55] 0.50 0.02 229 3 [C20Hmim] C1 49 54.3 7.6 57.8
[N3333] C1 [55] 0.54 0.03 201 3 [N2222] C1 229 192.7 168.9 196.6
Acetamide This Work 0.44 0.02 48 2 [N3333] C1 201 187.1 173.0 205.5
Benzamide This Work 0.42 0.02 89 3 Acetamide 48 434 —68.0 322
Benzamide 89 874 -91.0 71.2

studied were obtained from their solid-liquid phase diagrams,
which were either taken from the literature or measured in this
work. To do so, both component curves were regressed linearly,
using the method of least squares, and their interception was
regarded as the experimental eutectic point. In a few cases, one of
the SLE curves (or both) differed significantly from a straight line. In
these systems, not all the experimental data were used. Instead,
only the data closer to the eutectic point were regressed. The sys-
tems choline chloride/octadecanoic acid [54] and choline chloride/
[N2222]Cl [55]are displayed in Fig. 3 to exemplify both situations.

To assign an uncertainty value to the estimated eutectic tem-
perature and composition, a propagation of uncertainty method
was used and is detailed in Supporting Information (section S3).
The eutectic points estimated from SLE phase diagrams, either
measured in this work or taken from literature, along with their
standard errors are reported in Table 2, noticing that these errors
are quite small.

4.2. COSMO-RS predictions

For each system reported in Table 2, its SLE phase diagram was
calculated with COSMO-RS considering the two approaches adop-
ted for choline chloride. For comparison purposes, the ideal SLE
diagram was also calculated, using equation (3). These diagrams are
presented in Fig. S2 of the Supporting Information. Table 3 sum-
marizes all the calculated eutectic temperatures.

It is evident that the present version of COSMO-RS is unable to
adequately predict the solid-liquid phase diagrams for all systems
studied. Moreover, COSMO-RS, especially with the model A + B,

systematically underestimates the values of the activity coefficients
for both components, overestimating the non-ideality of the mix-
tures, leading to eutectic temperatures much lower than those
obtained experimentally. For a number of systems, irrespective of
the model used to describe choline chloride (A + B or AB), this
underestimation of the activity coefficients led to SLE diagrams
consisting of two lines that do not intercept each other. Contrasting
with this behaviour, the AB model, specifically for fatty acids/al-
cohols, predicted choline chloride to have large positive deviations
from ideality. Both situations are exemplified in Fig. 4. Notice how
COSMO-RS largely underestimates the activity coefficients in the
first case (Fig. 4a) and how it largely overestimates the activity
coefficient of choline chloride in the second case, using model AB
(Fig. 4b). In some cases, immiscibility was also predicted.

Analyzing Table 3, it stands out that the model AB produces
remarkably better results than the model A + B. From all thirty-five
systems studied in this work, model AB only failed to predict the
eutectic point, predicting a gap instead, in four of them (mainly for
systems with policarboxylic acids). Its mean absolute error, defined
as:

MAE = Z‘Tmodel,i - Texperimental‘i

/Nsystems (4)

is 31 °C. However, the model displayed abnormal innacurate pre-
dictions for close-ring sugars (glucose, frutose and saccarose), and
aromatica acids (benzoic and salicylic acids). The difficulties herein
encountered to describe the choline chloride/sugar systems have
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Fig. 4. Solid-liquid phase diagrams for the binary systems a) choline chloride/malonic acid and b) choline chloride/decanoic acid. Legend: ¢ experimental eutectic point;

model; AB model; ideal liquid phase model.

already been reported in the literature along with fine-tuning of
COSMO-RS parameters to overcome them [30]. If these five systems
are disregarded as outliers, the mean deviation of the AB model is
decreased to just 12°C. Fig. 5 illustrates these results. Although
these results, in terms of absolute average deviations, do not seem
to be much better than those obtained considering an ideal liquid
mixture, even since as shown by us [2] many of these systems do
not show a significant deviation to ideal behaviour, a simular rep-
resentation presented in Fig. S4 shows that as the non ideality in-
creases COSMO-RS is able to capture this for most systems with
success.

Contrary to the AB model, from the thirty-five binary systems
studied in this work, model A + B was only able to predict the
eutectic point for nineteen of them. In the remaining sixteen sys-
tems, this model overly underestimated the activity coefficients,

250

200 4 (]
150
g\) ()
@
5 100 @
=1
£
g @
5 50
= e o
=
5 0
3
E e © O
£ @ Other
= ®
-50 @ Close-Ring Sugars
(]
9 Benzoic Acid
-100 4
ASalicylic Acid
-150 D T T T
0 50 100 150 200 250

Experimental Temperature /°C

Fig. 5. Predicted vs experimental eutectic temperatures by COSMO-RS (model AB).
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leading to gaps in the diagrams that are impossible to close.
Moreover, the eutectic temperatures predicted are, in general, too
low when compared to those obtained experimentally, with a mean
error of 112 °C (as per equation (4)). As such, the AB model greatly
suprasses the predictive ability of the A + B model and is the one
chosen to predict the eutectic temperature of new novel eutectic
solvents of pharmaceutical relevance.

4.3. Design of novel pharmaceutical-based eutectic solvents

To validate the predictive methodology herein developed, the
eutectic temperature of four novel pharmaceutical-based systems
was estimated. Then, their solid-liquid diagrams were measured, as
described in section 2, and the results compared with the
predictions.

The chosen substances were acetylsalicylic acid, ibuprofen,
ketoprofen and paracetamol. Pertinent information regarding these
compounds is given in Table 4.

The experimental eutectic temperature obtained for each sys-
tem, both experimentally and with model AB, is reported in Table 5,
along with the experimental uncertainty (calculated as described in
section S3 of the supplementary information). The SLE phase dia-
grams are displayed in Fig. 6.

In general, the predictions obtained through COSMO-RS were
fairly accurate, with a mean average error (estimated by equation
(4)) of 6°C. The largest deviation was obtained for the choline

Table 5

Experimental eutectic temperature, along with its standard uncertainty (S) and the
eutectic temperature predicted by COSMO-RS (model AB), along with the absolute
difference between it and the experimental value, for pharmaceutical based
systems.

System Teut Experimental/°’C  Sreye  Teur Model AB Error
/°C /°C I°C
Acetylsalicylic Acid 63 2 489 14
Ibuprofen 51 3 52.1 1
Ketoprofen 75 2 78.4 3
Paracetamol 39 8 43.5 5

Table 4

Name, CAS number, supplier and purity of the pharmaceutical substances used to develop novel eutectic solvents, along with their melting properties and literature source.
Compound CAS Number Supplier Purity (weight %) Tm AmH Reference

/K /(kJ/mol)

Acetylsalicylic Acid 50-78-2 Sigma-Aldrich >99 414.0 29.80 [56]
Ibuprofen 15687-27-1 Sigma-Aldrich 98 350.4 39.50 [57]
Ketoprofen 22071-15-4 Alfa Aesar >98 368.0 37.30 [58]
Paracetamol 103-90-2 Sigma-Aldrich 99 443.0 26.20 [59]
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chloride/acetylsalicylic acid system. This was expected, since model
AB had already shown severe inaccuracy when predicting the
choline chloride/aromatic acids systems. The current COSMO-RS
parameterization seems to have problems in dealing with aro-
matic acids. Abbott et al. [13] reported mixtures of choline chloride
with acetylsalicylic acid to be liquid at room temperature but using
dry compounds this could never be achieved in our study, the
actual eutectic temperature observed are well above room
temperature.

COSMO-RS can in general provide semi-quantitative predictions
that can be useful for scanning a large number of systems, selecting
a solvent or, as shown in this work, the melting temperature of a
mixture. However its behaviour is often unpredictably unreliable,
as shown above for the aromatic acids, or in this results for the
ibuprofen where the crystallization curve of choline on this mixture
is clearly physically unsound as result of a non-monotonic behav-
iour of the activities of the compound predicted by the model (as
shown in Fig. S3), which results in the odd behaviour of the SLE
diagram reported in Fig. 6b. We chose, however, to present the
ibuprofen curve extending beyond the predicted eutectic compo-
sition, showing its good agreement with the experimental data and
that the eutectic point, were the cholinium chloride curve correctly
described, would be not far from the experimental value. The re-
sults presented in Fig. 6, most with significant deviations to ideality,
further stress the advantage of using COSMO-RS, in spite of its
problems, on the prediction of the eutectic temperatures of mix-
tures when compared with the ideal liquid mixture predictions.

5. Conclusion

Based on COSMO-RS, a methodology to predict new choline
chloride-based eutectic solvents has been developed. Two different
choline chloride models were investigated, the A + B model, where
choline chloride is treated as two different ions, and the AB model,
where choline chloride is treated as an ion pair. Both models were
used to predict eutectic temperatures of several binary systems.

Model A + B was shown to be very inaccurate, underestimating
severely the activity coefficients, leading to gaps in the diagrams for
many of them. On the other hand, model AB provided a reasonable
description of most systems studied, with exception of those
including close-ring sugars, and aromatic acids (salicylic acid and
benzoic acid). The mean error of the A + B model was 112 °C while
the AB model had a mean absolute error of 31 °C (12 °C if the
outliers are removed).

The methodology developed in this work was validated by
predicting eutectic temperatures for new systems containing
pharmaceutical compounds as the second component (acetylsali-
cylic acid, ibuprofen, ketoprofen and paracetamol). The SLE phase
diagrams for these systems were then experimentally measured
and a mean absolute error of just 6 °C was obtained. The method-
ology herein developed can be used in future works to predict new
eutectic solvents without the need of fastidious experimental trial
and error measurements.
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