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ABSTRACT: The recently proposed category of type V deep
eutectic solvents (DESs), composed only of non-ionic species, has
attracted great interest in the literature. However, despite their
importance in solvent design, measuring the solid−liquid equili-
brium (SLE) diagrams of all possible type V DES precursor
combinations is unfeasible. Therefore, a reliable computational tool
must be found to estimate SLE phase diagrams and, thus, the
melting points of type V DESs. In this work, a total of 134 different
binary eutectic systems (1744 datapoints) were gathered from the
literature, and the calculation capabilities and accuracy of three
different models�COSMO-RS, UNIFAC of Dortmund, and Group
and Group-Interaction Contribution method (GGIC)�were
evaluated. UNIFAC and COSMO-RS were, by far, the best
performing models, with average absolute deviations (AADs) of, respectively, 6.9 K for 94 systems and 7.4 K for 133 systems.
Due to a lack of group interaction parameters, UNIFAC could only describe 94 systems, a severe disadvantage over COSMO-RS.
Moreover, despite being able to describe all 134 systems, the GGIC model resulted in an AAD of 37 K. Finally, the effect of using the
different parametrizations or multiple conformers in COSMO-RS predictions was also evaluated, and the validity of neglecting heat
capacity terms when performing SLE calculations was verified.

1. INTRODUCTION
Deep eutectic solvents (DESs) are green solvents reported to
be a more sustainable option for a myriad of applications,
including gas capture, drug delivery, synthesis, and catalysis,
among others.1−6 Unlike other types of solvents, DESs are
mixtures rather than pure compounds. They are obtained by
physically mixing at least two precursors, usually one hydrogen
bond donor (HBD) and one hydrogen bond acceptor (HBA),
leading to a significant melting temperature depression due to
their strong intermolecular interactions. Thus, DESs are
classified as designer solvents since their physicochemical
properties can be fine-tuned for a target application by
changing their precursors and relative compositions.4,5,7,8

Because not all mixtures of organic compounds are DESs,
the definition of a DES is tied to negative deviations from ideal
thermodynamic behavior, which leads to lower melting
temperatures than those predicted by ideal solubility
curves.6,9,10

Due to the diversity of compounds that can be used to
prepare them, DESs have been organized into five groups (I−
V), depending on the nature of their precursors.4,5 Many DESs
contain at least one ionic component, but the recently
proposed non-ionic type V DESs are attracting growing
interest.11 They usually have lower viscosities than their ionic
counterparts, are ion- and halide-free, and can be designed to
have a wider range of hydrophobicity, which is a difficult task

for ionic mixtures.10 However, the number of potential HBA/
HBD combinations that can form type V DESs is over-
whelming, demanding cost-intensive and time-consuming
measurements to establish their solid−liquid equilibrium
(SLE) phase diagrams and to know their melting points and
operation range. Although predictive tools exist to estimate
SLE phase diagrams, their application has been focused on
types I−IV DESs,12−17 with no extensive study reported for
type V so far.
Kovaćs et al.12 provided a broad review regarding the

available modeling methods applicable to key properties of
DESs such as melting point, density, viscosity, surface tension,
and refractive index. The models are divided into molecular
scale models, namely, density functional theory (DFT) and
molecular dynamics (MD), macroscale models (COSMO-RS
and PC-SAFT), and empirical (group-contribution and
machine learning) methods. The authors concluded that a
unified methodology is yet to be available for general and wide
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application. Gonzaĺez De Castilla et al.13 also reviewed the
main models applied to phase equilibria and properties of both
ionic and non-ionic DES, particularly excess Gibbs energy
models (gE), equations of state (EOS), and MD simulations.
The gE-models [UNIFAC (Dortmund) or COSMO-RS] and
EOS (PC-SAFT) were among the most cited and adequate for
SLE calculations.
More recently, Chen et al.14 combined regular solution

theory and quantitative structure−activity relationship model-
ing aiming to predict the SLE of eutectic systems. The SLE of
99 ionic and non-ionic eutectic systems were correlated,
resulting in average absolute deviations (AADs) of 13.9 K for
the eutectic temperature and 0.097 (mol fraction) for the
eutectic composition. The model was then used to identify 186
new potential eutectic systems, by combining the components
in the database. Peng et al.15 have applied the conductor-like
screening model for segment activity coefficient (COSMO-
SAC) to predict the SLE of 94 non-ionic and 122 ionic binary
eutectic systems. According to the authors, COSMO-SAC
cannot accurately account for the deviation from ideality,
especially on salt-based DESs, and does not seem to improve
the predictions of the non-ionic systems compared to the ideal
solution model. Cappelluti et al.17 combined experimental data
and classical MD simulations to calculate radial distribution
functions, and then predict and interpret DES formation in
mixtures composed of choline chloride and phenol derivatives.
Although MD is able to support the molecular level
interpretation of the interactions, it is not adequate to
quantitatively estimate global solid−liquid equilibria diagrams.
In this work, the modified version of UNIFAC (UNIQUAC

functional group activity coefficients) of Dortmund,18

COSMO-RS (COnductor-like Screening MOdel for Real
Solvents),19 and a Group and Group-Interaction Contribution
model (GGIC)20 were evaluated on their ability to predict the
SLE of type V DES. To do so, we carried out a comprehensive
comparison between these three models using a dataset of
almost 1744 SLE datapoints for 134 non-ionic eutectic
systems. This dataset was compiled from the literature and is
summarized in Table S.1 of Supporting Information. Note that
COSMO-RS and UNIFAC were chosen because of their
ability to, when combined with pure-component melting
properties, estimate the melting properties of mixtures without
any prior knowledge of their properties. This contrasts with
most equations of state, where binary parameters often need to
be fitted to physicochemical properties of the mixtures.
However, the requirement of prior knowledge of the melting
properties (temperature, enthalpy, and/or heat capacities) of
the pure compounds is a drawback, as they are sometimes
unknown. Thus, this work also studies the feasibility of a
GGIC model,20 which does not require any pure-component
melting property knowledge.

2. MATERIALS AND METHODS
2.1. Solid−Liquid Equilibrium. A SLE phase diagram

relates the phase transitions of a mixture with the molar
composition of its components. Assuming immiscible solid
phases, neglecting the influence of temperature on heat
capacities, and including potential solid−solid transition
between Tm and T, eq 1 should be applied21−23

(1)

where γi is the activity coefficient of compound i at mole
fraction xi in the liquid phase, ΔmH and Tm are the melting
enthalpy and temperature of pure compound i, R is the
universal gas constant, T is the absolute temperature, ΔmCp is
the difference between the molar heat capacity of compound i
in the liquid and solid phases, and ΔSSH and TSS are the
enthalpy and temperature of the solid−solid transition of pure
compound i.
Given its often negligible contribution and the scarcity of

ΔmCp data, the second term of eq 1 is usually disregarded,
resulting in eq 2, if additionally none of the pure compounds
present solid−solid transitions between Tm and T

(2)

This approximation is particularly accepted as valid, even
when ΔmCp data are available, if the difference between T and
Tm is small.9,24

Nevertheless, the effects of complete eq 1 or the simpler eq 2
approximations were evaluated on this work. The correspond-
ing ideal melting curves were calculated by setting γi = 1 using
the melting and solid−solid transition properties listed in
Table S.2. Once those equations are solved for both
components of the binary mixture, the highest temperature
of the two curves at any given composition is selected to draw
the ideal SLE phase diagram.

2.2. COSMO-RS Model. COSMO-RS is a fully predictive
tool that can estimate the chemical potential and activity
coefficient of each component in a liquid mixture by
combining statistical thermodynamics with quantum chemical
descriptors of a molecule.25−28 It uses DFT calculations to
obtain σ-surfaces, in which the geometry of each molecule is
optimized by embedding it in a continuum solvent, on top of
which screened charges (σ) are calculated.10 COSMO-RS has
shown to be a robust model for the analysis of non-ionic
DES,8,29−31 being already used as a screening tool.11

Being an excess Gibbs energy model, COSMO-RS predicts
activity coefficients in a liquid mixture as a function of
composition and temperature through chemical potential
calculations, as shown in eqs 3 and 4

(3)

(4)

where μi
S is the partial Gibbs free energy (or chemical

potential) of compound i in the system S, μi
C,S is the

combinatorial contribution to the chemical potential, pi(σ) is
unnormalized σ-profile of compound i, μS(σ) is the σ-potential
of every charged surface σ in the system S, and μi

p is the
chemical potential of the pure compound i.
These activity coefficients are combined with eqs 1 and 2 in

an iterative workflow to calculate the SLE phase diagram of
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each system. The melting properties of the studied compounds
are listed in Table S.2. The geometry of the component and
corresponding σ-surfaces were optimized in the software
package TURBOMOLE V7.4 201932,33 using DFT with the
BP-86 functional, the def_TZVP or def2_TZVPD basis sets,
and the COSMO solvation model with infinite permittivity.
Finally, the COSMOtherm19 software package with the
BP_TZVP_21 parametrization was used to perform all
COSMO-RS-related calculations, as described in Section 3.2.
In a first approach, all calculations were performed using a
single conformer per molecule (usually the conformer with the
lowest extent of intramolecular interactions). The same
ca l cu l a t i on s we re a l so ca r r i ed ou t u s ing the
BP_TZVPD_FINE_21 parametrization, as compared in
Section 3.2. Finally, for a few selected systems containing
thymol, more than one conformer was used with the
BP_TZVP_21 parametrization (Section 3.4).

2.3. Modified UNIFAC Model of Dortmund. The
modified UNIFAC of Dortmund is a well-known variation of
the original UNIFAC model, a group contribution excess
Gibbs energy model,34−36 that allows for the calculation of the
activity coefficients (γi) as the sum of a combinatorial
contribution related to the size and shape of the molecule,
and a residual contribution containing temperature-dependent
group interaction parameters,18 as shown in eq 5

(5)

where γiR and γiC are, respectively, the residual and
combinatorial contribution to the activity coefficient of the
compound i. This predictive model was also successfully
applied in the prediction of the SLE of some non-ionic
DES.31,37−40

To estimate the melting points of the systems studied using
this model, eqs 1 and 2 were solved iteratively to estimate the
activity coefficients, using the modified UNIFAC of
Dortmund.18 The calculation of the activity coefficients was
carried out using the software Dortmund Data Bank Predict
Mix 2022.0.0.131 and the tables of parameters included
there.41 No parameters were estimated in this work.

2.4. GGIC Model. Hou et al.20 proposed a group and GGIC
to estimate the melting temperatures of the five types of DESs
(I−V) using an extensive database of 1541 data points (996 in
the training set and 545 in the testing set). This method was
able to predict binary and ternary eutectic systems, showing
wide applicability with an average relative deviation of 5.67%
for the binary systems and of 6.13% for the ternary systems.
These average relative deviations were calculated as follows

(6)

where N is the total number of DES datapoints, Ti
cal and Ti

exp

are the calculated and experimental temperature values,
respectively. According to the model proposed by Hou et
al.,20 only structural fragments, group information, and the
molecular weight of the components are needed to estimate
SLE phase diagrams. The general equation was proposed by
the authors for binary DESs

(7)

where i and j are each component of the system, Mw is the
molar weight of the molecule, x is the molar fraction of the
component, ka,b is the number of times the group “a” occurs in
the component b, ΔTmda

is the melting temperature
contribution of the group “a”, A1, A2, α, and δ are constants,
and GV is the interaction factor between the components of a
type V DES.
From the 996 experimental datapoints studied by Hou et

al.,20 only 424 datapoints (291 were correlated, and 133
predicted) corresponded to type V DES. These were included
in the database studied in this work.

2.5. Deviations. The AADs between experimental and
calculated melting temperatures of the system i were calculated
as follows

(8)

where Ni is the total number of data points of the system i, and
the subscripts "exp" and "calc" correspond to the experimental
and calculated data, respectively. The AAD of each model is
calculated by the average of the AADi of all calculated systems.
Further explanation of the method used to select the calculated
temperature of the models is presented in the Supporting
Information and Figure S.1.

3. RESULTS AND DISCUSSION
3.1. Experimental SLE Dataset. A total of 1744

experimental melting temperature mixture data points,
corresponding to 134 different non-ionic eutectic systems,
were collected from the literature. The complete list is detailed
in Table S.1. Information regarding the data curation can be
found in Supporting Information.
To better understand the performance of the models with

respect to chemical structure, the DES precursors present in
the dataset described above were grouped into different
categories (Table 1), loosely following the definitions

proposed by Abranches and Coutinho.10 As such, aliphatic
alcohols, acids, and amines (primary and secondary) are
designated as regular HBAs/HBDs (in the sense that they
already establish good hydrogen bonding with themselves in
their pure liquid phases). Components that only present HBA
groups such as ketones, aldehydes, esters, or trioctylphosphine
oxide (TOPO) are classified as lone HBAs (LHBA).

Table 1. Categories Used to Organize the DES Precursors
Studied in This Work

Category Examples

Regular HBD/regular
HBA

Aliphatic alcohols, acids, and primary and
secondary amines

Lone HBA Ketones, ethers, aldehydes, and ternary amines
Asymmetric HBD Phenols
Polyfunctional
molecules

Polyols, sugars, and dicarboxylic acids

Hydrocarbons Alkanes and aromatic compounds

Industrial & Engineering Chemistry Research pubs.acs.org/IECR Article

https://doi.org/10.1021/acs.iecr.3c01063
Ind. Eng. Chem. Res. XXXX, XXX, XXX−XXX

C

https://pubs.acs.org/doi/suppl/10.1021/acs.iecr.3c01063/suppl_file/ie3c01063_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.iecr.3c01063/suppl_file/ie3c01063_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.iecr.3c01063/suppl_file/ie3c01063_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.iecr.3c01063/suppl_file/ie3c01063_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.iecr.3c01063/suppl_file/ie3c01063_si_001.pdf
pubs.acs.org/IECR?ref=pdf
https://doi.org/10.1021/acs.iecr.3c01063?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Compounds where resonance strengthens and weakens,
respectively, HBD and HBA sites (e.g., phenolic compounds)
are labeled as asymmetric HBD (AHBD). Even though thymol
is a phenolic compound, it was observed that its asymmetry is
partially lost in carboxylic acids systems due to their acidity;10

therefore, to avoid another group ramification, mixtures of
thymol/carboxylic acids will be categorized as regular HBAs/
HBDs. Finally, hydrocarbons (no hydrogen bonding capa-
bility) and components with several functional groups were
also distinguished as different categories. The latter includes
polyols, sugars, dicarboxylic acids, levulinic acid, acetylsalicylic
acid, ketoprofen, acetaminophen, lidocaine, 4-nitrophenol,
curcumin, and hesperetin.
Given the individual compound classification provided in

Table 1, the experimental SLE systems were grouped as 44
regular HBD−regular HBA systems (alcohol/alcohol, alcohol/
acid, acid/acid), 8 regular HBD−lone HBA systems, 17
asymmetric HBD−regular HBA systems (thymol/aliphatic
alcohol or thymol/water), 7 asymmetric HBD−lone HBA
systems, 7 systems that only contain hydrocarbons (and one
ether/hydrocarbon), 9 systems of hydrocarbons−HBD, and 42
systems with polyfunctional molecules. A general overview of
the 134 collected systems indicates that 42 showed mostly
negative deviations to the ideality, 67 systems were mostly
ideal or with small deviations to ideality, and 25 presented
positive deviations. Figure 1 shows the data in terms of ln(γexp)
as a function of Texp for the groups mentioned earlier.

As expected, by mixing components of the same chemical
family, the intermolecular forces in the mixtures are similar to
those present in the pure components. Thus, the components
display near-ideal thermodynamic behavior�ln(γexp) close to
0. That is the case of the systems composed solely by
hydrocarbons (dispersion forces) or regular HBA/HBD
(alcohol + alcohol or carboxylic acid + carboxylic acid
mixtures). For systems containing one hydrocarbon and one
regular HBA/HBD, positive deviations are observed�ln(γexp)
larger than 0. Negative deviations are observed when stronger
intermolecular forces are established in the mixture compared
to those in the pure components�ln(γexp) lower than 0. That
is the case of mixtures of regular HBDs−lone HBAs or
asymmetric HBDs−regular HBAs. Those deviations should be
further enhanced when mixing lone HBA and asymmetric
HBD. Finally, compounds with multiple functional groups
present a more complex behavior as those groups can present
diverse HBD/HBA sites, often resulting in close to ideal
systems or positive deviations to ideality. Interestingly, systems
composed of polyfunctional compounds appear as a high-
melting-temperature cluster in Figure 1. Rather than being
caused by mixture-related properties, this cluster is due to the
already high melting temperature of the pure polyfunctional
compounds studied, hinting that, to obtain mixtures liquid at
room temperature, it is desirable to avoid precursors with
multiple hydrogen-bonding sites.
A few examples of each category that presented the expected

thermodynamic behavior are shown in Figure S.2: camphene/
decane (close to ideal behavior, hydrocarbon−hydrocarbon
mixture), menthol/decane (positive deviations, regular HBD/
HBA−hydrocarbon mixture), menthol/ibuprofen (slight neg-
ative deviations, regular HBD−regular HBA), thymol/lauric
acid (close to ideal behavior, HBD/HBA), capric acid/TOPO
(negative deviations, regular HBD−lone HBA), 2,3-dimethyl-
phenol/menthol (negative deviations, asymmetric HBD−
regular HBA), thymol/camphor (strong negative deviations,
asymmetric HBD−lone HBA), and sucrose/fructose (slight
negative deviations, system of polyfunctional components).
Some exceptions to the expected thermodynamic behavior

are shown in Figure S.3: octane/1-methylnaphtalene and
menthol/flavone. In the first example, octane/1-methylnaphta-
lene, the positive deviations to ideality in the hydrocarbons
systems are likely due to the presence of octane hindering the
π interactions present in the aromatic 1-methylnaphthalene.
The second example, menthol/flavone, shows how in some
cases the strength of the cross-association may not be enough
to result in negative deviations, as previously discussed by us.29

This can be observed by comparing menthol/flavone (HBD/
LHBA) with thymol/flavone (AHBD/LHBA). Only in the
latter, higher negative deviations can be observed due to
stronger cross-hydrogen bonds.

Figure 1. Experimental activity coefficients of the compounds in the
liquid DES mixtures studied in this work, highlighting the
thermodynamic behavior of different DES precursors. Symbols:
(yellow triangle) regular HBD−regular HBA; (blue circle) asym-
metric HBD−regular HBA; (red diamond) regular HBD−lone HBA;
(purple square) lone HBA−asymmetric HBD; (light green circle)
hydrocarbons (or hydrocarbon + ether); (dark green circle)
hydrocarbon−regular HBA/HBD; (gray diamond) polyfunctional.

Table 2. Average Absolute Deviations of the Melting Temperatures of the Mixtures (AAD, in K) and Number of Systems
Described by Each Modela

Ideal solution model GGIC COSMO-RS (TZVP) COSMO-RS (TZVPD-FINE) UNIFAC (Dortmund)

Number of systems (maximum) 134 134 133 134 94
AAD (K) 9.4 36.8 7.4 7.4 6.9
Number of systems (common) 94
AAD (K) 7.5 34.0 6.8 6.7 6.9

aCOSMO-RS and UNIFAC were coupled to eq 2.
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3.2. Models’ Performance Comparison. The prelimi-
nary screening and description of eutectic systems can greatly
benefit from the support of computational methods to predict
the non-ideality of the systems. First, the prediction of the SLE
phase diagrams was carried out considering that all studied
mixtures were ideal (using eq 2, with γi = 1, and the melting
properties collected in Table S.2). An AAD in the melting
temperature of 9.4 K was obtained, as shown in Table 2, which
justifies the need for the use of models capable of capturing
both positive and negative deviations to ideality. In other
words, it clearly justifies the use of excess Gibbs energy models
(COSMO-RS and UNIFAC) that are able to estimate γi and,
thus, eliminate the assumption of thermodynamic ideality (γi =
1).
Regarding model applicability, it was possible to apply the

GGIC model to all SLE systems in the database (134), while
COSMO-RS (TZVP parametrization) was able to describe 133
systems. The exception was the camphor/4-nitrophenol binary
system for which COSMO-RS (TZVP) strongly overestimated
the negative deviations to ideality, not converging to the
experimental datapoint, as shown in Figure S.3. The UNIFAC
(Dortmund) model had the most limited range of application,
describing only 94 systems (∼2/3 of the systems studied) due
to the lack of group interaction parameters to represent some
compounds (e.g., flavone or TOPO). The AADs in the melting
temperature of the mixtures were calculated for the three
models and are reported in Table 2. The pure compounds’
melting temperature was not included in the AAD, as it is only
predicted by the GGIC model.
Hou et al.20 (GGIC model) reported average relative

deviations of 5.63% in the melting temperature of all the
systems studied by them (1471 datapoints), including ionic
and non-ionic compounds, corresponding to an AAD of 18.2 K
using eq 8, which is well below the 37 K error shown in Table
2 for the non-ionic systems collected in this work. The GGIC
model could satisfactorily predict most of the systems, with
AAD less than 5 K on 10 systems and between 5 and 20 K on
65 systems. However, AADs higher than 50 K were obtained
on 32 systems. These poor predictions are noticed specially in
systems that include polyols. Examples of accurate and
inaccurate predictions of the GGIC model can be found in
Figures S.2 and S.3. The GGIC model parameters were fitted
using all types of DES, including ionic compounds; most likely,
specific parameters fitting with only type V DESs would be
required to yield better results. Furthermore, the GGIC model
could not accurately predict most of the melting temperatures
of the pure compounds, as shown in Figure 2, with a mean

absolute error of 57.9 K, which already indicates that a poor
description of the complete SLE phase diagram would be
obtained. An example of this type of systems is given in the
SLE diagram of the mannitol/xylitol mixture shown in Figure
S.3. More than half of the pure compounds (39 compounds)
had an absolute error between 20 and 100 K, while only 6
compounds had an absolute error smaller than 5 K. The
detailed list of compounds is presented in Table S.3.
COSMO-RS (TZVP) was able to improve the description of

those systems by reducing the AAD to 6.1 K, being able to
describe 75 of the 133 systems (56%) with a AAD in Tm lower
than 5 K and AAD between 5 and 20 K on 48 systems (36%).
Examples of COSMO-RS (TZVP) predictions can also be
found in Figures S.2 and S.3. Some remarkable COSMO-RS
(TZVP) prediction of complex systems can be pointed out:
menthol/ibuprofen (HBD/HBA), 2,3-dimethylphenol/men-
thol (AHBD/HBA), thymol/camphor (AHBD/LHBA), and
menthol/flavone (HBD/LHBA). On the other hand, some
poor COSMO-RS (TZVP) predictions must also be pointed
out: thymol/lauric acid (HBD/HBA), thymol/urea (HBD/
HBA), thymol/2-phenylethanol (AHBD/HBA), and cam-
phor/4-nitrophenol (polyfunctional mixture). In the thymol/
lauric acid and thymol/2-pheylethanol systems, COSMO-RS
(TZVP) predicts lower temperatures than experimentally
observed ones, overestimating the negative deviations of
these systems. On the other hand, positive deviations to
ideality are largely overestimated in the thymol/urea system,
possibly indicating the formation of two liquid phases. As such,
the compositions richer in urea of the predicted solid−liquid
equilibria do not have any thermodynamic significance and
were excluded from the AAD calculation of all models. The
same behavior can be observed on the urea/caprylic acid
diagram and the same exclusion was applied. COSMO-RS
(TZVP) was not able to predict the complete composition
range of the SLE diagrams of camphor/4-nitrophenol and
thymol/camphor. Nevertheless, it was possible to compare the
model predictions with the experimental data available for the
latter system.
To further understand the patterns of the COSMO-RS

(TZVP) predictions, Figure S.4 shows the predicted
(TCOSMO‑RS) and experimental (Texp) temperatures, as well as
the predicted (γCOSMO‑RS) and experimental (γexp) activity
coefficients. In the activity coefficient diagram, most of data
should lie on the top right or bottom left quadrants of the
diagram, meaning that at least the correct type of
thermodynamic deviation (negative/positive) to ideality was
estimated. Note that, in general, the expected trends discussed

Figure 2. Experimental and estimated (by the GGIC model) melting temperature of the pure compounds (left) and the distribution of the absolute
errors associated to the GGIC model predictions (right). Symbols: (yellow triangle) regular HBA or HBD; (red square) asymmetric HBD; (blue
diamond) lone HBA; (light green circle) hydrocarbons; (gray circle) polyfunctional.
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earlier are in line with the COSMO-RS (TZVP) predictions:
most of the HBD/LHBA, AHBD/HBA, and AHBD/LHBA
systems are on the bottom left quadrant (γCOSMO‑RS < 1,
negative deviations); most of the regular HBD/HBA systems
and hydrocarbon mixtures are close to the origin point of the
diagram (γCOSMO‑RS = 1, ideal behavior); the hydrocarbon
mixtures with alcohols are on the top right quadrant
(γCOSMO‑RS > 1, positive deviations). Therefore, most of the
COSMO-RS (TZVP) data show satisfactory predictions, being
able to identify most of the negative and positive deviations
correctly.
Regarding the modified UNIFAC of Dortmund, the SLE

was only calculated for 94 systems, and for those, the lowest
AAD (6.9 K) was obtained. This model was able to describe 58
of the 94 systems (62%) with a AAD smaller than 5 K, and
AAD between 5 and 20 K on 29 systems (22%). Although
UNIFAC showed a slightly better performance, about one-
third of the initial database could not be tested. Examples of

this model predictions can also be found in Figures S.2 and S.3.
Similar to COSMO-RS (TZVP), UNIFAC (Do.) was able to
qualitatively predict the non-ideality of most systems. The
thymol/2-phenylethanol system in Figure S.3 is an example of
the remarkable accuracy of this model. However, higher
temperatures are predicted than the experimental data in some
systems such as menthol/decane (alcohol/hydrocarbon),
menthol/ibuprofen (HBD/HBA), thymol/lauric acid (HBD/
HBA), 2,3-dimethylphenol/menthol (AHBD/HBA), and
thymol/camphor (AHBD/LHBA) in Figure S.2, and octane/
1-methylnaphthelene (hydrocarbons mixture) in Figure S.3.
To produce a fair comparison of the models, a database of

the 94 systems that can be simultaneously described by all
models was also compared, and the results are summarized in
Table 2 and Figure 3. Interestingly, both COSMO-RS (TZVP)
and UNIFAC (Dortmund) models show a similar AAD,
satisfactorily predicting the set of 94 systems, with AAD of 6.8
and 6.9 K, respectively. A very high AAD is obtained by the

Figure 3. Correlation between experimental and estimated melting temperature of the SLE of the common 94 systems. Symbols: (yellow triangle)
regular HBD−regular HBA; (blue circle) asymmetric HBD−regular HBA; (red diamond) regular HBD−lone HBA; (purple square) lone HBA−
asymmetric HBD; (light green circle) hydrocarbons; (dark green circle) hydrocarbon−regular HBA/HBD mixture; (gray diamond) polyfunctional.
Models used: (A) ideal model (eq 2), (B) GGIC, (C) COSMO-RS (TZVP) and (D) UNIFAC (Do.).

Figure 4. Correlation between experimental and estimated activity coefficients of the SLE of the common 94 systems. Model: COSMO-RS (left)
and UNIFAC of Dortmund (right). Dotted lines correspond to ln γ ± 0.5 ln unit. Symbols: (yellow triangle) regular HBD−regular HBA; (blue
circle) asymmetric HBD−regular HBA; (red diamond) regular HBD−lone HBA; (purple square) lone HBA−asymmetric HBD; (light green circle)
hydrocarbon mixture; (dark green circle) hydrocarbon−regular HBA/HBD mixture; (gray diamond) polyfunctional.
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GGIC model (34 K), with the results deteriorating at
temperatures above 350 K.
To further understand the differences between the

predictions of COSMO-RS (TZVP) and UNIFAC (Do.),
the experimental and predicted γ of the 94 systems are plotted
in Figure 4. The COSMO-RS (TZVP) predictions of all the
133 systems are also shown in Figure S.4.
It is interesting to observe how the small AAD difference

between COSMO-RS (TZVP) and UNIFAC (Do.) facilitates
such different activity coefficient distribution. Most datapoints
in both models do not stray further from the region delimited
by the dotted lines, meaning that overall satisfactory
predictions are achieved. However, a few differences between
the models can be noticed. Most of the regular HBD−regular
HBA datapoints data are close to the origin point of the
diagram on COSMO-RS (TZVP) predictions, while most
UNIFAC (Do.) predictions of these systems result in positive
ln(γUNIFAC Do.) independently of the ln(γexp). The asymmetric
HBD−regular HBA systems are remarkably predicted by
UNIFAC (Do.). On the other hand, COSMO-RS (TZVP)
seems to overpredict the negative deviations to ideality of some
AHBD/HBA systems, composed of thymol and primary
alcohols.
Finally, the effect of using the TZVPD-FINE parametriza-

tion was evaluated, and the global AAD are also shown in
Table 2 and Figure 5. A few examples of SLE diagrams are
presented in Figure S.5.
The global AAD of TZVP and TZVPD-FINE para-

metrizations are very similar (7.4 K), when considering all
the database, and lower than the AAD of 9.4 K of the ideal
solution model. If we consider the systems with higher
deviations to ideality (AADideal > 5 K), a greater improvement
can be seen. For these 65 systems, the TZVP parametrization
improved the ideal model in 49 out of the 65 systems,
decreasing the overall AAD of the latter from 15.8 to 11.3 K;
while TZVPD-FINE improved 47 out of the 65 systems,
decreasing the overall AAD from 15.8 to 11.2 K.
Though the global AAD are similar for both parametrization

sets, some SLE diagrams are shown in Figure S.5 to exemplify
that the predictions can be very different when looking at
particular systems. For example, the systems menthol/salicylic
acid and thymol/benzyl alcohol are better described by
TZVPD-FINE than TZVP, while for menthol/hydroquinone
and acetaminophen/thymol, the reverse is obtained.

There is one category (LHBA/AHBD) that includes 7
binary mixtures, in which the TZVPD-FINE parametrization
greatly improves the predictions of all systems (with AAD =
5.4 K) compared to TZVP (AAD = 9.0 K) and ideal solution
model (AAD = 13.7 K). That is not the case of the 17 AHBD/
HBA systems, for which TZVP and TZVPD-FINE para-
metrizations result in similar AAD of 8.4 and 10.0 K,
respectively.

3.3. Heat Capacities Difference and Solid−Solid
Transitions. To understand the impact of considering
solid−solid transitions and ΔmCp, the SLE of the systems in
which at least one of its precursors present such properties
reported in the literature were recalculated using eq 1. The
ΔmCp of 21 compounds and the solid−solid transitions of 2
compounds (camphor and borneol) are shown in Table S.2,
which affected 97 out of the 134 systems. COSMO-RS
(TZVP) was able to predict all 97 systems while UNIFAC of
Dortmund was able to predict only 73 systems. The overall
results are detailed in Table 3.

The consideration of solid−solid transitions and ΔmCp does
not have a great impact on the global AAD, which increased
0.6 K for COSMO-RS and decreased 0.2 K for UNIFAC.
Nevertheless, the impact on COSMO-RS (TZVP) predictions
was more significant on systems such as sucrose/fructose
(AAD decreased from 8.4 to 3.3 K) or menthol/4-nitrophenol
(AAD decreased from 17.3 to 11.8 K), and thymol/benzyl
alcohol (AAD increased from 18.4 to 26.2 K). The inclusion of
the solid−solid transition in eq 1 also allowed the prediction of

Figure 5. Correlation between experimental and estimated activity coefficients of the SLE of all systems. Model: COSMO-RS with TZVP
parametrization (left) and COSMO-RS with TZVPD-FINE parametrization (right). Dotted lines correspond to the ln γ ± 0.5 ln unit. Symbols:
(yellow triangle) regular HBD−regular HBA; (blue circle) asymmetric HBD−regular HBA; (red diamond) regular HBD−lone HBA; (purple
square) lone HBA−asymmetric HBD; (light green circle) hydrocarbon mixture; (dark green circle) hydrocarbon−regular HBA/HBD mixture;
(gray diamond) polyfunctional.

Table 3. Average Absolute Deviations of the Melting
Temperatures of the Mixtures (AAD, in K) and Number of
Systems Described That Present Solid−Solid Transitions or
ΔmCp

Ideal
solution
eq 1

COSMO-RS
(TZVP)

UNIFAC
(Dortmund)

Simplified
eq 2 eq 1

Simplified
eq 2 eq 1

Number of systems
(maximum)

97 96 97 73

AAD (K) 9.0 7.4 8.0 7.0 6.8
Number of systems
(common)

73

AAD (K) 6.9 6.7 6.9 7.0 6.8
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the SLE diagram of the camphor/4-nitrophenol mixture in the
complete range of compositions. For UNIFAC (Do.), the
largest differences in the predictions were found for the
systems menthol/benzyl alcohol (AAD decreased from 6.7 to
3.6 K) and menthol/borneol (AAD increased from 6.8 to 8.9
K). The predicted SLE diagrams of these binary mixtures are
shown in Figure S.6.

3.4. Impact of Conformer Choice on COSMO-RS
Predictions. The effect of using multiple conformers on
COSMO-RS predictions was evaluated in eight mixtures, all
containing thymol (AHBD) plus a primary alcohol (HBD) as a
second component (decanol, dodecanol, tetradecanol, hex-
adecanol, octadecanol, 2-cyclohexylethanol, benzyl alcohol or
2-phenylethanol). As previously discussed, COSMO-RS over-
estimated the strength of the cross-association for these
systems, leading to greater negative deviations from the ideality
than experimentally observed. Thus, these are the systems
where the use of multiple conformers is warranted. The
overestimations of these 8 systems translated to an AAD of 9.3
and 8.9 K using the TZVP and TZVPD-FINE parametriza-
tions, respectively. Therefore, a second thymol conformer (II)
was generated by rotating its hydroxyl group (the moiety
expected to dominate the intermolecular interactions in these
systems). The two conformers (I and II) are depicted in Figure
6 along with the results of TCOSMO‑RS versus Texp for both
approaches in Figure 7. Two examples of SLE diagrams are
also reported in Figure S.7.

The addition of a second conformer to describe thymol
lowered the AAD of these eight systems from 9.4 to 2.7 K
using TZVP parametrization, and the overall AAD of the 133
systems from 7.4 to 7.0 K. For consistency, the same
methodology was applied to other AHBD/HBA systems,

such as thymol and a secondary alcohol (borneol or menthol),
which were already remarkably well predicted by COSMO-RS
(TZVP) (see Figure S.5). In these cases, there was an increase
in AAD from 2.3 to 3.0 K on the menthol/thymol system and
from 2.5 to 4.0 K on the thymol/borneol system.
These results exemplify the impact of the selection of

conformers on the predicted activity coefficients and,
consequently, on the solid−liquid equilibria diagrams. The
small number of systems that significantly improved their
predictions with the addition of a second conformer indicates
that using only one conformer per compound is already
enough to yield satisfactory results, which greatly simplifies the
input and effort by the user. Although more extensive testing is
needed, particularly on how to consistently generate conformer
sets for different molecules, the results mentioned above
indicate that using more than one conformer can help to
improve predictions and does not degrade them significantly
when a single conformer already presented good results. The
AHBD/primary alcohol case is an example of which the
addition of a second AHBD conformer is desirable to obtain
better predictions. Nevertheless, it still requires the user’s
discretion and insight to anticipate other possible complex
interactions present in the systems they are screening.

4. CONCLUSIONS
This work studied the capabilities of three models (GGIC,
COSMO-RS, and Dortmund’s UNIFAC) to predict the SLE
diagrams of an extensive number of eutectic mixtures of non-
ionic compounds (1744 mixture data points from 134 binary
systems), collected from the literature.
The GGIC model could be applied to all systems but had

the poorest performance (AAD of 36.8 K), probably reflecting
the already inaccurate description of the melting temperature
of the pure components. On the other hand, both COSMO-RS
(TZVP) and UNIFAC (Do.) were satisfactorily accurate on
their predictions (AAD in the melting temperature of 7.4 K
and 6.9 K, respectively). Though the UNIFAC method
performed slightly better, it could only represent 94 systems
as the lack of specific group parameters prevented the
representation of more complex compounds such as flavone,
lidocaine or TOPO, while COSMO-RS (TZVP) was able to
represent nearly all systems, using a single conformer to
describe each component as a first approach. To further
evaluate COSMO-RS, binary mixtures of thymol and an
alcohol were selected to study the effect of using multiple
conformers. By using two conformers to describe thymol, the

Figure 6. First (I) and second (II) thymol conformers.

Figure 7. Comparison between the methodologies used to represent thymol in COSMO-RS for the selected systems (thymol/primary alcohol).
Experimental and estimated temperatures (A) and activity coefficients (B): one conformer (I) and the TZVP parametrization (red); one conformer
(I) and TZVPD-FINE (blue) and two conformers (I and II) using TZVP (black). Dotted lines (B) correspond to the ln γ ± 0.5 ln unit.
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COSMO-RS predictions of the systems thymol + primary
alcohol were improved significantly, while predictions for
thymol + secondary alcohol systems were not very significantly
damaged. It should also be mentioned that the predictions of
these activity coefficient models are dependent on the
knowledge of the melting properties which are sometimes
unknown or present a high uncertainty for some molecules.
Overall, weighting model performance and applicability

breadth, this work demonstrates that COSMO-RS is the most
effective tool to estimate the SLE phase diagrams of type V
DESs. Moreover, its use can be simplified by using only a
single conformer per molecule, with only a handful of
exceptions. However, UNIFAC may be preferable over
COSMO-RS when parameters for all functional groups of
the DES precursors are available. Finally, given the poor
performance of the GGIC model, there is a clear need to
develop new machine learning methodologies to describe SLE
phase diagrams. Such a development must be aided by a
collective effort to measure and report high quality SLE data
for type V DESs, particularly those mixtures that display strong
negative deviations from thermodynamic ideality (mixtures
containing asymmetric HBDs and lone HBAs).
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