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Abstract

Choline chloride (ChCl) is the cornerstone of deep eutectic solvents (DES), yet its melting 

properties remain an important source of uncertainty in the thermodynamic description of 

eutectic systems. Since ChCl decomposes before melting, reported values of its melting 

temperature (597 to 687 K) and enthalpy (4.3 and 13.8 kJ mol―1) vary widely, while for the heat 

capacity change between solid and liquid states, only an estimate exists at 298.15 K. All these 

factors propagate inconsistencies into solid-liquid equilibrium (SLE) modelling, activity 

coefficient estimation, and data-driven approaches such as machine learning. In this work, we 

critically assess the melting properties of ChCl reported in the literature and evaluate their impact 

on the representation of phase diagrams of eutectic systems. By analysing the description of 

representative binary systems (ChCl + ionic compound, ChCl + water, and ChCl + urea), we 

demonstrate that neglecting the heat capacity change upon melting can lead to a substantial 

underestimation of the melting enthalpy. Thermodynamic modelling using NRTL-based 

approaches further reveals a strong interdependence between melting properties, liquid-phase 

nonideality, and the interpretation of experimental SLE data. Our results indicate that melting 

enthalpy values between 8-10 kJ mol―1, combined with a non-negligible heat capacity change 

upon melting in the range 20-40 J mol―1K―1, provide the most consistent description across 

systems. This study clarifies the role of ChCl melting properties in the thermodynamic 

description of eutectic systems, providing a robust framework for enhancing the reliability of 

phase diagram interpretation, model development, and data-driven predictions in DES research.

Keywords: deep eutectic solvents, phase diagram, eutectic point, electrolyte systems, heat 

capacity change, melting enthalpy.
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Introduction

Choline chloride (ChCl) is undoubtedly the most used substance in forming deep eutectic 

solvents (DES). The term DES emerged around 2003 when Abbott and co-authors proposed using 

ChCl-based eutectic mixtures as novel solvents.1 In their pioneering work, they introduced the 

concept of employing eutectic mixtures characterised by a significant depression of the melting 

temperature as novel designer solvents, with ChCl + urea system serving as an example. Their 

work opened the door to the exploration of other systems and quickly expanded the field for 

applications in many areas of technology, including metal extraction, distillation or liquid-liquid 

extraction, biocatalysis, biomass processing, and the development of vehicles for the 

solubilization, transport, and bioavailability of active ingredients in the pharmaceutical industry, 

among others.2, 3

In 2018, a proposal was made to establish a clear basis for the terminology related to DES, aiming 

to prevent ambiguities and ensure the use of scientifically accurate terms.4 In that paper, the 

importance of measuring the solid-liquid equilibria (SLE) phase diagram of these mixtures was 

highlighted. It was also shown how significant it is to know the properties of DES constituents, 

such as melting temperature, melting enthalpy, and heat capacities at both liquid and solid phases, 

which are often not directly accessible through experiments using calorimetric techniques. This 

is the case with ChCl, which decomposes before melting. While a few “experimental” values of 

the melting temperature are available, varying from 575.15 to 588.75 K (sometimes reporting 

issues related to decomposition),1, 5, 6 the first value for the melting enthalpy, estimated by an 

indirect method, was published in 2017.7 

Accurate knowledge of the melting properties of DES constituents is essential to correctly 

evaluate the system thermodynamic behaviour and quantify deviations from ideality. Activity 

coefficients are key parameters in the thermodynamic modelling of DES, and inaccurate data can 

lead to both poor and seemingly good predictions, potentially resulting in misleading conclusions 

about a model’s ability to describe SLE in DES. Furthermore, as machine learning (ML) becomes 

increasingly integrated into this field,8, 9 the importance of reliable melting properties and high-

quality SLE data continues to grow. Melting properties are also critical for assessing the quality 

and consistency of published experimental datasets. 10

As many DES are composed of ChCl, the work by Fernandez et al.7 contributed to developing 

new perspectives in this field. Starting from the concepts of colligative properties, Pyykko11 

proposed an empirical approach to estimate the eutectic point, while Kollau et al.12 developed a 

strategy to assess the composition range of mixtures that remain in the liquid state at room 
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temperature. On the other hand, Alhadid et al.13 used a parametric study confirming the extreme 

importance of the melting properties of the DES constituents in understanding and designing new 

DES systems. The authors showed that due to the interrelation between the melting properties 

and the activity coefficients of the DES components, the SLE phase diagrams of a DES can be 

effectively described by adjusting different melting enthalpy values. Lower melting enthalpies 

resulted in behavior that closely approximates an ideal liquid phase, whereas higher values 

require the inclusion of activity coefficients to compensate for the high melting enthalpies and 

appropriately describe the SLE .

Applying the COSMO-RS model, Song et al.14 showed that the accuracy of the model to 

represent SLE in eutectic systems depends heavily on the salt conformer choice, yielding 

reasonable eutectic temperature predictions but less accurate eutectic composition estimates, 

while Peng et al.15 reported the inability to accurately predict SLE in salt-based eutectic systems, 

whether the salt was modeled as an ion pair or fully dissociated. This inaccuracy stems from both 

limitations in the model and unreliable melting data for thermally unstable salts. 

Different methods for modelling phase equilibria and properties of deep eutectic solvents DES, 

including excess Gibbs energy (GE) models, equations of state (EoS), and molecular dynamics 

(MD) simulations, have been applied.16 Some GE models and EoS approaches often treat DES as 

pseudo-components to simplify parameterization and calculations, limiting their applicability, 

while the use of group-contribution models such as UNIFAC17-19 makes the approach more 

general, increasing the parameter transferability to other systems. More recently, a line of work 

combining thermodynamics and ML has been receiving enormous attention. Specifically for 

predicting SLE phase diagrams and eutectic coordinates in systems containing salts such as ChCl, 

the melting temperature and enthalpy of the pure components are again important molecular 

descriptors.20 However, the experimental difficulties associated with their determination, 

particularly for alkylammonium-based halides, make it very difficult to compute the melting 

point of DES accurately, as shown by Ayres et al.,21 where all the melting point prediction outliers 

are from mixtures containing compounds such as ChCl. As the ML models for eutectic 

coordinates depend heavily on the melting properties of DES constituents and activity 

coefficients,22 further efforts are necessary for the accurate systematization of the SLE 

experimental data, as reported in the review from López-Flores et al.23 These experimental 

difficulties for measuring the SLE phase diagrams altogether with the melting properties 

uncertainty of the pure ChCl leads to very different conclusions in terms of the eutectic 

coordinates, as recently discussed for ethylene glycol + ChCl mixture.24 For ChCl in particular, 

the published melting temperatures vary  from 575.15 K to 687 K,1, 24 while the melting enthalpy 
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is in the range 4.3-13.8 kJ mol―1.7, 24 To the best of our knowledge, only an estimate for the heat 

capacity upon melting is available at 298.15 K, which is 39.3 J mol―1K―1.25

In this context, this paper critically reviews and discusses the various melting properties of ChCl 

reported in the open literature. It presents a detailed evaluation of data, comparing and testing 

different published values and their impact on the representation of binary phase diagrams of 

ChCl with ionic compounds, water, or urea, firstly considering the ideality of the liquid phase. 

In a complementary perspective, this systematic investigation is further deepened using NRTL-

based approaches to model different thermodynamic properties and SLE of the systems ChCl + 

water and ChCl + urea, analyzing the influence of ChCl melting properties on the phase diagram 

representations and liquid phase nonideality quantification, performing a sensitivity analysis.

ChCl Melting Properties

ChCl exhibits several notable structural characteristics. It is a quaternary ammonium salt 

composed of a bulky choline cation and a small chloride anion, resulting in significant charge 

asymmetry. The chloride ion has a high charge density, whereas the choline cation features a 

positively charged nitrogen center and a hydroxyl group capable of hydrogen bonding. This 

combination imparts a dual character: high polarity and the capacity for both strong ionic and 

hydrogen-bonding interactions, occurring intra- and intermolecularly. These interactions explain 

ChCl’s well-defined solid-solid phase transition and relatively high melting temperature 

compared to many organic compounds, although it seems to melt at a lower temperature than 

typical inorganic salts. Additionally, this structural makeup accounts for its pronounced 

hygroscopic nature. While the solid-solid transition between 𝛼 and 𝛽 phases is well-defined, 

reversible, and associated with high enthalpy and entropy changes,25 the melting is not well-

defined. Besides the plastic crystalline character of the 𝛽 phase,26 the tendency to undergo 

irreversible changes, decomposition at high temperatures, and its strong hygroscopic nature 

complicates both the experimental handling and the interpretation of phase behavior data.

Short Historical Perspective

For eutectic systems with complete immiscibility in the solid phase,  a solid-solid transition, and 

a constant heat capacity change upon melting, the solid-liquid equilibrium can be described by:27
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ln 𝑥𝑖𝛾𝑖 =
∆𝐻𝑚,𝑖

𝑅𝑇
𝑇

𝑇𝑚,𝑖
― 1 +

∆𝐻𝑡𝑟,𝑖

𝑅𝑇
𝑇

𝑇𝑡𝑟,𝑖
― 1 ―

∆𝐶𝑝,𝑚,𝑖

𝑅  1 ―
𝑇𝑚,𝑖

𝑇 + ln
𝑇𝑚,𝑖

𝑇

―
∆𝐶𝑝,𝑡𝑟,𝑖

𝑅  1 ―
𝑇𝑡𝑟,𝑖

𝑇 + ln
𝑇𝑡𝑟,𝑖

𝑇

(1)

where 𝑥𝑖 is the mole fraction solubility of compound 𝑖 and 𝛾𝑖 its activity coefficient in the liquid 

phase, 𝛥𝐻𝑚,𝑖 and 𝑇𝑚,𝑖 are the molar melting enthalpy and temperature, 𝛥𝐻𝑡𝑟,𝑖 and 𝑇𝑡𝑟,𝑖 the solid-

solid molar transition enthalpy and temperature, 𝑅 is the ideal gas constant, 𝑇 is the absolute 

temperature, and 𝛥𝐶𝑝,𝑚,𝑖 is the difference between the molar heat capacity of the compound 𝑖 in 

liquid and solid phases, while 𝛥𝐶𝑝,𝑡𝑟,𝑖 is its equivalent for the solid-solid transition.

If considering only data above the solid-solid transition temperature, neglecting the term related 

to the heat capacity change upon melting and assuming the liquid phase as an ideal mixture, 

Equation (1) becomes:

ln 𝑥𝑖 =
∆𝐻𝑚,𝑖

𝑅𝑇𝑚,𝑖
+

∆𝐻𝑚,𝑖

𝑅𝑇
(2)

Equation (2) served as the basis for the first estimation of the melting enthalpy of ChCl by 

Fernandez et al.,7 through the fitting of experimental SLE data. A large set of ionic systems was 

initially studied, from which ten were identified as forming ideal liquid solutions. 

Thermodynamic consistency tests recently proposed by NIST28 and DTU29 were applied to 

validate the experimental data. The systems that were considered ideal were selected based on 

the ChCl mole fraction ratios, at the same temperature, in two different binary systems, which 

are equivalent to activity coefficient ratios. These ratios ranged from 0.93 to 1.07, guaranteeing 

at least similar deviations from the ideal solution, further confirmed by calculating the activity 

coefficients by COSMO-RS.

Based on the assumptions of Equation (2) and using the SLE data of the ten selected systems, 

always above solid-solid transition temperature (351  3 K), 30 the estimated melting temperature 

and enthalpy were 597  7 K and 4.3  0.6 kJ mol―1, respectively. When applying a similar linear 

fit to the SLE data of each of the ten systems individually, the corresponding values fell within 

the range 589-632 K for the melting temperature and 3.7-5.5 kJ mol―1for the melting enthalpy.

Considering the value of solid-solid transition enthalpy (16.5  0.2 kJ mol―1) 30 at 351 K, the 

estimated melting enthalpy of 4.3  0.6 kJ mol―1 is remarkably low. Consequently, a 

Page 6 of 33Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 4

/2
/2

02
6 

1:
45

:0
8 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6CP00187D

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6cp00187d


7

comprehensive study to measure the solubility of ten alkylammonium halide salts (chlorides and 

bromides) in water was started.31 Using density and water activity data of these binary mixtures, 

parameters for a PC-SAFT-based model were initially estimated. Using the PC-SAFT model to 

calculate the salt activity coefficients and combining them with experimental solubility data, the 

melting enthalpies of the salts were estimated, assuming a melting temperature of 597 K and 

neglecting heat capacity contributions. For ChCl, the estimated melting enthalpy for a melting 

temperature of 597 K was 7.8 kJ mol―1. 31

In 2023, using ultra-fast scanning calorimetry in combination with micro X-ray diffraction and 

high-speed optical microscopy, van den Bruinhorst et al.24 measured the melting temperature and 

enthalpy of ChCl, reporting values of 687  9 K and 13.8  3.0 kJ mol―1, respectively. These 

data differ significantly from previously estimated values, highlighting the need for further 

studies. An initial contribution in this direction was made by Correa et al.,32 who simulated the 

phase transitions of ChCl using different atomistic force fields through molecular dynamics. 

Although the limited availability of experimental data for the liquid phase of ChCl and the high 

sensitivity to the choice of force field constrain the accuracy of these computational approaches, 

their study suggests a melting temperature of 627 K and a melting enthalpy of 7.8 kJ mol―1. 

Table 1 summarizes the published values of the melting properties of ChCl.

Table 1. Compilation of the melting temperature and enthalpy of choline chloride, method and sources.

Tm / K ΔH𝑚/ kJ mol―1 Method Reference

597  7
597
687  9
627

4.3  0.6
7.8
13.8  3.0
7.8

ChCl solubility on binary ideal systems
ChCl solubility in water + PC-SAFT 
Fast-DSC on pure ChCl
Molecular Dynamics on pure ChCl

Fernandez et al.7
Vilas-Boas et al.31

Bruinhorst et al.24

Correa et al.32

Heat capacity Impact

Because changes in heat capacity upon melting are often unknown, they are typically neglected 

in calculations. While this omission usually has only a minor effect on solubility estimates, it can 

become significant when the enthalpy of melting is small, and there is a large temperature 

difference between the mixture’s melting point and that of the pure compound. That is the case 

with most of the SLE phase diagrams of binary mixtures containing ChCl. For this reason, 

Equation (2) should more correctly keep the heat capacity term and be written as:
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ln 𝑥𝑖 =
∆𝐻𝑚,𝑖

𝑅𝑇
𝑇

𝑇𝑚,𝑖
― 1 ―

∆𝐶𝑝,𝑚,𝑖

𝑅  1 ―
𝑇𝑚,𝑖

𝑇 + ln
𝑇𝑚,𝑖

𝑇
(3)

Figure 1 illustrates the average weight percentage, defined as the ratio of the heat capacity term 

value to the total value of the right-hand side of Equation (3), which encompasses both enthalpy 

and heat capacity terms contributions. This weight is calculated as an average in the temperature 

interval from the solid-solid transition temperature (351 K) and the fixed melting temperature of 

ChCl (600 or 700 K). This temperature range was selected to match the temperature interval of 

the experimental data of the binary ionic systems initially used to estimate the ChCl melting 

properties via Equation (2). Due to the uncertainty of the melting properties of ChCl (see Table 

1), the calculations were carried out at two melting temperatures (600 and 700 K) and three 

different melting enthalpies (4, 8 and 14 kJ mol―1) within the range of published melting 

properties, varying the heat capacity change from 0 to 50 J mol―1K―1. As expected, the 

contribution of the heat capacity term increases with the decrease in melting enthalpy and the 

increase in melting temperature. In the context of this work, it is important to highlight that at 

the lowest melting enthalpy (4 kJ mol―1), the heat capacity term shows an average weight 

percentage higher than 25% for  Δ𝐶𝑝,𝑚 = 20 J mol―1K―1 and increases to 40% for Δ𝐶𝑝,𝑚 = 40 

J mol―1K―1, which is a very likely Δ𝐶𝑝,𝑚 value. At this same Δ𝐶𝑝,𝑚 value, even at a melting 

enthalpy of 14 kJ mol―1, that average weight percentage is as high as 20%.
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Figure 1. Average weight percentage of the heat capacity term in the SLE Equation (1) for choline chloride, 
depending on the heat capacity change upon melting, at different melting temperatures.

For the lowest value of the melting enthalpy (4 kJ mol―1) in Figure 1, neglecting the heat capacity 

term can be a critical simplification. Given that the first reported7 ChCl melting enthalpy is 4.3 kJ

 mol―1 , which was estimated by neglecting the heat capacity term, it is essential to explore how 

neglecting that term may have influenced the estimated value for the ChCl enthalpy of melting. 

Considering the ideality of the liquid phase again and using Equation (3), hypothetical solubility 

lines for ChCl were calculated between the solid-solid transition temperature and a fixed melting 

temperature (600 or 700 K), across a range of heat capacities (0-50 J mol―1K―1) and melting 

enthalpies (0-40 kJ mol―1). These hypothetical solubility values were obtained by linearizing 

Equation 2, and new melting enthalpy and temperature values were estimated, neglecting, for 

comparison purposes, the heat capacity term.

Figure 2 illustrates the decrease in the calculated melting enthalpy at two different melting 

temperatures, compared to a fixed melting enthalpy value used in Equation (2). This is the most 

significant result of this analysis, as the estimated enthalpy of melting is consistently higher than 
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the fixed value, and this increment grows linearly with the heat capacity change (Figure 2). To 

better understand the relevance of Figure 2, consider the following example for clarification. 

When Δ𝐶𝑝,𝑚 = 30 J mol―1K―1and 𝑇m = 600 K, the enthalpy of melting neglecting the Δ𝐶𝑝,𝑚
 

term is underestimated by approximately 4 kJ mol―1. Consequently, with an estimated 

temperature of 597 K 7 and considering  Δ𝐶𝑝,𝑚 = 30 J mol―1K―1, the real enthalpy would be 8.3 

kJ mol―1(4 kJ mol―1 above the first melting enthalpy value estimated by Fernandez et al.7). A 

similar underestimation of 4 kJ mol―1 is observed when Δ𝐶𝑝,𝑚 = 20 J mol―1K―1 but 𝑇𝑚 = 700 

K. The magnitude of this underestimation does not depend on the fixed value of the melting 

enthalpy, but only on the assumed value of the heat capacity change. With respect to the melting 

temperatures, the reestimated values are always slightly higher than the original values, more for 

lower melting enthalpies and higher Δ𝐶𝑝,𝑚 values.

Figure 2. Melting enthalpy increment to be added to the melting enthalpy estimated from Equation (2), neglecting 
the heat capacity term.

Melting Properties in the Description of Ideal SLE Phase Diagrams 

Ionic Binary Systems

Initially, the different sets of melting properties compiled in Table 1 were used in Equation (3) 

to calculate the ideal ChCl solubility line and compare it with the experimental data measured 

for binary salt mixtures containing ChCl.7 Figure 3(a) presents such a comparison, when 
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neglecting the ΔCp,m term (Equation 2). Unsurprisingly, the best agreement was obtained using 

the values proposed by Fernandez et al.7 In contrast, when employing melting properties 

measured by Fast-DSC,24 the deviations from the experimental data become notably significant. 

Figure 3. Representation of ln xChCl as a function of 1/T: (a) Δ𝐶𝑝,𝑚 = 0 J·mol-1·K-1, (b) Δ𝐶𝑝,𝑚 = 30 J·mol-1·K-1, 
using the different melting properties compiled in Table 1:  Fernandez et al.7;  Vilas-Boas et al.31;  
Bruinhorst et al.24 and  Correa et al.32 The data points are from binary systems constituted by [Ch]Cl and 
[Ch][Ac], [Ch][Prop], [Ch][Buta], [N4444]Cl, [P4444]Cl, [BzCh]Cl, [C4mpyr]Cl, [Ch][NTf2], [C2mim]Cl or 
[C2OHmim]Cl.7

In Figure 3(b), the predictions are carried out using Equation (3), with the value of Δ𝐶𝑝,𝑚 fixed 

at 30 J mol―1K―1. It is evident that the melting temperature and enthalpy reported by Fernandez 

et al.,7 when combined with this Δ𝐶𝑝,𝑚 value, yield a representation of the liquidus line that lacks 

physical meaning. The calculated solubility line would also suggest strong positive deviations 

from ideality in these systems, which is not expected. On the other hand, the melting properties 

reported by van den Bruinhorst et al. 24 would indicate a significant negative deviation from 

ideality, even at ChCl mole fractions approaching one. This behavior is also not physically 

plausible since activity coefficients should tend toward unity under these conditions. Overall, the 

intermediate melting properties reported by Vilas-Boas et al.31 and Correa et al.32 provide a more 

consistent description of the experimental data when Δ𝐶𝑝,𝑚 of 30 J mol―1K―1 is considered.

ChCl + Neutral Molecule Systems

To evaluate the melting properties of ChCl on the description of other systems, the SLE phase 

diagrams of the binary ChCl + water and ChCl + urea systems were selected, given the amount 

and quality of data provided by various authors. Taking into account the range for the melting 

temperature and enthalpy reported in Table 1, and by selecting Δ𝐶𝑝,𝑚 values ranging from 0 to 

40 J mol―1K―1, the phase diagrams were calculated by Equation (1), under the assumption of 

ideal behavior in the liquid phase and taking into account the ChCl solid-solid transition. All 
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other properties needed for these calculations are well-established, such as the melting properties 

of water (ΔHₘ = 6.01 kJ mol⁻¹ and Tₘ = 273.2 K), urea (ΔHₘ = 14.6 kJ mol―1, Tₘ = 407.2 K), 

and for the ChCl the solid-solid (ss) transition properties (𝑇𝑠𝑠 = 352.2 K, 𝛥𝐻𝑠𝑠 = 16.3 kJ mol―1

and Δ𝐶𝑝,𝑠𝑠 = 16 J mol―1K―1).25

ChCl + water system

Despite that in the DES study, the COSMO-RS model showed limited accuracy in capturing the 

temperature effect on the activity coefficients, at 298.15 K, it provided a reliable approximation 

for the activity coefficients of water in the presence of ChCl, derived from water activity 

measurements, indicating, at the same time, that the activity coefficient of ChCl is close to unity 

for ChCl mole fractions above 0.5.25 Encouraged by this near-ideal behavior of ChCl, predictions 

of SLE phase diagrams by varying ChCl melting properties were compared against the 

experimental data to assess their reliability. 

First, the melting temperature and enthalpy from Table 1 are used to explore the impact of 

introducing the Δ𝐶𝑝,𝑚 term. When the change in heat capacity upon melting is neglected (Figure 

4a), none of the available data sets adequately represent the solubility line of ChCl. The data 

reported by Fernandez et al.7 yield an unexpected positive deviation at higher temperatures, and 

a negative deviation below the solid–solid transition temperature. With Δ𝐶𝑝,𝑚 = 20 J mol―1K―1

(Figure 4b) the magnitude of the negative deviation from ideality is significantly reduced. For 

the intermediate enthalpy value,31, 32 a small positive deviation from ideality at temperatures 

above the solid-solid transition temperature, and a physically implausible liquidus line are 

obtained when using the melting properties data from Fernandez et al.7 This inconsistency 

becomes more pronounced with Δ𝐶𝑝,𝑚 = 40 J mol―1K―1(Figure 4c), where only the data from 

van den Bruinhorst et al.24 yield a plausible representation of the solubility line. In all cases, 

increasing Δ𝐶𝑝,𝑚 shifts the eutectic composition toward higher ChCl concentrations, and the 

evident discrepancy of the eutectic temperature to the experimental value becomes lower, but 

grows with increasing values of the melting properties.
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Figure 4. Solid-liquid phase diagram for the ChCl + water system: (a) Δ𝐶𝑝,𝑚 = 0 J·mol-1·K-1, (b) Δ𝐶𝑝,𝑚 = 20 
J·mol-1·K-1, (c) Δ𝐶𝑝,𝑚 = 40 J·mol-1·K-1, using the different melting properties compiled in Table 1:  
Fernandez et al.7;  Vilas-Boas et al.31;  Bruinhorst et al.24 and  Correa et al.32  water solubility 
line,  solid-solid transition.  and  are data points from Lobo et al.25 

Figure 5 examines the influence of the melting enthalpy on the solubility lines of ChCl, using 

two different values of Δ𝐶𝑝,𝑚 (Figure 5a, 5c and 5e, Δ𝐶𝑝,𝑚 = 15 J mol―1K―1, and Figure 5b, 5d, 

and 5f, Δ𝐶𝑝,𝑚 = 30 J mol―1K―1) across the reported melting temperature range. Within an 

amplitude of 90 K (range of the reported melting temperature from 597 to 687 K), the solubility 

lines exhibit minimal variation, provided all other melting properties remain constant. However, 

when higher melting temperatures are paired with the lowest melting enthalpy,7 the resulting 

solubility lines become defective. These lines display significant positive deviations from ideality 

and, as previously noted, show growing physical inconsistencies with increasing values of Δ𝐶𝑝,𝑚.

It is important to highlight that as the melting enthalpy increases, the system exhibits a more 

pronounced negative deviation from ideality. This leads to a shift in the eutectic point towards 
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lower ChCl mole fractions (xE,ChCl) and significantly higher eutectic temperatures (TE) compared 

to experimental observations (xE,ChCl = 0.20 and TE = 204 K).25 Notably, the experimental 

solubility data above the solid-solid transition point are closer to the ChCl solubility line within 

the range of the melting enthalpies between 7.8 and 10.8 kJ mol―1, as shown in Figure 5.
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Figure 5. Solid-liquid phase diagram for the ChCl + water system for different melting enthalpies:  Δ𝐻𝑚 =
4.3 kJ mol―1;  Δ𝐻𝑚 = 7.8 kJ mol―1;  Δ𝐻𝑚 = 10.8 kJ mol―1 and  Δ𝐻𝑚 = 13.8 kJ mol―1.  
water solubility line,  solid-solid transition.  and  are data points from Lobo et al.25

ChCl + urea system

The same procedure was applied to the ChCl + urea system (Figure 6). It was observed that, 

depending on the values of the melting enthalpy and temperature, there is a threshold value of Δ

𝐶𝑝,𝑚 beyond which the phase diagram yields unrealistic representations. Since the melting 

temperature has a relatively minor influence on the overall phase diagram, representations are 

displayed at 597 K and 687 K using two different Δ𝐶𝑝,𝑚values. For a ChCl melting temperature 

of 597 K, the most suitable melting enthalpy to represent the SLE phase diagram lies between 

7.8 and 10.8 kJ mol―1.

In contrast to the ChCl + water system, where the highest experimentally reported mole fraction 

of ChCl was 0.515, for the ChCl + urea system, data points are available until a composition of 

𝑥𝐶ℎ𝐶𝑙  = 0.898. At this composition, the solubility line is not expected to deviate significantly from 

the ideal solution solubility line. This is observed when using a melting temperature of 597 K 

and an enthalpy of fusion of 7.8 kJ mol―1, consistent across both used values of Δ𝐶𝑝,𝑚. Despite 

the high uncertainty in the experimental data, often attributed to residual water in the mixture or 

degradation due to temperature effects, the most appropriate range of the melting enthalpy to 

model the SLE phase diagram appears to be between 7.8 and 10.8 kJ mol―1 when the melting 

temperature is 687 K. However, such a high melting temperature would present substantial 

negative deviations from ideality, particularly at high ChCl mole fractions, which is not expected. 

These deviations become even more pronounced when an enthalpy of fusion of 13.8 kJ mol―1 is 

used.
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Figure 6. Solid-liquid phase diagram for the ChCl + urea system at different melting enthalpies:  Δ𝐻𝑚
= 4.3 kJ·mol-1;  Δ𝐻𝑚 = 7.8 kJ mol―1;  Δ𝐻𝑚 = 10.8 kJ mol―1 and  Δ𝐻𝑚 = 13.8 kJ mol―1. 

 urea solubility line. Experimental data were taken from:  Abbot et al.1  Morrison et al.33  Meng et 
al.34  Silva et al.35.

Non-Ideal Phase Diagrams

The previous analysis assumes the ideal solution behavior, which provides hints for the most 

probable range of melting properties of ChCl and helps to understand the impact of the melting 

enthalpy, heat capacity change, and melting temperature on the calculated phase diagram. 

Nevertheless, for an accurate representation of the ChCl + water and ChCl + urea SLE phase 

diagrams, the solution nonideality must be taken into account. For ChCl + urea, ChCl was 

assumed as a neutral ion pair. On the other hand, two approaches based on the NRTL model were 

implemented to estimate the activity coefficients of components in the liquid phase for ChCl + 

water: (1) modelling ChCl as a neutral ion pair or (2) modelling ChCl as fully dissociated ions, 

adding in this case a Pitzer-Debye Hückel long-range term. Recent work by Marques et al.36 
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reported that considering the long-range ionic interactions improves the modelling of IL 

solutions. 

For the ChCl + water system, different types of data sets are available in the literature, namely, 

vapor-liquid equilibrium (VLE), 37-39 water activity, 40, 41 heat of mixing, 42 and mean ionic 

activity coefficient of ChCl from isopiestic measurements,43-45 which were used to estimate the 

NRTL binary parameters. Due to the observed interrelation between the melting properties and 

the solution nonideality, the experimental SLE data for the ChCl + water system were not used 

for parameter estimation. Details on the modelling approaches and the estimation of binary 

parameters are provided in the electronic supplementary information (ESI). The NRTL binary 

parameters for ChCl + water are presented in Table S1 of the ESI. 

In contrast, only SLE data are available for the ChCl + urea mixture. Consequently, the melting 

enthalpy of ChCl and the NRTL binary parameters for the ChCl + urea system were determined 

by fitting to SLE data for both the ChCl + urea and ChCl + water systems. In this procedure, the 

NRTL binary parameters for ChCl + water were fixed to values previously estimated from non-

SLE experimental data. The NRTL binary parameters for ChCl + urea and the estimated melting 

enthalpy values of ChCl can be found in Tables S2 and S3 in the ESI, respectively. The urea 

activity calculated at the eutectic composition (urea mole fraction of 0.67) at various 

temperatures is of the correct order of magnitude compared to experimental data (see Figure S2 

in the ESI), 46 confirming the reliability of the estimated binary parameters for ChCl + urea. The 

root-mean-square deviation between experimental and calculated data can be found in Table S4 

in the ESI.

Figure 7a shows the melting enthalpy of ChCl estimated in this work, assuming the different 

melting temperatures reported for ChCl (Table 1) and the heat capacity change upon melting for 

ChCl. As shown in Figure 7a, the ion pair (dashed line) and dissociated ions (solid lines) 

representation of ChCl yield very similar melting enthalpies. The melting enthalpy increases as Δ

𝐶𝑝,𝑚 increases. On the other hand, the melting temperature only slightly influences the values of 

ChCl melting enthalpy. In general, the estimated melting enthalpy at Δ𝐶𝑝,𝑚 = 15 J mol―1K―1 

(blue lines) is in good agreement with those reported by Vilas-Boas et al. 31 (orange cross) and 

Correa et al.,32 (yellow cross)  at Tm= 597 and 627 K, respectively. On the other hand, the 

estimated melting enthalpy at Δ𝐶𝑝,𝑚 = 30 J mol―1K―1 (purple line) and Tm= 687 K is slightly 

lower than that found experimentally by van den Bruinhost et al.24 (blue cross). Moreover, the 

estimated melting enthalpy at ∆𝐶𝑝,𝑚 = 0 (grey line) and Tm= 597 K is slightly higher than that 

reported by Fernandez et al.7 (green cross). As can be observed in Figure 7b, the calculated 
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melting entropy indicates that the estimated melting enthalpies fulfil Timmerman’s criterion for 

the melting entropy of plastic crystalline materials (i.e., ∆𝑆𝑚
𝑅 ≤ 2). 47

Figure 7. Choline chloride (ChCl) melting enthalpy (a) and entropy (b) estimated in this work, assuming different 
melting temperatures and heat capacity change of ChCl. Solid lines are data calculated when regarding ChCl as 
dissociated ions, and dashed lines are data calculated when considering ChCl as ion pairs in ChCl + water. 
Symbols represent melting properties of ChCl obtained from Fernandez et al.7(green cross), Vilas-Boas et al. 31 
(orange cross), Correa et al.32 (yellow cross), and van den Bruinhorst et al. 24 (blue cross).  

Although the estimated melting enthalpies are similar when assuming different modelling 

approaches or ChCl heat capacity change, the activity coefficients of ChCl in ChCl + water are 

different when regarding ChCl as ion pairs or dissociated ions (see Figure S1a in ESI, and Figures 

S1b for water activity, S1c to S1e for bubble-points, S1f for freezing point depression and S1g 

for partial molar excess enthalpy). Thus, the calculated liquidus line of ChCl using the ion pair 

or dissociated ions modelling approaches can be different, as the liquidus line is influenced by 

ChCl activity coefficients in the liquid phase. 

Figure 8 shows the SLE phase diagram of ChCl + water system modelled assuming ChCl as ion 

pairs (Figure 8a, c, e) or fully dissociated ions (Figure 8b, d, f) and considering the different 

melting properties of ChCl. As shown in Figure 8, the influence of ChCl melting temperature on 

its calculated liquidus line is only noticeable at high mole fractions of ChCl. Nevertheless, at 

lower mole fractions of ChCl, increasing its melting temperature slightly shifts the liquidus and 

solidus lines to lower temperatures, in particular, as Δ𝐶𝑝,𝑚
 increases. When assuming ChCl as an 

ion pair (Figure 8a, c, and e), ChCl liquidus data are better represented as Δ𝐶𝑝,𝑚 and 𝑇𝑚  are 

lower (Figure 8a), while the eutectic point is more accurately predicted at a higher Δ𝐶𝑝,𝑚 and 𝑇𝑚 

(Figure 8e). In contrast, assuming ChCl as dissociated ions (Figure 8b, d, and f) allows for 

representing the liquidus data at high Δ𝐶𝑝,𝑚 and 𝑇𝑚 (Figure 8f). Nevertheless, the eutectic 
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temperature is significantly underestimated when assuming ChCl as dissociated ions and 

considering high melting temperature and heat capacity change upon melting (Figure 8f). This 

underestimation might result from extrapolating the Debye-Hückel parameter to extremely low 

temperatures. The Debye-Hückel parameter used in this work was adopted from Clarke and 

Glew,48 which is calculated from experimental density and permittivity of water from 273.1 to 

423.1 K, while the eutectic temperature of the system is close to 204 K. Neither of the modelling 

approaches can adequately represent liquidus data above the solid-solid transition temperature of 

ChCl. 
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Figure 8. Solid-liquid equilibrium phase diagram of choline chloride (ChCl) + water modeled assuming ChCl as 
ion pairs (a), (c), and (e) or fully dissociated ions (b), (c), and (f). The melting enthalpy (∆𝐻𝑚) used in modelling 
the liquidus line of ChCl was estimated in this work. Experimental data were taken from Lobo Ferreira et al. 25
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Figure 9 shows the activity coefficients of ChCl in the ChCl + water system calculated from the 

experimental liquidus temperature (symbols) and using the NRTL model (lines). Dashed lines 

represent activity coefficients of ChCl when it is regarded as ion pairs, while solid lines represent 

those when ChCl is considered as dissociated ions. The activity coefficients are calculated using 

the estimated melting enthalpy at each melting temperature together with the heat capacity 

change of ChCl. Because the estimated melting enthalpies when considering ChCl association or 

dissociation are similar (see Figure 7), those estimated considering ChCl dissociation were used 

to calculate the activity coefficients from the experimental data (∆𝐻𝑚 in Figure 8b, d, and f).

As shown in Figure 9, treating ChCl as dissociated ions (solid lines) improves the description of 

ChCl activity coefficients at high ChCl mole fractions, whereas assuming ChCl to be as ion pairs 

(dashed lines) provides a better representation at low ChCl mole fractions. The calculated activity 

coefficients from the NRTL model assuming ChCl dissociation agree more closely with the 

activity coefficients derived from experimental data at Tm = 687 K and ∆𝐶𝑝,𝑚 = 30 J mol―1K―1 

(blue crosses and solid lines in Figure 9c). The estimated melting enthalpy (∆𝐻𝑚 = 10.85 kJ 

mol―1) at this Δ𝐶𝑝,𝑚 and 𝑇𝑚
 is closer to that measured by van den Bruinhorst et al.24 (∆𝐻𝑚

= 13.8 ± 3.0 kJ mol―1). On the other hand, a good description of ChCl activity coefficients 

could be observed when ChCl is regarded as ion pair and Tm = 597 K and ∆𝐶𝑝,𝑚 = 15 J mol―1

K―1 (green circles and dashed lines in Figure 9e). The estimated melting enthalpy (∆𝐻𝑚 = 7.90 

kJ mol―1) at this melting temperature and heat capacity change is consistent with that estimated 

by Vilas-Boas et al. 31 (∆𝐻𝑚 = 7.80 kJ mol―1).

As expected from the observations in Figure 8, the activity coefficients calculated from 

experimental liquidus data above the solid-solid transition of ChCl cannot be described using any 

combination of Δ𝐶𝑝,𝑚 and 𝑇𝑚
 in the studied range. In addition, the activity coefficients calculated 

from experimental data above the solid-solid transition using Tm= 687 K and ∆𝐶𝑝,𝑚 = 30 J 

mol―1K―1 seem implausible. This could be attributed to the shift in the solid-solid transition of 

ChCl in the presence of water. Lobo Ferreira et al. 25 showed that the ChCl solid-solid transition 

temperature shifts to around 340 K in ChCl + water, a value about 12 K lower than that of pure 

ChCl in the absence of water. Thus, the implausible activity coefficients calculated from the 

liquidus data below the solid-solid transition could in reality correspond to data above the solid-

solid transition temperature.
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Figure 9. Activity coefficients of choline chloride (ChCl) in ChCl + water calculated at the liquidus temperature 
assuming ChCl as ion pairs (dashed lines) or fully dissociated ions (solid lines). The melting enthalpies estimated 
when modelling ChCl as dissociated ions were used to calculate the activity coefficients from experimental 
liquidus temperatures (symbols). Experimental data were taken from Lobo Ferreira et al. 25.
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As the melting enthalpy was estimated using experimental ChCl solubility lines data from ChCl 

+ water and ChCl + urea simultaneously, Figure 10 presents the SLE phase diagram of ChCl + 

urea calculated using the NRTL binary parameters for ChCl + urea (see Table S3). Although 

ChCl is always regarded as an ion pair in ChCl + urea, two different sets of binary NRTL 

parameters were obtained when ChCl in ChCl + water is assumed as ion pairs (Figure 10a, c, and 

e) or fully dissociated ions (Figure 10b, d, and f). The resulting binary parameters for ChCl + 

urea are nearly identical for both assumptions (see Table S2 in ESI), indicating that the main 

differences between the models when calculating the liquidus line of ChCl originate from the 

distinct Δ𝐶𝑝,𝑚 and 𝑇𝑚
 used for ChCl. As previously observed for ChCl + water (Figure 8), the 

melting temperature has a stronger effect on the calculated ChCl liquidus line at high mole 

fractions of ChCl. In particular, only a melting temperature of 𝑇𝑚  = 597 K (yellow lines in Figure 

10) yields a satisfactory correlation of the liquidus curve near the melting point of pure ChCl. 

However, the influence of Δ𝐶𝑝,𝑚 and 𝑇𝑚 on the calculated liquidus line is less pronounced for 

the ChCl+urea than in the ChCl + water system (Figure 8). In general, a better agreement between 

the modelled and experimental ChCl liquidus and solidus lines in ChCl + urea is observed when 

Δ𝐶𝑝,𝑚 = 0 J mol―1K―1.
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Figure 10. Solid-liquid equilibrium phase diagram of choline chloride ChCl + urea. ChCl is always regarded as a 
neutral ion pair in ChCl + urea, while for the ChCl + water is modeled as ion pairs (a), (c), and (e) or fully 
dissociated ions (b), (c), and (f). The melting enthalpy (∆𝐻𝑚) used for the modelling the ChCl liquidus line was 
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estimated in this work. Experimental data were taken from:  Abbot et al.1  Morrison et al.33  Meng et al.34

 Silva et al.35.

Figure 11 shows ChCl activity coefficients calculated at the experimental liquidus data (symbols) 

and predicted by the NRTL model (solid lines). As before, the activity coefficients were 

calculated using the NRTL binary parameters and the estimated melting enthalpy when ChCl is 

regarded as dissociated ions in ChCl + water (see Tables S2 and S3 in ESI). Unlike the behavior 

observed for ChCl + water, ChCl activity coefficients in the ChCl + urea system are best 

reproduced when the  𝑇𝑚 =  597 K and Δ𝐶𝑝,𝑚 = 0 J mol―1K―1 (Figure 11a). Neither a large Δ

𝐶𝑝,𝑚 nor a high 𝑇𝑚 allows for accurately predicting the ChCl activity coefficients in mixtures 

concentrated with ChCl (Figure 11c and f). Moreover, the influence of the 𝑇𝑚
 is more 

pronounced when Δ𝐶𝑝,𝑚 is larger. As shown in Figure 11, the combination of Tm =597 K and 

∆𝐶𝑝,𝑚 = 0 J mol―1K―1 (Figure 11a) provides the most reliable description of ChCl activity in 

the ChCl + urea system. The corresponding melting enthalpy (∆𝐻𝑚 = 5.95 kJ mol―1) is between 

the melting enthalpy estimated by Fernandez et al. 7 (∆𝐻𝑚 = 4.3 kJ mol―1) and Vilas-Boas et 

al.31 (∆𝐻𝑚 = 7.80 kJ mol―1).  
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Figure 11. Activity coefficients of choline chloride (ChCl) in ChCl + urea calculated at the liquidus temperature 
using the estimated melting enthalpy at each melting temperature and heat capacity change. Experimental data 
were taken from: Abbot et al.,1 Morrison et al.,33 Meng et al.,34 and Silva et al.35.  
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Because the ChCl heat capacity change upon melting largely influences the estimated melting 

enthalpy (Figure 7), it might be necessary to fit the Δ𝐶𝑝,𝑚, along with its melting enthalpy and 

the NRTL binary parameters for ChCl + urea, to the SLE data of ChCl + urea and ChCl + water. 

Figure 12 shows the melting enthalpy and heat capacity change of ChCl fitted to the SLE data of 

ChCl + urea and ChCl + water when assuming ChCl as ion pairs or dissociated ions in ChCl + 

water (see Table S5 in ESI for the data). As shown in Figure 12, both the estimated melting 

enthalpy and heat capacity change decrease as the assumed melting temperature increases. When 

Tm = 687 K, considering Δ𝐶𝑝,𝑚 = 0 J mol―1K―1 is a more reasonable assumption. This behaviour 

is observed for ChCl + urea (Figure 10) and not in ChCl + water (Figure 8). The improved 

agreement obtained by neglecting Δ𝐶𝑝,𝑚
 can be attributed to the solubility data in ChCl + urea at 

higher ChCl mole fraction, where larger deviations from the experimental liquidus line occur in 

this region when Tm = 687 K (Figure 11). The choice of modelling approach (ion pairs or fully 

dissociated ions) has little impact on the estimated melting enthalpy, but it leads to significant 

differences in the estimated Δ𝐶𝑝,𝑚. The estimated melting enthalpy at Tm = 597 K is consistent 

with that estimated by Vilas-Boas et al.31 

Figure 12. The melting enthalpy (∆𝐻𝑚) and heat capacity change (∆𝐶𝑝,𝑚) of choline chloride (ChCl) fitted to 
experimental solid-liquid equilibria data of ChCl + urea and ChCl + water regarding ChCl as ion pairs or fully 
dissociated ions.

Conclusions 

This work critically evaluates the melting properties of ChCl and demonstrates their crucial 

influence on the thermodynamic description of SLE in ChCl-based DES. The wide dispersion of 
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the modeling of SLE phase diagrams, calculated eutectic coordinates, and the interpretation of 

liquid-phase nonideality.

An essential outcome of this work is that neglecting the ChCl heat capacity change upon melting 

can lead to a systematic underestimation of its melting enthalpy. When the melting enthalpy is 

low, the heat capacity term makes a significant contribution to the calculated liquidus line of 

ChCl and cannot be ignored without compromising its physical consistency.

Comparative analysis of ideal and non-ideal SLE representations of ChCl + water and ChCl + 

urea reveals a strong interdependence between the melting properties of ChCl and its activity 

coefficients in the liquid phase. Low ChCl melting enthalpies artificially enforce ideal systems 

behaviour, while excessively high values require unrealistically strong negative deviations from 

ideality. Across ionic systems, including ChCl + water and ChCl + urea mixtures,  melting 

enthalpy values between 8 and 10 kJ mol―1, combined with a non-negligible heat capacity 

change upon melting in the range 20-40 J mol―1K―1 (decreasing with increasing melting 

temperature), provide the most consistent and physically meaningful description of the 

experimental SLE data.

Overall, this study emphasises that the reliable melting properties of ChCl are crucial for 

accurately interpreting ChCl-based DES phase diagrams and for developing robust 

thermodynamic and data-driven models. The conclusions drawn here provide practical guidance 

for selecting and validating melting properties in future research.
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