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This study presents a comprehensive thermophysical characterization of hydrated deep eutectic solvents (DESs)
composed of choline chloride (ChCl) and four hydrogen bond donors (HBDs): citric acid, malic acid, fructose, and
ethylene glycol in equimolar ratios. By introducing 2, 10, and 22 wt% water—spanning key hydration regimes
where DESs structure is progressively altered—we systematically quantify the effects of hydration on density,
viscosity, electrical conductivity, thermal conductivity, and refractive index over a wide temperature range.
Results demonstrate that water addition leads to a dramatic reduction in viscosity, particularly for bio-derived
HBDs, enhancing processability and enabling practical applications. The ChCl:citric acid DESs maintains high
structural cohesion upon hydration, reflected in persistent cooperative dynamics and high activation energy,
whereas the synthetic ethylene glycol system exhibits predictable, tunable behavior, ideal for engineered fluid
systems. Electrical conductivity increases non-linearly with water content, accompanied by a transition from
fragile to strong liquid behavior. Derived parameters—molecular volume, thermal expansion coefficient, and
excess molar volumes—reveal non-ideal mixing behavior and structural reorganization. Our findings define
structure-property correlations critical for optimizing DESs formulations, offering a foundation for application-
specific solvent engineering in energy, electrochemistry, and separation technologies.

sustainability [6].
DESs are formed through the suitable combination of two or more

1. Introduction

The need for more sustainable, environmentally friendly and safer
(green) solvents [1] to replace traditional ones [2], has led to the
extensive research on Deep Eutectic Solvents (DESs) [3] considering
their advantages over common Volatile Organic Compounds (VOCs)
frequently used in the industry as solvents [4], such as biodegradability
and low volatility. Nevertheless, it should be remarked that not all the
possible or considered DESs are biodegradable or may be considered as
green or sustainable [5], thus being largely dependent on the nature and
origin of the molecules considered for DESs development, which need to
be carefully considered in terms of DESs properties, safety and

compounds [7], which results in the formation of strong intermolecular
hydrogen bonds [8]. These interactions lead to melting point depression
in comparison with ideal liquid mixture behavior, used to assure the
formation of a true DES [9], [10], and thus, some authors [11] have
proposed the term Low Melting Mixtures (LMMs) [12]. Nevertheless, the
term DESs will be maintained in this work in agreement with most of the
available literature in this area.

DESs can be classified into five main categories (type I to type V [13],
[14]), depending on the nature of the forming compounds. Among them,
type III ones, usually containing at least an ionic compound have
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attracted great attention, being typically developed by mixing a qua-
ternary ammonium salt, such as commonly choline chloride (CC), along
with a hydrogen bond donor (HBD), such as organic acids, polyols, or
sugars [15]. Of particular interest are those DESs based on naturally —
based compounds [16], like citric acid (CA), malic acid (MA), and
fructose (FR), combined with non-toxic salts like CC, leading to the
formation of type III Natural DESs (i.e. NADESs). These components are
non-toxic and renewable, making them valuable choices for various
applications in fields such as pharmaceuticals, foods, electrochemistry,
and biomass processing [17], [18], [19]. Relevant DESs may also be
obtained through the combination of CC with molecules such as
ethylene glycol (EG), showing suitable physicochemical properties.
These compounds (CC + {CA, MA, FR, EG}) are considering specifically:

e CA and MA are polycarboxylic organic acids with multiple functional
groups, offering high hydrogen bonding capacity and bio-derived
origin.

e FR is a sugar-type HBD with extensive hydroxyl functionality and
rigid molecular architecture, providing a model for complex, natu-
rally occurring systems.

¢ EG is a simple synthetic polyol often used in benchmark DESs studies,
providing a comparison to more flexible and industrially common
systems.

This selection allows to examine how molecular complexity,
hydrogen bonding site density, and bio-based vs. synthetic origin in-
fluence DESs behavior upon hydration. The combination covers a
representative spectrum of natural and synthetic HBDs to derive struc-
ture-property insights applicable to a broad range of DESs formulations.

Another relevant classification for DESs / NADESs stands on their
hydrophobic or hydrophilic nature [20], [21]. The presence of water in
any considered DESs / NADESs may largely affect their physicochemical
properties even for hydrophobic ones [22]. The use of DESs / NADESs
for industrial / technological applications may lead to water absorption
from the environment, which would lead to relevant modifications in
solvent properties, especially for hydrophilic type III DESs / NADESs.
The suitability of water molecules for developing strong hydrogen
bonding with DESs / NADESs components, may lead to disruption /
modification of the hydrogen bonding among molecules forming the
DESs [23], thus changing their macroscopic behavior and properties
[24]. Likewise, the addition of water to DESs may also lead to benefits, e.
g. water content can be use for controlling and fine tuning DESs viscosity
[25], which for many DESs is remarkably high and may lead to scaling
up problems because of hindering heat and/or mass transfer operations
[26]. Likewise, for type III DESs / NADESs, i.e. those containing ionic
species such as CC, the water content may be used for controlling solvent
electrical conductivity [27], which is pivotal for possible electro-
chemical applications.

The effect of water on DESs / NADESs properties is largely dependent
on water content [28], with three well defined regions [29] for most of
the DESs in which: i) DESs microstructuring and properties are main-
tained (usually water content lower than 10 wt%), ii) transition region in
which DESs hydrogen bonding start to evolve disrupting their hydrogen
bonding network (usually water content lower than 30 wt%), and iii)
solution of DESs component dispersed into water prevailing environ-
ment (usually water content higher than 30 wt%). Therefore, to analyze
the mechanism(s) water — DESs / NADESs interactions, as well as how it
affects the macroscopic thermophysical properties is crucial for DESs /
NADES:s effective design and application.

Despite the growing interest in hydrated DESs, comprehensive
studies that systematically correlate water content with molecular dy-
namics, structure-property relationships, and application-relevant per-
formance across multiple HBD chemistries remain scarce. In particular,
comparative insights between synthetic and bio-based hydrogen bond
donors under controlled hydration have not been fully explored. This
work addresses that gap by integrating experimental measurements with

Journal of Molecular Liquids 437 (2025) 128412

thermodynamic modeling across four choline chloride-based DESs sys-
tems (citric acid, malic acid, fructose, ethylene glycol), each evaluated at
three distinct hydration levels. The use of Vogel-Fulcher-Tammann
(VFT) analysis, combined with derived descriptors such as fragility,
activation energy, and excess molar volume, enables a deeper under-
standing of how water modulates cooperative dynamics and ionic
transport. Furthermore, by benchmarking the fluid properties against
industrial targets, we provide a practical framework for tailoring DESs
formulations via hydration for real-world applications in electrochem-
istry, separation, and thermal systems.

Previous research has shown that adding water typically remarkably
lowers viscosity and density while increasing electrical conductivity and
diffusivity [30]. However, how much these properties change depends
on the specific compounds used for DESs formation used and the amount
of water added. For example, DESs comprising carboxylic acids are
particularly sensitive to hydration [24]. Additionally, thermodynamic
properties of water — DESs mixtures, such as excess molar volumes and
expansion coefficients upon mixing [31], [32], have showed largely
non-ideal behavior resulting on the development of water — DESs
hydrogen bonding disrupting the internal DESs intermolecular in-
teractions. Nevertheless, there are scarce literature studies that
comprehensively compare various DESs systems at controlled hydration
levels.

A systematic investigation into how water content affects key prop-
erties across a range of natural compound - based NADESs is still lack-
ing. The study reported in this work aims to address these gaps by
exploring how water modifies the thermophysical properties of four
different CC-based DESs using CA, MA, FR and EG, all prepared in a 1:1
ratio, Fig. 1. All DESs in this study were prepared using a 1:1 mole ratio
of CC to each HBD. This choice aligns with previous literature reports
where such ratios are commonly used, particularly in the formulation of
Natural Deep Eutectic Solvents (NADES) involving bio-derived com-
pounds [33]. While thermodynamically rigorous eutectic compositions
may differ from these ratios—as demonstrated, for example, in the case
of CC:EG by Hayler and Perkin [34]—the 1:1 mixtures are known to
form stable liquids at room temperature, enabling consistent compara-
tive analysis across different HBD types. Moreover, 1:1 ratios facilitate
balanced hydrogen bonding interactions and are often favored for
optimizing physicochemical properties such as viscosity and conduc-
tivity in practical applications.

This research takes an integrated approach, analyzing a wide range
of properties, including density, viscosity, electrical and thermal con-
ductivity, and how these evolve in wide temperature ranges. The anal-
ysis of these properties uncovers the structure of hydrated NADESs
systems, especially focusing on the differences between synthetic
hydrogen bonding compounds (EG) and natural ones (CA, MA, FR). This
understanding allows their use for real-world environments that contain
water and can be used to tailor DESs / NADESs operations in various
sectors including energy storage and pharmaceuticals via hydration, for
developing DES/NADES-based next-generation solvents.

2. Methods
2.1. Chemicals and DESs preparation

The characteristics of the chemicals used for DESs preparation are
reported in Table 1, these chemicals were used as received from the
supplier without additional purification. DESs for CC + {CA, MA, FR or
EG} were all prepared for 1:1 mole ratios by weighing (Mettler AT261
balance, + 1 107> g) suitable amounts of each component, mixtures
were heated (60 °C) under stirring for 24 h, with the formation of the
corresponding transparent liquid phases. Liquid samples were stored at
ambient conditions in sealed bottles in darkness, do not show alteration
30 days after their preparation. All DESs considered in this study (ChCl:
HBD at 1:1 mole ratio) were prepared following standard protocols
widely reported in the literature [33], [35]. The resulting liquids were
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Fig. 1. Molecules considered in this work for the DESS formation and preparation of mixtures with water.

Table 1
Chemicals used in this work for experimental studies.
chemical formula molar purity / % CAS - source
mass / g number
mol !
CsHp1N, 107-43-  Sigma-
CC 0, 117.15 99.0 7 Aldrich
107-21- Sigma-
EG CyHeO4 62.07 99.8 1 Aldrich
Sigma-
CA CeHgO7 192.12 99.5 77-92-9 Aldrich
6915-15-  Sigma-
MA C4HeOs 134.09 99.0 ; Aldrich
Sigma-
FR CeHgO7 192.12 99.8 77-95-9 Aldrich
resistivity at s
water  Hy0 18.02 298.15K = ;732'18' ?f\’ilillll;QOre)
18.2 MQ cm P

homogeneous, transparent, and stable over at least 30 days. No further
molecular-level spectroscopic characterization (e.g., FT-IR, 'H NMR)
was performed, as the identity and liquid-state behavior of these DESs
have been extensively validated in previous work. This study focuses
instead on their macroscopic thermophysical properties under
controlled hydration conditions. To account for any residual moisture
present in the raw materials or captured during the preparation process,
the initial water content in the freshly prepared neat DESs (i.e., without
added water) was quantified using Karl-Fischer coulometric titration
(Metrohm 831 KF, + 0.3 %). The measured values were: 0.25,0.12, 0.11
and 0.06 water wt%, for DESs containing FR, MA, EG, and CA, respec-
tively. This intrinsic water content was included in the total hydration
calculations when preparing the DESs + water mixtures by weighing for
2, 10 and 22 wt% water content. Therefore, all reported water contents
reflect the true total water content in the system, ensuring consistency
across the measured samples. Samples were kept in sealed bottles to
avoid absorption of additional atmospheric water.

2.2. Apparatus and procedures

All experimental studies were carried out at atmospheric pressure.
The experimental density data, p, (+ 1610~* g cm ™) data for liquid
mixtures of CC + {CA, MA, FR or EG} in 1:1 ratio with different per-
centage of water (10 or 22 wt%) at different temperatures were
measured using an Anton Paar DMA1001 vibrating tube densimeter,
with cell temperature controlled and measured with an internal peltier
to £0.01 K. The densimeter was calibrated using water (ISO-17034
certified material) and air as reference fluids, fulfilling ISO-5725. From
these p data, the thermal expansion coefficient, ap, for each mixture was
calculated from linear fits of p vs temperature (R? > 0.9999) according

to Eq. (1):
o =

Dynamic viscosities, 5, were measured using an electromagnetic
VINCI Tech. EV1000 electromagnetic piston moving viscometer, the cell
temperature was controlled with a Julabo Presto circulating bath and
measured with platinum resistance thermometers (PRT) inside the
measuring cell (+ 2 % uncertainty for viscosity and + 0.01 K for tem-
perature). Prior to the measurements, the viscometer was calibrated
using certified oils provided by the manufacturer. Viscosity measure-
ments were carried out in a continuous sweeping mode, in which the cell
temperature is changed at 5 °C per hour and viscosity is registered
continuously. In this way, the whole viscosity-temperature curve at
isobaric conditions is recorded instead of measuring viscosity at selected
fixed temperatures. Temperature dependence of viscosity cannot be
adequately described by the Arrhenius equation, and thus it was fitted
considering the Vogel-Fulcher-Tammann equation (VFT):

_B_
1 =AeTTo @
The Angell’s fragility coefficient, Dy, is calculated as:
B
Df=—
=T 3
From which the activation energy of the viscous flow, E,, was
calculated:
B
E,=R TP — ()]
#-g

where R is the molar gas constant, 8.314 J-mol~! K~!; B and T repre-
sents adjustable parameters of the equation VFT and T is the absolute
temperature.

Refraction index was measured with regard to sodium D-line (np,
uncertainty =1 10~>) with a Leica AR600 refractometer with the cell
temperature controlled with an external circulator (Julabo F32) and
measured with a PRT (£ 0.01 K). Refraction index allowed the calcu-
lation of molar refraction, Ry, and polarizability, a, as follows:

_(n3 -1
Ry = (nﬁ +2) Vi )
3R,
= 6
* 47TNA ( )

where V,, stands for the mixture molar volume.
Electrical conductivity, o, was measured with a VWR pHenomenal
conductivity meter, and the cell temperature was controlled by a Julabo
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F25 circulating bath and measured in situ with platinum resistance
thermometers (+ 0.01 K). The conductivity meter was calibrated with
standard KCl solutions (4 0.5 % uncertainty). Thermal conductivity, «,
(5 % uncertainty) was measured with a Decagon devices KD2 Thermal
analyzer, equipped with a KS-1 sensor (6 cm long, 1.3 mm diameter
single needle) with the cell temperature controlled using a Julabo F32
bath and measured with a PRT (& 0.01 K).

The data for the measured thermophysical properties are reported in
the Supplementary Information (Tables S2 to S7).

3. Results and discussion
3.1. Thermodynamic analysis of viscous flow and molecular dynamics

The viscosity of DESs + water systems were measured at 2, 10 and
22 wt% water content. Water contents of 2 wt%, 10 wt%, and 22 wt%
were selected to represent three regimes of water-DESs interaction. The
2 wt% level corresponds to minimal hydration with preserved DESs
structure; 10 wt% represents a transition region where partial network
disruption begins; and 22 wt% was chosen to remain below the
threshold (~30 wt%) beyond which the system no longer behaves as a
DESs but rather as a conventional aqueous solution. This upper limit was
selected to probe the maximal effects of hydration while retaining DESs
character. In the case of CC:CA DESs it was not possible to measure
viscosity at water 2 wt%, neither the other considered thermophysical
properties, because of the extremely viscous behavior of the considered
system. Based on visual and handling observations, the 2 wt% hydrated
CC:CA mixture displayed paste-like, highly viscous behavior, resisting
flow even at elevated temperatures (~333 K). Although the viscosity
exceeded the measurable limit of our viscometer (>10,000 mPa-s), we
estimate it to lie within the range of 10*-10° mPa-s for the 298 to 348 K
range. This extreme viscosity precluded reliable measurements but
qualitatively confirms the substantial impact of minimal hydration on
this system’s flow properties.

The viscosity ordering is CA > MA > FR > EG. The DESs with the
considered natural compounds (CA, MA and FR) are extremely viscous
with low water content, and so in the corresponding neat DESs, which
may hinder their possible industrial use and scaling up. Nevertheless,
increasing water content up to 22 wt%, in which DESs maintain their
nature, and increasing temperature roughly above 320 K, leads to
reasonably low viscosity. In the case of DESs containing EG, a low
viscous fluid is inferred even for low water content. The viscometric data
analyzed through the VFT equation (as non-Arrhenius behavior is
inferred for all the considered DESs + water mixtures in the studied
temperature range) provides insights into the thermodynamic nature of
molecular rearrangements in these aqueous DESs systems, Figs. 2 and S1
(Supplementary Information). The corresponding VFT parameters
(Table 2) reveal distinct activation mechanisms of flow, which reflect
the underlying potential energy landscape and cooperative molecular
motions. In the case of systems with MA and FR for water 2 wt%, as
inferred from the y2 as well as the corresponding VFT parameters
(Table 2) suggest a transition in the viscous flow mechanism, indicating
a crossover from cooperative a-relaxation (where multiple molecules
move together) to more localized B-relaxation processes. This behavior
indicates that the introduction of water disrupts the three-dimensional
hydrogen bonding network of CC:MA / FR without providing suffi-
cient hydration to establish new stable configurations. This effect would
be even more relevant for CA molecule, with its three carboxyl groups
arranged in a specific geometric configuration, likely creates topological
constraints that resist the initial stages of water interaction and inte-
gration into the corresponding hydrogen bonding network. The B
parameter in the VFT equation represents the activation energy and
reflects the strength of intermolecular cooperativity. The systematic
evolution of B values across water concentrations reveals the progressive
deconstruction of the original DESs structure. For CC:CA, the high B
values (2521.90 K at 10 wt% and 2401.92 K at 22 wt%) indicate
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Fig. 2. Dynamic viscosity, 7, as a function of temperature, T, for CC:{CA, MA,
FR, EG} 1:1 DESS with different water content (indicated as water wt% in
each panel).

Table 2
Fitting parameters of experimental viscosity, 77, to VFT equation (eq. (2)) for the
reported NADESs with variable water content.

System A/mPas B/K To /K 1
(CC:CA) + 2 wt% water - - - -
(CC:MA) + 2 wt% water 0.0041200 2109.99 169.86 301.0
(CC:FR) + 2 wt% water 0.0002869 2693.45 141.24 161.4
(CC:EG) + 2 wt% water 0.0262164 1504.30 118.43 0.0
(CC:CA) + 10 wt% water 0.0006700 2521.90 158.33 625.9
(CC:MA) + 10 wt% water 0.0059700 1643.10 165.94 90.6
(CC:FR) + 10 wt% water 0.0016800 1937.75 148.53 7.0
(CC:EG) + 10 wt% water 0.0243634 1337.10 118.73 0.0
(CC:CA) + 22 wt% water 0.0006462 2401.92 122.72 50.5
(CC:MA) + 22 wt% water 0.0761500 1037.69 167.39 2.2
(CC:FR) + 22 wt% water 0.0046300 1439.52 146.68 1.1
(CC:EG) + 22 wt% water 0.0479679 879.72 143.53 0.0

retention of strong cooperative interactions even at high water content,
suggesting that water molecules are incorporated into the existing
hydrogen bonding framework rather than disrupting it completely. This
behavior contrasts with typical molecular solvents where water addition
leads to more dramatic reductions in activation energies. This effect is
also present in systems with MA / FR and in minor extension in those
with EG. The VFT - To parameter represents the Vogel temperature,
below which cooperative motion would theoretically cease. The evolu-
tion of To values provides insights into the glass transition behavior and
the fragility of these systems. The CC:EG system shows relatively stable
To values (118.43-143.53 K), indicating that water addition preserves
the fundamental relaxation mechanisms while simply modifying their
kinetics. Conversely, the CC:CA system exhibits more variable To values
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across the studied water content range, suggesting water-induced
changes in the nature of the cooperative relaxation processes with
increasing water content, which would result in the large decrease of
viscosity for CA systems both with increasing water content and tem-
perature. Systems with MA / FR shows similar behavior to that for CA.
While thermogravimetric analysis (TGA) is a standard method for
assessing thermal stability, the present study focuses on a temperature
range (typically below <350 K) that is well below the expected
decomposition thresholds for all DESs components used. Within this
range, no visual degradation, phase separation, or irreversible changes
were observed during prolonged measurements. Furthermore, the con-
sistency of the viscosity data across increasing temperatures, along with
the VFT results, with high VFT-derived activation energies (B values),
and stable Vogel temperatures (To), support the conclusion that these
systems remain structurally stable under the studied conditions. The
absence of anomalies or discontinuities in viscosity and transport
properties further confirms the lack of thermally induced degradation.
These converging results provide indirect yet robust evidence of thermal
stability in the relevant temperature regime, making additional TGA
data non-essential for the scope of this investigation.

3.2. Fragility analysis and energy landscape topology

The fragility parameter Dy quantifies the deviation from Arrhenius
behavior and provides insights into the cooperativity of molecular mo-
tions and the heterogeneity of the energy landscape. Strong liquids (low
fragility) exhibit nearly temperature-independent activation energies,
while fragile liquids show strong temperature dependence reflecting
heterogeneous environments and cooperative rearrangements. The
general decrease in fragility with increasing water content (Fig. 3a)
across most systems (with the exception of CA-systems) indicates a
transition from fragile to more strong-like behavior. This transformation

25
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suggests that water addition reduces the heterogeneity of the local en-
vironments and smooths the potential energy landscape. From a mo-
lecular perspective, this can be interpreted as water molecules filling in
the “rough” regions of the energy landscape, providing more uniform
pathways for molecular rearrangement. The E, trends complement the
fragility analysis, thus reflecting modifications in the potential energy
barriers for molecular motion. For (most) systems showing decreasing E,
with increasing water content, the water molecules are effectively
plasticizing the system by providing alternative, lower-energy pathways
for molecular rearrangement. This is particularly evident in the CC:EG
system, where the simple diol structure allows water molecules to
integrate seamlessly into the hydrogen bonding network.

3.3. Ionic transport mechanisms and charge carrier dynamics

The electrical conductivity data, Fig. 4a, show remarkable differ-
ences among the considered systems, with the ordering CA < MA < FR
being remarkably lower than those for EG. Therefore, the large viscosity
inferred for those NADESs with CA / MA / FR leads to low electrical
conductivity, largely changed (improved) upon water addition and
heating. The analysis of electric conductivity in conjunction with vis-
cosity through the Walden plot, Fig. 4b, reveals the complex relationship
between ionic mobility and bulk transport properties. The deviation
from the ideal Walden rule (represented by the KCl reference line)
quantifies the degree of ionic association [36], Fig. 4c, and the coupling
between ionic and molecular motions. Systems lying below the ideal
Walden line exhibit subionic behavior, indicating either ion pairing,
ionic clustering, or preferential solvation effects that reduce ionic
mobility relative to what would be expected from bulk viscosity alone.
The CC:CA system consistently shows the largest deviations from ide-
ality, suggesting strong ion-solvent interactions mediated by the multi-
ple functional groups of citric acid. These interactions can be considered
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Fig. 3. CC:{CA, MA, FR, EG} 1:1 DESs with different water content reporting (a) Angell’s fragility parameter, Dy, and (b) activation energy of the viscous flow, E,, as
obtained from viscosity vs temperature experimental data for the reported DESs as a function of water content.
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and (d) thermal conductivity, k. Values in panel d are reported at 298.15 K.

in terms of preferential solvation shells where the citric acid molecules
coordinate more strongly with the chloride anions than with water
molecules, creating kinetically distinct ionic environments. The calcu-
lated ionicity percentages, Fig. 4c, provide a quantitative measure of the
fraction of charge carriers that contribute to ionic conduction. The in-
crease in ionicity with water content reflects the progressive dissociation
of ion pairs and the breakup of ionic aggregates. However, the non-
linear relationship between water content and ionicity suggests that
water molecules are not uniformly distributed but rather organize into
specific solvation structures around the ionic species.

Additionally, the thermal conductivity was measured, Fig. 4d,
providing additional insights into the transport properties by revealing
how energy transfer occurs at the molecular level. The observed in-
creases in thermal conductivity with water addition reflect not only the
higher intrinsic thermal conductivity of water but also changes in the
phonon transport mechanisms. The formation of hydrogen-bonded
water networks can create additional pathways for vibrational energy
transfer, leading to enhanced thermal transport properties. Although the
measured thermal conductivity data carry an experimental uncertainty
of up to 5 %, the observed increases with water addition are systematic
and exceed this margin; e.g. in the transition from 10 wt% to 22 wt%
water content this property increase roughly a 15 %. Therefore, while
absolute values should be interpreted with caution, the overall trends
and relative differences are robust. These results consistently support
the interpretation that water integration enhances thermal transport via

the formation of extended hydrogen-bonded networks.

3.4. Thermodynamic properties and molecular organization

The density measurements, Fig. 5a, reveal the interplay between
molecular packing efficiency and intermolecular interactions. The
observed decreases in density with water addition, considering that all
the studied DESs are largely hydrophilic and thus showing larger den-
sities than water in the neat state (especially for those containing natural
compounds), is firstly produced by the lower molecular weight of water
compared to the organic components, but the non-linear relationships
with water content suggest structural reorganization effects. The a,
values, Fig. 5b, reflect changes in intermolecular potential energy with
temperature. The observed variations in a, with water content indicate
modifications in the anharmonicity of the intermolecular potential
wells. Systems with higher a;, suggest looser molecular packing and
greater sensitivity to thermal energy, which correlates with the observed
viscosity behaviors Fig. 2. This behavior is confirmed by the trends in
Ry, Fig. 5c. The excluded volume calculations, Fig. 5d, which are based
on hard sphere models, provide insights into the effective molecular
sizes and packing efficiencies in these systems. The trends observed
suggest that water addition initially improves packing efficiency at low
concentrations through better space filling, but leads to increased free
volume at higher concentrations as the original DESs structure becomes
progressively disrupted. This interpretation agrees with the concept of
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water molecules initially occupying interstitial sites within the DESs
structure before forming extended hydrogen-bonded networks that
compete with the original DESs interactions.

3.5. Electronic structure and optical properties

The molar refraction data, Fig. 5c, provide insights into the elec-
tronic polarizability and the local electronic environment around the
molecules. The systematic changes in molar refraction with water con-
tent reflect alterations in the electron density distribution and the
strength of intermolecular interactions. These changes can be analyzed
in terms of the electron donor-acceptor interactions between water
molecules and the DESs components. The polarizability measurements
at 298.15 K, Fig. 6, reveal how the electronic response of these systems
changes with water addition. The variations in polarizability correlate
with changes in the hydrogen bonding strength and can help explain the
observed variations in other properties such as viscosity and conduc-
tivity. High polarizability systems tend to have stronger intermolecular
interactions due to enhanced dispersion forces, which can contribute to
the overall stability of the DESs structure.

3.6. Molecular-level interpretation and structural evolution
The reported thermophysical property measurements allow the

development of an hypothetical molecular-level model on how water
molecules integration affects the DESs structure for the considered
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Fig. 6. CC:{CA, MA, FR, EG} 1:1 DESs with different water content reporting
polarizability, a, at 298.15 K.

molecules. At low water concentrations (2 wt%), water molecules likely
occupy specific binding sites within the existing DESs structure, poten-
tially bridging between different ionic species or filling interstitial
spaces. This integration can lead to either stabilization or destabilization
of the original structure, depending on the compatibility between wa-
ter’s hydrogen bonding preferences and the existing network topology,
but for the considered systems almost negligible disruption of hydrogen
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bonding among DESs components.

At intermediate water concentrations (10 wt%), competition begins
to emerge between the original DESs hydrogen bonding network and
water-mediated interactions. The formation of water clusters or
extended water networks becomes thermodynamically favorable, lead-
ing to a gradual reorganization of the molecular structure. This transi-
tion is reflected in the non-linear property changes observed across most
measured parameters.

At high water concentrations (22 wt%), the system approaches a
regime where water becomes the dominant component of the hydrogen
bonding network, with the original DESs components becoming
increasingly solvated species. This transition is accompanied by dra-
matic changes in transport properties, being especially relevant those for
viscosity, and suggests a fundamental change in the nature of the liquid
structure from a DES-like to a more conventional aqueous solution-like
behavior. This behavior is summarized in Fig. 7.

The structural interpretations proposed herein—such as the initial
occupation of interstitial voids by water molecules, the progressive
formation of hydrogen-bonded water clusters, and the solvation effects
around ionic species—are derived from observed changes in bulk ther-
mophysical properties including viscosity, electrical conductivity, molar
volume, and polarizability. While these interpretations are qualitative,
they are grounded in well-established trends and corroborated by prior
studies that similarly inferred molecular-level rearrangements from
macroscopic measurements. For instance, variations in viscosity and
excess molar volume in hydrated DESs could be directly correlated with
the evolution of water-DES interactions and the formation of hydrogen
bond-disrupted microdomains [22]. Likewise, macroscopic polarity and
density trends reflect the presence of segregated water environments in
DES systems, reinforcing the notion of localized structuring without
requiring direct spectroscopic evidence [37]. Furthermore, molecular
dynamics studies have confirmed that water in hydrated choline
chloride-based DESs initially integrates into the DES hydrogen bond
network, then progressively forms clusters as the water content increa-
ses—providing theoretical support for the assumptions made in this
work [38].

Although spectroscopic techniques such as FTIR or Raman would
provide direct insight into the hydrogen bonding motifs and solvation
structures, the goal of this study was to build a thermophysical
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understanding of hydration effects across diverse HBD systems. Given
the reproducibility, internal consistency, and temperature dependence
of the measured properties, the molecular-level hypotheses presented
serve as a physically reasonable framework to interpret the trends
observed. Future studies using complementary spectroscopic or
modeling tools will be essential to validate and refine these microscopic
descriptions.

3.7. Thermodynamic stability and phase behavior considerations

The observed property trends also provide insights into the ther-
modynamic stability of these aqueous DESs systems. The smooth,
continuous changes in most properties with water content suggest
single-phase behavior across the investigated composition range. How-
ever, the non-linear relationships and the presence of apparent optimi-
zation points for certain properties suggest the existence of specific
water-to-DESs ratios where particular molecular arrangements are
favored. The temperature dependence of the considered properties
provides information about the enthalpic and entropic contributions to
the thermodynamic stability. Systems showing strong temperature
dependence (high fragility, large thermal expansion coefficients) indi-
cate that entropic effects dominate, while systems with weaker tem-
perature dependence suggest enthalpic stabilization through strong
intermolecular interactions.

3.8. Implications for molecular design and optimization

The structure-property relationships revealed in this study provide
valuable guidelines for the rational design of aqueous DESs systems with
tailored properties, especially for dynamic ones such as viscosity which
are far from optimal from the industrial viewpoint for neat DES, both in
terms of large values hindering efficient heat and/or mass transfer op-
erations. The observation that CC:EG systems show the most predictable
and systematic responses to water addition suggests that hydrogen bond
donors with simple, flexible structures are optimal for applications
requiring controlled property tuning through water addition. The
complex behavior exhibited by the CC:CA system, while challenging for
property prediction, also suggests opportunities for creating systems
with unique, non-additive properties that could be valuable for
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)
.‘ " -
) S’
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Fig. 7. Schematic representation of water integration into deep eutectic solvents (DESs) with increasing water content. Three hydration regimes are depicted: (i)
Interstitial Incorporation—water molecules occupy voids within the DES hydrogen bonding network without major disruption; (ii) Network Restructur-
ing—competition between water-DES and DES-DES hydrogen bonds leads to rearrangement of the structure; and (iii) Solvation Dominance—water becomes the
continuous phase, and DES components act as solvated species. Color code: blue = water; green = choline chloride; orange = hydrogen bond donor.
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specialized applications. The ability to create systems with high thermal
stability while maintaining ionic conductivity, as demonstrated by the
high B parameters coupled with reasonable conductivity values, opens
possibilities for high-temperature electrochemical applications. The
identification of optimal water concentrations for specific property
combinations provides a framework for application-specific DESs
design. The balance between reduced viscosity and maintained ionic
conductivity at intermediate water concentrations makes these systems
particularly attractive for electrochemical applications where both ion
transport and manageable viscosity are critical requirements. To better
contextualize the applicability of the investigated DESs systems in in-
dustrial settings, Table 3 compares the measured viscosity and electrical
conductivity values at 22 wt% water and 298.15 K with common
benchmark thresholds for electrochemical and process fluid applications
(e.g., 1 < 50 mPa-s and 6 > 1 mS/cm) [39], [40]. For benchmarking
purposes, the well-studied CC:UREA (1:2) system with 24.5 wt% water
content was also included. As shown in Table 3, CC:UR meets both in-
dustrial targets for viscosity and conductivity (n = 2.30 mPa-s; 6 = 77.97
mS/cm), serving as a valuable reference to contextualize the perfor-
mance of the novel systems studied in this work. Notably, all systems
exceeded the conductivity threshold, confirming that moderate hydra-
tion significantly enhances ionic mobility across DESs types. However,
only the ChCL:EG system met both viscosity and conductivity criteria
simultaneously, positioning it as the most technically versatile for use in
flowable electrochemical devices or thermal transport systems. The
ChCLFR system also displayed excellent conductivity, and while its
viscosity slightly exceeds the target threshold, it remains within a pro-
cessable range—suggesting it could be a viable bio-based alternative
where sustainability is prioritized. In contrast, ChCl:CA and ChCl:MA
remain limited by their high viscosities, despite improved conductivity
upon hydration. Likewise, while viscosity and conductivity trends sug-
gest potential for electrochemical applications, direct measurements of
the electrochemical stability window (ESW) are not available in this
study and will be addressed in future work. Given the sensitivity of ESW
to hydration, structural flexibility, and ion dissociation, such measure-
ments are expected to complement the present property analysis and
enhance predictive solvent design.

These findings demonstrate that controlled water addition offers a
practical strategy for tailoring DESs to specific application windows and
highlight the importance of balancing fluidity and ion transport for
functional solvent design.

4. Conclusions

This work presents a systematic investigation into the thermophys-
ical behavior of hydrated choline chloride-based deep eutectic solvents
(DESs) formed with four structurally distinct hydrogen bond donors:
citric acid, malic acid, fructose, and ethylene glycol. By studying hy-
dration at 2, 10, and 22 wt% water, we reveal how water modulates key
fluid properties—including viscosity, conductivity, thermal behavior,
and structural organization—across a wide temperature range.

The application of Vogel-Fulcher-Tammann modeling to viscosity
data uncovered distinct relaxation mechanisms and transitions from
fragile to strong liquid behavior, particularly in systems with bio-
derived HBDs. Notably, the ChCl:CA system showed highly coopera-
tive dynamics and structural rigidity, while ChCLEG exhibited predict-
able, tunable behavior suitable for engineered fluid systems. Water
addition consistently enhanced electrical conductivity and reduced
viscosity, with the ChCl:EG and ChCL:FR systems approaching industrial
targets for flowable, conductive solvents.

Derived thermodynamic properties such as activation energy,
fragility index, excess molar volumes, and polarizability provided
insight into molecular interactions and the evolution of liquid structure
upon hydration. These findings offer clear structure—property relation-
ships that enable rational design of DESs for application-specific needs.

Finally, by comparing experimental data against practical
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Table 3

Comparison of DESs performance (22 wt% water, 298.15 K) vs. target industrial
fluid requirements for electrochemical applications. Viscosity, 7, and electrical
conductivity, ¢. Data for CC:UREA (1:2) are obtained for reference purposes
[41]. For CC:UR (1:2) 24.5 wt% water content.

DES n/ 6/ mS/ Benchmark Range Performance Notes
System mPa-s cm
CC:UR n < 50mPa-s,c >  Meets both nand ¢
(1:2) 2298 77.97 1 mS/cm thresholds
CC(:IC.?) 570.9  8.640 High o, but too viscous
CC:MA Meets o6, but viscosity
(1:1) 212.9 1175 remains too high
CC:FR 62.07 11.100 Nearly acceptable' q',
€1 excellent conductivity
CC:EG Meets both n and 6
(1:1) 14.18 26.800 thresholds

performance thresholds, we demonstrate the feasibility of using water as
a tuning agent to achieve industrially relevant fluid properties. This
work provides a foundation for the design of next-generation, sustain-
able solvents for use in electrochemistry, separation processes, and
thermal management.
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