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Abstract

Examining the interplay between choline chloride (ChCl) and ethylene glycol (EG) 
in Deep Eutectic Solvents (DES) assumes a pivotal role in designing innovative 
solvents. According to the literature, the comprehensive analysis of all possible 
types of conformers of ChCl and EG-based DES was scarce at different ratios, 
highlighting a gap in understanding at the atomistic level. In this study, we 
address this gap through a detailed Density Functional Theory calculation with 
dispersion correction (DFT+D3). Employing Density Functional Theory (DFT) 
calculations, our investigation delves into intermolecular relationships within DES, 
particularly focusing on ChCl and EG-based DES. DFT outcomes highlight the 1:2 
ChCl to EG based DES ratio as notably more stable than alternative conformers. 
Key interactions within this DES conformation include: i) choline-chloride charge 
centers, ii) choline-EG links, and iii) EG-chloride anion associations. These findings 
provide valuable insights for crafting advanced solvents with tailored attributes. 
The intricate intermolecular interplay demonstrated here offers a versatile 
framework for harnessing DES potential across various domains, from chemical 
engineering to sustainable technologies.
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Abbreviations

DES – Deep eutectic solvent
DFT – Density functional theory calculation
DFT+D3 – Density functional theory with dispersion 
correction
IL – Ionic liquid
HBD – Hydrogen bond donor
HBA – Hydrogen bond acceptor
MD – Molecular dynamic simulation
MEP – Molecular electrostatic potential map
HOMO – Highest occupied molecular orbital
LUMO – Lowest unoccupied molecular orbital
RDG – Reduced density gradient

ELF – Electron localized function
∆Ebinding – Binding energy
BSSE – Basis set superposition error
ChCl – Choline chloride
EG – Ethylene glycol
AIM – Atom in molecule theory
NCI – Non-covalent interaction

1. Introduction

In recent years, as prospective substitutes for 
water as the electrolyte in membranes, non-vola-
tile and conductive solvents like ionic liquids (ILs) 
and deep eutectic solvents (DESs) have thus attract-
ed substantial attention [1–3]. DESs are new family 
of green ILs that consist of hydrogen bond donors 
(HBDs) and hydrogen bond acceptors (HBAs) [4, 5]. 
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Due to the hydrogen bonding between HBD and 
HBA, they are homogenous and have a lower melt-
ing point [6, 7]. In addition to having a lower melt-
ing temperature than their components, DESs also 
benefit from non-toxicity, low viscosity, accessi-
bility, and ease of synthesis [8, 9]. These favorable 
characteristics make them suitable candidates as 
solvents in various processes, such as polymer pro-
duction, separation media for gas mixtures, and en-
zyme activators and stabilizers [10]. The predictive 
power of structure-property connections provided 
by computer modeling can significantly reduce the 
time and resources used in empirically improving 
such systems [11]. As a result, many studies [12–14] 
have described various methods, including density 
functional theory (DFT) calculations and molecular 
dynamic (MD) simulations, to provide some insight 
into the structure and interactions essential in eu-
tectic liquids. Due to complex supramolecular struc-
tures in DESs created by hydrogen bonding, the the-
oretical investigation of DESs captured the interest. 
In addition, theoretical modeling can offer a dynam-
ic tool to simulate molecular graphics and physico-
chemical characteristics [15]. MD simulations have 
been used to examine the structural characteristics 
of two deep eutectic solvents, namely a 1:2 mixture 
of butyltrimethylammonium chloride and urea and a 
1:2 mixture of choline chloride (ChCl) and urea [16]. 
It has been discovered that the DESs’ hydrogen bond 
network is significantly impacted by whether an or-
ganic cation contains a hydroxyl group or not, lead-
ing to a different three-dimensional arrangement of 
all the species present in the mixtures. These results 
may significantly affect how developed DESs are 
going forward for particular applications [17]. Ac-
cording to Carriazo et al. and Zahn et al., the charge 
delocalization that results from hydrogen bonding 
between the halide anion and the hydrogen-donor 
moiety causes the mixture’s freezing point to drop 
relative to the melting points of its constituent parts 
[18, 19]. However, a practical or theoretical demon-
stration still needs to be improved. Therefore, the 
DFT method has been used in this study to analyze 
the structural, physical, and electronic characteris-
tics of hydrogen-bonded supramolecular structures. 
These results would be helpful in exploring the use 
of these solvents in the electrochemical area and for 
understanding the hydrogen-bonded supramolecu-
lar structure of DESs and other related properties.

In this study, DFT calculations with dispersion 
correction (DFT+D3) were performed to investigate 
the intermolecular interactions of ChCl with eth-
ylene glycol (EG) based DES. Typical and commonly 

used DES including ChCl with EG was selected as the-
oretical models for DFT calculations. In the follow-
ing paragraphs, DFT calculation methodology, and 
quantum chemical properties for DES was described 
and discussed.

2. Model and Method

2.1 System of interest

The ChCl with EG based DESs structure was de-
signed in ratios 1:1 and 1:2 (Fig. 1A, B), to create the 
computational models of DES for DFT calculations.

 Fig. 1. Structure of DES components including (A) ChCl, 
and (B) EG.

2.2 DFT + D3 calculations

DFT+D3 calculations were used to optimize the 
electronic ground state geometries, as well as to ob-
tain molecular electrostatic potential (MEP) maps, 
bond length, distribution of LUMO and its energy, 
critical points, non-covalent interactions (NCI), re-
duced density gradient (RDG), electron localization 
function (ELF), topology analysis, binding energy 
(∆Ebinding). DFT with B3LYP functional was applied to 
optimize the DES [20, 21]. To determine the MEP, 
LUMO distribution, LUMO energies, critical points, 
NCI, RDG, ELF, topology analysis, and ∆Ebinding for 
typical DES, B3LYP 6-311++G(2d,p) with basis set su-
perposition error (BSSE) DFT+D3 calculations were 
performed [22, 23]. Herein, ∆Ebinding was estimated 
using the variations in total energy values of the DES 
and constituent components of DES were present, 
as given in Eq. (1).

∆Ebinding = EAB – (EA + EB) + BSSE	                  (1)

All stationary locations were proved to be abso-
lute minima on their respective potential energy sur-
faces by further computations of the second energy 
derivatives. The GaussView (v6.0) program (Gauss-
ian, Inc., Wallingford CT), GAUSSIAN16, and Multi-
wfn software were adopted for all DFT+D3 calcula-
tions and analysis [24, 25].
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Fig. 2. ∆Ebinding values for ten different conformers of DES.

3. Results and discussion

This section’s DFT+D3 calculation results discuss 
the intermolecular interactions of DES components. 
Major analyses and discussions are focused on the 
study of quantum chemical features, such as ∆Ebinding, 
optimized structures, critical points, NCI, RDG, elec-
tron density, ELF, and MEPs.

3.1 Binding energies

In order to study the most stable molecular struc-
ture of the DES conformers in 1:1 and 1:2 ratios, val-
ues of binding energies were obtained via DFT+D3 
calculations. The selected ten possible molecular 
structural conformers of DES, with the binding en-
ergies, are presented in Fig. 2. As a result of DFT 
calculations, the improvement in the binding ener-
gy value in DES conformer is due to the formation 
of new thermodynamically favored intermolecular 

 

Fig. 3. Optimized structure of ChCl and DES conformer (i).

interactions between ChCl and the EG components. 
This is better highlighted in DES3, DES4, DES5, 

DES8, DES9, and DES10 conformers that both acid-
ic hydrogens of hydroxyl groups of ethylene gly-
col molecules and hydroxyl group of ChCl mediate 
better interactions with the chloride to form one 
or more hydrogen bonds in comparison with other 
DES1, DES2, DES6, and DES7 conformers as can be 
seen in Fig. 2. This is consistent with the findings of 
others in the literature.

3.2 Optimized structures

The intermolecular interactions in pure ChCl and 
in DES conformer (i) (previously mentioned as DES4) 
were illustrated in Fig. 3 for a better comparison of 
intermolecular interaction changes for ChCl before 
and after mixing with EG to form DES. As a result, it 
can be noted that, the distances between chloride 
ion and acidic hydrogen atoms of choline were 2.35, 
2.45, and 2.36 Angstrom respectively. After mixing 
ChCl with EG, the chloride ion acts as a hydrogen 
bond acceptor and interacts with acidic hydrogen 
atoms of EG as well. 

In detail, the primary interactions in DES conform-
er (i) are formed as follows: i) between the choline 
and chloride charge centers, ii) between the choline 
and EG, and iii) between the EG and the chloride an-
ion. For example, the distance between chloride ion 
and hydrogen atoms of choline was 2.69, 2.53, and 
2.58 Angstroms, while the hydrogen bond distance 
between chloride ion and hydrogen atoms of EG was 
2.36, 2.25, 2.23, and 3.17 Angstroms respectively as 
shown in Fig. 3. 



Density Functional Theory Investigation of Intermolecular Interactions...32

Eurasian Chemico-Technological Journal 26 (2024) 29‒36

 

Fig. 4. HOMO-LUMO gap of ChCl (A), ChCl:EG 1:1 (B) and 1:2 ratio (C).

3.3 Frontier molecular orbital analysis

The HOMO and LUMO are key electronic states 
in a molecule, representing the highest occupied 
(HOMO) and lowest unoccupied (LUMO) molecular 
orbitals, respectively. The HOMO-LUMO energy gap 
provides valuable information about the electronic 
structure and properties of a molecule, and it has im-
plications for various aspects of its behavior. Larger 
HOMO-LUMO gaps generally indicate greater kinetic 
stability and chemical inertness. In contrast, smaller 
gaps often suggest higher reactivity. The stability or-
der of the studied compounds is given as ChCl:EG 1:2 
> ChCl:EG 1:1 > ChCl as shown in Fig. 4. 

Calculated results suggest that DES based on Ch-
Cl:EG with 1:2 ratio has the highest stability, while 
compound ChCl has the lowest. the discussion indi-
cates that the electron accepting ability of the groups 
in the studied compounds plays a significant role in 
determining their stability, and this is reflected in 

 

Fig. 5. Critical points for ChCl and DES conformer (i).

the LUMO-HOMO energy gap, global hardness, and 
chemical reactivity of the compounds.

3.4 Critical points

More analyses on the selected DES conformer (i) 
was carried out using the Bader’s atom in molecule 
(AIM) theory. In Fig. 5, the critical points related to 
the pure ChCl and DES component (i) are present-
ed. Based on the AIM theory, critical point between 
each pair of nuclei is considered as “bond”. From Fig. 
5, it is obvious that, in addition to the regular bonds, 
other critical points are noticeable. Three of them 
are related to the acidic hydrogens of choline and 
chloride ion. 

These interactions, based on the electronega-
tivity of the elements, can be considered as the hy-
drogen bonding. The other three are related to the 
interaction between acidic hydrogens of hydroxyl 
groups of EG and chloride ion. To shed a light on this 
observation, further quantum chemical analysis was 
performed.

3.5 Non covalent interactions

Considering the mentioned results, additional 
analysis is needed to conclude the identity of the ob-
served interactions. Herein, the NCI analysis for ChCl 
and DES conformer (i) was noted in Fig. 6.

As a result, the Van der Waals interactions have 
very small electron density in the region between 
chloride and choline, while in the strong steric inter-
actions or hydrogen bonds, a relatively large amount 
of electron density is visible noted in the region be-
tween chloride ion and EG molecule.
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3.6 Reduced density gradient

The RDG is used to characterize the strength 
of the electron-electron interactions in a molecu-
lar system. It provides information about regions 
of high electron density and helps identify regions 
where noncovalent interactions, such as hydrogen 
bonding or van der Waals interactions, may occur as 
can be seen in Fig. 7. 

The color-coded visualization identifies different 
types and strengths of molecular interactions in the 
ChCl and DES conformed (i) systems. The cyan line 
indicates the presence of conventional hydrogen 
bonds which are intense and higher in DES, while 
the transition region suggests van der Waals inter-
actions.

3.7 Electron density plot

Electron density plots are used to visualize the 
charge distribution of molecules. Electron density 

 

Fig. 6. NCI in ChCl and DES conformer (i).

 
Fig. 7. RDG of ChCl and DES conformer (i).

plots show the amount of electron density at each 
point in the molecule. This is represented by a color 
scale, with red indicating high electron density and 
blue indicating low electron density. Electron den-
sity plots can be used to see where the electrons 
are concentrated in a molecule, which can help to 
understand the bonding patterns as can be seen in 
Fig. 8.

From the results of Fig. 8, it can be noted that 
higher electron density is located at around chlo-
ride ion, and nitrogen, carbon atoms of choline in 
pure ChCl. While this trend was changed in DES 
conformer (i), where high electron density is not-
ed around oxygen atoms of EG. In general, electron 
density plots are more useful for understanding the 
bonding patterns of molecules.

3.8 Electron localization function

Next, the ELF and localized orbital locators were 
calculated to visualize the nature of the bonds as can 
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be seen in Fig. 9. ELF maps are useful tools to distin-
guish between chemical bonding (shared-electron 
interactions, i.e., covalent bonds) and physical bond-
ing (i.e., ionic, hydrogen, and Van der Waals, with 
unshared-electron interactions) in simple molecular 
systems; moreover, the strength of the interaction 
depends on the ELF profile. 

A higher value of ELF, n(r) > 0.7, is representa-
tive of a stronger shared-electron interaction, where 
electrons are localized. Covalent bonds in molecules 
are detected, setting a value of n = 0.88. Instead, in 
hydrogen bonds, no shared electrons are localized 
in the regions between the molecules, but they can 
be visualized by the vicinity of their respective ba-
sins that sometimes are even touching, in the case 
of stronger hydrogen bonds, with n values around 
0.3–0.2.

3.9 Electrostatic potential maps

Electrostatic potential maps are used to visual-
ize the charge distribution of molecules as can be 
seen in Fig. 10. Electrostatic potential maps show 
the electrostatic potential energy at each point in 
the molecule. This is the potential energy that a 
positive test charge would experience at that point. 
Herein, red indicates low electrostatic potential en-
ergy and blue indicates high electrostatic potential 
energy. 

Electrostatic potential maps can be used to see 
where the positive and negative charges are locat-
ed in a molecule, which can help to understand the 
polarity of the molecule and its interactions with 
other molecules. Herein, the negative charges can 
be noted around chloride ion, and oxygen atoms of 

 
Fig. 8. Electron density of ChCl and DES conformer (i).

 
Fig. 9. ELF (A,B) and localized orbital locator (C, D) of ChCl (A, C) and DES conformer (i) (B, D).
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ethylene glycol, while positive charges were located 
around the nitrogen atoms of choline.

In the literature, several experimental studies 
have been conducted on the synthesis and charac-
terization of ChCl:EG based DES [25–29]. These stud-
ies reported a measured density, surface tension, re-
fractive index, and others [29]. Additionally, Perkins 
et al. conducted experimental and computational 
work, revealing a higher number of hydrogen bonds 
between ChCl-based DES molecules [30]. They also 
identified two close contacts: one between the chlo-
rine anion and the hydroxyl hydrogen atom of cho-
line, and the other between the anion and the hy-
droxyl hydrogen atoms in ethylene glycol [30]. These 
findings align well with our own observations.

DESs are classified based on their constituents, 
hydrophilicity, hydrogen bond donor/acceptor ratio 
(HBD/HBA), properties, and applications. Our ChCl/
EG based DES demonstrates a wide range of appli-
cations, serving as membrane support materials in 
Proton Exchange Membrane Fuel Cells (PEMFC), a 
solvent for the recovery of cobalt from lithium-ion 
batteries through recycling processes, and in various 
other areas [31–33]. This study not only contributes 
to understanding the unique benefits and challeng-
es of our DES system but also holds promise for ad-
vancing materials in the field of energy, paving the 
way for future developments in advanced energy 
materials.

4. Conclusion

To sum up, the intermolecular interaction of 
DES were investigated via the DFT+D3 calculations. 
The results of quantum chemical properties from 
DFT+D3 calculations indicate the DES conformer (i) 
where chloride ion in the center interact with EG 
and choline is the most stable conformer that other 

conformers (a) to (h). Moreover, chloride ion acts as 
a hydrogen bond acceptor and interacts with acidic 
hydrogen atoms of EG as well after mixing ChCl with 
EG as a DES components. In detail, the primary inter-
actions in DES conformer (i) are formed as follows: i) 
between the choline and chloride charge centers, ii) 
between the choline and EG, and iii) between the EG 
and the chloride anion.
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