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ABSTRACT
In this work, we investigated the effects of a single covalent link between hydrogen bond donor species on the behavior of deep eutectic solvents
(DESs) and shed light on the resulting interactions at molecular scale that influence the overall physical nature of the DES system. We have
compared sugar-based DES mixtures, 1:2 choline chloride/glucose [DES(g)] and 1:1 choline chloride/trehalose [DES(t)]. Trehalose is a disac-
charide composed of two glucose units that are connected by an α-1,4-glycosidic bond, thus making it an ideal candidate for comparison with
glucose containing DES(g). The differential scanning calorimetric analysis of these chemically close DES systems revealed significant difference
in their phase transition behavior. The DES(g) exhibited a glass transition temperature of −58 ○C and behaved like a fluid at higher tempera-
tures, whereas DES(t) exhibited marginal phase change behavior at −11 ○C and no change in the phase behavior at higher temperatures. The
simulations revealed that the presence of the glycosidic bond between sugar units in DES(t) hindered free movement of sugar units in trehalose,
thus reducing the number of interactions with choline chloride compared to free glucose molecules in DES(g). This was further confirmed
using quantum theory of atoms in molecule analysis that involved determination of bond critical points (BCPs) using Laplacian of electron
density. The analysis revealed a significantly higher number of BCPs between choline chloride and sugar in DES(g) compared to DES(t). The
DES(g) exhibited a higher amount of charge transfer between the choline cation and sugar, and better interaction energy and enthalpy of for-
mation compared to DES(t). This is a result of the ability of free glucose molecules to completely surround choline chloride in DES(g) and form
a higher number of interactions. The entropy of formation for DES(t) was slightly higher than that for DES(g), which is a result of fewer inter-
actions between trehalose and choline chloride. In summary, the presence of the glycosidic bond between the sugar units in trehalose limited
their movement, thus resulting in fewer interactions with choline chloride. This limited movement in turn diminishes the ability of the hydro-
gen bond donor to disrupt the molecular packing within the lattice structure of the hydrogen bond acceptor (and vice versa), a crucial factor
that lowers the melting point of DES mixtures. This inability to move due to the presence of the glycosidic bond in trehalose significantly influ-
ences the physical state of the DES(t) system, making it behave like a semi-solid material, whereas DES(g) behaves like a liquid material at room
temperature.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0058165

INTRODUCTION

Deep eutectic solvents (DESs) were first introduced by Abbott
in 2004, a leading innovator in the field, who reported that mix-
ing a high melting organic salt, a hydrogen bond acceptor (HBA),
and a neutral organic molecule, a hydrogen bond donor (HBD), in
appropriate molar ratio results in a mixture that is a liquid at room
temperature.1,2 For instance, mixing a high melting organic qua-
ternary ammonium salt such as choline chloride (m.p. = 302 ○C)

and a high melting organic molecule such as urea (m.p. = 133 ○C)
in appropriate mole ratio (1:2 mole ratio of choline chloride and
urea) results in a eutectic mixture that is liquid at room tempera-
ture (m.p. = 32 ○C). Since their inception, several DES formulations
have been developed by pairing choline chloride with amides, car-
boxylic acids, glycols, phenols, and sugars—offering flexibility in the
chemical composition to allow for designing DESs suitable for spe-
cific application.1 DESs have been touted as modern and greener
alternatives to ionic liquids and volatile organic solvents, mostly due
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to the nontoxic, biological origin of the starting materials that are
employed to make DESs, for example, choline chloride, urea, car-
boxylic acids, and sugars, to name a few.1–5 Apart from the zero
waste nature of their synthesis and low toxicity, DESs generally
have several advantageous properties, such as negligible volatility,
wide electrochemical window, broad liquid range, strong solvating
ability for a wide range of organic and inorganic compounds, and
excellent recyclability.1,6–8 These qualities allow for utilization of
DESs in various applications, including biomass treatment,9 catal-
ysis, electrochemistry, functional materials,10 gas separation,11,12

synthesis of nanomaterials,13–15 micelle formation,16 and polymer
synthesis.17

Due to the growing interest in the utility of DESs in a wide
variety of applications, it has become imperative to understand
their molecular structure and dynamics in order to tailor them
for a specific application. In recent years, there have been sev-
eral experimental and computational studies that are focused on
understanding their structure and dynamic nature on a fundamen-
tal molecular level. In fact, the field of deep eutectics has witnessed
a significant rise in the experimental work on a wide variety of
DESs.18–20 However, there have been far fewer computational stud-
ies, primarily focused on understanding the common types of DESs,
such as choline chloride/urea and choline chloride/ethylene glycol.21

Molecular dynamics (MD) simulations by Sun et al. on choline
chloride- and urea-based DESs revealed that the disruption in the
long-range ordering of choline chloride by urea, increase in the
hydrogen-bonding lifetimes between urea and Cl− anion, and sig-
nificant moderation in urea–urea and choline–chloride interaction
energies resulted in substantial depression in the melting points for
the DES mixtures.22 This is in corroboration with the work car-
ried out by Hammond et al., indicating the formation of a lay-
ered structure in reline due to the significant contribution of the
hydroxyl group of choline in the bonding network.23 Similarly,
Perkins et al. made observations using MD simulations and infrared
spectroscopy that DES components prefer molecular orientation
that promote a maximum number of hydrogen bonds between
HBDs and Cl−, resulting in the low-melting nature of the DES.24

Our earlier work on choline chloride-/glycerol-based DES using
neutron scattering experiments and quantum chemical simulations
indicated higher translational diffusion of the choline cation com-
pared to glycerol. This higher translational diffusion of glycerol
arises from its ability to form multiple hydrogen bonds with the
Cl− anion.25 The work by García et al. using density functional the-
ory (DFT) simulations provided an insight into a linear relationship
between the variation in the electron density at the cage critical
points of the hydrogen-bonding interactions and melting temper-
atures of choline-based DES systems.26 Quantum chemical calcu-
lations by Rimsza and Corrales on reline containing Cu and CuO
indicated charge transport occurring through proton hopping in the
DES.27 Zhang et al. provided an experimental and quantum chem-
ical insight into the role of choline chloride-/magnesium chloride
hexahydrate-based DES in electrochemical deposition of magne-
sium chloride.28 Although there is a significant amount of research
available on studying DESs through simulations, most of the stud-
ies are focused exclusively on simple eutectic mixtures that involve
molecules in monomeric forms. However, there are a few studies
that are focused on molecules such as di-cations, di-anions, or neu-
tral species that exist as dimers which can potentially form deep

eutectic mixtures.
In this work, we have investigated the influence of a single cova-

lent bond link between HBD species on behavior of DESs and shed
light on the interactions at molecular scale that influence the physi-
cal nature of the DES system. Herein, we have compared 1:2 choline
chloride/glucose [DES(g)] and 1:1 choline chloride/trehalose [DES(t)]
systems (Fig. 1). Trehalose is a disaccharide composed of two glu-
cose units that are connected by a 1,4-glycosidic bond between C1
carbon of one glucose unit and C4 carbon of the second sugar unit,
making it ideal for comparison with DES(g) that contains free glu-
cose units. It should be noted that the aforementioned DES systems
do not represent the eutectic mixtures with lowest melting points.
These molar ratios of choline chloride to sugar in DES(g) (1:2) and
DES(t) (1:1) were picked to maintain equal number of monomeric
sugar units for direct comparison between the two DES systems to
study the effects of a covalent link between sugar units on inter-
actions with choline chloride. Furthermore, since the trehalose is
a dimeric sugar that contains two glucose units, the use of other
molar ratios for choline chloride to trehalose, such as 1:3, 1:4, 2:1,
and 2:3, would significantly add to the computational cost. There-
fore, a small representative cluster of choline chloride and sugar
has been used in this study to maintain a reasonable computational
cost.

In liquids, characterization of properties such as melting (Tm)
and glass transition (Tg) points is crucial since these proper-
ties are the manifestations of the underlying molecular interac-
tions at atomic and bulk scales. In this work, we performed the

FIG. 1. Scheme illustrating the two DES systems studied in this work. DES(g) and
DES(t) represent glucose- and trehalose-based DES systems, respectively.
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FIG. 2. Comparison between differential calorimetric analysis of DES systems: (a)
DES(g) and (b) DES(t).

Differential Scanning Calorimetric (DSC) analysis of the DES sys-
tems and observed that both the systems exhibited glass transi-
tion behavior. The effect of covalently linking the sugar molecules
through the glycosidic bond can be clearly observed in DES(t) by
monitoring the phase change behavior of these chemically close DES
systems during (DSC) analysis. The heating cycle of the DSC analysis
for DES(g) revealed a gradual drop in the heat flow of about 0.11 w/g
between −78 and −38 ○C with glass transition point (Tg) at −58 ○C,
whereas for DES(t), a gradual drop in the heat flow of about 0.11
w/g between −30 and 10 ○C with Tg value of −11 ○C was observed
(Fig. 2). Furthermore, at temperatures >50 ○C, DES(g) exhibited a
significant change in the heat flow of about 0.5 w/g, an indication of
fluid-like behavior, whereas DES(t) had no drastic change in the heat
flow at elevated temperature >75 ○C. As evident from the DSC anal-
ysis, it is interesting to note that a small change, such as covalently
linking HBDs, can lead to a significantly different behavior in chem-
ically similar DES systems. To understand the underlying factors
influencing the behavior of the DES system, we turned our attention
to quantum chemical simulations to get an atomistic insight into the
molecular interactions in the DES system.

EXPERIMENTAL METHODS

A detailed description of materials, synthesis, characteriza-
tion, and instrumentation used in this work can be found in the
supplementary material.

COMPUTATIONAL METHODS

The optimization of the DES clusters was carried out by
employing various initial orientations of the choline chloride around
HBD molecules in which choline chloride was sandwiched between
HBD molecules or it was placed in-plane or out-of-plane with
respect to HBD molecules (see Figs. S1 and S2 in the supplementary
material). The preliminary optimization of these starting orienta-
tions was performed at HF/6-31G(d,p) level of theory and was fol-
lowed by reoptimization, and thermochemistry was carried out at
the higher M06-2X/6-31++G(d,p) level using keywords opt and
freq.29 All simulations were carried out with no symmetry restric-
tions in the singlet ground state. The Boys and Bernadi counter-
poise procedure was used to account for basis set superposition error
(BSSE) using the keyword counterpoise=cp.30 The dispersion cor-
rection in the M06-2X calculations was taken into account for the
thermochemistry of DES formation using the method developed
by Grimme.31 The atomic charges were obtained using electrostatic
potential maps using the grid-based method (CHELPG) at M06-2X
using the keyword pop=CHELPG. All calculations reported here
were carried out using the Gaussian 16W software package.32 The
absence of imaginary frequencies in the computed structures indi-
cated that the optimized structures were minimum. Quantum The-
ory of Atoms In Molecules (QTAIM) analysis was carried out using
the Multiwfn—a multifunctional wavefunction analyzer software
package.33 Thermochemical values for the optimized DES clusters
were obtained using the following equation:

ΔXDES = XDES − XChCl − nXHBD.

Here, X is the BSSE-corrected enthalpy (H), or entropy (S), or free
energy (G), or interaction energy (E), where n = 1 (trehalose) or 2
(glucose). The molecules were visualized using GaussView 6.0.16.34

The examples of the input files used to perform the simulations are
provided in the supplementary material.

RESULTS AND DISCUSSION
Geometry

Computational chemistry provides a valuable insight into
understanding the structures and orientations of various DES com-
ponents and their interactions within DES systems. A comprehen-
sive analysis of weak molecular interactions, such as van der Waals
forces, hydrogen bonding, electrostatic interactions, and strong
interactions (i.e., covalent bonds) are crucial to understand the fac-
tors that influence the physical properties of a system, such as melt-
ing point, viscosity, surface tension, and thermal stability. In this
study, the structures of glucose- and trehalose-based DESs were opti-
mized using the M06-2X/6-31++G(d,p) method and basis set. This
method and the basis set were calibrated in our earlier work through
comparison of the structure and thermodynamic properties of the
DES system with M06-2X/aug-cc-pVDZ, MP2/aug-cc-pVDZ, and
MP2/6-31++G(d,p) levels of theory.35 The M06-2X/6-31++G(d,p)
method and basis set consistently predicted the structure and
thermodynamic properties compared to other methods, thus con-
firming the reproducibility and reliability of the results under
consideration.
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The comparison between the DES clusters that contain
monosaccharide and disaccharide sugars as HBDs renders the abil-
ity to study the influence of a single covalent bond (glycosidic link)
between HBD molecules on the physical properties of the sugar-
based DES. It is already a well-established phenomenon that the
formation of DES is a result of disruption of interactions between
molecules of same species by another species that breaks down
the crystal lattice structure.22 This ability of one molecular species
to disturb the lattice structures of another species is derived from
the extent to which a molecule can move freely. In DES(t), it was
observed that the presence of a single glycosidic bond between the
sugar units in trehalose significantly restricted the movement of the
sugar units in the DES, whereas in DES(g), the absence of this glyco-
sidic link enabled the sugar units to move freely and allowed choline
chloride to sandwich between sugar molecules and disrupt the inter-
actions between the sugar units [Fig. 3(a)]. The glycosidic bond in
trehalose acts like a hinge that prevents trehalose from opening up
wide enough to accommodate choline chloride [Fig. 3(b)]. The non-
covalent interaction distances between molecular species are another
indicator for the strength of interaction between the organic salt
and sugars. The optimized structures indicated a higher number
of interactions between sugar and choline chloride units in DES(g)
compared to DES(t). In DES(g), the methyl protons on the ammo-
nium head of the choline cation interacted with the oxygen atoms of
the –OH groups of sugar at distances of 2.313 and 2.349 Å, whereas
in DES(t), the distance was 2.259 Å for such a single interaction.
Moreover, the hydroxyl tail of the choline cation formed two hydro-
gen bonding interactions with the sugar units in DES(g), whereas
in DES(t), it was involved in a single hydrogen bonding with Cl−.
The higher number of interactions in DES(g) compared to DES(t)
arises from the ability of sugar molecules in DES(g) to move freely
and encircle choline chloride. The optimized structures also revealed
that the Cl− had a significantly higher number of interactions with
choline and sugars in DES(g) relative to DES(t). The Cl− interacted
with three methyl protons of the ammonium group of choline at
interaction distances ranging between 2.444 and 2.573 Å, whereas in
DES(t), the Cl− interacted with the methylene (–CH2–) proton in the
tail of the choline cation, with an interaction distance of 2.655 Å. The
higher number of interactions in DES(g) allowed for the formation
of a transient cage-like structure, an important feature of DESs that

was previously observed in common DES mixtures, such as reline,
ethaline, and glycline.24–26 From the analysis of the optimized struc-
tures of DESs, it is evident that the glycosidic link between the sugar
units in DES(t) significantly reduces the ability of the molecule to
move freely, thus reducing the number of interactions with choline
chloride. These effects of reduction in interactions in the DES on
the physical behavior of the DES can be observed in the DSC anal-
ysis of the two DES systems. The heating cycle of the DSC analysis
for DES(g) revealed a gradual drop in the heat flow of about 0.11
w/g between −78 and −38 ○C with the glass transition point (Tg) at
−58 ○C, whereas for DES(t), a gradual drop in the heat flow of about
0.11 w/g between −30 and 10 ○C with Tg at −11 ○C was observed.
Furthermore, at temperatures >50 ○C, DES(g) exhibited a significant
change in the heat flow of about 0.5 w/g, an indication of fluid-like
behavior, whereas DES(t) had no drastic change in the heat flow at
elevated temperature >75 ○C.

Charge transfer

Charge transfer between molecules occurs through perturba-
tion and redistribution of electron density when two molecules come
in contact with each other. The quantitative analysis of this redis-
tribution of electron density accounts for the amount of charge
transfer that occurs between molecules and provides an insight into
the strength of the interaction. It was observed that, in DESs, there
was no significant change in the charge of the Cl− anion, while the
choline cation gained more positive charge in DESs compared to the
choline cation in the free choline chloride and the sugar molecules
gained more negative charge compared to free sugar (Table I). This
indicates that the charge transfer is occurring from the choline
cation to sugar molecules in the DES clusters, a trend observed in
other choline chloride-based DESs.35 Interestingly, it was observed
that the amount of charge transfer from the choline cation to glu-
cose was −0.111 39e− in DES(g), which is almost twice as high com-
pared to DES(t) with a net gain in charge of −0.067 89e− for trehalose
(Table I).

This trend in the charge transfer process between the choline
cation and sugar is in corroboration with the higher number of
interactions between the choline cation and glucose in DES(g) com-
pared to interactions between the choline cation and trehalose in

FIG. 3. Optimized geometries of the DES
clusters at M06-2X/6-31++G(d,p) level
of theory depicting interaction distances:
(a) DES(g) containing choline chlo-
ride/glucose (1:2) and (b) DES(t) contain-
ing choline chloride/trehalose (1:1).
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TABLE I. CHELPG charges on choline chloride and HBDs (glucose and trehalose)
before and after formation of DES mixtures.

Glucose Trehalose Choline Chloride

Free 0.0 0.0 0.762 74 −0.762 74
DES(g) −0.111 39 ⋅ ⋅ ⋅ 0.875 25 −0.763 87
DES(t) ⋅ ⋅ ⋅ −0.067 89 0.829 47 −0.761 57

DES(t). The optimized structures revealed that in DES(g), along
with two strong hydrogen bonds between the hydroxyl tail of the
choline cation and glucose, there were interactions between three
methyl groups (–CH3) of the ammonium on the choline cation and
hydroxyl groups of glucose, whereas in DES(t), trehalose interacted
with a single methyl group on the ammonium head of the choline
cation and formed one hydrogen bond with the hydroxyl tail of the
choline cation. The higher number of interactions between glucose
and the choline cation allows for efficient charge transfer between
the species in DES(g). Maximizing the interactions between differ-
ent species and minimizing the interaction between same species
is the driving force for formation of DESs. The charge trans-
fer analysis indicates that the single glycosidic bond between the
sugar units in trehalose hindered the free movement of sugar units
and prevented them from surrounding choline chloride, leading to
fewer interactions and lower charge transfer between the species in
DES(t).

Although the charge transfer process between the various com-
ponents of the DESs provides an insight into their interactions
through estimation of electron density (ρ) redistribution, it provides
no information about the ρ maxima consistent with the electron
pairs of the Lewis model when two atoms interact with each other.
Therefore, it is crucial to perform QTAIM analysis that involves
determination of BCPs by estimating the Laplacian of electron den-
sity (∇2ρ) to pinpoint those interactions. The BCP is a point on
a ridge of an electron density map between two interacting atoms
where electron density distribution [ρ(r)] is minimum, typically
termed as (3, −1) type BCP or “a saddle point in the electron den-
sity between two atoms.”36 The QTAIM analysis of the two opti-
mized DES clusters revealed a significantly higher number of BCPs

TABLE II. The Laplacian of the electron density at the BCP of interactions between
various components in the DES clusters, where Ch is choline, G is glucose, and T is
trehalose.

DES(g) DES(t)

BCP of interaction (∇2ρ) BCP of interaction (∇2ρ)

G(OH)⋅ ⋅ ⋅G(OH) 0.111 T(OH)⋅ ⋅ ⋅Cl− 0.716
G(CH2)⋅ ⋅ ⋅G(OH) 0.1866 Ch(CH2)⋅ ⋅ ⋅T(OH) 0.1617
Ch(CH3)⋅ ⋅ ⋅G(OH) 0.2426 Ch(CH2)⋅ ⋅ ⋅T(OH) 0.2651
Ch(CH3)⋅ ⋅ ⋅G(–O–) 0.1718 Ch(CH3)⋅ ⋅ ⋅T(OH) 0.4569
Ch(CH3)⋅ ⋅ ⋅G(OH) 0.2471 Ch(CH3)⋅ ⋅ ⋅T(OH) 0.3282
Ch(CH3)⋅ ⋅ ⋅G(OH) 0.1903 Ch(CH3)⋅ ⋅ ⋅T(OH) 0.3165
Ch(CH2)⋅ ⋅ ⋅G(OH) 0.2061 Ch(CH3)⋅ ⋅ ⋅Cl− 0.7055
Ch(CH2)⋅ ⋅ ⋅G(OH) 0.2774 Ch(CH3)⋅ ⋅ ⋅T(CH) 0.2646
Ch(CH3)⋅ ⋅ ⋅G(–O–) 0.4258 Ch(CH2)⋅ ⋅ ⋅Cl− 0.1442
G(OH) ⋅ ⋅ ⋅Cl− 0.7133 Ch(CH3)⋅ ⋅ ⋅T(CH) 0.4229
G(CH)⋅ ⋅ ⋅Ch(OH) 0.3385 T(CH)⋅ ⋅ ⋅Ch(OH) 0.4193
–CH3⋅ ⋅ ⋅G(–O–) 0.3246 Ch(CH2)⋅ ⋅ ⋅T(OH) 0.3346
Ch(CH2)⋅ ⋅ ⋅G(OH) 0.349 T(OH)⋅ ⋅ ⋅Ch(OH) 0.1008
Ch(CH3)⋅ ⋅ ⋅Cl− 0.4901 Ch(CH2)⋅ ⋅ ⋅T(OH) 0.4786
Ch(OH)⋅ ⋅ ⋅G(OH) 0.8536 Ch(CH3)⋅ ⋅ ⋅Cl− 0.2515
Ch(CH2)⋅ ⋅ ⋅G(OH) 0.4333
Ch(OH)⋅ ⋅ ⋅G(OH) 0.9089
Ch(CH3)⋅ ⋅ ⋅G(OH) 0.429
Ch(CH2)⋅ ⋅ ⋅Cl− 0.4284
Ch(CH3)⋅ ⋅ ⋅Cl− 0.4477

between the choline cation, chloride anion, and sugar in DES(g) com-
pared to the DES(t) (Fig. 4). This quantitative analysis confirms the
higher number interaction between various components in DES(g)
compared to DES(t) is in good agreement with previously made
observations discussed in the section titled Geometry.

Table II lists the Laplacian of the electron density (∇2ρ) at
the BCP for various inter-molecular interactions between different
species within the DES clusters. It clearly depicts the significant dis-
parity in the number of interactions that involve the choline cation
and the sugar in the DES clusters with the higher number of interac-
tions in DES(g) compared to DES(t). This higher number of interac-
tions between the choline cation and glucose in DES(g) significantly

FIG. 4. QTAIM analysis of the optimized
geometries of the DES clusters at M06-
2X/6-31++G(d,p) level of theory depict-
ing bond critical points (BCPs) between
choline chloride and sugar molecules
that have been highlighted by blue cir-
cles and ovals.
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TABLE III. Change in the free energy, enthalpy, interaction energy, and entropy
associated with formation of the DES mixtures.

ΔG ΔH ΔE Δs
(kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol)

DES(g) −9.43 −35.81 −39.70 −0.088
DES(t) −12.07 −26.51 −28.57 −0.048

disrupts the glucose–glucose interactions. Unlike DES(t), the higher
number of interactions in DES(g) is a direct consequence of the abil-
ity of the glucose molecules to move around due to the absence of
the glycosidic bond between sugar molecules.

Thermochemistry

We observed that free energy (ΔG), enthalpy (ΔH), and total
energy (ΔE) of formation for the DESs are significantly negative,
indicating that the formation of these DESs is a favorable process.
Interestingly, ΔG is more favorable for DES(t) compared to DES(g) by
2.65 kcal/mol, whereas ΔH and ΔE of formation for DES(g) were sig-
nificantly lower than for DES(t) by 9.30 and 11.13 kcal/mol, respec-
tively. This indicates that, although the formation of DES(t) is a
slightly more favorable process, more heat is released during the
formation of DES(g) as the glucose units are free to move, leading
to the higher number of interactions with choline chloride, whereas
the glycosidic bond in trehalose restricts its movement and reduces
its interactions with choline chloride. There is a marginal entropic
penalty upon formation of DESs with entropic values for DES(g)
and DES(t) at −0.089 and −0.048 kcal/mol, respectively (Table III),
indicating the favorable interaction between various components of
DESs. A slightly higher value of entropy for DES(t) compared to
DES(g) is attributed to the rigidity in the trehalose that arises from
the hinge-like α-1,4-glycosidic bond between the sugar units of the
trehalose. This hinge-like bond hinders the ability of glucose units
of trehalose to surround choline chloride and form tighter hydro-
gen bond interactions with Cl−, as discussed earlier in the section
titled Geometry. Unlike DES(t), in DES(g) the absence of the glyco-
sidic bond enables glucose to efficiently form hydrogen bonds with
the Cl− resulting in a lower entropy.

CONCLUSION

In this work, sugar-based DESs containing monosaccharide
(glucose) and disaccharide (trehalose) as HBDs were compared to
study the influence of introduction of a single covalent bond link
between HBD species on behavior of deep eutectic solvents (DESs).
The DSC analysis indicated significantly different glass transition
temperature for the two DES systems with DES(g) behaving like a
fluid at temperatures >50 ○C, whereas DES(t) indicated no signs
of fluid-like behavior. The simulations revealed that the glycosidic
bond between sugar units in DES(t) hindered the free movement
of trehalose, thus preventing sugar from surrounding choline chlo-
ride. The lack of movement reduced the number of interactions with
choline chloride compared to glucose in DES(g). The QTAIM analy-
sis revealed a significantly higher number of BCPs between choline
chloride and sugar molecules in DES(g) compared to DES(t), fur-
ther cementing the observation that the absence of glycosidic bond

renders flexibility to sugar molecules, leading to better interactions
with choline chloride. In DES(g), a higher amount of charge transfer
between choline chloride and sugar, and higher interaction energy
and enthalpy of formation were observed compared to DES(t). This
is a direct result of the ability of glucose molecules in DES(g) to com-
pletely envelope choline chloride and form a significantly greater
number of interactions. The entropy of formation of the DES(t) was
slightly higher than that of DES(g) as a result of fewer interactions
between trehalose and choline chloride. In summary, the presence of
glycosidic bond restricted the free movement of sugar, which results
in a smaller number of interactions between trehalose and choline
chloride. As disruption of interaction between the same molecular
species is the underlying process of DES formation, the presence of
the glycosidic bond between the HBD molecules results in a smaller
number of interactions between sugar and choline chloride, thus
significantly influencing the physical state of the DES(t) and mak-
ing it behave more like a solid material, whereas DES(g) behaves like
a liquid material. Although, in this work, we used ab initio meth-
ods to describe the interactions at molecular scale that describe the
short-range structure that influences the behavior of the DES, there
is still scope to understand the long-range interactions that can help
unravel molecular diffusion and bulk liquid structure.

SUPPLEMENTARY MATERIAL

The supplementary material contains the details of the simu-
lation files, materials and instruments used in this work, and the
general synthesis procedure for preparing DESs.
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