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Deep eutectic solvents (DESs) have become ubiquitous in a variety of industrial and pharmaceutical applications
since their discovery. However, the fundamental understanding of their physicochemical properties and their
emergence from the microscopic features is still being explored fervently. Particularly, the knowledge of
transport mechanisms in DESs is essential to tune their properties, which shall aid in expanding the territory of
their applications. This perspective presents the current state of understanding of the bulk/macroscopic transport
properties and microscopic relaxation processes in DESs. The dependence of these properties on the
components and composition of the DES is explored, highlighting the role of hydrogen bonding (H-bonding)
interactions. Modulation of these interactions by water and other additives, and their subsequent effect on the
transport mechanisms, is also discussed. Various models (e.g. hole theory, free volume theory, etc.) have been
proposed to explain the macroscopic transport phenomena from a microscopic origin. But the formation of H-
bond networks and clusters in the DES reveals the insufficiency of these models, and establishes an antecedent
for dynamic heterogeneity. Even significantly above the glass transition, the microscopic relaxation processes in
DESs are rife with temporal and spatial heterogeneity, which causes a substantial decoupling between the
viscosity and microscopic diffusion processes. However, we propose that a thorough understanding of the
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structural relaxation associated to the H-bond dynamics in DESs will provide the necessary framework to
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interpret the emergence of bulk transport properties from their microscopic counterparts.

1 Introduction

The beginning of this millennium saw the emergence of deep
eutectic solvents (DESs), a novel kind of solvents synthesised
using mixtures of various hydrogen bond acceptors (HBAs) and
hydrogen bond donors (HBDs).'™ DESs are among the most
prominent and recent addition to the repository of sustainable
non-aqueous media. In particular, they have been pursued as
alternative candidates for room temperature ionic liquids
(RTILs), which were perceived as “green solvents” mainly due
to the low vapor pressure and high boiling points that help in
their recyclization. Recently, several studies have shown the
toxic effects of RTILs in various organisms including mamma-
lian cell lines.°® Moreover, the synthesis of RTILs is not
environmentally friendly as it requires a large amount of
solvents and salts. While the physicochemical properties of
DESs are akin to those of RTILs, they are not entirely composed
of ions, but possess a significant molecular component.
Further, as the synthesis of DESs doesn’t generate waste or
require additional purification, they endorse the basic tenets of
green chemistry. Cheaper and easier manufacturing protocols
of DESs over RTILs give them an additional edge over the latter.
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The versatility of DESs is manifest in the wide range of these
solvents that have been prepared with different mixtures of
HBAs and HBDs at their eutectic composition.*> While a
variety of organic/inorganic salts have been used as HBAs, DESs
based on choline chloride, with different HBDs (based on
amides, glycols, phenols), have been the most extensively
studied, owing to their biodegradability and the availability of
their raw products.>*°*4

Typically DESs are synthesised by mixing the parent com-
pounds (HBA and HBD) at their eutectic composition, at a
slightly elevated temperature.>* However, most of these mix-
tures remain in the liquid phase at room temperature because
of a large depression in their freezing point compared to their
parent compounds. This is directly related to the interaction
strength between the components in the mixture, such that
stronger interaction between them leads to a larger depression
in the freezing point. A schematic phase diagram of a two
component eutectic mixture is shown in Fig. 1. The composi-
tion at which the lowest freezing point is achieved is called the
eutectic point. The depression in the freezing point, ATy, which
is the difference between the freezing temperature at the
eutectic point and the mean freezing temperature of
the mixture, is indicated in the figure. The depression in the
freezing point has been rationalised by the formation of
hydrogen bonds between the ionic species of the salt and the
HBDs.">'® It has also been suggested that these systems remain
in a supercooled state, with the intercalation of HBDs in the
salt’s (HBA’s) lattice, disallowing them to crystallize.">""°
These features allow the formation of various ion-HBD
complexes'®*°?* in the DES that significantly influence their
physicochemical properties. Various HBDs and HBAs which
have been reported to form DESs are shown in Fig. 2.

DESs have found diverse applications ranging from
nanoscale synthesis,>*>® electrochemical processes,**™’
catalysis,>**¥** CO, capture**** to drug solubilisation/trans-
port.*>™*® These remarkable functional aspects of DESs have
sparked interest in studying their fundamental properties. The
understanding of the underlying molecular mechanisms,
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Fig. 1 Schematic phase diagram of a two component eutectic mixture
(adapted from ref. 20).
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which lead to their emergent functional properties, can be
useful in the design and synthesis of various new DESs with
tailored properties. In particular, the transport properties of
these non-aqueous solvents are essential in exploiting their
applicability in various industrial and pharmaceutical pro-
cesses. For example, when DESs are used as catalysts, a lower
solvent viscosity is favourable in improving the reaction rates
particularly when the reaction is diffusion controlled.>*?%3°
Similarly, for electrochemical processes such as electroplating/
batteries, the key parameter ionic conductivity, is also signifi-
cantly controlled by solvent viscosity.>****%° In contrast, it is
also observed that higher viscosity of the DES is beneficial in
the synthesis of gold nanofoams, which have excellent catalytic
activity.?® These applications and more form a sound rationale
to gain an understanding of the microscopic origin of these
bulk properties.

Numerous studies have been carried out to investigate both
the macroscopic and microscopic transport properties in DESs.
While primary characterisation of their bulk properties has
been very extensively pursued, the correlation of these para-
meters with the solvent’s molecular structure and dynamics is
also explored. In this perspective article, the current under-
standing of the transport properties and mechanisms in
DESs, obtained through different experimental and computa-
tional studies, is discussed. Macroscopic properties like visc-
osity and ionic conductivity have been measured with
rheology’ll,13,37,39,43,44,51761 dieleCtriC 19,62-67
electrochemistry,>%3%3%36:59,64,06.08 o1 Elyuorescence correla-
tion  spectroscopy, Raman-induced Kerr effect
spectroscopy,'® pulsed field gradient nuclear magnetic reso-
nance (PFG-NMR),*”7*7* and quasielastic neutron scattering
(QENS)***?3 are among those techniques which provide
insights into microscopic transport phenomena. The various
parameters that have been extracted from experimental mea-
surements can also be corroborated with the results of compu-
tational studies, particularly through the use of time-
correlation functions. Molecular dynamics (MD) simulations
of these systems can provide the atomistic trajectories which
can aid in calculating these time-correlation functions. Velocity
autocorrelation, Cy(¢), is a typical example, which can be used
to calculate the self-diffusivity, D, of various species in the
solvent, which can be compared with experimental data on
diffusivity from PFG-NMR or QENS experiments. Similarly,
ionic conductivity of the solvent can also be computed by a
time-correlation function from Einstein’s relation, given by

spectroscopy,

64,69-72

62 N
o= IE;W<”Z=I Z,Zj(xi(1 + 10) = 1:(10))- (x;(t + 10) — 1;(t0) ) >

(1)

where 1; and 1; are the time-dependent positions of different
ions in the system, Z; and Z; are their respective charges (in
terms of electronic charge e), V is the volume of the simulation
box, T is the temperature of the system, N is the number of
particles and kg is the Boltzmann constant. The angular brack-
ets denote the average over arbitrary time-origins, t,. QENS
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Fig. 2 Schematic of various hydrogen bond donors (HBDs) and hydrogen bond acceptors (HBAs) used in the synthesis of DESs.

experiments can render comprehensive information about the
geometry and dynamics of the relaxation processes of the solvent.
In particular, it is suitable to discern the different dynamical
processes in the system, by modelling the incoherent dynamic
structure factor, S(Q, E), measured in QENS experiments. The
incoherent intermediate scattering function (IISF), I(Q, ¢t), is the
time-Fourier transform of S(Q, E). From MD simulations, IISF can
be directly calculated using the following formula:

N
Q’ %Z —IQ T; 10 1Q.r,([+10)> (2)

where Q is the scattering vector, and the bar indicates the average
over all Q-orientations to represent isotropic conditions in a liquid
system. It is to be noted that the periodic boundary condition
used in the simulation restricts the value of Q as given by Q = (2nn/
L), where L is the length of the cubic box used in the MD
simulation and n is an integer. The ability to calculate these
time-correlation functions and compare with experimental obser-
vations demonstrates a successful scheme for the synergetic use
of computation and experiments.

This perspective article is organized as follows. In the next
section the results on the macroscopic/bulk properties, such as
viscosity, ionic conductivity and thermal conductivity, are dis-
cussed. Various models that have been developed to describe
these bulk properties, and their shortcomings and advantages
are also discussed. After that, we discuss the microscopic
transport phenomena in DESs, focusing on diffusion mechan-
isms of different species, ionic transport and hydrogen bond
dynamics. We also highlight the aspects of dynamic hetero-
geneity in DESs due to their glassy nature. The influence of

22856 | Phys. Chem. Chem. Phys., 2021, 23, 22854-22873

water addition on the microscopic transport mechanism and
dynamic heterogeneity in DESs is also summarized. In the
penultimate section, we try to establish a connection between
the observed bulk transport properties and microscopic trans-
port. A number of worthwhile investigations based on their
dynamic heterogeneity are also proposed. In the last section, we
explore the possibility of designing new eutectic mixtures with
more efficient and improved transport properties that would be
beneficial to various areas of applications.

2. Macroscopic transport properties

Macroscopic transport properties like viscosity and conductiv-
ity of DESs have been extensively studied owing to their
importance in various applications like electrodeposition, bat-
tery electrolytes, catalysis, etc. It is highly desirable to develop
DESs with low viscosity and/or higher conductivity for their
various potential applications as green media. In this section,
we discuss how the viscosity/conductivity of DESs depends on
several factors including the chemical nature of the DES
components (HBAs and HBDs, the molar ratio between HBAs
and HBDs), temperature, and water content. In view of these
factors, various models were developed to explain these depen-
dencies which will also be discussed. In comparison to mass
transport, there have been very few studies on thermal trans-
port in DESs, which are briefly outlined at the end of this
section.

2.1 Viscosity - momentum transport

Choline chloride (ChCl) based DESs like reline (ChCl + urea,
1:2), ethaline (ChCl + ethylene glycol, 1:2) and glyceline (ChCl

This journal is © the Owner Societies 2021
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+ glycerol, 1:2) are some of the most common DESs. Generally,
in applications as alternatives to ionic liquids, the major set-
back of DESs is their significantly higher viscosity. For example,
in the case of the most prevalent DES, reline, the viscosity at
298 K is found to be ~1000 cP, which is a thousand times
larger than that of water and 2-3 times larger than the viscosity
of typical RTILs. The viscosities of different DESs obtained from
various studies are listed in Table 1. A significant discrepancy is
observed in the viscosity values of reline in different studies
(Table 1). Similar discrepancies, although much lesser than
that for reline, are also observed for ethaline and glyceline
(Table 1). This has been largely attributed to the excess water
content in the DES which could vary due to different prepara-
tion schemes."** It has also been observed that the viscosities
of DESs are significantly affected by the viscosities of the HBDs
in the system, as indicated in Table 1. For example, the viscosity
of the solvents follows the trend reline < glyceline < ethaline
(Table 1), whereas the viscosity of the respective HBDs follows
urea < glycerol < ethylene glycol. The solvent viscosity is
dictated by the HBD’s viscosity through the varying H-bond
interaction strength in the DES, as has been observed in DESs
formed between carboxylic acids and choline chloride.™ It is
found that DESs synthesised from monoacids, such as levuli-
nic/glycolic acids, show much lower viscosities than those
synthesised from diacids like malonic/glutaric acids, which is
due to stronger H-bonding observed in diacids. On the other
hand, the salts/HBAs also play a crucial role in the viscosity of
DESs. For instance, the DES formed by glycerol and ethylene
glycol with N,N-diethylethanol ammonium chloride (DEEAC)
shows systematically higher viscosity compared to its choline
chloride counterpart.®>*® This is likely due to the larger size
and asymmetry of the former’s cation compared to choline.
Similarly, a strong anion dependence in viscosity is observed
in DESs synthesised from mixtures of lithium salts and

Table 1 Viscosities of various different DESs at 298 K
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acetamide,"”"®”? with lithium perchlorate DES being the least
viscous and lithium bromide being the most viscous. Investiga-
tion of the effect of the alkyl chain of HBDs on the viscosity of
DESs, using the mixtures of alkylamide and lithium perchlo-
rate, shows an interesting trend, where propionamide as the
HBD exhibits lower viscosity compared to acetamide and
butyramide.”” A similar study was performed on a series of
diols (ethylene glycol, 1,3-propanediol and 1,3-pentanediol) as
HBDs and tetrabutylammonium bromide as the HBA.”® It was
observed that the viscosity of the solvent increased as the alkyl
chain length of the HBDs increased. However, when an addi-
tional OH group (when using glycerol as the HBD) was added in
the form of glycerol in the HBD, the viscosity of the solvent was
found to increase significantly, owing to the increased inter-
molecular H-bonding in the system.”

The rheology of DESs based on an aromatic salt, benzyltri-
propylammonium chloride, with various HBDs, such as lactic
acid, glycerol, ethylene glycol and phenol, has been studied.®
In steady shear rheological measurements, all DESs show a
similar constant viscosity behaviour, except the DES of lactic
acid that showed shear-thinning over a shear rate of 100 s~ .
This shear-thinning property has been attributed to the break-
age of aggregates formed by H-bonding upon increasing the
shear rate.’® Altamash et al.** studied natural deep eutectic
solvents (NADESs) prepared using mixtures of citric acid,
fructose, malic acid, and lactic acid with choline chloride at a
molar ratio of 1:1. These solvents also showed viscoelastic
behaviour with a shear thinning effect at all temperatures.

While most of the DESs using choline chloride display
substantially higher viscosities, relatively low viscous DESs have
been synthesised using phenolic compounds (p-cresol, phenol
and p-chlorophenol) as HBDs,'* which showed that the viscos-
ity was strongly dependent on the substitution group of the
HBD in the solvent. This is attributed to the functional

HBA HBD Molar ratio (HBA : HBD) Viscosity (cP)
Choline chloride Urea 1:2 1571,7° 8293
Glycerol 1:2 302, 329"
Ethylene glycol 1:2 40,77 44
Glycolic acid 1:1 5487°
Malonic acid 1:1 13897°
Levulinic acid 1:2 22778
Glutaric acid 1:1 20157%
Phenol 1:2 100™
p-Cresol 1:2 102"
p-Chlorophenol 1:2 123"
N,N-Diethylethanol ammonium chloride Glycerol 1:2 513°2
Ethylene glycol 1:2 51°2
Lithium bromide Acetamide 1:3.6 211"
Lithium nitrate 1:3.6 1312
Lithium perchlorate 1:3.6 1587%
Propionamide 1:3.6 907*
Butyramide 1:3.6 20572
Menthol Phenylacetic acid 1:3 30"
Ibuprofen 1:3 80"’
Benzoic acid 1:3 40"
Octanoic acid Dodecanoic acid 3:1 77°
Nonanoic acid 3:1 97°
Decanoic acid 2:1 117°
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difference between the Cl group in chlorophenol and the
methyl group in p-cresol where the former exhibits strong
electron-withdrawing property strengthening the H-bond struc-
ture and the latter weakens the H-bonding due to its electron-
donating effect.'* Duarte et al.*” synthesised therapeutic DESs
using menthol as the HBA and various active pharmaceutical
ingredients (phenylacetic acid, ibuprofen, benzoic acid) as
HBDs. These DESs provided excellent low viscous formulation
of drugs with enhanced solubility and permeability. Fatty acids
like octanoic acid, nonanoic acid, decanoic acid and dodeca-
noic acid can act as both HBDs and HBAs. Various binary
mixtures of these acids were used to prepare different DESs,
which were found to possess markedly lower viscosities in the
range of 8-12 cP.”® In addition to their low viscosities they are
also immiscible with water, and hence are useful as media for
efficient mass transfer between two equilibrium phases, like for
example extracting bisphenol from water.”® It has also been
demonstrated that the viscosities of fatty acid DESs could be
fine-tuned by prudent choice of the length of the alkyl chain of
the fatty acids in the mixture.

The modulation of viscosity through water has been exten-
sively studied in a variety of DESs,""?%>*7%7580°83 particularly
with an aim to achieve a specific functionality of the DES.
Moreover, the effect of water is important to study due to the
inherent hygroscopic nature of DESs, which allows the
presence of trace water amounts. In principle, the amount of
water content in the DES also depends strongly on the prepara-
tion method.”® Water invariably decreases the density and
viscosity of DESs, and the decrease in viscosity is found to be
drastic in nature. For instance, the viscosity of reline at 298 K is
1571 cP, and the addition of just 0.15 mole fraction of water
decreases the viscosity to 323.9 cP and subsequently at a water
mole fraction of 0.46, it is as low as 21.10 cP.”® A similar
behaviour is observed in other DESs too, including mixtures
of DEEAC with glycerol and ethylene glycol, as indicated in
Fig. 3.'°27680 The plot clearly shows that the decline in
viscosity is the steepest in the case of reline, indicating the
strongest disruption of the H-bond network in the same.
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Fig. 3 Variation of viscosity with respect to addition of water content for
4 different DESs (described in the text) from various literature
studies 115276
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Further, it should be noted that the decrease in viscosity is
rather sharp till 0.25 mole fraction of water, and then after that,
it gradually tapers off. Such behaviour is also observed in the
NADES made from 1,2-propanediol and glucose with choline
chloride, where the drop in viscosity is sharp till 50% (w/w) of
water and afterwards recedes gradually.”® NMR and FTIR
measurements showed a progressive rupture of H-bonds with
addition of water till 50% (w/w) and beyond it a complete
rupture of H-bonds. The viscosity of the solvent was found to
follow an empirical power law decay given by 0.88x'*, where x
is the weight fraction of water. The ability of water, even in
small fractions, to alleviate the large viscosities of DESs has
found profound use in various catalysis and extraction
processes.>%>*

Quite similar to ionic liquids, the temperature dependence
of the viscosity of DESs is generally found to obey the Vogel-
Fulcher-Tammann (VFT) law, which is given by

1= mexo (-2 ®)

where B is material dependent parameter and T, is the VFT
temperature. The activation energy can be calculated using E, =
BR, where R is the universal gas constant. In the case Ty = 0 K,
then it follows the usual Arrhenius law, which has also been
found to be a good approximation in various DESs when
considered in a small range of temperature,'®'***°%%! particu-
larly for the ones with low viscosity.*”””® On the other hand, the
VFT model is found to be satisfactory when considering a wide
range of temperature and more viscous solvents,''***%57:7
Fig. 4a shows the viscosity of DESs formed by N-
methylacetamide and lithium salts (LiPFe, LiNO3, LiTFSI) along
with their VFT model fits.’° The activation energies obtained in
the VFT model are found to provide qualitative assessment of
the strength of the hydrogen bonding in the system. In this
case, the LiNO; system is found to possess the highest activa-
tion energy signifying the strong H-bond network, which is also
vindicated by the largest depression in the freezing point
observed among the lot.>® Meanwhile, the addition of water
to glyceline, which causes a disruption in its H-bond network,
is found to decrease the activation energy."* In most of the
cases, the VFT model for viscosity has been rationalised due to
the glassy nature of DESs. Glass transition near the freezing
temperature is found in various DESs."”®%%7%* Further, studies
using dielectric spectroscopy have also indicated the structural
relaxation associated to glassy freezing in these green
solvents.'”%%%7

Various models have been proposed to understand the
behaviour of viscosity with respect to temperature and compo-
sition in DESs. Mjalli et al.”” developed two empirical equations
to describe the viscosities of various choline chloride DESs, by
inclusion of an additional dependence on molar composition
in both the equations. It was concluded that solvents which
were less viscous could be described well using the modified
Eyring model, while the modified VFT model was found to
explain their more viscous counterparts.”” Fig. 4b shows the
viscosity of eutectic mixtures of choline chloride and glycerol at
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Fig. 4 (a) The temperature dependence of DESs based on N-
methylacetamide (Mac) with different lithium salts along with their VFT
model fits (eqn (3)) (adapted from ref. 50). (b) Viscosity model developed by
Mjalli et al”” for choline chloride (ChCl) and glycerol based DESs at
different molar compositions (adapted from ref. 77).

various molar compositions. The solid lines in the plot indicate
the model fits based on Mjalli et al.”” A more comprehensive
model for viscosity based on equation of state (EoS) was put
forward by Haghbaksh et al®>®® They employed cubic plus
association theory and perturbed chain-statistical associating
fluid theory to handle the associating interactions in the EoS of
DESs. Their model was able to describe the dependence of both
temperature and molar composition in a wide range of DESs,
including HBAs like choline chloride, 1-benzyl triphenyl phos-
phonium chloride, 1-acetylcholine chloride, and 1-
tetraethylammonium chloride and HBDs such as glycerol,
levulinic acid, urea, phenol, etc.®®

Abbott et al.®™®” suggested a model based on hole theory,
which had been found to be significantly useful for molecular
liquids and ILs.*” In this model, the molecular transport is
dictated by the formation of holes in the solvent due to density
fluctuations. The size and formation of the holes in the system
depend largely on the surface tension of the liquid.*"*” Based
on simple calculations using kinetic theory, they derived a

This journal is © the Owner Societies 2021
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formula for the viscosity based on the size of HBAs and HBDs
in the system, given by®’

m(v)/(2.120)

p @

}/I =
where m is the mean mass (geometric mean) of ions/molecules
in the system, (v) is the average velocity of the molecules at the
given temperature, ¢ is the collision diameter of the molecule
and Py, is the probability of finding holes in the system whose
radius is larger than or equal to the ionic/molecular radius. The
probability, Py, depends mainly on the surface tension and
temperature of the solvent. Therefore, the large viscosities of
DESs at room temperature could be explained from the una-
vailability of holes of suitable size. However, a major setback in
the applicability of this model to these eutectic mixtures arises
due to the straightforward assumption of free ionic mobility.>*
Unlike the case of ionic liquids, the ions in DESs are strongly
associated to the HBDs,'>*"®” and therefore mobility of the
ions is subject to the strength of ion-HBD interaction in the
system. Therefore the predictions made by this model are not
accurate for a wide range of DESs.>!

2.2 Electrical conductivity - charge transport

There are two main properties of DESs which govern their
electrical conductivity: the first is the mobility of charge carriers
that is dictated by solvent viscosity, and the second is the
number of charge carriers in the solvent. In a study by Abbott
et al.'® on deep eutectic mixtures of choline chloride and
carboxylic acids, an almost linear correlation between molar
conductivity (4,,) and inverse viscosity (1/5) was observed. This
relationship between viscosity and molar conductivity is known
as the Walden rule (A4,,n = constant), which is satisfied in DESs
where the conductivity is controlled by mobility of the charge
carriers rather than their numbers.'® Employing the hole-
theory in this context suggests that the density of holes in the
solvent is more important than the density of charge carriers."’
Table 2 lists the measured conductivity of various DESs at room
temperature. However, it is observed that a majority of DESs
don’t directly follow the Walden rule, as the conductivity of
these solvents also strongly depends on their components
(HBDs and HBAs). For instance, it is evident from Table 2 that
the trend of conductivity in choline chloride based DESs
follows their HBDs as, ethylene glycol > urea > glycerol >
triethylene glycol > levulinic acid. It is important to note that
although the viscosity of reline is significantly higher than that
of glyceline (Table 1), the ionic conductivity of the former is
higher than that of the latter (Table 2). This indicates that the
mechanism of conduction in glyceline and reline is very differ-
ent. In a study using broadband dielectric spectroscopy, Rueter
et al.®® investigated the role of structural relaxations in the ionic
conductivity of reline, ethaline and glyceline. They found that
in ethaline and glyceline, both ionic mobility and reorienta-
tional motions were coupled with solvent viscosity and struc-
tural relaxations.®® However, in reline, it is observed that only
the reorientational dynamics is coupled with viscosity, but the
ionic mobility is not, and hence the conductivity of the system
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HBA HBD Molar ratio (HBA: HBD) Conductivity (mS cm ™)
Choline chloride Urea 1:2 2.31%
Glycerol 1:2 1.75%
Ethylene glycol 1:2 7.33%°
Levulinic acid 1:2 0.81%°
Triethylene glycol 1:2 1.41%"
Diethylethanolammonium chloride Ethylene glycol 1:2 5.12%
Glycerol 1:2 0.75%°
Malonic acid 1:1 1.13%
Lithium perchlorate Acetamide 1:5.5 0.97%%
Lithium bis(trifluoromethane sulfone)imide 1:6 0.85°>
Lithium triflate 1:5 0.48”
Benzyltripropylammonium chloride Ethylene glycol 1:3 0.87°°
Glycerol 1:3 0.079°¢
Lithium nitrate N-Methylacetamide 1:4 0.76%*
Lithium bis(trifluoromethane sulfone)imide 1:4 1.35%
Lithium hexafluorophosphate 1:4 1.41%

is enhanced even though the solvent viscosity is high.*® A
multiple number of reasons have been cited to describe the
non-canonical conductivity in reline, including the charge
transfer from ions to HBDs and motion of complexed ions in
the solvent. The effect of HBAs is manifest in the ethylene glycol
based DESs, where conductivity is observed to depend on the
size and geometry of the salt (HBA) being used (Table 2). In a
study on NADESs by Dai et al.,>* they found that for the same
HBD, the electrical conductivity was higher when HBAs were
salts like choline chloride compared to HBAs like amino acids/
organic acids. It was noted that this behaviour could be due to
the greater availability of free ions when salts are used as HBAs.

A study by Yusof et al.”” on eutectic mixtures of tetrabuty-
lammonium bromide as the HBA and ethylene glycol and
glycerol as HBDs found a peculiar relationship between viscos-
ity and ionic conductivity. In the case of ethylene glycol, it was
found that the conductivity of the DES increased with increas-
ing molar fraction of the HBD, while in the case of glycerol the
conductivity was found to decrease.”® On the other hand, it was
observed that in both the cases, the viscosity of the DES was
found to decrease with increasing molar fraction of the HBD.
These observations were in stark contrast to the Walden rule,
which applies to ions in infinitely dilute solution. However an
extension of the Walden rule can be used in ionic liquids and
DESs to provide a qualitative assessment of ionicity in the
solvent, which is an important aspect of electrical conductivity.
This is achieved by defining the Walden product, which is given
by Amn®. In ideal/good ionic solvents, which follow Walden’s
rule, o is 1, but when o < 1, it is known as a poor ionic liquid,
and when « > 1 it is referred to as a superionic liquid. The
Walden plot (log(Ay,) vs. log(1/n)) succinctly captures the
features of ionicity as shown in Fig. 5. Bahadori et al.®” inves-
tigated the electrochemical properties of DESs with different
combinations of HBDs and HBAs. They considered the mix-
tures of choline chloride (HBA) with different HBDs — malonic
acid (DES1), oxalic acid (DES2), triethanolamine (DES3), zinc
nitrate (DES4) and trifluoroacetamide (DES5), and mixtures of
N,N diethylethanol ammonium chloride with malonic acid
(DES6) and zinc nitrate (DES7). In their study they illustrated
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using the Walden plot (Fig. 5) that only DES6 and DES7 were
poor ionic liquids and the rest were either ideal or superionic.**
Such superionic characteristics are also observed in the DES of
N-methylacetamide and LiTFSL.>”

DESs have been investigated as potential candidates for
electrolytes in lithium-ion batteries and supercapacitors.
Anouti and co-workers have studied a series of DESs
based on N-methylacetamide and lithium salts (lithium
nitrate [LiNO3], lithium hexafluorophosphate [LiPF], lithium
bis(trifluoromethanesulfonyl)imide [LiTFSI]).>”*>°>%  They
found that, similar to their viscosity, the temperature depen-
dence of the ionic conductivity of these solvents also follows the
VFT equation. It must be noted that the Arrhenius equation is
also found to be a satisfactory and suitable model for ionic
conductivity when considered in a small temperature
range.'>>*”® In the case of DESs based on different lithium
salts investigated by Anouti and coworkers,****?* at 300 K they
follow the trend LiTFSI < LiPF,; < LiNO;, but as we increase
the temperature to ~360 K, the trend is LiNO; < LiTFSI <
LiPFs, which is due to the large activation energy observed for

3
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Fig. 5 Walden plot of various DESs (as described in the text) (adapted
from ref. 35).
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the conductivity of the LiNO; system.>® Choline chloride based
DESs, using ethylene glycol and lactic acid as HBDs,’* were also
demonstrated as favourable electrolytes for lithium-ion bat-
teries, wherein ethaline showed better dissociation of ions
and therefore was found to be a more promising candidate.
In particular, 0.5 M LiPF, in ethaline is found to have an ionic
conductivity of 8 mS em™ " at room temperature.’* The mecha-
nism of lithium transport in DESs which is essential for their
application in lithium-ion batteries was investigated by Srini-
vasan et al.>! Tonic conductivity as calculated using eqn (1) was
found to be 16.3 mS cm ™" which compared well with experi-
mental studies.”’ They observed that there are two possible
pathways for lithium transport - vehicular motion and struc-
tural diffusion. In the former, the ionic mobility is accom-
plished by the motion of lithium-ion complexes formed in the
solvent, but in the latter the ions move by exchanging their
neighbouring HBDs.?! In their study on a DES based on LiClO,
and acetamide, it was found that vehicular motion is the
dominant mechanism of ionic conduction, which is associated
to the long-lived nature of ion-HBD complexes formed in the
system.>’

Unlike in the case of viscosity, the addition of water doesn’t
monotonously increase the ionic conductivity of DESs.>*®® For
example, in reline, the ionic conductivity is observed to
increase up to 0.9 mole fraction of water and then sharply
decrease to zero.*"® In the initial phase, up to 0.9 mole
fraction, the increase in the conductivity of the DES is pro-
moted by the decrease in its viscosity. However, a further
increase in the water content in the system leads to a decrease
in the ionicity of the system, causing the conductivity to
decrease.>® This behaviour is also observed in ILs, where the
conductivity peaks at 0.95 mole fraction of water.’® This beha-
viour was also found to be valid in a number of NADESs studied
by Dai et al.”*

2.3 Thermal conductivity

Heat transport in DESs has been a scarcely studied domain.
Among the few studies existing, the thermal conductivity of the
choline chloride based DESs has been the most studied.”®®®
Ibrahim et al.”” studied the mixtures of choline chloride with
HBDs (urea, ethylene glycol, fructose, glucose, glycerol, malonic
acid and triethylene glycol), and found that the thermal conduc-
tivity was in the range of 021 Wm ' K " to 024 Wm ' K "
The highest thermal conductivity was found in the case of urea
as the HBD, while the lowest was in the case of malonic acid.®”
It was observed that the temperature dependence of thermal
conductivity was very weakly decremental, and could be mod-
elled using a simple linear decay.”” A similar behaviour is
observed in a study by Gautam et al.,”® in which they explored
the effect of chain length and methyl units by considering three
DESs - choline chloride and urea (DES-A), N,N-diethyl ethano-
lammonium chloride and urea (DES-B), and choline chloride
and thiourea (DES-C). While DES-A and DES-B have very similar
thermal conductivity, for DES-C it is found to be notably lower,
which is likely due to the lowered hydrogen bonding density
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because of the sulphur group and the additional methyl units
in the HBD (thiourea).

The addition of water in DESs shows a marked increase in
their thermal conductivity. For instance, in reline, the thermal
conductivity increases from 0.241 Wm ™" K™ in its pure state to
0.377 W m~' K with 0.5 weight fraction of water.”” The
increase in the thermal conductivity of aqueous mixtures of
DESs is monotonous and is found to be the same for a number
of different mixtures.’” The substantial increase in these aqu-
eous mixtures has been correlated to the depletion of H-bonds
between components of DESs and formation of new H-bonds
between water and components of DESs. The introduction
of nanoparticles like graphene oxide, Al,0; and TiO, is also
found to significantly modulate the thermal conductivity of
glyceline.”” While, in general, the thermal conductivity
increases monotonically with increasing volume fraction of
the nanoparticles, Al,O; nanoparticles show a peculiar beha-
viour, in which the thermal conductivity peaks at a volume
fraction of around ~0.3% and then decreases. This was found
to be due to the formation of H-bonds between glycerol and
Al,O; nanoparticles in the DES.

3. Microscopic transport in DESs

As DESs are a multicomponent mixture of both ions and
molecules, they possess complex microscopic transport phe-
nomena due to the several intermolecular interactions prevail-
ing in the solvent. They also show glass-forming features
suggesting a strong interplay between their structural relaxa-
tion and transport phenomena.'”’°®%71% These structural
relaxations are aided by the relaxation of extensive intermole-
cular H-bond networks formed in DESs.>*?>°6:88:101 A yariety
of experiments have been carried out to systematically char-
acterise the microscopic transport processes in DESs. Particu-
larly, PFG_NMR47,73,74,102—104 and QENSZO,21,23,105,106 haVe been
useful in studying the diffusion of HBDs and ionic species of
the salt. Classical and ab initio MD simulations have been
useful to gain molecular level insight into the transport mecha-
nism of various species in the solvent,? >243:62:65,73,81,101,105,107

3.1 Diffusion mechanism in DESs

The effect of constituent species of DESs on the molecular mobility
is evident from a number of studies,*”%>74101,103,104,106,108 ppG.
NMR studies’'®* on a series of choline chloride based DESs
showed that the diffusion of the cholinium ion was slower than
that of their respective HBDs in each of these solvents, except in
the case of malonic acid as the HBD. The self-diffusivities
measured for all the species in these DESs’™* are listed in
Table 3. The strong dependence of the diffusivity on HBDs can
be appreciated by observing the huge difference between the cases
of ethaline (choline chloride + ethylene glycol) and maline (cho-
line chloride + malonic acid). The anomalously slow diffusion in
maline has been ascribed to the formation of dimers of malonic
acid in the DES, while the large mobility in ethaline is associated
to its low solvent viscosity.
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Table 3 Self-diffusion constants of various species in some DESs at 298 K measured from PFG-NMR experiments

Dyga (x107? m? s7)

HBA HBD Molar ratio (HBA: HBD) Cation Anion Dygp (X107 m?s™h)
Choline chloride Urea 1:2 2.17199 3.574 6.6
Ethylene glycol 1:2 25212 26.2,7* 18.1*"? 47.7,7* 37,512
Glycerol 1:2 4.6™12 3.8,7* 3.0°12 5.1,74 4,512
Malonic acid 1:2 0.64”* 0.60
[BMIM]PF, N-Methylacetamide 1:2 49.3 50.3 109
[HMIM|PF, 1:2 36.7 40.8 86.6
[BMIM] [CF3S03] 1:2 64.9 63.8 115

% MD simulation.

Similarly, the ionic species of HBAs also play a crucial role in
the molecular diffusion in DESs. For instance, from Table 3, it
is clear that the DESs formed by N-methylacetamide with
different salts (1-butyl-3-methyl imidazolium hexafluoropho-
sphate [BMIM][PFs], 1-hexyl-3-methylimidazolium hexafluoro-
phosphate [HMIM][PF¢], [BMIM]CF;SO3;) show sharp
differences in their diffusivities depending on the cations and
anions in the solvent.'® It is found that the diffusion of all the
species is slower in the DES formed by the longer chain cation,
[HMIM]", compared to that with [BMIM]". On the other hand,
replacing the anion PFs~ by CF;SO; ™ significantly increases the
molecular diffusion of all the species in the solvent.'® Biswas
and coworkers'®’?> have used classical MD simulation and
dielectric spectroscopy on DESs formed by acetamide and
various salts (LiClO,, NaClO,, LiNO; and LiBr, NaSCN, KSCN)
and has shown a strong anion/cation dependence for the
molecular dynamics of acetamide in these solvents. QENS
studies on DESs based on acetamide with LiClO,/LiNO; have
also illustrated the effect of HBAs.'*® In their study, they found
that the diffusion of acetamide is slower in the presence of
LiNO; in comparison to LiClO4,'°® which is found to be con-
sistent with recent MD simulation studies on these DESs.'"’
The strong dependence on the HBAs/HBDs in the molecular
diffusion of different species in the solvent can be attributed to
the strong role played by the H-bonding network in DESs. The
formation of such networks has also been confirmed through
neutron diffraction of reline'™" and glyceline."** The first
liquid-phase neutron diffraction experiment on a cholinium
DES was carried out by Edler and co-workers."*" They used H/D
isotopically substituted samples of reline for the neutron
diffraction measurements and interpreted the data using the
empirical potential structure refinement model. The obtained
radial distribution functions showed the presence of a strong
and complex hydrogen-bonding network between the DES
species. Significant ordering interactions were found not only
between urea and chloride, but also between all DES compo-
nents. These observations strongly vindicate the structure-
dynamics relationship in such solvents, for which glassy beha-
viour is observed.'”**¢”

As discussed earlier, hole theory was adopted to explain the
viscosity and conductivity using the motion of various species
through the available holes in the media,”"®” However, this
theory was not successfully applicable to all the cases of

22862 | Phys. Chem. Chem. Phys., 2021, 23, 22854-22873

DESs.*"”* A fundamental understanding of the molecular
diffusion can provide deeper insights, shedding light on the
validity of hole theory and unravelling the correlation between
solvent viscosity and self-diffusion of species. The relationship
between diffusivity (D) of a particle and viscosity (i) of the
solvent is given by the famous Stokes-Einstein equation,

D— kgT
6mnR

(5)

where R is the radius of the particle, T is the solvent temperature
and kg is Boltzmann’s constant. This equation is valid when the
size of the diffusing particle is much larger than the size of the
solvent particles. However, while studying the diffusion of ions/
molecules in these solvents, the above equation is valid only when
the radius term is replaced by a correlation length (¢)."** 1t
measures the range of length over which fluctuations of one
region in the solvent correlate with the other. The correlation
length for each species in the DES can be calculated using eqn (5)
(by replacing ¢ with R).”*'"? Fig. 6a shows the deviation of ¢ from
the molecular radius of the choline ion in a class of DESs studied
using PFG-NMR,” characterising the non-Stokesian nature of
their diffusion.”* These observations indicate that diffusion of
various species (both ions and molecules) in these DESs did not
follow the usual continuous Brownian diffusion but followed a
jump-like mechanism through suitably sized voids.”* Their study
also highlighted that the size of voids, however, is not dictated by
the formation of holes, but rather by the available molecular free
volume in the solvent. A similar jump-like translational diffusion
mechanism has been observed in QENS experiments on glyceline
(choline chloride + glycerol),>® and DESs based on acetamide and
LiClO,/LiNOQ,. 2021106

The dynamic structure factor, S(Q, E), obtained from QENS
experiments is useful in delineating the different dynamical
processes in the solvent, through the use of an appropriate
model function describing them. Apart from the long-range
jump diffusion process observed from PFG-NMR, localised
translational diffusion within transient cages was also observed
in DESs using QENS.?*?"** The QENS spectra of the DES were
modelled using the convolution of two dynamic structure
factors,?**!

S(Q7 E) = Slong(Q7 E)
® [Ao(Q)O(E) + (1 — 40(Q))Sioc(Q, E)]  (6)
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Fig. 6 (a) Correlation length of different species in maline, reline, glyceline and ethaline calculated from egn (5) using the diffusion constant obtained
from PFG-NMR (adapted from ref. 74). (b) MD simulation trajectory of acetamide molecules in DES (acetamide + lithium perchlorate, 78:22), showing
both long-range jumps and the localised diffusion within the cages (adapted from ref. 20).

where Siong(Q, E) and Sio(Q, E) are associated to slow long-range
diffusion and fast localised diffusion, and A,(Q) is the elastic
incoherent structure factor which contains the information
regarding the geometry of the localised diffusion. In congru-
ence with these observations, I(Q, ¢) calculated from the MD
simulation trajectories (eqn (2)) also showed two distinct
diffusive processes associated to long-range jump diffusion
and localised diffusion.?®?' Further, direct evidence of this
was illustrated by plotting the trajectories of acetamide in the
DES obtained from MD simulation, as shown in Fig. 6b. The
motion of the species in the solvent is found to alternate
between these two diffusion processes.”®*"** Such a diffusion
phenomenon is not uncommon in liquids with a H-bond
network, as was observed in the case of water.'** Using both
QENS data and MD simulation trajectories the long-range
diffusion was modelled as the jump diffusion process explicitly
using the Singwi-Sjolander (SS) model which has a random
distribution of jump lengths.""> The SS model assumes that the
jumps are instantaneous and therefore describes the process
using two main parameters corresponding to residence time
between jumps, t,, and root mean-squared jump lengths, (/%).
The jump diffusivity of molecules, D, is calculated as (I*)/(61,),
which is observed to follow an Arrhenius dependence.*®*?
Since the long range jump-diffusion process in the DES is the
primary mechanism of mass transport, this process is expected
to play a decisive role in the solvent viscosity. While exploring
the similarities and differences in the diffusion mechanism of
acetamide in the DES and molten acetamide,?°
that the jump-diffusion mechanism remained essentially unal-
tered, but the value of the jump-diffusivity of acetamide was
found to be about 3 times slower in the DES than in molten
acetamide.>® The quasielastic spectra and the quasielastic
widths associated to the jump diffusion process in the DES

it was found

and molten acetamide are shown in Fig. 7 (top right and
bottom left respectively), indicating the substantial difference
in their dynamics. MD simulations showed that the strong
complexation of the ions and acetamide in the DES was found

This journal is © the Owner Societies 2021

to be the major cause for the slowing down of acetamide in
these green solvents.”® A snapshot of a typical complex con-
sisting of acetamide, lithium ions and perchlorate in the DES is
also shown in Fig. 7. It is quite evident from this study that the
large viscosity of the DES is due to the strong ion-HBD
complexes in the system.

On the other hand, the localised diffusion process has been
described using diffusion confined within a sphere,"'® which
has been associated to transient confinement in cages formed
by H-bonded neighbours in the DES.*>*"** The formation of
such cages has been observed in a number of studies including
classical and ab initio MD simulations."'*”""'° An interesting
observation from QENS experiments on glyceline was that,
despite being heavier and larger, choline ions showed a larger
confinement radius in comparison to glycerol.>* This anomaly
was rationalised from quantum mechanical calculations, which
indicated that this was due to the strong association of glycerol
and chloride ions in the DES, while choline ions were relatively
free.”®

In the investigation of the acetamide based DES, it was
shown that the radius associated to the transient confinement
of molecules in the DES followed an exponential distribution
with an average radius (ra),”° for which the EISF given in
eqn (6) was given by

. ¥ 2 —r/rmg

o o2

Tavg
The obtained average radius of confinement (r,,) for aceta-
mide in the DES and molten acetamide remained almost the
same, revealing that the geometric nature of the localised
motion remains the same in both of them. However, it was
found that the localised diffusion constant was marginally
higher in the case of molten acetamide compared to the DES.
Complexes formed in DESs also play a vital role in the
diffusion of lithium ions in DESs which forms a major scope
of interest owing to their application in lithium ion batteries. In
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(top left) Simulation snapshot of the complete DES system. An enlarged view of the snapshot of a typical complex formed in the DES is shown.

(top right) Quasielastic spectra of the DES and molten acetamide (ACM) along with the instrumental resolution, and (bottom left) quasielastic widths
associated with the jump diffusion process in ACM and the DES (adapted from ref. 20).

ionic liquids, lithium transport is primarily governed by vehi-
cular and structure diffusion mechanisms.****?* In the former,
the lithium ions diffuse along with their H-bond partner, but in
the latter their dynamics is propelled by the exchange of their
H-bond partners."**'*® Fig. 8 shows a schematic of structure
and vehicular transport mechanisms in electrolytic solutions.
The mechanism of lithium transport in the DES based on

acetamide and lithium perchlorate has been studied in
detail.>* Dynamically two distinct species of acetamide in the
DES corresponding to the ones strongly bound to lithium ions
and the others free were found.”" Both of them follow the
diffusion model described in eqn (6).>' These two species
showed markedly different long-range jump diffusivities, but
comparable localised diffusivities.>>*' It was found that the

exchange of H-bond partners.

Structure diffusion

.2

<,
i}; 155 \,I:g.,l“

}z\.“; Vehicular motion ?‘2:-.%
\};?if T

Fig. 8 Schematic describing the vehicular motion and structural diffusion mechanisms for the transport of lithium ions in DESs. In the vehicular motion,
lithium ions diffuse along with their hydrogen bond partner (e.g. acetamide). However, in the structure diffusion, lithium transport is governed by the

ral
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motion of lithium ions is strongly correlated with the dynamics
of bound acetamide molecules in the DES, indicating that
lithium transport might be vehicular in nature.*! This was well
validated by the long-lived H-bond complexes formed between
acetamide and lithium ions. The relaxation of the H-bond
autocorrelation function showed a stretched exponential beha-
viour, indicating a distribution of relaxation rates associated
with the lifetime of these acetamide-lithium complexes. Using
the distribution of relaxation rates, it was estimated that about
90% of lithium ions in the solvent were transported by vehi-
cular motion.*' Lithium diffusion has also been studied in
DESs synthesised using mixtures of LiTFSI with methanesulfo-
namide (MSA) and dimethylmethanesulfonamide (DMMSA),
using PFG-NMR.” The study revealed that lithium diffusion
was sensitive to two main features of solvent — (a) the presence
of the methyl unit in the HBD and (b) the molar ratio of LiTFSI
with MSA/DMMSA. It was observed that the presence of the
additional methyl unit in DMMSA decreased the association of
lithium ions with the HBD and hence gave rise to faster
diffusion in comparison to the case in MSA. Further, it was
also found that the increase in the molar fraction also
increased lithium diffusivity significantly.”? PFG-NMR studies
also showed that the diffusivity of MSA/DMMSA molecules was
comparable to that of lithium ions,”® indicating that vehicular
motion is the more dominant transport mechanism for lithium
ions in these DESs.

3.2 Dynamic heterogeneity in DESs

The complexity of relaxation processes in DESs indicates a
strong relationship between structural relaxation and molecu-
lar diffusion in these systems, which has been explicitly
observed in the dielectric spectroscopy of various DES
systems.*>**"° Temporal and spatial heterogeneities in the
microscopic dynamics of these solvents are another manifesta-
tion of these complex diffusive processes.®*'°" As an effect of
this dynamic heterogeneity, a number of fluorescence spectro-
scopic studies have shown that solvent viscosity and molecular
diffusion are strongly decoupled, which is an indication of the
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breakdown of the Stokes-Einstein relation.'”-%%9772

Generally,
in solvents with temporal heterogeneity, the solvent viscosity
shows a fractional dependence on average timescales ((t) ~ 7,
p < 1), associated to the translational or rotational dynamics of
the probe particle observed through fluorescence spectroscopy.
The extent of heterogeneity in the system is marked by
the deviation of the value of p from 1. The observed values of
p for various DESs using time-resolved fluorescence techniques
are shown in Fig. 9a. In their study on DESs based on alkyla-
mides as HBDs and lithium salts as HBAs, Biswas and
coworkers'””"7> have shown that the temporal heterogeneity
is strongly dependent on the chain length of the HBDs and
anion identity of the HBAs. With respect to different HBDs, they
found that the value of p followed the order butyramide <
propionamide < acetamide, indicating that temporal hetero-
geneity is enhanced with increasing chain length. On the other
hand, among the different anions (in the HBA), bromide is
found to be the strongest promoter of heterogeneity and
perchlorate the weakest. Similar studies on ChCl based DESs
such as reline’® and ethaline’® have also shown the strong
decoupling effect of viscosity and diffusion. It has also been
observed that the addition of lithium salts in ethaline/glyceline
strongly slows down the solvation response of the DES.'*
Nevertheless, it is found that it doesn’t significantly alter the
dynamic heterogeneity already present in the system.'”’
Unlike in the above mentioned ionic DESs, it is found that,
in non-ionic DESs like a mixture of acetamide and urea, the
molecular dynamics is found to be almost completely
homogeneous.®*>'*® However the introduction of PEG in this
non-ionic DES is found to make the system substantially
heterogeneous.®*

MD simulations and QENS experiments have also been able
to provide a direct insight into the dynamical heterogeneity of
the system at a molecular level. In particular, the atomistic
details obtained from MD simulations will enable us to under-
stand the origin and nature of dynamic heterogeneity in the
system. An instructive calculation of acetamide’s hydrodynamic
diffusivity in the DES and molten acetamide, with the use of
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Fig. 9 (a) The heterogeneity parameter, p, obtained for various DESs from fluorescence spectroscopic studies.”®7?124125 The extent of dynamic
heterogeneity is characterised by the deviation of p from 1. (b) The Q-dependence of the average relaxation time calculated from the stretched
exponential. The lines indicate quadratic fit. Laplace transform of the simulated velocity autocorrelation function (circles) and the theoretical models
based on exponential (green line) and power law memory (blue line) functions (adapted from ref. 105) are shown in the inset.
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their viscosities® in the SE formula given in eqn (5), yields
0.8 x 107 m?> s and 6 x 107'° m> s™" respectively. The
corresponding microscopic diffusivities measured by QENS
experiments®® are found to be 3.0 x 107" m*> s** and 8 x
107'° m® s, which clearly reveal that the viscosity-diffusion
decoupling is substantially strong in the case of the DES.
Similar decoupling from the hydrodynamics has also been
observed in the case of reorientational motion of acetamide
in the DES.®® In congruence with this, orientational jumps of
acetamide were observed in a MD simulation study on DESs
based on acetamide and lithium salts.’®* The waiting times
between these jumps were found to have power-law decay, with
the bromide anion showing the longest average waiting time
between jumps.'®" These features and the observations from
fluorescence spectroscopy largely favour the view of temporal
heterogeneity in DESs. Nevertheless, spatial heterogeneity akin
to glassy systems was also observed in the translational diffu-
sion of acetamide molecules in these DESs."'® In concurrence
with the results of fluorescence studies, the extent of temporal
and spatial heterogeneity observed in these systems was found
to have a strong dependence on the anion identity in the
DES.®>'®" The origin of dynamic heterogeneity observed in
these systems has been traced to the behaviour of hydrogen
bond relaxation in DESs. In particular, the jump reorientation
and translation of molecules has been associated to the
formation and breaking of H-bonds dictated by the lifetime
of H-bond complexes formed, which in turn is found to
explain anion dependence of the temporal heterogeneity
0bsewed.20,22,62,101

The generalised Langevin equation (GLE) is a phenomen-
ological approach used to describe the temporal heterogeneity
in a system.'®”'® In this scenario, the diffusion of particles
becomes non-Markovian with a strong dependence on the
structural relaxation which is mathematically governed by a
memory function. These models have been effective in describ-
ing the dynamics of RTILs."*>"'*° The velocity autocorrelation of
such a diffusion process, in the Laplace space, is given by

Ao —G(0)

Cy(s) = ST (8)

where C,(s) and M(s) are the Laplace transforms of the velocity
autocorrelation function and the memory function. This model
was employed in a combined MD simulation and QENS study
on the DES based on acetamide and LiNO,.'°®> The inset of
Fig. 9b shows the simulated Cy(s), along with the model fits
based on exponential and power-law memory functions. It was
observed that the power-law memory function was better suited
to describe the diffusion process. Therefore, the QENS data
were modelled using the relaxing cage model, which was
mathematically described by a stretched exponential with a
relaxation time, 7, and stretching exponent, 5, which was found
to match well with the power-law exponent obtained from MD
simulations. The obtained average relaxation time was found to
follow quadratic dependence with Q as shown in Fig. 9b. This
example elucidates that the GLE approach, with a power-law
memory function, is useful in describing the heterogeneous
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nature of dynamics in DESs. The deviation of the power-law
exponent, f, from 1 is a useful indicator of the degree of
temporal heterogeneity in the system.

3.3 Influence of water on microscopic dynamics in DESs

Water being a strong H-bond donor and acceptor has the ability
to substantially alter the structural landscape of DESs and
thereby influence their microscopic dynamics. PFG-NMR mea-
surements used to study the effect of water on the diffusion of
molecules/ions in reline, ethaline and glyceline have invariably
shown an effective increase in the mobility of all the species in
these solvents.'® They found that the increase in diffusion
constants of choline ions and the respective HBDs showed a
sharp increase beyond a water mole fraction of 0.5. It was also
found that the diffusion of water molecules was slower in the
solvent compared to its bulk values, suggesting the formation
of local domains of water in the DES.'** These experimental
observations were validated from atomistic MD simulation
studies by Zhekenov et al,'®® where they showed that the
diffusivity of all the species in reline, glyceline and ethaline
increased with increasing water content. However, in their
simulation, it was observed that the steep increase of molecular
diffusivity starts from a water mole fraction of 0.3.5"'% Their
investigations reveal that the increase in molecular diffusion is
directly correlated to the increase in the number of H-bonds
between water and HBDs in the solvent.

In a recent study on the acetamide + LiClO, DES, it has been
found that addition of water not only enhances the molecular
mobility, but also decreases the dynamic heterogeneity
observed in the DES."*" This was attributed to the accelerated
H-bond dynamics in the aqueous mixtures of the DES. It was
observed that, in addition to formation of lithium-water com-
plexes, the lifetimes of lithium-acetamide complexes system-
atically decreased with increasing water content in the
system.’' Fig. 10 shows the change in lithium complexes
formed at different water content in the DES. The combined
effect of these two factors was noted to be the cause of the
substantial decrease in dynamic heterogeneity in the DES.
Diffusion of water molecules in the system was also found to
be non-Gaussian in nature and particularly slower than the
bulk counterparts. The major cause of these features could be
due to formation of nanodomains of water and strong H-
bonding between species of the solvent.'*!

4 Microscopic vs. macroscopic
transport: role of dynamic
heterogeneity

Having surveyed the current understanding of the macroscopic
and microscopic transport phenomena in DESs, we are now in
a position to harmonize them. The earliest attempt to model
viscosity from a microscopic perspective was based on hole
theory,>" which assumed that the transport of species in the
solvent was achieved through holes formed by density fluctua-
tion. While this model was adequate for a majority of molecular
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Water content in the DES

Diffusivity, ionic conductivity

namic heterogeneity, viscosity

Fig. 10 A schematic showing the evolution of the complexes between lithium ions, water and acetamide in aqueous mixtures of the acetamide based
DES. As the concentration of water increases, the dynamic heterogeneity and viscosity of the DES decrease, and diffusivity and ionic conductivity

increase.

liquids and some ionic liquids,*” it was not very successful for
DESs.>" The investigation of molecular diffusion through PFG-
NMR evinced a breakdown of the Stokes-Einstein relation and
proposed a jump diffusion model with an associated correla-
tion length. A free volume model of transport was conjectured
based on the connection between the correlation length and
the available molecular free volume in the DES. However,
various quantum mechanical studies and MD simulations on
the structure of DESs revealed the formation of H-bond net-
works and cage like structures,'®*>"'”"*® which challenged the
fundamental assumption used in these theories that consid-
ered free diffusion of molecules/ions. But congruous with predic-
tions of quantum calculations, QENS and MD simulations
revealed that the diffusion of species in the DES involved multiple
relaxation processes involving the rattling motion within transient
cages formed through H-bonding and subsequent relaxation of
these cages to execute jump-diffusion.’***** In a comparative
study of the acetamide based DES and molten acetamide, it was
found that the jump-diffusion of acetamide was drastically slower
in the DES, owing to the formation of various ion-HBD
complexes.” Further, a strong deviation from the hydrodynamic
behaviour was also observed in the DES, suggesting the existence
of dynamic heterogeneity.

It is interesting to note that the dynamic heterogeneity in the
system exists much above the glass transition temperature, as
evidenced in various spectroscopic and MD simulation
studies.'””®” It has been observed from dielectric spectroscopy
that the fragility parameter (B/T, in eqn (3)) obtained in the VFT
temperature dependence of ionic conductivity plays an impor-
tant role in the ionic conduction mechanism of the solvent.®® It
has also been observed that the fragility of the DES is sensitive
to the ionic species and HBDs in DESs.®” On the other hand, a
strong relationship is known to exist between the dynamic
heterogeneity and fragility of glass formers.'*>'** Therefore, it
is important to probe the dynamic heterogeneity in DESs at the
molecular level using experimental techniques like QENS and
neutron spin echo (NSE), to bridge the gap between the

This journal is © the Owner Societies 2021

microscopic and macroscopic transport processes. For
instance, a recent study on glyceline using the NSE technique
showed why the viscosity of glyceline was much lower com-
pared to that of glycerol even though the single particle diffu-
sion was similar in both the cases."* This behaviour was
ascribed to the cooperative relaxation of H-bonds between the
glycerol molecules in glyceline, which was at least 3 times faster
than that observed in pure glycerol."**

MD simulations can provide additional atomistic insights
into the H-bond network and dynamics, which have been
shown to play a decisive role in dynamic heterogeneity in the
solvents. The formation of H-bond complexes in the system and
relaxation can explain the origin of structural relaxation in
these glass-formers. A particular example could be the use of H-
bond relaxation obtained from simulations as a driving non-
Markovian noise in the GLE model to describe the diffusion
process in the system. Well validated simulation models can be
useful in calculating the bulk viscosity and ionic conductivity of
these solvents.

Apart from being glassy, DESs have also been classified as
supercooled mixtures.'®**”> Mode coupling theory has been a
useful tool to predict the transport properties in glassy systems
and supercooled liquids."”®**” Therefore, the theoretical
approach can be useful in predicting the bulk transport proper-
ties for different combinations of HBDs and HBAs by tuning
their interaction parameters. Applying mode coupling models,
in the investigation of LiPF¢/propylene carbonate mixtures, the
relaxation of shear stress and ionic conductivity agrees with the
relaxation of the main peak and prepeak observed in their
liquid structure."® It is therefore expedient to investigate such
coupling in DESs, since these structure peaks are known to be
observed in them."® Another aspect of supercooled liquids is
the notable fragile-to-strong transition, which has been
observed not only in water,"*®'*! but also in metallic glass
forming liquids.'*>'*?
DESs should also be explored, owing to the similarity of
interactions found in these systems.

The existence of such transitions in
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5 Summary and outlook

Over the last couple of decades, deep eutectic solvents (DESs) have
established themselves as a promising green alternative to room
temperature ionic liquids (RTILs) and other organic solvents.
While they are known to provide great solubility for a wide range
of salts, their poor transport properties inhibit their widespread
use. It is now understood that the aspects like high viscosity and
poor conductivity are due to the glassy nature of these systems. In
consideration of this fact, some of the effective approaches to
improve their transport properties are (i) decreasing the glass
transition temperature and (ii) increasing the fragility parameter.
Apart from these fundamental aspects, it is also observed that
both microscopic and macroscopic transport properties are
strongly dependent on the constituent species of the DES. There-
fore, a careful choice of different HBDs and HBAs might be able to
alleviate these issues. It is interesting to note that non-ionic DESs
(like for e.g. acetamide + urea) show very weak dynamic hetero-
geneity, suggesting that non-ionic DESs possess better transport
ability in comparison to the usual ionic DESs. Non-ionic DESs
formed from fatty acids exhibiting a significantly low viscosity are
also another example.

Indeed, addition of water has also been found to be a useful
approach to modulate the properties of these green solvents, but it
has to be done with care so as to not significantly alter the solubility
and chemical nature of DESs. It has been observed from micro-
scopic transport phenomena that water not only breaks the existing
H-bond network in the DES, but also simultaneously decreases the
lifetime H-bond complexes formed in these green solvents. These
complexes and their long lifetimes have been found to be the major
cause for the large viscosity observed in DESs. Therefore, modula-
tion of viscosity by water is due to a three fold mechanism - (i)
breaking of ion-HBD bonds in the DES, (ii) formation of ion-water
or HBD-water bonds, and (iii) accelerated H-bond dynamics. A yet
another consequence of these features is that water also decreases
the dynamic heterogeneity in DESs quite significantly.

The role of H-bonding has been greatly investigated in DESs,
but their dynamics is scarcely studied. As revealed by recent
studies, H-bond dynamics plays a crucial role in the micro-
scopic diffusion mechanism and dynamic heterogeneity in
DESs. In particular, the effect of water on the microscopic
transport properties can be well characterised by analysing
and understanding the nature of H-bond dynamics. An exten-
sive survey on H-bond dynamics in various ChCl based DESs
and their aqueous mixture is necessary to gain a comprehen-
sive perspective on the dynamics in these solvents.

While nanofluids based on DESs have shown some promis-
ing results with enhanced thermal conductivity and decreased
viscosity, only a very few studies of these systems have been
carried out so far. The incorporation of nanoparticles should
also be considered an effective approach to alter the physico-
chemical properties, particularly the transport.
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