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Abstract. Extensive computer simulations with deep eutectics made of acetamide (CH3 CONH2 ) and lithium
salts (LiX) have been performed at 303 K and 350 K to identify the solution-phase microstructures in these
media and investigate the anion dependence of the size and lifetime distributions of these microstructures.
In addition, we explore how the added electrolyte interferes with the natural hydrogen bonded (H-bonded)
network structure of liquid acetamide. For this purpose several radial distribution functions have been analysed
and visualised. The results reveal that amide–amide H-bond interaction decreases signiﬁcantly upon the addition
−
−
of electrolyte, and the interactions of Li+ and X− (X− being NO−
3 , Br and ClO4 ) with CH3 CONH2 lead to
heterogeneous solution structures. Furthermore, we have obtained the cluster size and lifetime distributions in
order to estimate the size of local microstructures and their stability. Both these distributions are analysed by
separating the contributions arising from (a) CH3 CONH2 −CH3 CONH2 , (b) Li+ −CH3 CONH2 and (c) Li+ −X−
interactions. The size distribution of Li+ −X− clusters is found to be different from those for the other two. Also,
the lifetime distributions show a pronounced anion dependence and suggest cluster stability time up to a few
nanoseconds.
Keywords.
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1. Introduction
Deep eutectic solvents (DESs), an alternative to room
temperature ionic liquids 1,2 (RTILs), have received a
considerable attention recently because of various fundamental and technological importance. 3–10 DESs are
mainly mixtures of hydrogen bond acceptors (HBA),
such as, quaternary phosphonium, ammonium salts with
hydrogen bond donors (HBD), for example, glycerol,
urea, ethylene glycol, etc. 6 When they are mixed at a
particular mole fraction, the mixture produces liquid
upon heating at a temperature much lower than their
individual melting temperatures. The liquid phase so
accessed remains stable in several cases even at temperatures lower than the room temperature. Deep depression
of freezing points (of the constituents) via extensive
inter-species interactions and gain in entropy (mainly
rotational) for being in the molten state are the principal
factors that stabilize the liquid phase. Several interesting
* For correspondence
† Dedicated to the memory of the late Professor Charusita

Chakravarty.

properties of DESs like low vapour pressure, high thermal stability, low melting point, non-toxicity, cheaper
cost, etc., make them lucrative for various chemical and
industrial applications. 11–15 In chemical industry, they
are used as eco-friendly reaction media, catalysts, etc. 4,6
Also, DESs are ﬁnding many novel applications in bio
industry such as dissolution of biopolymers, 16 extraction of aromatic compounds from plants, 17 extraction
of proteins, 18 etc. However, smarter and more effective applications of these interesting solvent systems
demand a thorough knowledge of structure and dynamics because an understanding of medium effects 19–21 is
a prerequisite to liquid solvent engineering for tailoring
a reaction.
Several DESs comprised of amides and electrolytes
have been investigated of late via time-resolved ﬂuorescence measurements, 22–28 dielectric relaxation experiments, 29 optical Kerr effect spectroscopy 30 and molecular dynamics simulations. 22,23,31 These studies have
reported and explained fractional viscosity dependence
of the translational and rotation times for a dissolved
solute in these molten mixtures. The orientational
939
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mechanism of molten acetamide 32 as well as acetamide
in presence of these electrolytes have been analysed
via simulations 33 where prominent signatures of angular jumps have been detected. Also, the orientational
timescale and its connection to the hydrogen bond
dynamics in ionic amide deep eutectics has been
explored just recently. 34 Therefore, the dynamics of
these systems have been studied rather extensively
although the structural aspect has remained largely
unexplored. The central theme of the present work is
to explore the structural complexities of these amide
deep eutectics and its anion dependence.
The solvation of Li+ in organic medium which
directly inﬂuences its transport properties has immense
industrial importance. 35–38 Li+ batteries with high energy storage capability is often used as attractive power
sources. However, use of Li+ battery in large scale poses
some challenges in automobile industry. The limitation
is mainly due to their poor ionic conductivity arising
out of strong co-ordination of Li+ to the host solvent
molecules. Thus, there is a growing need in industry to
design suitable solvents to overcome those shortcomings. For rational design, one needs to have the basic
understanding of solvation structure and its connection
to dynamics. Several transport properties like diffusion,
conductance, viscosity, etc. critically depend on solvation structure. Though it is very difﬁcult to achieve
molecular level information about structural properties
using traditional ﬂuorescence and other collective measurement techniques, molecular dynamics simulations
can be helpful in providing molecular insights. Several room temperature ionic liquids (RTILs) have been
investigated 39–41 via simulations in order to examine
the local structure formed. It has been found that Li+ ,
on an average, has co-ordination number of 4. However, the co-ordination number can differ depending
upon the nature of the anion/solvent and their conformation. Since the ﬁrst co-ordination shell of Li+ is
highly stable, it diffuses along with its ﬁrst solvation
shell as a composite body. Though DESs comprised
of amide and electrolyte resemble dipolar RTILs in
terms of interactions, the meso-scale organization in
DESs and structural effects on transport properties
have not been explored from a basic scientiﬁc point of
view.
In the present study we have carried out all-atom
molecular dynamic simulations of amide/electrolyte
DESs containing CH3 CONH2 as the amide and three
different types of electrolytes namely lithium bromide
(LiBr), lithium nitrate (LiNO3 ) and lithium perchlorate
(LiClO4 ) at 303 K and 350 K. First, we have shown
how the acetamide structure changes on adding electrolytes and its dependence on ion identity. Then, we

have investigated the kind of micro-structures formed
in these molten mixtures and the role played by Li+ and
its counterpart in forming and stabilising the aggregates.
These aggregates have been presented visually also for a
better understanding. Next, we have analysed the cluster
(aggregate) size and lifetime distributions. Similar to the
hydrogen bond analysis as performed previously, 34 both
these distributions have been separated for different contributions arising from (a) CH3 CONH2 −CH3 CONH2 ,
(b) Li+ −CH3 CONH2 and (c) Li+ −X− interactions. This
separate analysis provides an insight to the microscopic
aggregates and its stability depending upon the ion identity.

2. Simulation details
All-atom molecular dynamics simulations were carried out
with 512 number of molecules with the composition [0.78 CH3
CONH2 + 0.22 LiX] at two temperatures 303 K and 350 K
with DL_POLY version 2.20. 42 Additionally, all-atom simulation was carried with 256 number of acetamide molecules at
368 K in order to compare structural differences with DESs.
As the experimental melting temperature of neat acetamide
is around 353 K, 43 the pure acetamide system was simulated
at a higher temperature (368 K). The potential function used
has the following general form:


K r (r − req )2 +
K θ (θ − θeq )2
U (R) =
bonds

+
+



dihedrals

atoms

i< j

angles
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Rij
Rij


+
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qi q j
4π ε0 Ri j

(1)
In Eq. 1, Kr denotes the bond constant with the equilibrium
bond distance req , Kθ the angle constant with the equilibrium angle θeq , Kϕ the dihedral constant with periodicity
n, dihedral angle ϕ and phase shift δ. Ri j is the distance
between i and j atoms with partial charges qi and q j , respectively. The force ﬁeld parameters for CH3 CONH2 were
taken from the CHARMM 44 force ﬁeld and the same for
−
Li+ , Br − , NO−
3 , ClO4 were taken from the existing litera45–47
These force ﬁeld parameters were used previously
ture.
to study reorientational dynamics 32–34 and density relaxation
of these DESs. 22,23 The force ﬁeld was constructed using
DL_FIELD. 48 The short-range van der Waals interaction was
treated with Lennard–Jones potential 49 and the long-range
electrostatic potential was dealt with via Ewald summation
technique. 49
The initial conﬁguration of the simulated mixture was constructed using Packmol 50 with large simulation box length.
Then, each system was equilibrated in NPT ensemble at 1 atm
pressure for 5 ns to reach the experimental density. 22,30 The
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simulated densities were found to be in reasonable agreement
with the experimental density (Table S2 in Supplementary
Information). Nose–Hoover thermostat 51 and barostat 52 were
used to control the temperature and pressure with time constant of 0.4 ps and 1.0 ps, respectively. After a further
equilibration of 5 ns in NVT ensemble with Nose–Hoover
thermostat 51 with time constant of 0.4 ps, the production run
was carried out for 100 ns in NVT ensemble with the ﬁnal conﬁguration. The periodic boundary condition was employed
in all the three directions and the equation of motion was
integrated with a time step of 0.5 fs using the velocity Verlet algorithm. 49 The trajectories were saved every 0.1 ps for
further analysis. All the snapshots shown in this paper are
constructed using VMD. 53
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3. Results and Discussion
3.1 Radial distribution function
Study of radial distribution function (RDF) gives a
molecular insight into the spatial distributions of atoms/
molecules in the mixture. Several studies 54–57 have
revealed that Li+ containing electrolytes, when added
to a medium, induces heterogeneity in solution structure. The RDF has been calculated with the following
equation:


1 
δ(r − ri j )
(2)
gi j (r ) =
ρN ij
where N is the number of particles in the system, ρ the
number density, i and j are two different types of particles and the brackets indicate ensemble average.
Hydrogen bond, one of the most important and widely
studied intermolecular interactions, 58–63 plays a leading
role in the structure and dynamics of the amide compounds. Diffraction techniques, 64–68 both in the solid
and gaseous phases, have been applied to study the
structure of acetamide. Two different types of crystal structures exists 67,68 for acetamide, rhombohedral
and the orthorhombic arrangements. But in both the
structures acetamide molecules are connected through
H(−CONH2 ) · · · O(−CONH2 ) interactions. The representative RDF is shown in Figure 1. A snapshot is shown
inside the ﬁgure which reveals the geometrical position
of acetamide molecules engaged in hydrogen bonding
interaction. When compared to the RDFs of the DESs at
303 K, the peak height is found to decrease substantially
in presence of the electrolyte indicating a collapse in the
amide hydrogen bonding network. It should be noted
that the comparison is made between molten acetamide
simulated at 368 K and the DESs at 303 K, which
further reﬂects the mitigating effects of electrolyte.

Figure 1. Simulated
RDFs
for
H(−CONH2 )−O
(−CONH2 ) for all DESs at 303 K and also for molten
acetamide at 368 K. Snapshot is provided inside the ﬁgure
for better understanding.

The length of the H(−CONH2 ) · · · O(−CONH2 ) bond
found from the structural investigation of the liquid
acetamide is 3.03 Å 66,67 which matches well with the
1st peak minimum of the RDF. The peak height for
the DESs increases as Br − ≈ ClO−4 > NO−3 implying that the H(−CONH2 ) · · · O(−CONH2 ) interaction
among acetamide molecules is the minimum in presence
of NO−3 . However, this does not contradict the popular
conception of LiClO4 as H-bond breakers. 69,70 It should
be noted that the wavenumber-dependent density relaxations of these DESs suggest that the dynamics of the
system is fastest in presence of ClO−4 . 22 Similar conclusion has also been drawn from the orientaional and
H-bond dynamics study of these DESs. 34
The RDF of O(−CONH2 )−O(−CONH2 ) shown in
Figure 2 is quite interesting and it clearly depicts the
structural changes of acetamide taking place in the
presence of an electrolyte. RDFs presented here indicate that all the main peaks appearing at ∼4.9 Å
are preceded by a shoulder at ∼4 Å. The main peak
height is highest in molten acetamide and decreases in
the presence of electrolyte. Interestingly, all the ionic
deep eutectics show an additional peak around 3 Å
which is absent in the neat molten acetamide. This
closer approach of the O(−CONH2 ) atoms between
acetamide molecules reﬂects the enhanced interaction
in presence of the electrolytes. In order to have the
molecular level understanding of the local geometry,
we have taken snapshots around the peak positions.
The peak at ∼5 Å appears when two O(−CONH2 )
atoms of two different acetamide molecules face each
other with one H(−CONH2 ) atom belonging to one of
those acetamide molecules located in between them.
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Figure 2. Simulated
RDFs
for
O(−CONH2 )−O
(−CONH2 ) for all DESs at 303 K and also for molten
acetamide at 368 K. Various snapshots are provided at
different length scales which show the effect of electrolytic
interactions.
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Figure 3. Simulated RDFs for CH3 CONH2 −CH3 CONH2
for all DESs at 303 K and also for molten acetamide at 368 K.
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Interestingly, the distance of O(−CONH2 ) with this
H(−CONH2 ) is ∼1.9 Å which is around the peak position of O(−CONH2 )−H(−CONH2 ) RDF. Therefore,
this peak evolves as the main peak as it facilitates the
hydrogen bonding interaction between two acetamide
molecules and hence the peak order is similar to Figure 1. The shoulder at ∼4 Å appears when there is no
H(−CONH2 ) atom in between them. Next, we explain
the peak position at ∼3 Å which is observed only in the
presence of electrolytes. It is evident from the snapshot
that the closest approach between two O(−CONH2 )
atoms is possible when there is one Li+ in between
them interacting with both the O(−CONH2 ) atoms. This
interaction between Li+ and O(−CONH2 ) is further
enhanced when the ions (X− ) attached to Li+ interacts
with the H(−CONH2 ) moieties. NO−3 , with its three
oxygen atoms and planar geometry probably ﬁts as the
best candidate and hence exhibits an enhanced peak
at this distance as compared to that for the other two
ions.
Figure 3 gives RDF for CH3 CONH2 − CH3 CONH2 .
Note that the C(−CONH2 ) atom has been considered
as the centre of mass of CH3 CONH2 for calculating the
RDF. It is interesting to see that the correlation among
acetamide molecules extends up to 1.5 nm which is ∼3
times the diameter of an acetamide molecule. 22 Note
that similar correlation length also has been found for
ionic liquids from the analysis of four-point correlation
function. 71 A closer look at the RDFs suggests the presence of three distinct solvation shells; the ﬁrst of which
appears at ∼4.6 Å, second at ∼9 Å and the third at
∼13 Å. At a distance smaller than 4.6 Å, Li+ and its
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Figure 4. Simulated RDFs for Li+ −O(−CONH2 ) for all
DESs at 303 K. A snapshot is provided inside the plot.

counter ion are expected to interact with the acetamide
molecule.
The strong peak in the RDF of Li+ −O(−CONH2 ),
as observed in Figure 4, indicates that Li+ ion is
strongly co-ordinated to the O(−CONH2 ) atom of
the amide group to form Li+ assisted aggregation
of acetamide molecules. This strong interaction with
Li+ has also been observed for other Li+ containing
systems. 72
The Li+ −Li+ RDF in Figure 5 is very interesting and
provides a rich structural information about these deep
eutectics. The Li+ −Li+ distance is governed by a variety
of factors including the binding with the O(−CONH2 )
atoms of the acetamide molecules, the conformation of
the ions of the electrolytes as the Li+ can also bind to
them. It is expected that the Li+ −Li+ distance would
increase if the acetamide molecules can successfully
break the strong interaction between Li+ and its counter
ion. So the nearest peak in Figure 5 comes from the
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Li+ −O(−CONH2 ) interaction to form the Li+ -amide
aggregates. And the other peaks originate from the interaction with the ions of the electrolytes. It is likely that
if the conformation of the ion is such that Li+ can bind
with the ion of the electrolyte in more than one way,
then the Li+ −Li+ distance would vary and, depending on the conformation of the ion of the electrolyte,
more than one peak would appear at longer distances.
First, we mention the general observations. There are
three distinct regions of inhomogeneous distribution as
observed from Li+ −Li+ RDF: (i) at low distances where
the RDF is notably structured due to the interaction
with O(−CONH2 ) and ion counterpart, (ii) the missing of a long-range ordering at longer distance, and (iii)
an intermediate region where practically the correlation is missing. This very pattern of Li+ organization
has been observed in various other heterogeneous environments. 73,74 Now, we would explain the individual
characteristics. In presence of Br − , only one peak is

observed around 4.3 Å followed by a small shoulder
around 5 Å. Geometry analysis suggests that this peak
arises when a Br − sits in between two Li+ . A broad second peak also appears at a larger distance around 8 Å.
Note this second peak position follows the size of the
ion: NO−3 > Br − > ClO−4 .
In presence of NO−3 , the ﬁrst peak appears at ∼2.8 Å
and is bifurcated in nature. The second peak develops at longer distances, ∼4.25 Å followed by another
small peak at ∼5.0 Å. We have captured snapshots at
these various distances in order to understand the local
geometry. The ﬁrst peak appears when both Li+ interact simultaneously with multiple NO−3 and CH3 CONH2
molecules forming complex aggregates. A slight change
in the local geometry to avail the multiple co-ordination
sites results in the bifurcation as observed in the RDF.
Note that this peak is observed only in presence of NO−3
due to the following reasons: (i) NO−3 has the smallest size among the ions. So it can ﬁt easily inside the
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Figure 5. Simulated RDFs for Li+ −Li+ for all DESs at 303 K. Various snapshots at different length scales are provided inside the ﬁgure that clearly manifest the possible interactions
depending on the nature of the anion. Details are discussed in the main text.
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Figure 6. Simulated RDFs for Li+ −CH3 CONH2 for all
DESs at 303 K.

cavity and (ii) NO−3 , being planar, its three O(−NO−3 )
atoms can provide a degeneracy for interaction with
H(−CONH2 ) atoms of acetamide molecules, generating an extra stabilization to the resulting complex as
compared to the other ions. The other two peaks arise
due to various anion conformations. The peak at ∼4.3 Å
arises when both Li+ interacts with two NO−3 to form
an eight member closed ring. The next peak at ∼5 Å
arises when both Li+ interact with NO−3 to form a
linear chain-like structure. These different structures
reﬂect complexity inherent to this particular DES. Similar trend is also observed for ClO−4 containing system.
Note, multiple peaks are not observed in presence of
Br − as the multiple anion conformation is not possible
here.
Figure 6 shows the RDF of Li+ with CH3 CONH2 . The
interaction between Li+ and CH3 CONH2 is quite strong
as evident from the peak height mainly due to the strong
electrostatic interaction with O(−CONH2 ). Hence, the
ordering of the peak height follows the ordering of the
RDF between Li+ and O(−CONH2 ). Next, we discuss
the RDF between X− and CH3 CONH2 shown in Figure 7. Here also the closest approach is possible in case
of NO−3 with smallest size giving rise to the peak at the
smallest length scale. Note that similar to the Li+ −Li+
RDF, the RDFs here are also bifurcated in presence of
NO−3 and ClO−4 due to different ion conformations. It
should be mentioned that the RDF between Li+ and
CH3 CONH2 produces the peak at ∼3 Å, and then at
∼4 Å the RDF between X− and CH3 CONH2 picks up.
At a slightly longer distance at ∼5 Å the principal peak
of CH3 CONH2 −CH3 CONH2 RDF grows. The picture
that may be surmised is that Li+ interacts strongly with
X− to form a complex and this complex is solvated by the
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Figure 7. Simulated RDFs for X− −CH3 CONH2 for all
DESs at 303 K. Here, X− represents various anions
−
(Br − , ClO−
4 and NO3 ).

surrounding acetamide molecules. This renders inhomogeneity in the solution structure in these ionic deep
eutectics.
3.2 Cluster size and lifetime analysis
It is clear from the RDF analyses that different kinds of
clusters/aggregates are formed in these ionic deep eutectics which give rise to complex solution structures. Here,
we have separated three different types of clusters: (a)
CH3 CONH2 −CH3 CONH2 , (b) Li+ −CH3 CONH2 and
(c) Li+ −X− . The clusters have been deﬁned based
on the corresponding RDFs. Speciﬁcally, CH3 CONH2
molecules are assigned in the same cluster if the centre
of mass distance between two CH3 CONH2 molecules is
less than or equal to the ﬁrst minimum following the ﬁrst
peak of the CH3 CONH2 −CH3 CONH2 RDF (7 Å for all
the ions). Note, CH3 CONH2 molecules are connected
via a hydrogen bond network joining O(−CONH2 )
atom of one CH3 CONH2 and H(−CONH2 ) of the other.
This H-bond between two CH3 CONH2 molecules has
been deﬁned previously 32,33 based on the well-accepted
distance (R) and angle criteria (deg) and validity of
the deﬁnition also has been justiﬁed successfully. Two
CH3 CONH2 molecules are considered to be H-bonded
if (i) the distance between the oxygen and the nitrogen
atoms of two different CH3 CONH2 molecules, RON , is
less than the ﬁrst minimum of the corresponding RDF
(Rcut-off ), and (ii) the angle between the vector joining
nitrogen and amide hydrogen atom of one CH3 CONH2
molecule and the vector joining this nitrogen atom and
oxygen atom of the other CH3 CONH2 molecule, θONH is
less than 30◦ . For all the ions at both the temperatures,
Rcut-off is found to be 4 Å. Since the criterion we have
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Figure 8. Anion dependence of cluster size distributions
of CH3 CONH2 −CH3 CONH2 for all DESs. The upper panel
shows the distribution at 303 K and the lower panel shows
the same at 350 K.

employed here does not include any of these, we have
checked the validity of our cluster deﬁnition. First, we
selected pairs of CH3 CONH2 molecules whose centre
of mass distance is less than 7 Å. Then, we calculated
the distribution of RON and θONH for these selected pair
of molecules. The ion dependence of this distance and
angle probability distribution at 303 K is provided in
Figure S3 (Supplementary Information). It is evident
from the plot that the selected pairs of CH3 CONH2
molecules also include pairs of CH3 CONH2 molecules
which are hydrogen bonded. So, we continue to use this
deﬁnition to calculate cluster size distribution among
acetamide molecules. Similarly, for deﬁning a cluster between Li+ −CH3 CONH2 and Li+ −X− pairs, the
cut-off distance has been selected based on the ﬁrst
minimum of the corresponding RDFs. This distance is
3.8 Å for Li+ −CH3 CONH2 pairs. For Li+ −X− clusters, the cut-off distance is 3.2 Å, 4.0 Å and 3.2 Å
for Br − , ClO−4 and NO−3 , respectively. Note that similar cluster deﬁnition has been used previously for other
systems also. 75,76
Figure 8 shows the anion dependence of the size distribution for CH3 CONH2 −CH3 CONH2 clusters. The
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Figure 9. Anion dependence of cluster size distributions of
Li+ −CH3 CONH2 for all DESs. The upper panel shows the
distribution at 303 K and the lower panel shows the same at
350 K.

upper panel shows the distribution at 303 K and the
lower panel shows the same at 350 K. Note, the cluster
size distribution has been calculated as a fraction of the
total number of clusters; that is, if the number of cluster of 
size i is P(i) then the total number of clusters is
P = i P(i). Subsequently, the comparison has been
made between the cluster of size 1, that is, not bonded
to any other neighbour and cluster of larger size. It is
evident from Figure 8 that CH3 CONH2 −CH3 CONH2
cluster size distribution does not depend either on the
ion identity or the temperature. The distribution extends
up to ∼25–30 CH3 CONH2 molecules or ∼100–120 Å
(considering the diameter of CH3 CONH2 ∼4 Å). 25 However, beyond 6CH3 CONH2 molecules the probability
is found to be even less than 20%. Also, approximately 33% CH3 CONH2 molecules do not form any
cluster with the neighbours. This indicates a substantial
breakdown of the H-bond network among CH3 CONH2
molecules in presence of electrolytes.
Next, we discuss the cluster size distribution of
Li+ −CH3 CONH2 . Figure 9 shows the distribution at
both the temperatures. The similar ion dependence is
evident from both the plots. It appears that in presence
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Figure 10. Anion dependence of cluster size distributions
of Li+ −X− for all DESs at 303 K. Here, X− represents var−
ious anions (Br − , ClO−
4 and NO3 ).

of NO−3 maximum clustering is achieved as compared
to the other two ions. In presence of NO−3 , the cluster
size extends up to 35 number of molecules followed
by ClO−4 and Br − . With increase in temperature, the
clustering ability decreases only slightly for all the
ions. Figure 10 shows the cluster size distribution of
Li+ −X− at 303 K for all DESs and Figure 11 depicts
the same at 350 K. The distribution in this case is
slightly different as compared to the other two. For
CH3 CONH2 −CH3 CONH2 and Li+ −CH3 CONH2 cluster size distributions, the probability is found to decrease
as the number of molecule increases. However, here the
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Figure 11. Anion dependence of cluster size distributions
of Li+ −X− for all DESs at 350 K. Here, X− represents var−
ious anions (Br − , ClO−
4 and NO3 ).

distribution is random for all the ions and show significant ion dependence. For example, in presence of Br −
the distribution stretches up to 25 numbers of molecules
but the distribution broadens in presence of ClO−4 . Even
after 35 numbers of molecules, the distribution does not
decay completely. This shows signiﬁcant presence of
Li+ −ClO−4 clusters in the mixture. However, in presence
of NO−3 , the cluster size distribution ceases completely
after 15 numbers of molecules. At the elevated temperature, we ﬁnd that the distribution is somewhat regular
for Br − and ClO−4 though signiﬁcant percentage of large
clusters exists for both of them.
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Table 1. Average lifetime (τ ) of various types of clusters
obtained from the ﬁtting of corresponding lifetime distributions.
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CH3CONH2-CH3CONH2
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P(t)
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ClO4NO3-

0.1
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Ion
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350
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4
NO−
3
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1

Acet−Acet
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40
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30
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25

Li−Acet
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Figure 12. Anion dependence of simulated cluster lifetime distributions, P(t) of CH3 CONH2 −CH3 CONH2 for all
DESs. The upper panel shows the distributions at 303 K and
the lower panel shows the same at 350 K.

P(t) = h(0)H (t) / h

(3)

h(t  ) is a time dependent variable for a pair of CH3
CONH2 molecules. If the centre of mass distance
between two CH3 CONH2 molecules is less than or equal
to the cut-off distance, then h(t  ) = 1 or zero otherwise.
H (t) is a history dependent function and H (t) = 1 if
h(t  ) is unity up to time t from any arbitrary time origin
else zero. So, P(t) describes the probability that two
CH3 CONH2 molecules remain continuously hydrogen
bonded for time t. So, the average relaxation time can be
treated as the average lifetime of the CH3 CONH2 clusters. Similarly, one can also deﬁne cluster lifetime for
Li+ −CH3 CONH2 and Li+ −X− clusters.
Figure 12 shows the anion dependence of probability distribution for CH3 CONH2 −CH3 CONH2 clusters.

P(t)

Now, we present results on cluster lifetime distributions. We have calculated cluster lifetime distributions
for CH3 CONH2 −CH3 CONH2 , Li+ −CH3 CONH2 and
Li+ −X− clusters at both the temperatures. The procedure we have employed here to calculate the lifetime
distribution is similar to the hydrogen bond lifetime
SHB (t). 77–79 The lifetime can be deﬁned as:

350 K
Br-

0.1

0.01

ClO4NO3-

0.1

1

10

100

1000

10000

Time (ps)

Figure 13. Anion dependence of simulated cluster lifetime
distributions, P(t) of Li+ −CH3 CONH2 for all DESs. The
upper panel shows the distributions at 303 K and the lower
panel shows the same at 350 K.

The upper panel shows the probability at 303 K and the
lower panel shows the same at 350 K. The dependence
on ion identity is prominent at the lower temperature.
The probability distributions have been ﬁtted with multiexponential functions which produce timescales ranging
from picoseconds to nanoseconds. The average lifetimes are provided in Table 1 and the ﬁtting parameters
are provide in Table S4 in the Supplementary Information. CH3 CONH2 −CH3 CONH2 clusters survive longer
in presence of Br − as compared to NO−3 and ClO−4 . In
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1
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Figure 14. Anion dependence of simulated cluster lifetime
−
distributions, P(t) of Li+ −X− (X − = Br − , ClO−
4 , NO3 ) for
all DESs. The upper panel shows the distributions at 303 K
and the lower panel shows the same at 350 K.

fact, the average lifetime is ∼15 times higher in presence of Br − . The longest time constant found is ∼15 ns
which signify the presence of slow dynamics. When the
temperature is increased to 350 K, the average lifetime
decreases to ∼30 ps, although a nanosecond component
still remains for all the ions. Figure 13 shows the lifetime distributions for Li+ −CH3 CONH2 clusters at both
the temperatures. Here also, the cluster survives longer
in presence of Br − as compared to the other two ions.
Figure 14 gives the lifetime distribution for Li+ −X−
clusters. Here, the average lifetime is the highest in presence of NO−3 followed by Br − and ClO−4 . The average
lifetime is ∼4.5 ns at 303 K and ∼1 ns at 350 K for
NO−3 . This signiﬁes the strength of the Li+ −NO−3 clusters which results from favourable planar arrangement
of NO−3 interacting with Li+ , as discussed before. The
average lifetime for all the three different types of clusters does not follow any regular pattern which again
highlights the inherent complexity of these systems.
It should be noted that various types of clusters
(CH3 CONH2 −CH3 CONH2 , Li+ −CH3 CONH2 and Li+
−X− ) that we have analyzed in this work are binary
in nature. However, one can also explore clusters that

Figure 15. A six member cluster comprising of three
CH3 CONH2 molecules, one Li+ and two ClO−
4 anions are
shown. These types of clusters involving all the components
are formed inside the solutions. However, these are not analysed here as they do not offer any new insight.

contain all the constituents of the mixture. One such
cluster is shown in Figure 15 as an example. The
cluster, as shown in Figure 15 is comprised of three
acetamide molecules, one lithium cation and two perchlorate anions.
4. Conclusions
Molecular dynamics simulations have been performed
with DESs consisting of CH3 CONH2 and lithium salts
of Br − , ClO−4 and NO−3 at a ﬁxed mole fraction at
303 K and 350 K. Various structures formed in these
ionic DESs are reﬂected via the simulated RDFs. Analyses of these RDFs reveal the presence of complex
interspecies interactions and solution heterogeneity in
all these DESs. The observed multiple peaks in the
Li+ −Li+ RDF also suggests that three different kinds
of ion conformations are possible for ClO−4 and NO−3 .
Cluster size and lifetime distributions have also been
obtained in order to generate a microscopic understanding of the local solution structure. Both size and lifetime distributions have been partitioned into three categories: CH3 CONH2 −CH3 CONH2 , Li+ −CH3 CONH2
and Li+ −X− . This provides a better idea about the
impact of electrolyte on solution structure. The
cluster size distribution of CH3 CONH2 −CH3 CONH2

Microstructures in ionic deep eutectics

and Li+ −CH3 CONH2 is found to be distinctly different from that for Li+ −X− . The ion dependence of
the cluster size is evident only in Li+ −CH3 CONH2
distributions. As the temperature is increased, the distribution becomes narrower but only slightly. Next,
we have shown the lifetime distributions following
the protocol of hydrogen bond lifetime. Here, the ion
dependence is evident. CH3 CONH2 −CH3 CONH2 and
Li+ −CH3 CONH2 clusters have higher lifetimes in presence of Br − . On the other hand, Li+ −X− clusters are
found to be most stable in the presence of NO−3 .
Similar structural investigation can be extended to
other non-ionic DESs, 80 binary mixtures 81,82 and ionic
liquids. 83 Next, it would be interesting to study the
dynamic heterogeneity of these systems 71,84 and its
anion dependence. Although, the heterogeneity in these
systems have been analysed via time-resolved ﬂuorescence experiments, 2,25 a detailed molecular length-scale
study is still lacking. This could form an interesting
problem in future.
Supplementary Information (SI)
Force ﬁeld parameters and representations of CH3 CONH2 ,
−
Li+ , Br − , ClO−
4 , NO3 , density comparison between experimental data (wherever available) and simulations, distance
and angle probability distribution function of acetamides at
303 K, multi-exponential ﬁtting parameters of all the cluster
lifetime distributions are provided in Supplementary Information, which is available at www.ias.ac.in/chemsci.
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