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The structure and dynamics of binary mixtures of a protic ionic liquid (ethylammonium nitrate) and ethylene 
carbonate are studied by means of atomistic molecular dynamics simulations and experimental measurements 
both in bulk and at the electrochemical interface. The solubility limit was experimentally found at 0.6 carbonate 
molar fraction. Likewise, density and conductivity experimental data are compared with computational results. 
Also, distribution and correlation functions obtained from bulk simulations are analyzed in the miscible range to 
clarify the role of the carbonate in the coordination and diffusion of ionic species. Understanding the evolution 
of the hydrogen bond network is of particular importance since its strength is detected as the most relevant 
feature in the structural organization of the mixture. Regarding the effects of the presence of an interface, the 
orientations of the molecules and the density and charge profiles are calculated both in the absence and in the 
presence of an electric field. This analysis reveals the tendency of the carbonate to displace the ionic liquid from 
the near-wall region when concentration is increased.
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The serious pollution problems our societies suffer nowadays have 
ised the interest of the international community in the development 
 new environmentally friendly technologies that lead to a more sus-
inable energetic model. Electrochemical energy storage devices have 
sen in popularity as a key piece in the renewable energy produc-
n as well as in electric vehicles. Despite the fact that conventional 
hium-ion batteries have been successful up to now, they are no longer 
pable of meeting the current requirements in terms of capacity and 
curity standards, as they usually rely on liquid organic electrolytes 
at are often highly flammable. As such, new types of electrolytes are 
ing developed to alleviate the problems that lithium ion batteries 
esent.
Ionic liquids (ILs), which are often defined as compounds consisting 
clusively of ions with their melting point lying below 100 ◦C, have 
own themselves to be promising candidates for this mission [1–3], 
nce they present electrochemical and thermal properties suitable for 
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their use in energy storage [1]. ILs are usually made up of a bulky 
organic cation and an inorganic anion that present a strong asymmetry 
in their chemical structure, which allows them to remain liquid at room 
temperature [4]. A large number of possible anion-cation combinations 
that meet the previous condition exists and they show a wide range of 
useful properties, making it possible to create an IL for each specific 
application. Notwithstanding, there are some common characteristics 
among all the ILs, of which their low vapor pressure or high viscosity 
can be highlighted [5,6].

This last property is an obstacle when it comes to designing new 
energy storage devices, since it hinders ionic mobility within the elec-
trolyte. Due to this, to reach the values of the ionic conductivity re-
quested for many applications in the electrochemical industry, mixtures 
of ILs with different cosolvents that are able to reduce their viscosity 
(increasing ionic mobility) through the weakening of the electrostatic 
interactions of the system are being analyzed at the time. One type of 
cosolvent that can be included for IL customization are alkylcarbonates. 
These compounds, frequently used in commercially available lithium 
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g. 1. Molecular structures of the different species in the system and names 
ed for their most representative atoms. From left to right: ethylammonium, 
trate and ethylene carbonate. Red, blue, gray and white correspond to oxygen, 
trogen, carbon and hydrogen atoms, respectively.

tteries, are distinguished by the presence of the carbonyl group capa-
e of modifying the structure of the IL by interacting with it. Thus, their 
ixtures have been analyzed both by experimental methods [7–21] and 
mputational modeling [22–24]. For example, Linh et al. [7] proved 
perimentally that the addition of 20% of volume of ethylene carbon-
e (EC) decreases significantly the viscosity and improves the ionic 
nductivity of aprotic ILs at room temperature, reaching values simi-
r to those obtained from conventional electrolytes based on organic 
lvents. Likewise, Vogl et al. [10] have shown similar effects using 
opylene carbonate as a cosolvent with protic ILs, reaching competi-
e values of conductivity and, depending on the amount of IL, such 
ixtures might also display the ability to suppress the anodic dissolu-
n of Al.
Ternary mixtures including ILs, carbonates and alkali salts or molec-
ar solvents such as water have also gained a lot of attention in recent 
ars [25–34]. For example, Deshpande et al. [33] performed molecu-
r dynamics (MD) simulations to analyze the transport and mobility of 
hium ions in mixtures of N-methyl-N-propylpyrrolidinium bis(trifluo-
methanesulfonyl)imide with EC and LiTFSI, among other carbonates. 
us showing that the addition of this organic solvent enhanced the 
lf-diffusion of Li+ and ionic conductivities (with increases up to 20% 
r a 0.2 EC mole fraction). On the other hand, by combining experi-
ental measurements and MD simulations, Oldiges et al. [29] studied 
e influence of the amount of a pyrrolidinium-based IL in mixtures of 
/dimethyl carbonate (DMC) containing a lithium salt on the transport 
d solvation properties. They showed that an IL fraction of 10 wt% 
ovides conductivity values comparable to those of industrially rele-
nt carbonate-based electrolytes and, at the same time, it maintains the 
hium transference numbers observed for standard electrolytes while 
ticeably improving their thermal and electrochemical stabilities.
However, it must be noted that computational approaches are still 
arce even though they have proven valuable in providing a deep un-
rstanding of this kind of systems. Specifically, a full description at 
e molecular level of mixtures of EC with protic ILs, which are well-
own for the presence of strong hydrogen bonds between the cation 
d the anion [35], has not been developed yet. Moreover, further stud-
s regarding the microscopic structure of these systems are necessary 
 understand the different mechanisms operating within them. For that 
rpose, in this contribution MD simulations and experimental mea-
rements were employed to analyze thermodynamic (density), struc-
ral (radial and spatial distribution functions and hydrogen bonds) and 
namic properties (velocity autocorrelation functions, self-diffusion 
efficients and ionic conductivity) of ethylammonium nitrate (EAN) 
ixed with EC at different concentrations. Moreover, the computational 
alysis was extended to study the binary mixtures at the electrochemi-
l interface (number density profiles, charge profiles and orientations), 
hich is known to modify the properties of the bulk system [36], in or-
r to test their potential as electrolytes for energy storage devices. The 
olecular structures of the ions and the additive are illustrated in Fig. 1.
The paper is structured as follows: in Section 2 we describe the 
2

tails of the computational and experimental methodology, then in di
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ction 3 we present and discuss the results and, finally, in Section 4
e summarize our main conclusions.

 Materials and methods

1. Experimental details

Ethylammonium nitrate, EAN(l), was purchased from IoLiTec with a 
ated purity (mass fraction) of 0.97. EAN sample was dried under vac-
m for a minimum of 48 hours. The amount of water was less than 
0 ppm, and it was measured by using a Karl Fisher titrator (Mettler 
ledo C20), whose expanded uncertainty is 0.1 ppm. Ethylene carbon-
e, EC(s), was supplied by Acros Organics with a stated purity (mass 
action) higher than 0.99.
Density was measured by using a vibrating tube densimeter Anton 
ar DSA 5000 at 298 K, with a resolution of 10−6 g ⋅ cm−3. Apparatus 
libration was performed with dry air and distilled water as previously 
scribed in Ref. [37].
Electrical conductivity was obtained with a sensION+ EC71 con-
ctimeter from HACH, with a LZW 5292 probe formed by two parallel 
t platinum plates, which can work in a temperature range from 243 
 323 K. Measurements were collected in a temperature range from 
3 to 283 K. A calibrated Julabo F25 thermostat was used to control 
e temperature of the sample; the error in the temperature was lower 
an 0.1 K in the temperature range measured. These measurements 
ere taken in an isothermal regime, so the time spent on each one was 
 least 15 min while there was no expected phase transition, around 
0 K for EC [38] and 285 K for pure ethylammonium nitrate IL [39].

2. Computational details

Atomistic MD simulations of binary mixtures of EAN and EC were 
rformed using the Groningen Machine for Chemical Simulations 
ROMACS) version 2019.5 [40–42]. Also, the Optimized Potentials 
r Liquid Simulations in its all-atoms version (OPLS-AA) force field 
3–45] was employed in all simulations. The parameters for the sim-
ation of EC were extracted from Ref. [46], while the IL parameters 
ve been already described in Ref. [47]. In those cases in which the 
ixtures are analyzed at the electrochemical interface, since we are not 
terested in the explicit interaction between the IL and the electrode 
rface, a planar interface was modeled using the option included in 
ROMACS for creating implicit walls instead of including a surface with 
al atoms. This effect is represented as a surface-integrated Lennard-
nes potential, so only the average of the interactions that those atoms 
ould generate is taken into account. The atom type employed to rep-
sent the interaction was carbon opls_145 and the atomic wall den-
ties were chosen to match that of graphene (38.18 atoms∕nm2). These 
plicit surfaces were placed at a fixed distance in the Z direction of 
nm, which is large enough to allow the formation of a bulk-like cen-
al region that ensures the walls are not influencing each other [48]. In 
ct, this bulk-like region is expected to disappear with slit sizes smaller 
an 3 nm (depending on the IL), and the ionic distribution in the prox-
ity of the interface is presumed not to show a dependence on the 
stance between walls. In this case, periodic boundary conditions were 
plied in X and Y directions only.
For all the systems, we started by creating a simulation box using 
CKMOL [49], keeping the proper Z-length in the case of wall simu-
tions. Different simulation boxes were created for each concentration, 
nging from pure EAN to 60 mol% EC and always keeping a total of 
00 molecules in the simulation box. Thus, 50% entails 500 ionic pairs 
d 500 molecules of EC. Simulations beyond 60% EC were not carried 
t, since it was found experimentally that the system is not miscible for 
gher concentrations, as will be discussed below. In bulk simulations, 
r which full three-dimensional periodicity was applied, the creation of 
e box was followed by an energy minimization using a conjugate gra-

ent algorithm with a 0.1 kJmol−1 nm−1 tolerance. After that a 20 ns 
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Fig. 2. Left: simulated (circles) and experimental (triangles) densities at 𝑇 = 298.15 K for different concentrations. Expanded standard uncertainties are 0.0050 g/cm3

(0.95 level of confidence) for experimental data. Relative statistical uncertainties of computational density data are less than a 0.001%. Dashed lines are included as 
a guide to the eye. Right: average number of cation-anion (black) and cation-cosolvent (purple) hydrogen bonds per cation.
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abilization in the NpT ensemble (298.15 K and 1 atm) was carried 
t using a 2 fs timestep. Finally, a single production run of the same 
ngth was carried out for each concentration to obtain the structural 
operties. For the calculation of the dynamic ones, extensions to these 
mulations were performed. In particular, for the calculation of the ve-
city autocorrelation functions, new 250 ps runs with a 1 fs time step 
ere carried out, recording velocities at each simulation step. For the 
mputation of the conductivity extended 40 ns NVT simulations (with 
timestep of 1 fs) were carried out, with velocities also being recorded 
 each step.
On the other hand, for neutral wall simulations the energy mini-
ization was carried out using a steepest descent algorithm with the 
me tolerance as the previous ones, as it is more consistent in the 
st steps of the minimization. After this a first 13 ns stabilization in 
e NpT ensemble (298.15 K and 1 atm) was carried out, where the 
st 3 ns included an annealing process to avoid metastable configura-
ns. This treatment involved a linear increase in the temperature up 
 600 K and then a decrease back to the production temperature. In 
is case the timestep was reduced to 1 fs. Then, a 10 ns NVT stabi-
ation and a 20 ns NVT production run, both with a 2 fs timestep, 
ere performed. For charged wall simulations, the effect of charges on 
e electrode surface was mimicked by adding a constant electric field 
 the Z direction. Starting from the last configuration obtained in the 
utral wall simulations for each concentration, a 18.18 V/nm elec-
ostatic field was included between the walls, which corresponds to a 
arge density of ±1 e∕nm2 in each wall. Then, a 10 ns NVT stabiliza-
n with a 1 fs timestep was carried out followed by a 20 ns production 
n with a timestep of 2 fs.
Long-range Coulomb interactions were computed using the smooth 
rticle-Mesh Ewald electrostatics method [50] with a real space cut-
 radius of 1.1 nm. The Fourier grid spacing was 0.12 nm with cubic 
terpolation. Verlet cutoff scheme was employed to allow the opti-
ization of grid spacing and Coulomb cut-off. The Linear Constraint 
lver (LINCS) algorithm [51,52], with a fourth order expansion of the 
nstraint coupling matrix was used to fix all the bond lengths with 
-atoms. Moreover, for wall simulations the Yeh-Berkowitz correction 
3] was applied for the calculation of the Coulomb interaction. Fi-
lly, van der Waals forces were considered within a cut-off radius of 
1 nm. Temperature was controlled by means of the V-rescale ther-
ostat (0.1 ps coupling constant), which includes a stochastic term to 
sure a proper canonical ensemble [54]. Pressure was kept constant by 
ploying an isotropic Parrinello-Rahman barostat [55] for bulk simu-
tions, and a semi-isotropic pressure coupling for the ones with implicit 
3

alls (1 ps coupling time). be
 Results and discussion

1. Bulk simulations and experimental results

The first step was the determination of the solubility of EC (solid 
 room temperature) in EAN (liquid), since no information has been 
und about EC-EAN solubility. Different molar fractions of the mixture 
ere prepared at room temperature. Beyond an 80% of EC it was di-
ctly observed that the mixture was not fully soluble. The rest of the 
ixtures were kept for 48 hours in order to see possible precipitation, 
 two phases formation. After this time it was found that the maximum 
lubility was reached at a 60% of EC molecules at room temperature.

1.1. Density and hydrogen bonds
Some information on the structural effect of EC addition to EAN can 

 obtained from the analysis of volumetric properties. The comparison 
tween computational and experimental densities of the system for 
fferent EC concentrations at room temperature are shown in Fig. 2. 
en though the solubility limit was found at a 60% concentration of 
, experimental measurements were carried out up to a lower concen-
ation in order to avoid any damage of the apparatus. A monotonic 
crease with EC concentration is registered, as expected due to the 
gher density of the carbonate. As it can be seen, the agreement be-
een computational and experimental data is excellent in the low 
solvent concentration range. Moreover, both values for pure EAN 
e in good agreement with previously reported measurements [37,56]. 
ese results are further apart in the region near the immiscible regime 
here the computational predictions are slightly underestimated, but 
e difference between both methodologies is always less than 1%. 
ese deviations are clearly below the 5% threshold usually accepted 
 validate numerical simulations. Both data sets are included in Table 
 of the Supporting Information.
In order to make a first approach towards the microscopical behav-
r, the hydrogen bonds between the various species in the mixture can 
 calculated. This can be done in two ways, using either energetic or 
ometrical criteria for the definition of what is a hydrogen bond [57]. 
garding the latter, two molecules are considered to form a hydrogen 
nd if the distance between the donor and the acceptor is less than 
35 nm and the angle hydrogen-donor-acceptor is less than 30◦. In this 
ork the NH groups of the cation will be considered as donors and the O 
 the anion and cosolvent as acceptors. Thus, in Fig. 2 the average num-
r of hydrogen bonds normalized to the number of cations (donors) in 
e system is shown for both cases of cation-anion and cation-cosolvent 
nds. As can be seen, from the well-known result of three hydrogen 
nds formed by pure EAN [58] a slight decrease in the average num-

r of hydrogen bonds is obtained when the carbonate concentration 
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g. 3. EC concentration dependence of (left) the time autocorrelation functions 
 the presence of a cation-anion continuous hydrogen bond, and of (right) the 
tion-anion hydrogen bond lifetimes. Error bars are calculated from the results 
 fitting the biexponential described in [59].

 increased, due to the formation of new cation-cosolvent hydrogen 
nds. In any case, it can be stated that the presence of EC does not 
ad to any considerable disruption of the hydrogen bond network of 
e bulk IL for low carbonate concentrations (until 20% EC). For higher 
ncentrations its interaction with the IL is not relevant either, only 
sulting in a disruption of less than 4% for concentrations near the 
lubility limit.
To further analyze the evolution of the three-dimensional network 

 hydrogen bonds characteristic of EAN, we computed the time auto-
rrelation function of the presence of a hydrogen bond as

(𝜏) =

⟨
ℎ𝑖𝑗 (𝑡0)ℎ𝑖𝑗 (𝑡0 + 𝜏)

ℎ2
𝑖𝑗
(𝑡0)

⟩
, (1)

here ℎ𝑖𝑗 indicates the presence of a hydrogen bond between atoms 𝑖
d 𝑗 and takes the values 1 or 0 if there is or not a hydrogen bond, re-
ectively. In our calculations both intermittent and continuous hydro-
n bonds were considered, where the intermittency argument indicates 
e maximum number of frames for which a hydrogen bond is allowed 
 break and then being re-formed and counted again at a future point 
 time. An intermittency of zero is equivalent to a continuous hydro-
n bond, which means that if a hydrogen bond is not present at any 
ame between 𝑡0 and 𝑡0 +𝜏 it will be considered as missing at 𝑡0 +𝜏. The 
mparison of the intermittent hydrogen bonding time autocorrelation 
nctions for several intermittencies and different EC concentrations is 
cluded in Fig. S1 of the Supporting Information. Additionally, in Fig. 3
e continuous hydrogen bonding time autocorrelation function (left) is 
cluded together with the hydrogen bond lifetime (right) as a function 
 EC concentration, which was calculated as described in Ref. [59]. It 
n be seen that there is little variation of the hydrogen bond lifetime 
lue with the addition of EC to the system, which is compatible with 
e abovementioned weak disruption of the network.

1.2. Radial distribution functions and coordination numbers
To study in more detail the microscopic interactions between the 
mponents of the system, the radial distribution functions (RDFs) were 
lculated. From them, the cumulative radial distribution functions 
RDFs) were also computed in order to evaluate the coordination num-
rs. Both functions can be obtained from the simulation trajectories as

F𝑎𝑏(𝑟) =
𝑉

𝑁𝑎𝑁𝑏

𝑁𝑎∑
𝑖=1

𝑁𝑏∑
𝑗=1

⟨𝛿(𝑟𝑖𝑗 − 𝑟)⟩
4𝜋𝑟2

, (2)

DF𝑎𝑏(𝑟) =
𝑁𝑏

𝑟

4𝜋𝑟′ 2RDF𝑎𝑏(𝑟′)𝑑𝑟′, (3)
4

𝑉 ∫
0

bl
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g. 4. RDFs for the cation-anion (top) and the cosolvent-cosolvent (bottom) 
teraction. Insets represent the CRDFs.

spectively. In the above equations 𝑁𝑖 represents the number of par-
les of species 𝑖, 𝑉 the volume and brackets indicate the ensemble 
erage. From the CRDF the coordination number (CN) of 𝑏 species sur-
unding 𝑎 can be defined as CRDF𝑎𝑏(𝑟0) with 𝑟0 corresponding to the 
stance of the first solvation shell of 𝑎, i.e., the first minima of the RDF. 
r the RDF calculations different atoms were considered in each case: 
e nitrogen atom (N15) of [NO3]

−, the nitrogen atom (N1) and the 
rbon in the ethyl group (C8) of [EA]+ and the carbonyl oxygen atom 
2) of EC. All of them are labeled in Fig. 1.
The analysis of the RDF of the anion-cation interaction (Fig. 4a) 
ows that the structure of the pure IL is not strongly modified when 
 is added to the system and no changes in the solvation distances are 
und. The main modification is the increase in the height of the first 
ak as increasing the amount of carbonate that indicates a tendency of 
e IL to form clusters. Similar behavior was found in previous studies 
ith EAN in mixtures with other polar solvents as methanol [47] or 
methyl sulfoxide [60]. But in contrast with these works, no significant 
teraction of the IL with the EC is found as it can be seen in the RDFs 
 the nitrogen atoms of the ions (Fig. 5a and 5b), which represent 
e most interacting regions of these molecules. No relevant adsorption 
ints of EC appear near these nitrogen atoms at low EC concentrations 
d, when concentrations near the immiscible regime are approached, 
l these nearby adsorption regions end up disappearing.
To understand what happens with the cosolvent, the RDFs for the 
rbonate molecules were also determined. The height of the peaks in 
g. 4b indicates weak interactions between solvent molecules, which 
e well integrated in the mixture and do not tend to form aggre-
tes. This is consistent with previous findings in mixtures of EC with a 
rrolidinium-based IL doped with a lithium salt [34]. It is also useful 
 study the RDF of the tail of the [EA]+ with the carbonyl oxygen of 
e EC (Fig. 5c). As it can be seen, the coordination of EC with the ethyl 
oup of the cation is more probable than with its polar head, reveal-
g that this solvent prefers the least charged parts of the ions. In short, 
N is characterized by a pronounced polar–apolar domain segregation 
d it was observed that the inclusion of EC in the system is not capa-

e of breaking the three-dimensional hydrogen bond network formed 
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g. 5. RDFs for the anion-cosolvent (a) and the cation-cosolvent (b and c) 
teraction. Insets represent the CRDFs.

ble 1

ordination of the different atoms showed in Fig. 4 and 5 for different EC con-
ntrations (showed in the top row). The distance employed for the calculation 
included in parentheses for each pair of atoms.

0% 10% 20% 30% 40% 50% 60%

N1 - N15 (0.452 nm) 3.77 3.64 3.49 3.41 3.31 3.25 3.24

O2 - O2 (0.590 nm) - 0.61 1.17 2.02 2.74 3.47 4.25

N15 - O2 (0.544 nm) - 0.36 0.73 1.02 1.30 1.50 1.57

N1 - O2 (0.358 nm) - 0.06 0.14 0.19 0.26 0.31 0.32

N1 - O2 (0.598 nm) - 0.50 1.04 1.48 1.95 2.32 2.47

C8 - O2 (0.598 nm) - 0.58 1.17 1.75 2.34 2.83 3.10

 this IL. The features of the RDFs support the image of EC embedded 
 the nanostructured protic IL and, as its concentration increases, car-
nate aggregation will be more relevant until reaching the solubility 
it where large heterogeneous regions are generated.
The coordination numbers derived from the RDFs and the CRDFs in 
gs. 4 and 5 are given in Table 1. They confirm the weak influence of 
 in the structuring of the ionic species, since their coordination num-
rs do not vary significantly upon increasing the amount of solvent. 
ear the solubility limit, the first shell of the cation is increasingly 
ared between nitrates and carbonates, although the latter is placed 
 slightly longer distances. However, for these amounts of solvent, a 
ossover from anion-based cation coordination to a carbonate-based 
5

ordination is not observed. VA
Journal of Molecular Liquids 385 (2023) 122361

g. 6. Spatial distribution functions of ethylene carbonate around the cation 
p) and the anion (bottom) for a 40% concentration of solvent. Green and 
nsparent isosurfaces in (a-b) and cyan isosurface in (c) represent the regions 
ith a probability of finding an EC molecule 4.0, 2.5 and 1.5 times greater 
an the probability of an homogeneous distribution, respectively, determined 
 the carbonate bulk density. The red arrows in (c) have been included with 
e purpose of highlighting the inner solvation shell of EC molecules around the 
ion.

1.3. Spatial distribution functions
In order to obtain a three-dimensional picture of the structural dis-

ibution of the carbonate around the ions in the bulk, the spatial 
stribution functions (SDFs) were calculated, i.e., the angular depen-
nce of the probability distribution of finding a particle at a given 
stance from another one. Different isosurfaces of numerical density 
 the carbonyl oxygen atoms of the EC surrounding both ions were 
mputed using as reference: the three hydrogen atoms bonded to the 
trogen in [EA]+, the ones bonded to C8 carbon atom of [EA]+ and 
e three oxygen atoms in [NO3]

−. In Fig. 6 the results for a concentra-
n of 40% EC are shown, but they are analogous for any other value 
 the concentration of carbonate. As it can be seen, the carbonate is 
aced forming two solvation shells around the anion, in perfect agree-
ent with what was observed in Fig. 5. The prevalent position of EC on 
is solvation shell is in the region directly over nitrogen or in the bisec-
ix of the angle formed by two oxygen atoms and the central nitrogen, 
us leaving the areas in direct contact with this atoms for the coordi-
tion between the anion and the cation. On the other hand, the SDFs 
ound the cation confirm that carbonate molecules are preferentially 
sorbed in the area close to the cation tail instead the one near its po-
r head. It is interesting to note the great contrast between these two 
gions: whereas in the polar head the EC prefers to be accommodated 
cing the hydrogen atoms (thus breaking the hydrogen bonds with the 
O3]

−), in the apolar tail of the cation the carbonate molecules are 
cated in the regions surrounding the hydrogen atoms but avoiding 
rect contact with them.

1.4. Diffusion and conductivity
To analyze the dynamic properties of a system, correlation func-
ns are generally used, as they measure the degree of relationship 
tween the dynamic variables at different times. Specifically, the ve-
city autocorrelation functions (VACFs) can be used for studying the 
ngle-particle dynamics of these mixtures, which can be computed as
CF𝑖(𝑡) = ⟨𝐯𝑖(𝑡+ 𝑡0)𝐯𝑖(𝑡0)⟩, (4)
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Fig. 7. Normalized VACFs of the different species (left) and their self-diffusion coefficients (right) as a function of solvent concentration. Dashed lines are a guide to 
the eye. From top to bottom: cation, anion and carbonate. The insets show a zoom around the minimum of the VACFs.
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here the brackets correspond to the time average over all the particles 
 species 𝑖 within the system and all possible time origins.
A normalized version of the VACFs of the center of mass of all 
ecies in the system is shown in Fig. 7. Consistently with what is 
served when studying the structure of the system, the addition of 
solvent does not significantly modify the shape of the VACFs of the 
ns or their decay-to-zero time.
Thus, as in the case of pure EAN, [NO3]

− dynamics is shown to 
 bound to those of the cation, which is reflected in the fact that 
th species exhibit a similar decay-to-zero time. However, whereas the 
CFs of the anion monotonically vanish, those of the cation undergo 
 oscillation before asymptotically vanishing. This is indicative of an-
ns having a collision with another molecule before they rebound from 
e another and diffuse away, and cations experiencing a very weak 
ge effect. To illustrate this cation-anion behavior and the cage ef-
ct that is induced in the cation, cage autocorrelation functions (CaCF) 
 the ionic pair are included in Fig. S3 of the Supporting Information. 
ese ion cage autocorrelation functions have been computed following 
e procedure described in Ref. [60], with a cutoff distance of 0.452 nm
at corresponds to the first cation-anion solvation shell, and they show 
e presence of relatively resilient cages that become weaker with the 
dition of EC. Moreover, the [EA]+ dynamics is more influenced by the 
esence of EC, as can be seen by the small changes in its second valley 
hen increasing the concentration. This is associated to the fact that 
 molecules are mainly accommodated in the surroundings of EAN, 
hancing ionic motion. Finally, a more remarkable change is found 
 the VACF of the carbonate when varying the concentration. In this 
se, the VACF evolves from a smooth behavior for low concentrations 
lated to a weak interaction with the ionic pairs, to an enhanced rat-
6

ng motion at higher concentrations due to the interactions with other di
 molecules in the mixture. Also it is interesting to see that, in con-
ast with the ions, which are trapped in their solvation shells during 
4 ps before escaping to the bulk, EC molecules enter this regime after 
7 ps, due to their different sizes.
In addition, the vibrational Density of States (vDOS) can be straight-
rwardly obtained, since it is directly related to the Fourier transform 
 the VACFs. The results for the three species as a function of EC con-
ntration are included in Fig. S2 of the Supporting Information, where 
e spectrum of the carbonate shows a slight decreasing of the peak at 
w frequencies in favor of the appearance of a shoulder at frequencies 
ound 100 cm−1 when increasing the amount of carbonate.
The self-diffusion coefficients can be obtained from the VACFs using 
e conventional Green–Kubo relation:

𝑖 =
1
3

∞

∫
0

VACF𝑖(𝑡)𝑑𝑡. (5)

The above integral can be numerically estimated by calculating the 
mulative integral and averaging when it starts to oscillate around a 
fined value, which can be established after 50 ps. To carry out this 
erage and to be able to determine an uncertainty, this interval was di-
ded in 10 fragments, the self-diffusion coefficient and its uncertainty 
ing the average of the mean values of each segment and their stan-
rd deviation, respectively.
These results are shown in the right column of Fig. 7, where it can 

 seen that at low concentrations, up to a 20% of EC, there is hardly 
y growth in the self-diffusion coefficients, and even a decrease can 
 seen in the case of [EA]+ for 10% cosolvent concentration in the 
ixture. For higher amounts of carbonate, an enhancement of self-

ffusion of all species is obtained, as expected from previous works 
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g. 8. Experimental conductivities as a function of EC concentration (as mole 
rcentage) measured for different temperatures (top). Comparison between the 
perimental conductivity values and those obtained in the simulations both at 
= 298.15 K (bottom). Expanded standard uncertainties for experimental con-
ctivities are 1.0 mS/cm (0.95 level of confidence). In both figures lines are 
cluded as a guide to the eye.

 mixtures with carbonates [26,29,33,34]. This increase is linked, as 
n be seen when comparing with Fig. 2, to the weakening of the hy-
ogen bond network and the consequent reduction of the viscosity of 
e sample, thus favoring ionic motion. Finally, it should be noted that 
hen approaching the solubility limit (around 50% EC) the growth of 
e self-diffusion coefficient becomes more abrupt. This is probably due 
t only to macroscopic effects linked to reduced viscosity, but also to 
higher level of clustering that causes the ionic complexes to move to-
ther as a recognizable kinetic entity, as it can be seen in Fig. S3 where, 
en for the highest amount of carbonate, around a 20% of the cations 
e still surrounded by the same anions as at the beginning. Indeed, the 
hancement of ion self-diffusion coefficient from pure IL up to carbon-
e saturation is around a factor of 4 in both cases. These observations 
ncerning the diffusion of the three species can be also made by an-
yzing their mean squared displacements (MSDs), which are included 
 Fig. S4 of the Supporting Information as a log-log plot for several EC 
ncentrations.
Fig. 8 (top) shows the experimental curves of the variation of the 
nic conductivity with the amount of carbonate at different tempera-
res, as well as a comparison with the computational data at 298.15 K
ottom). Values of the experimental data sets are included in Table S2 
 the Supporting Information. From the experimental measurements 
can be seen how EC molecules do not increase the conductivity of 
N over the studied solubility range. Measured pure EAN conductiv-
 values are in complete agreement with previously reported results 
7,56]. To the best of our knowledge, no conductivity data of these 
stems can be found in the literature, although mixtures of EAN with 
her solvents have been published, such as its mixture with water 
6,61], nitromethane [62] and dimethyl carbonate [63], among oth-
s. In most cases, the introduction of different amounts of aqueous and 
n-aqueous solvents into an IL leads to an increase in ionic conduc-
ity (in contrast to the addition of a salt) due to the increase in ion 
obility. However, EAN has been found to show a significant degree of 
7

nic association and, as it was observed in the structural analysis, EC m
Journal of Molecular Liquids 385 (2023) 122361

 not able to liberate ions from their aggregates up to concentrations 
ose to saturation, when the strong hydrogen bond interaction between 
ions and cations is replaced by strong intermolecular interactions be-
een carbonates and cations. It must be taken into account that this 
n-coordinating role of EC would probably limit the ion transport 
mber in case of adding a salt to the system. This behavior has been 
eviously observed experimentally for pyrrolidinium nitrate-based ILs 
9] in mixtures with propylene carbonate. Concerning the temperature 
pendence, it can be seen that the ionic conductivity of each composi-
n increases with the temperature, as expected.
The experimental values obtained for the conductivity of the sys-
m can be compared with the results of MD simulations. Specifically, 
e conductivity can be computed from the self-diffusion coefficients 
tained from the VACFs using the Nernst-Einstein (NE) relation:

−𝐸 = 𝑁𝑒2

𝑘𝐵𝑇𝑉
(𝐷EA +𝐷NO3

), (6)

here 𝑁 stands for the ion number for each concentration. However, 
though this relationship has proven to be useful for concentrated mix-
res, its use should be restricted to diluted systems as this relationship 
glects all possible correlations between the ionic species. As in this 
ork only high ionic concentration systems are analyzed, Green-Kubo 
K) relations are also useful for estimating the conductivity. These 
lations, which take into account this ion correlation, state that for ho-
ogeneous and isotropic systems the conductivity of the system can be 
lated to the current autocorrelation function (CACF) through:

−𝐾 = 1
3𝑘𝐵𝑇𝑉

∞

∫
0

CACF(𝑡)𝑑𝑡 = 1
3𝑘𝐵𝑇𝑉

∞

∫
0

⟨𝐣(𝑡0 + 𝑡) ⋅ 𝐣(𝑡0)⟩𝑑𝑡, (7)

here 𝐣(𝑡) is the total current of the system at time 𝑡. From the veloc-
es of the extended simulations already mentioned in Section 2, the 
tal current was computed using GROMACS. Then, the autocorrelation 
as computed and its uncertainty calculated from the proper definition 
 the variance. From these results, the integral was estimated using the 
mposite trapezoidal rule and its uncertainty following usual uncer-
inty propagation rules. Finally, the weighted average of the results of 
is integral from 0.1 𝑛𝑠 to the last lags of the correlation were used 
 obtain the value of the conductivity. It was found that the cumula-
e integral had stabilized around its average value for this lag choice. 
all deviations on this choice of averaging time were found to not 
ter the conductivity value up to the statistical uncertainty.
The comparison between the experimental conductivity at 𝑇 =

8.15 K and the computational values obtained by using the NE re-
tion and the GK methodology is plotted in Fig. 8. For the sake 
 clarity, all the measurements have been normalized by their val-
s for pure EAN, which for NE and GK are (3.03 ± 0.15) mS∕cm and 
.64 ± 0.16) mS∕cm, respectively. As expected, our computational re-
lts are lower than the experimental one by around one order of 
agnitude, since the force field employed is not polarizable and thus 
suffers from slow dynamics [64,65], although it has been observed to 
edict the dynamics of ionic species qualitatively well [66,67]. How-
er, the use of non-polarizable force fields for structure calculations, 
hich are the main objective of this work, is well established and 
esents good results. As can be seen in the figure, when low/medium 
ounts of EC are added to the system, the simulations reveal no re-
arkable changes in the ionic conductivity, which is consistent with 
e experiments and with the previous structural findings of carbonate 
olecules not introducing significant changes in the ionic environment 
d, instead, accommodating themselves in the intermolecular voids. 
n the other hand, when the mixture is close to saturation, MD sim-
ations show an increase in the ionic conductivity despite the lower 
ount of ions per volume under dilution, which is due to a decrease 

 the viscosity and the greater diffusion of ions reported in Fig. 7 and is 
 line with previous computational predictions [34]. Both NE and GK 

ethodologies reproduce the same behavior as a function of carbonate 
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g. 9. Density profiles, normalized to the bulk density, for each species of the 
ixture in the proximity of a neutral surface as a function of EC concentration.

ncentration, but the former are higher because this relation neglects 
e cross-correlations of the single particle velocities, due to which a 
ir of ions with opposite charges would contribute to the diffusion but 
t to the conductivity, thus leading to a decrease in this magnitude.

2. Interfacial simulations

2.1. Density profiles
With the aim of gaining some insight on the reorganization of the 
ixture at the electrochemical interface, wall simulations were per-
rmed as described in Section 2. Firstly, the density profiles of the 
stem were calculated, i.e., the number density of the different parti-
es of the system on the z-axis. It must be noted that the density profiles 
mputed here are calculated taking one atom as reference for each 
ecies: the nitrogen of the ions and the carbonyl oxygen atom of the 
. Normalized density profiles for the neutral walls systems are shown 
 Fig. 9 for several concentrations of carbonate. Bulk density was com-
ted as the mean value of the region between 2.0 nm and 4.0 nm. Only 
e results for the surface located at z=0 are represented in Fig. 9, but 
e results for the opposite one are completely analogous, as expected. 
s it can be seen, the well-known electrical double layers (EDLs), that 
e typically found in these kinds of ionic systems [68–70], are present. 
ese layers can be clearly observed in the case of pure EAN where os-
llations in the distribution functions are observed fading away into the 
lk densities near the walls. The addition of carbonate to the system 
splaces the ionic species from the region closer to the walls towards 
e center of the simulation box, showing a stronger affinity for the car-
n surface than the IL. Indeed, when increasing EC concentration a 
rger number of EC layers are observed near the walls, e.g., at 40% 
ncentration a second layer can be seen at 0.70 nm from the wall, 
hich had just started to form at 20% concentration. At the same time, 
vanishing of the ionic layers can be seen at the highest concentra-
n in the regions closer to the walls, where the ionic concentration is 
wer than the bulk one. This effect of EAN being restricted to the cen-
8

r of the box could be indicative of a segregation between the IL and th
Journal of Molecular Liquids 385 (2023) 122361

e carbonate due to the presence of the walls, which induces a solubil-
 limit at lower concentrations than in the bulk. It can also be noted 
e existence of an inversion of the ionic species closest to the wall once 
e second layer of EC at 0.70 nm is formed, with the cations being the 
osest to the wall instead of the anions (as observed for pure EAN). A 
ssible explanation could be found in the fact that cations interact to 
greater extent with EC, as it was observed when analyzing the bulk, 
 they go along with solvent molecules when they place themselves 
 the neighborhood of the surface, thus generating this change in the 
nic ordering. Finally, it can be also highlighted that the height of the 
cond peak for EC density profiles increases with increasing solvent 
ncentration up to 5 times higher than the bulk density. This is even 
companied by the appearance of a third layer further away from the 
all (around 1.1 nm) when approaching the solubility limit; whereas 
e height of the first peak shows the opposite behavior.
Density profiles, normalized to the bulk density for charged walls 
omputed using the same criteria as for neutral wall simulations), are 
own in Fig. 10. In this case, the profiles of the main carbon of the 
rbonyl group have been included since, as it is discussed below, the 
ientation of the molecules will be of vital importance to understand 
arge distribution in the system. Firstly, looking at the positive wall 
laced at 𝑧 = 0 nm) it is immediate to see how, even though the in-
usion of EC changed the distribution of ions in the mixture near the 
utral interfaces, in this case the relative distance of [NO3]

− to the 
all does not change and it remains in the region adjacent to the sur-
ce. However, the relative density of [NO3]

− in the vicinity of this 
sitive wall with respect to that in the bulk decreases with the addi-
n of carbonate to the system, as expected. With regard to the cation, 
creasing EC concentration leads to a displacement of [EA]+ from a 
arby region to the anion to a region at approximately 0.8 nm and at 
wer density than in the bulk. This is due to the preferential attach-
ent of the carbonate close to the surface (at approximately the same 
stance as the anion), which replaces the cation by cosolvent molecules 
 the interface. At the highest EC concentration, we can observe an 
nic layering behavior that is compatible with classical Stern model 
 the electric double-layer, since only one layer of anions completely 
reens the field.
On the other hand, the situation at the negative surface (at 𝑧 = 6 nm) 

 very different. At low concentrations, it can be seen how the polar 
ad of [EA]+ (with a positive net charge) is located at the vicinity of 
e wall, barely allowing the carbonate to be located in this region (see 
g. 10 for 20% EC). As EC concentration is increased, more carbon-
e is located close to the wall, leading to the formation of EC barriers 
ound this negative surface. At moderate EC concentrations, [EA]+
olecules are still able to cross these formations, their maximum con-
ntration value being at the same distance in which they would be 
und in pure EAN. However, as EC concentration approaches the solu-
lity limit, the cation is replaced by carbonate molecules and carbonate 
yers are formed at 1 nm from the wall. This leads to the formation of 
veral layers of cations and anions in the region between 4 and 5 nm 
r high EC concentrations, as the cations (and the group of anions to 
hich they are bound) are restricted to be in this region before the new 
 barrier. This behavior is completely different from that observed 
ar the positive electrode. A suitable explanation for these distinct be-
viors between the positive and negative carbon structures lies on the 
fferent sizes of the ions. As the [NO3]

− molecules have a consider-
ly smaller size than those of [EA]+ and EC, they can cross the layer 
rmed by the carbonate, both species being mixed up and located at 
e same distance from the positive wall. However, [EA]+ is not able to 
oss this barrier towards the negative surface for high concentrations 
 EC, the situation where it is behind this barrier being more favor-
le, and thus prevailing the affinity of EC for accommodating itself 
ose to the wall over the effect of the field. We expect that, increasing 
e strength of the electric field, a larger amount of EC would be nec-
sary to completely displace the ionic species from the region next to 

e wall.



Journal of Molecular Liquids 385 (2023) 122361R. Lois-Cuns, M. Otero-Lema, A. Rivera-Pousa et al.

Fig. 10. Density profiles, normalized to the bulk density, for different atoms in the system at several concentrations when an electric field is applied. The atoms 
related to IL molecules are represented in black and those related to EC in violet. Note that the scales on the left and right 𝑦-axes are different, referring the former 
to IL atoms and the latter to EC atoms. The positive and negative walls are represented in red and blue, respectively.

Fig. 11. Charge density profiles in the perpendicular direction to the walls at different EC concentrations for neutral (left) and charged (right) wall systems. In both 
cases, bulk is omitted since it oscillates around zero. For neutral walls systems the right surface is not shown due to symmetry reasons. The positive and negative 
walls are represented in red and blue, respectively.
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2.2. Charge density profiles and orientations
Charge density profiles are shown in Fig. 11. For the systems be-
een neutral carbon structures a zero charge zone is found in the 
iddle of the nanoslit, whereas near the walls alternating positive-
gative charge layers are observed due to the EDLs formation. The EC 
ded to EAN is able to modify the charge profile in the neighborhood 
 the surface and provokes the excess positive charge to be displaced 
r from the walls, as it can be observed in the evolution of the height 
 the first and third peaks of the charge density when high molar frac-
ns of solvent are reached. Apparently, the formation of these layers at 
ch close distances to the wall seems to contradict what was analyzed 
 Fig. 9, where it was found that the ions (and thus the fundamen-
9

l charge source of the system) were displaced by the carbonate from ni
is vicinity at high cosolvent concentrations. Likewise, the fact that the 
sitive charge is accumulated in the area closest to the surfaces when 
ere is low carbonate concentration does not seem to be compatible 
ith the fact that the anion is the species that appears closest to the 
all (Fig. 9).
To understand the reason behind this charge arrangement, it is es-
ntial to consider the orientations of the different species in the system. 
r this purpose, the probability of finding a molecule in the 0.7 nm-
ide region from the wall forming a certain angle 𝜃 between a vector 
rpendicular to the walls (pointing towards the bulk) and its charac-
ristic molecular vector was calculated. For the cation, a vector joining 
th carbons with the application point being the carbon further from 

trogen (C8) was used. For the anion, the vector is such that it is per-
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g. 12. Marginal probability density distributions as a function of cos𝜃 for the 
fferent species in the neutral walls system in the region near the wall (up to 
7 nm).

ndicular to the plane formed by the atoms of the molecule, with 
 application point fixed at its center of mass. For EC two molec-
ar vectors were taken into account: firstly, a vector normal to the 
ng (with the center of mass of the ring as application point) and, 
condly, the vector of the carbonyl bond (with the carbon as appli-
tion point). For the purpose of clarity, the characteristic vector of 
ch molecule is represented in Fig. S5 of the Supporting Information. 
e marginal probability distribution of this conditional probability is 
own in Fig. 12. Looking first at [EA]+, this molecule is found in this 
gion with the tail perpendicular to the surface and carbon C8 being 
e closest atom, especially at low EC concentrations. In this way, the 
ils of [EA]+ are placed so that the combined partial charges of the 
ethyl group generate the positively charged region, explaining the ap-
arance of a positive peak at around 0.25 nm for the case of pure EAN 
 Fig. 11. This also explains its difference with the adjacent negative 
gion in terms of their absolute values, since the latter is generated by 
e anions lying parallel to the wall. As it can be seen in Fig. 12, the 
crease in EC concentration makes the parallel position of the cation 
ightly less favored, promoting a new range of orientations. This be-
vior, together with [EA]+ displacement from the region close to the 
alls, explains the fading of the positively charged zone. The explana-
n of why the first zone of negative excess charge does not disappear 
ith increasing EC concentration can be found in the orientations of 
e cosolvent itself. Looking at both plots in the bottom row of Fig. 12, 
ey reveal how the EC is positioned in such a way that, while keep-
g the ring parallel to the wall, the double bond of the carbonyl group 
mains so that the oxygen is closer to the surface. Since this oxygen 
rries the greatest partial negative charge of the entire molecule, this 
rticular arrangement generates the charge structure that can be ob-
rved in Fig. 11 for high EC concentrations, with a first remarkable 
gative zone followed by a positive one. Finally, it is important to 
ghlight the role of the cosolvent concentration in this charge distribu-
n and in the orientations of most of the ionic species. Specifically, it 
n be seen that there is a radical change in trend in both cases between 
% and 40% EC concentration. This is probably due to the formation 
 the second layer that could be observed in Fig. 9, which marks the 
paration between two regimes: one with a relative strong ionic pres-
ce in the layer closest to the wall and a second where this presence is 
10

stricted to the second layer. th
Journal of Molecular Liquids 385 (2023) 122361

On the other hand, when analyzing the profile of charged walls sys-
ms in Fig. 11, two different behaviors are found depending on the 
rface considered. In the region around the positive wall, no appre-
able change is registered when increasing EC concentration. The only 
table aspect is the considerable increase in the accumulation of pos-
ve charge around 0.4 nm with the increase in EC concentration. The 
planation lies in the orientation of the carbonates, specifically their 
uble bond, which can be analyzed thanks to the oxygen and carbon 
nsity profiles that form the bond and are shown in Fig. 10. In this 
se, the oxygen is located pointing towards the wall and the rest of 
e carbonate body, in a similar way to what happened in the case of 
utral walls, is found in the posterior region, thus provoking an accu-
ulation of additional positive charge in said area that compensates the 
splacement of the cation. This description can be also seen when an-
yzing the orientations of the different species in the proximity of the 
sitively charged surface, which are included in Fig. S6 of the Support-
g Information. However, near the negative surface more significant 
anges are found due to the presence of carbonate. For low solvent 
ncentrations, a double peak formation is observed in the region ad-
cent to the wall due to the presence of the two [EA]+ layers that are 
esent in Fig. 10. When increasing the EC concentration, this struc-
re disappears and the typical alternate positive-negative layer profile 
 presented. This change is observed at the same concentrations as the 
ange in the profile of neutral walls was found (20 and 40% EC), but 
ore significant changes are obtained for concentrations above 40%. It 
 interesting to note that for the most concentrated mixture, the more 
levant peaks in the charge profile are entirely due to the orientation of 
e EC, whose presence has completely displaced the ionic species from 
e interface. In this way, the closest positive excess charge is caused 
 the methylene groups in the ring, followed by a negative peak due 
 the oxygens of the ring. Then, a second positive peak due to the car-
n of the carbonyl group and, finally, a negative layer created by the 
ygen of that same group. As before, this is confirmed by the calcu-
tion of the orientations of the different molecules in the proximity 
 the negatively charged surface, which are included in Fig. S7 of the 
pporting Information. It can be seen that, for both electrodes, the ori-
tation of the co-ion and the carbonate is modified when increasing EC 
ncentration. We expect that, if we increase the strength of the electric 
ld, that modification would take place at higher EC concentrations, 
nce the carbonate would have more difficulties for displacing the ionic 
ecies from the interface. Also, at high concentrations, since the ions 
e accumulated behind the barriers formed by the EC, the charge pro-
es further apart than 0.7 nm from the wall are attenuated compared 
 those at the interface due to a high degree of ionic pair aggregation.

 Conclusions

The structure and dynamics of binary mixtures of a protic ionic liq-
d, EAN, and a carbonate solvent, EC, were studied in both bulk and 
terfacial situations by using MD simulations. Also experimental mea-
rements of density and conductivity were carried out to compare with 
e results of such simulations. Experimental analysis revealed a solu-
lity limit of 60% of EC at room temperature.
Computational structural analysis of bulk mixtures showed that EC 

 mainly located in the apolar regions of the IL, thus being unable to 
eak the well-known hydrogen bond network formed by EAN. This 
silience of the H-bond network can be also inferred from the dynamic 
operties, since the ionic motion is not favored up to EC concentrations 
ose to saturation. These findings are consistent with the experimental 
nductivity not increasing in comparison to the pure IL with increasing 
e carbonate content (even showing a slightly falling tendency) due to 
e nonexistence of remarkable changes in the ionic environment.
Interfacial simulations with neutral walls revealed that EC presents 
eater affinity for the carbon surface than the IL, displacing the lat-
r from its neighborhood and restricting it to the central region of 

e simulation box for high amounts of EC. Indeed there is a shift in 
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e behavior of the system at carbonate concentrations over 20%, from 
hich the IL is completely displaced from the region directly next to 
e wall. Also, some kind of separation between the compounds can 
 distinguished at the highest analyzed EC concentration, which can 
 interpreted as the miscibility limit being reached at lower carbon-
e amounts than in the bulk. When an electric field is applied, it was 
und that nitrate anions are able to compete against EC to be placed 
 the region near the positively charged wall. If high concentrations 
 carbonate are reached, cations cannot be located close to the nega-
ely charged surface due to their large size. Finally, the orientation of 
e carbonate was observed to have an effect on the charge distribution 
ound the cations in both neutral and charged wall simulations.
On the one hand, our results seem to predict that, if ternary mix-
res of EAN, EC and a metal salt are used in energy storage devices 
ch as supercapacitors, the amount of carbonate should be lower than 
% in order to avoid this compound to impregnate the electrode (and 
 impeding the interaction between the metal ion and the electrode). 
owever, a study of this kind of ternary mixtures should be carried 
t to properly estimate the ability of the metal cation to reach the 
ectrode, thus confirming or disproving this hypothesis, but up to our 
owledge no works combining these species can be found in the liter-
ure. On the other hand, electrode impregnation by the carbonate can 
 considered as a positive aspect in battery applications, since it can 
lp the formation and stabilization of the solid electrolyte interface 
1,72]. Additionally, the binary mixtures analyzed in this work could 
 useful in applications such as synthesis and catalysis, since EC and 
s have been already employed to produce ethylene glycol or dimethyl 
rbonate, but further analysis would be required.
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