
HAL Id: cea-01745404
https://cea.hal.science/cea-01745404v1

Submitted on 6 Sep 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Li+ solvation in pure, binary, and ternary mixtures of
organic carbonate electrolytes

Ioannis Skarmoutsos, Veerapandian Ponnuchamy, Valentina Vetere, Stefano
Mossa

To cite this version:
Ioannis Skarmoutsos, Veerapandian Ponnuchamy, Valentina Vetere, Stefano Mossa. Li+ solvation in
pure, binary, and ternary mixtures of organic carbonate electrolytes. Journal of Physical Chemistry
C, 2015, 119, pp.4502-4515. �10.1021/jp511132c�. �cea-01745404�

https://cea.hal.science/cea-01745404v1
https://hal.archives-ouvertes.fr


Li+ solvation in pure, binary and ternary mixtures of 
organic carbonate electrolytes. 

Ioannis Skarmoutsos
†,*

, Veerapandian 

Ponnuchamy
†, ‡

, Valentina Vetere 
‡
, 

Stefano Mossa
†,* 

† Univ. Grenoble Alpes, INAC-SPRAM, F-38000 

Grenoble, France; CNRS, INAC-SPRAM, F-38000 

Grenoble, France and CEA, INAC-SPRAM, F-3800 

Grenoble, France Emails: ioannis.skarmoutsos@cea.fr , 

stefano.mossa@cea.fr  

‡ Univ. Grenoble Alpes, LITEN-DEHT, F-38000 Grenoble, 

France and CEA, LITEN-DEHT, F-38000 Grenoble, 

France 

Abstract 

Classical molecular dynamics (MD) 

simulations and quantum chemical density 

functional theory (DFT) calculations have been 

employed in the present study to investigate 

the solvation of lithium cations in pure organic 

carbonate solvents (ethylene carbonate (EC), 

propylene carbonate (PC) and dimethyl 

carbonate (DMC)) and their binary (EC-DMC, 

1:1 molar composition) and ternary (EC-DMC-

PC, 1:1:3 molar composition) mixtures. The 

results obtained by both methods indicate that 

the formation of complexes with four solvent 

molecules around Li
+
, exhibiting a strong local 

tetrahedral order, is the most favorable. 

However, the molecular dynamics simulations 

have revealed the existence of significant 

structural heterogeneities, extending up to a 

length scale which is more than five times the 

size of the first coordination shell radius. Due 

to these significant structural fluctuations in 

the bulk liquid phases, the use of larger size 

clusters in DFT calculations has been 

suggested. Contrary to the findings of the DFT 

calculations on small isolated clusters, the MD 

simulations have predicted a preference of Li
+
 

to interact with DMC molecules within its first 

solvation shell and not with the highly polar 

EC and PC ones, in the binary and ternary 

mixtures. This behavior has been attributed to 

the local tetrahedral packing of the solvent 

molecules in the first solvation shell of Li
+
, 

which causes a cancellation of the individual 

molecular dipole vectors, and this effect seems 

to be more important in the cases where 

molecules of the same type are present. Due to 

these cancellation effects, the total dipole in 

the first solvation shell of Li
+
 increases when 

the local mole fraction of DMC is high. 

Keywords: Lithium ion, solvation, organic 

carbonates, battery electrolytes, molecular 

dynamics, density functional theory  

1. Introduction 

In recent years the demand for portable power 

applications has been highly increased, thus 

giving a considerable impetus to the 

development of novel electrochemical devices, 

such as electric double layer capacitors and 

lithium ion batteries. Lithium ion secondary 

batteries are very common in consumer 

electronics, such as laptop computers and cell 

phones, while they are also growing in 

popularity for automotive applications in order 

to decrease the green-house gas emissions in 

the atmosphere and, hence, to prevent global 

warming
1-3

.  In general Li-ion batteries have 

been deployed so far in a wide-range of energy 

storage applications, ranging from energy-type 

batteries of a few kilowatt-hour in residential 



systems with rooftop photovoltaic arrays to 

multi-megawatt containerized ones, for the 

provision of grid ancillary services.   

Li-ion cells mainly employ intercalation 

materials as positive and negative electrodes 

and aprotic electrolytes to conduct Li
+
.  The 

chemical nature of the electrodes determines 

the energy output, while the electrolyte affects 

the rate of the energy release by controlling 

mass transport properties within the battery
1
. 

The interactions between the electrolyte and 

the electrode materials are also very important 

and the formation of electrified interfaces 

between them often dictates the performance 

of the device. An electrolyte should meet a list 

of minimal requirements in order to be used in 

such devices. In general it should be a good 

ionic conductor and electronic insulator, have a 

wide electrochemical window, exhibit 

electrochemical, mechanical and thermal 

stability, be environmental friendly and inert to 

other cell components such as cell separators, 

electrode substrates, and cell packaging 

materials. 

As mentioned above, the transport of Li
+
 ions 

inside the electrolyte determines the rate of the 

energy transfer, which has been stored on the 

electrodes
4
. According to the literature the 

transport of Li
+
 ions is controlled by a two-step 

mechanism involving the solvation of the ions 

by the solvent molecules, followed by the 

migration of the solvated ions
5
. A deeper 

understanding of the solvation of Li
+
 ions may 

therefore act as a springboard towards the 

rational design of novel electrolytes with 

improved Li
+
 conductivity.   

By now, the most commonly employed 

strategy towards the rational design of 

electrolytes with optimal properties for battery 

applications is to use mixtures of cyclic and 

non-cyclic organic carbonates
6
. In such a way 

the high dielectric constant of cyclic 

carbonates is combined with the low viscosity 

of acyclic carbonates ensuring good 

performances under low temperature 

environments. On the other hand, the higher 

thermal stability of cyclic carbonates ensures a 

reasonable operating temperature range for the 

mixed solvent. 

Although several experimental and theoretical 

studies devoted to the interactions of  Li
+ 

with 

pure and mixed carbonate-based electrolytes 

have already been published, the solvation 

structure and dynamics of lithium cations in 

these solvents is still a subject of debate. 

Interestingly, even the determination of the 

coordination number around the lithium ions in 

pure carbonate-based solvents has not been 

definitely resolved
7-18

. While the generally 

accepted picture comprises a tetrahedral 

coordination of the carbonyl oxygen atoms 

around Li
+
, some experimental and theoretical 

studies propose the existence of local 

structures exhibiting slightly higher 

coordination numbers. The dependence of this 

local coordination number on the ion 

concentration is also somehow controversial. 

However, it should be emphasized that 

designing experimental methods or theoretical 

models to analyze the experimental data in 

order to provide a direct measurement of the 

coordination number is an extremely 

complicated task
7,19,20

. On the other hand, since 

the validation of molecular simulation results 

strongly depends on the direct comparison 

with experimental data, the development of 

experimental methods proving a direct 

determination of the coordination number 

becomes indispensable in order to obtain a 



clear picture about the local structural effects 

in liquid solvents. 

On the basis of the above considerations the 

aim of the present study is not to give a final 

answer to this particular problem. The main 

purpose is to provide some general insight 

concerning the differences in the solvation 

mechanisms of Li
+
 in pure and mixed binary 

and ternary carbonate-based solvents, by 

employing molecular dynamics simulations 

and quantum chemical calculations. Also, 

recent advances in the investigation of the 

local solvation structure by means of both 

experimental and theoretical techniques will be 

discussed and compared with the findings of 

the present study. Such a discussion might be 

used as a springboard towards a better 

understanding of the solvation phenomena in 

these electrolytes, significantly improving the 

rational design of electrolytes for battery 

applications. 

2. Computational Methods and Details 

2.1 Density Functional quantum chemical 

calculations 

Quantum chemical calculations for several 

clusters of pure, binary and ternary electrolytes 

including a lithium cation have been performed 

using the ADF software
21

.  The Density 

Functional Theory (DFT) has been employed 

for the optimization of structures, using the 

PBE GGA
22

 functional and a TZP (core double 

zeta, valence triple zeta, polarized) slater type 

orbital (STO) basis set. Our calculations for 

some representative clusters have revealed that 

the basis set superposition error (BSSE) 

corrections
23

 are negligibly small. A similar 

observation has also been pointed out in recent 

DFT studies
24,25

. Frequency analysis has been 

carried out for each structure ensuring the 

absence of imaginary modes, and confirming 

each structure as a minimum on the potential 

energy surface.  Zero-point energy (ZPE) 

corrections have been also taken into account. 

Thermodynamic quantities such as the entropy, 

enthalpy and free energy of the investigated 

clusters have been estimated at the temperature 

of 298.15 K. 

2.2 Molecular Dynamics Simulations 

In the present study the solvation structure of 

Li
+
 at infinite dilution in pure and mixed 

carbonate-based solvents has been investigated 

via classical molecular dynamics (MD) 

simulations. The selected pure solvents were 

ethylene carbonate (EC), propylene carbonate 

(PC) and dimethyl carbonate (DMC). The 

binary EC-DMC mixture with a molar 

composition 1 EC : 1 DMC and the ternary 

EC-DMC-PC one with 1 EC : 1 DMC : 3 PC 

molar composition were also studied. 

Inside each simulation cubic box, one lithium 

cation was placed among 215 solvent 

molecules in the case of the pure solvents and 

the ternary mixture, whereas in the case of the 

binary mixture it was placed among 214 

solvent molecules. Trial runs with larger 

system sizes have verified that the employed 

number of molecules are sufficient in 

describing the solvation structure of Li
+
 , 

avoiding in this way any possible artifacts 

arising from finite size effects. The initial 

configurations of the simulated systems were 

prepared by using the Packmol software
26

. 

The force fields employed in the simulations 

were adopted from previous studies
27,28

. The 

intermolecular interactions in these models are 

represented as pair wise additive with site-site 



12-6 Lennard-Jones plus Coulomb 

interactions. The EC and PC molecules were 

kept rigid during the simulations 

(intramolecular geometries can be found in the 

Supporting Information). It should be 

mentioned that when investigating the 

solvation of Li
+
 in pure solvents, test 

simulations were also performed using a 

flexible potential model
28

 for EC. It was 

observed that the local structure and 

orientation around Li
+
 in pure EC was not 

significantly affected compared to the case of 

the rigid model. This is possibly due to the fact 

that the rigid framework of cyclic carbonates is 

not significantly distorted by the presence of 

the intramolecular vibrational motions and 

therefore does not affect the packing of these 

molecules inside the solvation shell of Li
+
.  

 In the case of DMC, due to the existence of 

different conformers in the gas and liquid 

phase
29-31

, an intramolecular force field has 

been also employed. The intramolecular 

interactions have been represented in terms of 

harmonic angle bending and cosine series for 

dihedral angle internal rotations, whereas the 

bond lengths have been kept rigid by 

employing a modified version of the 

SHAKE
32,33 

 algorithm. The parameters of the 

intramolecular force field used are also 

presented in the Supporting Information. Due 

to the absence of a rigid framework, which is 

present in cyclic carbonates, intramolecular 

torsional motions could play an important role 

in the packing of DMC molecules.  It should 

be noted however that conformational 

transitions were not detected on the timescale 

of our simulations. 

 As pointed out in the introduction, the 

generally accepted picture comprises a 

tetrahedral coordination of the carbonyl 

oxygen atoms around Li
+
. The potential 

models used in the presented study predict 

such local structures
27,28

 and for this reason 

they were selected to be employed in the 

simulations. Results obtained with different 

potential models already published in the 

literature will be also discussed together with 

the findings of the present study.
 
 

The equations of motion were integrated using 

a leapfrog-type Verlet algorithm with an 

integration time step of 1 fs
34

.  The 

temperature has been fixed to 303.15 K and the 

pressure to 1 atm by coupling the systems to a 

Nose-Hoover thermostat and barostat with 

relaxation times of 0.2 and 0.5 ps, 

respectively
5,36

. The rigid body equations of 

motion for EC and PC molecules were 

expressed in the quaternion formalism
34

. A 

cut-off radius of 9.0 Å has been applied for all 

Lennard-Jones interactions and long-range 

corrections have also been taken into account. 

To account for the long-range electrostatic 

interactions the standard Ewald summation 

technique has been used
34

. The simulation runs 

were performed using the DL_POLY 

simulation code
37

. The systems were 

equilibrated for 25 ns and a subsequent run of 

15 ns was performed in each case, in order to 

calculate equilibrium properties. 

3. Results and Discussion 

3.1 Relative stability of isolated clusters 

By employing DFT calculations, using the 

methodologies described in section 2.1, a wide 

range of clusters of the type Li(S)n
 + 

(where 

S=EC,PC,DMC and n=1-5) were optimized. 

Thermodynamic parameters, such as the 

enthalpy, entropy and binding energy of these 



clusters have been also estimated 
38,39

, based 

upon the calculation of the total partition 

function resulting from the contribution of the 

translational, rotational and vibrational degrees 

of freedom
39

. The binding energies of these 

clusters have been expressed in terms of the 

equation: 

BE= E(Li(S)n
 +

) – E(Li
 +

) – n E(S)       (1)                                      

In order to provide an estimation of the 

preferable coordination number around the 

lithium cation, the most favorable path 

between these clusters  Li(S)n
 + 

has to be 

determined in terms of free energy changes. To 

do so, the free energies of the aggregates 

Li(S)n
+ 

+ m S ( n+m=constant=5 in this case) 

were estimated, in order to define the 

aggregate exhibiting the lowest free energy 

value. In this way, if the fragment Li(S)n
+ 

+ m 

S  has the lowest free energy value, all paths of 

the type: 

SmSLiSlSLi nk 


)()(       ,      

mnlk                       (2) 

will exhibit a negative free energy change ΔG, 

thus indicating that all possible paths leading 

to the cluster Li(S)n
+
 are favorable and, 

therefore, this cluster could be considered the 

most preferable one in terms of the free energy 

changes. Note that the paths depicted in Eq. 2 

can correspond to both additions or 

subtractions of solvent molecules from one 

particular cluster leading to another, depending 

on the relative difference lm . If 0 lm , 

then the transition is being achieved through 

solvent addition, otherwise through solvent 

subtraction.  

All the calculated values of enthalpy, entropy 

and binding energy of the investigated Li(S)n
 +

 

clusters, together with the free energy values of 

the Li(S)n
+ 

+ m S  aggregates are presented in 

Tables 1,2. From the results obtained it can be 

clearly seen that in the cases of EC and DMC, 

the predicted most favorable structures 

correspond to a tetracoordinated lithium cation. 

Similar conclusions have been drawn in the 

DFT study of Bhatt et al, studying the 

solvation of Li
+
 in EC

24
. In the case of PC the 

free energy difference for the path going from 

Li(PC)3
+
 to Li(PC)4

+
 is very small. This is an 

indication that although the Li(PC)3
+
 cluster 

has been predicted to be the most favorable 

one, both structures could possibly exist in the 

bulk phase. The optimized structures for 

Li(EC)4
+
 , Li(PC)3

+
 and Li(PC)4

+
, as well as for  

Li(DMC)4 
+
 are shown in Figures 1-3. From 

the data presented in Table 1 it might be also 

seen that in the cases of the tetracoordinated 

clusters the binding energies decrease in the 

order  E(Li(PC)4
+
)

 
> E(Li(EC)4

+
) > 

E(Li(DMC)4
+
), which is reasonable taking into 

account that the dipole moments of PC, EC 

and DMC molecules decrease in the same 

order (5.6, 5.3 and 0.35 D, respectively). It 

should be also noted that the entropic 

contributions to the free energy of each cluster 

exhibit the opposite trend, being more 

important in the case of the Li(DMC)4 
+
. 

 
Figure 1: Structure of the optimized Li(EC)4

+ cluster. 



 
 

 

Considering that the tetracoordinated structure 

is the most preferable one, the same 

calculations have been performed for clusters 

of the type Li(S1)n(S2)m
+
, where S1=EC, 

S2=DMC and n+m=4. The free energy changes 

for the transitions: 




2121 )4()4()()( SlSkSSLi lk
 

2121 )4()4()()( SmSnSSLi mn 
      (3)          

where 4 mnlk  and n,m,k,l=1-3, 

were also estimated, in order to find the most 

favorable structure among the clusters with 

two types of solvents around lithium. 

 

Figure 2: Structure of the optimized Li(PC)3
+ and 

Li(PC)4
+clusters. 

The calculated values of enthalpy, entropy and 

binding energy of the investigated  

Li(S1)n(S2)m
+
 clusters, together with the free 

energy values of the Li(S1)n(S2)m
+
 + (4-n) S1 

+(4-m) S2 aggregates are presented in Tables 

3,4. The results obtained reveal that among all 

the possible combinations of tetracoordinated 



 

Figure 3: Structure of the optimized Li(DMC)4
+ cluster. 

clusters containing both EC and DMC the most 

preferable is Li(EC)3(DMC)
+
, followed by 

Li(EC)2(DMC)2
+
 and eventually the 

Li(EC)(DMC)3
+
 is the least favorable among 

these three clusters. This finding is in 

agreement with both ab initio studies by 

Borodin and Smith
40

, where the relative 

stabilities were based upon the energies of the 

complexes, and with the very recently reported 

study by Bhatt and O’Dwyer
25

. The structures 

of the optimized clusters are presented in 

Figure 4. 

 

 

Figure 4: Structure of the optimized: (a) Li(EC)(DMC)3
+ ,   

(b) Li(EC)2(DMC)2
+ and (c) Li(EC)3(DMC)+ clusters. 

Finally, a similar analysis was performed for 

the clusters Li(S1)n(S2)l(S3)m
+
 (S1=EC, 

S2=DMC, S3=PC), containing EC, DMC and 

PC solvent molecules. The structures of the 

optimized clusters are presented in Figure 5.  

 

Figure 5: Structure of the optimized: (a) 

Li(EC)(PC)(DMC)2
+  , (b) Li(EC)(PC)2(DMC)+ and  (c) 

Li(EC)2(PC)(DMC)+ clusters. 

From the results obtained using the same 

methodology discussed above, which are 

presented in Tables 5,6 , it can be seen that the 

cluster Li(EC)2(DMC)(PC)
+
, seems to be the 

most favorable one, followed by 

Li(EC)(DMC)(PC)2
+
 and finally by 

Li(EC)(DMC)2(PC)
+
. However the free energy 

changes for the transition paths between these 

clusters are very small, indicating that all these 

structures could possibly exist in the bulk 

phase.  Also the free energy changes for the 

transition paths leading to the Li(EC)4
+
 and 

Li(PC)4
+
 clusters are very small. It has also 

been found that the transitions from clusters 

containing only EC and DMC to clusters with 

three types of solvent molecules, by 

substitution of one EC or DMC molecule with 

a PC one, are favorable in terms of the free 

energy changes.  The substitution of a DMC 

molecule has been found to be more favorable 

than the substitution of an EC one. In general 

the above findings indicate that the presence of 

PC contributes to the stabilization of the 

clusters. This fact can be also supported by the 

calculated binding energies of the 

tetracoordinated clusters, which are plotted 

together in Figure 6. 



 

 

 

 

Figure 6: Calculated binding energies of the optimized 

tetracoordinated Li+ clusters. 

Interestingly, from Tables 4,6 it can also be 

seen that the presence of DMC contributes to 

the increase of the entropy and therefore to the 

decrease of the free energy of the clusters 

containing more than one solvent type. 

Therefore, although from an energetic point of 

view the preference of Li
+
 to bind with the 

highly polar PC and EC molecules is 

undoubtful, from an entropic point of view the 

addition of DMC molecules contributes to the 

decrease of the free energy of the clusters. In 

the investigated finite size clusters the 

energetic contribution seems to be the most 

important one. However, the small free energy 

differences observed for the transition paths 

leading from one cluster to the other indicate 

that the formation of these clusters should be 

investigated at more extended length scales, in 

order to have a more realistic description of the 

effects taking place in the bulk liquid phase. 

This was the most important motivation to 

combine DFT calculations of isolated clusters 

with classical MD simulations at more 

extended length scales, in order to have a 

clearer picture about the solvation of Li
+
 in 

pure and mixed organic carbonate-based 

solvents. 

3.2 Liquid Solvation Structure  

3.2.1 Local Structural Inhomogeneities 

By analyzing the trajectories obtained by the 

classical MD simulations described in section 

2.2, the local structure around Li
+
 were 

investigated for all the selected pure and mixed 

solvents. The local structure was analyzed in  



 

 

terms of the most representative atom-atom 

pair radial distribution functions (prdf). The 

results obtained indicate a preferential 

interaction of Li
+
 with the carbonyl oxygen 

atom (OC) of the carbonate molecules, which is 

in agreement with all the previously reported 

experimental and theoretical studies. The 

calculated Li
+
-OC prdfs between Li

+
 and the 

carbonyl oxygen atoms of EC, PC and DMC in 

the pure, binary and ternary solvents are 

presented in Figure 7.  

One of the main features of the calculated 

prdfs is the existence of a high intensity peak 

located at 1.8 Å in all cases. In the cases of the 

pure solvents the amplitude of this first peak 

decreases in the order g (r) max 
DMC

 >                   

g (r) max 
PC

 > g (r) max 
EC

. In the cases of the 

binary and ternary mixtures, the amplitude 

increases significantly in the case of DMC and 

decreases in the cases of EC and PC. The high 

amplitude of the first peak of the   Li
+
-Oc prdf 

in the case of DMC indicates a strong 

interaction between Li
+
 and the DMC 

molecules. The position of the first minimum, 

which determines the size of the first solvation 

shell, is located at about 2.6 Å in the case of 

the pure solvents and the binary mixture and at 

about 2.4 Å in the case of the ternary one. In 

order to estimate the number of solvent 

molecules around Li
+
 in all the investigated 

systems, the local coordination numbers of 

each type of solvent were calculated as a 

function of the distance from the lithium cation 

and they are presented in Figure 8. The values 

of the peak positions and amplitudes of the 

calculated prdfs, together with the first 

minimum position and the corresponding 

coordination numbers for the first solvation 

shell are  presented in Table 7.   

From all these data it can be concluded that the 

solvation shell of Li
+
 consists of four solvent 

molecules and this situation does not change in 

the cases of the binary and ternary solvent 

mixtures.  At this point it should be mentioned 

that several MD simulation studies
27,28,40-47

 of 

the solvation of Li
+
 in pure carbonate solvents 

have given different estimations of the 

coordination number corresponding to the first 

solvation shell of Li
+
. In particular, whereas 

some potential models predict a solvation shell 



of Li
+
 which consists of four solvent 

molecules
27,28,40-42

, other force fields predict a 

higher coordination number 
43,45

. The potential 

models predicting higher coordination numbers 

also exhibit a strong dependence of the 

obtained coordination number on the salt 

concentration. From the shape of the obtained 

prdfs it is also clear that there are significant 

local structural inhomogeneities in the system. 

These structural fluctuations are reflected on 

the behavior of the prdfs, which reveal the 

presence of well-structured second and third 

coordination shells.  

 

 

 

Figure 7: Calculated Li+ - Oc radial distribution functions. 

 

                               

 

 

Figure 8: Calculated Li+ - Oc local coordination numbers. 

Eventually they reach the homogeneous limit, 

obtaining values close to unity, only at length 

scales longer than 15 Å.  

In the cases of mixtures of organic carbonate 

solvents only a limited number of studies
40,45,48

 

have focused on the solvation of Li
+
 in binary 

mixtures. Also, to the best of our knowledge, 

this is the first simulation study devoted to the 

solvation of Li
+
 in ternary mixtures of 

carbonate-based solvents. In binary and ternary 

mixtures, beyond the estimation of the  



 

coordination number of the primary solvation 

shell around lithium, the mixed composition of 

the shell is also of interest. The local 

compositional fluctuations in a spherical shell 

around Li
+
 can be characterized in terms of the 

corresponding local mole fractions of each 

type of solvent
49

.  For instance, in a ternary 

mixture of solvents with indices i, j, k the local 

mole fraction of solvent k around Li
+
 is 

expressed as: 

)()()(

)(
)(

rnrnrn

rn
r

kji

k
k


           (4)   

In Eq. 4, )(rnk  is the coordination number of 

solvent k corresponding to a spherical shell of 

radius r around Li
+
. In a similar way, all the 

local mole fractions for the different types of 

solvents in the binary and ternary mixture 

around Li
+
 have been calculated and are 

presented in Figure 9. The coordination 

number considered in the present calculations 

corresponds to the carbonyl oxygen atoms of 

each solvent around Li
+
. The results obtained 

from the present MD simulations actually 

reveal that in the cases of binary and ternary 

mixtures there is a high concentration of DMC 

in the first solvation shell of Li
+
. The existence 

of significant compositional fluctuations 

around Li
+
 can also be observed.  As a result of 

these fluctuations, the structure around Li
+
 

could be described in terms of a short-range 

structure (up to 4-5 Å from Li
+
) where the 

composition is rich in DMC, and by a longer-

range structure where in the case of the binary 

solvent mixture the composition is rich in EC 

and, in the case of the ternary one, it is rich in 

PC. At larger length scales, in the range of 

about 15 Å from the lithium cation, the local 

mole fractions of each solvent reach the 

corresponding bulk value. From Figure 9 it can 

also be observed that the typical length scale of 

these fluctuations around Li
+
 is slightly more 

extended in the case of the ternary mixture 

than in the binary one.  

      The findings of the MD simulations 

regarding the composition of the first solvation 



shell of Li
+
 in binary and ternary mixtures 

could be in contradiction with the results 

obtained by the DFT calculations. 

 

 

Figure 9: Local mole fractions (%) of EC,PC, DMC as a 

function of the distance from the lithium cation in the 

binary and ternary mixtures. 

However, it should be pointed out that the first 

shell structure predicted in the MD simulations 

could be the result of local structural 

correlations between the first, second and third 

solvation shells which exhibit completely 

different compositions. Indeed, the collective 

effects arising due to the interactions between 

regions of different density and composition 

could possibly stabilize the local structure 

observed inside the first solvation shell of Li
+
. 

These are clearly not taken into account in the 

cases of the DFT calculations, where isolated 

clusters have been investigated.  To perform a 

meaningful comparison between MD and DFT 

results in cases where significant structural 

fluctuations are present, extended far beyond 

the first solvation shell, the use of larger size 

clusters in DFT calculations seems to be 

needed. 

To obtain a more detailed picture of the 

multiple different local microstructures 

observed in the first solvation shell of Li
+
, an 

analysis of the different clusters 

Li(S1)n(S2)l(S3)m
+
 (S1=EC, S2=DMC, S3=PC, 

n,l,m= 0 – 4 and n+l+m=4) observed inside 

this shell was performed for the binary and 

ternary solvent mixtures. The relative 

populations of these are shown in Figure 10.  

 

Figure 10: Fractions of the Li(EC)n(DMC)4-n
+ and  

Li(EC)n(PC)m(DMC)4-n-m +  clusters in the binary and 

ternary mixture.  

In the binary mixture, the most prominent 

clusters inside the first solvation of Li
+
 are the 

Li(EC)(DMC)3
+
 and the Li(EC)2(DMC)2

+
, with 

the first exhibiting almost double occurrence 

probability. There is also a small fraction of 

clusters (7.2 %) where Li
+  

is pentacoordinated. 

About 80 % of these 5-coordinated Li
+
 

complexes consist of 2 EC and 3 DMC 

molecules, 19 % of 3 EC and 2 DMC 

molecules and an almost negligible 1 % 

fraction consists of 1 EC and 4 DMC 



molecules. In the ternary mixture the most 

prominent clusters are Li(EC)(DMC)2(PC)
+
 

and Li (DMC)2(PC)2
+
 , having though non-

negligible fractions of Li (EC)(DMC)(PC)2
+
, 

Li (DMC)3(PC)
+
, Li (DMC)(PC)3

+
 and a 

smaller one corresponding to the 

Li(EC)2(DMC)2
+
 cluster. It should be noted 

that almost half of the observed clusters with 

four solvent molecules (49.7 %) do not contain 

EC at all, whereas DMC is involved in the 

formation of all of them.  PC is absent in only 

6.2 % of the total fraction of clusters with four 

solvent molecules. There is also a fraction 5.75 

% of clusters with five solvent molecules and 

an almost negligible one (0.25 %) of clusters 

where Li
+
 is hexacoordinated. 

Interestingly, such a discrepancy between the 

results obtained by MD and DFT calculations 

has been also reported by Borodin and Smith
40

. 

In their study, Borodin and Smith performed a 

MD simulation of a solution of LiPF6 in an 

equimolar EC-DMC binary mixture 

(EC+DMC:Li=11.8)  using a polarizable 

potential model. The coordination number of 

DMC in the first solvation shell of Li
+
 was 

higher than the coordination number of EC. 

This is in contrast with the results reported by 

Tenney and Cygan
43

 , favoring the presence of 

EC in the first solvation shell of Li
+
 in a low 

concentration LiPF6 solution in a binary 

equimolar EC-DMC mixture. However, there 

is a significant difference between the potential 

models employed in these two MD simulation 

studies. The potential model used by Borodin 

and Smith
40

 mainly predicts tetracoordinated 

Li
+
 complexes inside its first solvation shell, 

whereas in the case of the simulation reported 

by Tenney and Cygan
45

 the solvation shell of 

Li
+
 mainly consists of five or six solvent 

molecules. The potential model used in the 

presented study also favors local structures 

with four solvent molecules around Li
+
. This 

observation was an additional motivation to 

search for possible correlations between the 

formation of a local tetrahedral structure and 

the preference of Li
+
 to form a first solvation 

shell mainly consisting of DMC molecules. 

3.2.2 First solvation shell orientational 

ordering 

The local tetrahedral structure around lithium 

can be investigated in terms of the tetrahedral 

order parameter, q
50

. This parameter q provides 

information about the extent to which a 

particle and its four nearest neighbors adopt a 

tetrahedral arrangement and is defined as:  
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In this equation jik  corresponds to the angle 

formed by the vectors ijr


  and ikr


, connecting 

the lithium cation i with the oxygen atoms of 

two of its four nearest neighbours j, k. Using 

this definition, q=1 in a perfect tetrahedral 

network and q=0 in an ideal gas
48

. Kumar et 

al
51

 have also suggested that an entropic term 

associated with this local tetrahedral order 

around a particle can be calculated from the 

probability distribution of the tetrahedral order 

parameter P(q): 

  dqqPqKS Btetr   )(1ln
2

3
     (6)                                            

We note that in general, the entropy of a fluid 

can be expressed in terms of several 

contributions arising from the integrals over 



multiparticle correlation functions
52-54

. 

However, our analysis revealed that 

orientational entropy plays a crucial role in the 

stabilization of the local solvation shell 

structures, and hence we have focused on this 

particular aspect of orientational order and 

entropy. Also Kumar et al 
51

 have proposed 

that in systems exhibiting significant local 

tetrahedral orientational order, the tetrahedral 

entropy captures the most important 

contributions arising from configurational 

orientational correlations
54

 and therefore offers 

a rather simpler way to investigate the entropy 

associated with such kind of local structures.  

The normalized distributions P(q) have been 

calculated for all the simulated systems and are 

presented in Figure 11.  

 

Figure 11: Normalized distribution of the tetrahedral order 

parameter around Li+ in all the investigated solvents. 

The average values of q and tetrS are shown in 

Table 8. From the shape of these distributions 

it can be seen that there is a very significant 

tetrahedral local ordering around Li
+
 in all 

cases and the addition of cosolvents does not 

significantly distort this structural order. The 

average values of q are in the range of about 

0.93-0.96 in all cases, very close to the ideal 

tetrahedron value. Whereas there is no 

significant difference in the average values of 

q, the calculated value of tetrS  is noticeably 

lower in the case of the pure DMC solution, 

signifying that from an entropic point of view 

the presence of DMC contributes to the 

stabilization of the local tetrahedral structure 

around Li
+
. 

As it has been pointed out by one of the 

Authors in a previous publication
55

, given the 

additive property of the integral in Eq. 6, the 

contributions of different cluster structures to 

the calculated 
tetrS  value can be easily 

extracted. By using the fractions nlm  of the 

different cluster structures Li(S1)n(S2)l(S3)m
+
 

(S1=EC, S2=DMC, S3=PC), already shown in 

Figure 10, the tetrahedral entropic term tetrS  

per lithium cation is given by

 
nlm

nlm

tetrnlmtetr SS   , where the 

contribution of each cluster state is: 

 

  dqqPqKS nlm

B

nlm

tetr   )(1ln
2

3
  (7)                                    

In this equation )(qPnlm
 is the normalized 

probability density distribution of the 

tetrahedral order parameter q corresponding to 

a cluster Li(S1)n(S2)l(S3)m
+
 inside the first 

solvation shell of Li
+
. The calculated values of 

nlm

tetrS corresponding to all the 

tetracoordinated Li
+
 clusters observed during 

the simulations of the dilute solutions of Li
+
 in 

the pure, binary and ternary solvents are 

presented in Figure 12. In general it can be 

observed that the clusters having a high 

fraction of DMC molecules (3 and 4 

molecules) exhibit a higher tetrahedrality, 

which is reflected in the lower values of 

nlm

tetrS .  Interestingly there is also a small  

 



 

difference in the 
nlm

tetrS values of the clusters 

Li (EC)2(DMC)2 
+
 observed in the binary and 

ternary solvent mixtures,  the  

Li (EC)2(DMC)2 (b) 
+
 and Li (EC)2(DMC)2 (t) 

+
 

clusters, respectively. This is a clear indication 

of the effect of the second solvation shell 

structure, which is different in the binary and 

ternary solvent mixtures, on the stabilization of 

the local structure observed in the first 

solvation shell. This observation further 

supports our previous statements that the use 

of larger size clusters in DFT calculations is 

required in cases where there are significant 

structural fluctuations, extended far beyond the 

first solvation shell. 

 

Figure 12: The calculated values of 
nlm

tetrS  

corresponding to all the tetracoordinated Li + clusters 

observed in the pure, binary and ternary solvents. 

It should be mentioned that previous 

experimental studies, using electrospray 

ionization and mass spectrometry (ESI-MS) 

techniques
56

, have predicted a stronger 

preference of Li
+
 to bind with EC than with 

DMC in binary EC-DMC solvents. This 

preference has been attributed to the stronger 

ion dipole interactions between Li
+
 and EC 

molecules. However, the Authors in that study 

pointed out that their results have been 

extracted from measurements of isolated 

clusters formed by two solvent molecules only 

instead of four. This difference has been 

attributed to the relative depletion of free 

solvent molecules at high salt concentrations or 

to a possible partial desolvation, during which 

the loosely bound molecules in the Li(S)4
+
 

clusters (S: solvent) could be lost before the 

solvated species ever reach the aperture of the 

spectrometer.  

Borodin and Smith
40,57

 pointed out in their 

study, where they observed a slight preference 

for Li
+
 to bind with DMC, that the composition 

of the Li
+
 solvation can be different in the gas 

and liquid phases. Takeuchi et al.
42

 have come 

to similar conclusions about the Li
+
 binding 

patterns to a PF6
 –

 anion. Another issue, which 

has not been discussed in the previous ESI-MS 

investigation, is the importance of the presence 

of the anions in the stabilization of the Li
+
 

solvation shell. The investigated solutions had 

a high salt concentration and therefore the 

presence of the anions could strongly affect the 

preferential binding of Li
+
 with the solvent 

molecules. The preferential solvation around 

Li
+
 in binary and ternary mixtures is a quite 

complicated issue and besides the relative 

permittivity and donicity of the cyclic and 

acyclic components of the mixed solvent
56

,  

salt concentration possibly plays a very 



important role. This statement is also 

supported by the findings of Borodin and 

Smith
40

, where the presence of PF6 
–
 anions in 

the solvation shell around Li
+
 strongly affects 

the preferential binding of Li
+
with the cyclic 

and acyclic solvent molecules. This was the 

main reason why in the presented study dilute 

solution of Li
+
 were selected to be 

investigated, to focus more on the effects 

arising just due to the individual cation-solvent 

and solvent-solvent interactions. However, the 

anion concentration effect on the local 

solvation structure of mixed electrolyte 

solvents is a very important topic and will be 

the subject of a forthcoming study. 

In general the preferential solvation around Li
+
 

is being discussed in terms of the strength of 

individual pair cation-dipole interactions. In 

this sense, the observed preferential solvation 

of Li
+
 by the non-polar DMC molecules 

instead of the highly polar EC and PC 

molecules seems to be problematic. To obtain 

a deeper insight, having in mind that collective 

effects might play a very important role in the 

solvation phenomena in condensed phases, the 

total dipole of the solvent molecules inside the 

solvation shell of Li
+
 was calculated as: 

 


i

ishM 


 , with    cLii rr              (8)                                           

These local collective dipole moments, 

corresponding to the sum of the individual 

molecular dipoles of the solvent molecules 

which are inside the first solvation shell of Li
+
, 

have been extracted by analyzing the 

trajectories of the classical MD simulations. 

It should be also noted that although the effects 

arising from induction interactions are not 

taken into account in the classical simulations, 

in contrast with ab initio methods, the atomic 

charges and molecular geometries used in the 

classical force fields have been extracted from 

high level ab initio calculations
27,58

 and predict 

dipole moments which are slightly higher than 

those reported experimentally for the gas 

phase. This is a very common approach to 

build effective classical potential models for 

liquid simulations, since due to polarization 

effects the dipole moments in the liquid phase 

are slightly higher than the gas phase ones.  

The effective potential models used also 

predict with a very good accuracy a wide range 

of properties of the neat liquid solvents
27,58

. 

In Eq. 8, rc = 2.6 Å is the distance determining 

the size of the solvation shell taken into 

account in the calculations. The calculated 

normalized probability density distributions 

)( shMP of the magnitude of the total dipole 

shsh MM


 for all the investigated systems 

are presented in Figure 13. 

 

Figure 13: The calculated normalized probability density 

distributions )( shMP of the magnitude of the total dipole 

shsh MM


  inside the solvation shell of Li+. 

From these data it is clear that inside the first 

solvation shell of Li
+
 in ternary and binary 

mixtures, which exhibits a high concentration 

of non-polar DMC molecules, the total dipole 

of the solvent molecules is higher than in the 

cases where Li
+
 is solvated by the highly polar 

EC and PC molecules. This finding signifies 



that the observed tetrahedral arrangement of 

the solvent molecules inside the solvation shell 

of Li
+
 causes a cancellation of the individual 

molecular dipole vectors and this cancellation 

is more important in the cases where molecules 

of the same geometry are present. When 

different types of solvent molecules are 

tetrahedrally packed inside the first solvation 

the resulting total dipole is higher, even though 

the fraction of the non-polar DMC molecules 

is higher. As a result, the local environment 

around Li
+
 becomes more polar when the 

fraction of DMC is higher. This observation 

clearly indicates that collective effects are very 

important in determining the local dielectric 

environment around a Li
+
 cation and the 

relative binding preferences should be 

determined on the basis of this collective 

dipole moment of the solvation shell and not in 

terms of pair ion-dipole interactions. 

Before closing this section it would be useful 

to point out again that the experimental 

determination of the coordination number 

around the lithium ions in pure carbonate-

based solvents has not been definitely 

resolved
7-18

. As it was mentioned in the 

introduction, it should be however emphasized 

that designing experimental methods or 

theoretical models to analyze the experimental 

data in order to provide a direct measurement 

of the coordination number is an extremely 

complicated task
7,19,20

. Nevertheless,  recent 

advances
59

 in coupling theoretical methods 

with experiments to bias molecular simulations 

with experimental data tend to favor a 

tetrahedral-like structure, as also sophisticated 

polarizable models
40

, which predict a wide 

range of properties very close to the 

experimental ones. This was the main reason 

why a simple model, predicting a tetrahedral 

network around Li
+
, was selected in the present 

treatment. In general, one of the most reliable 

experimental methods to extract information 

about the local structure in liquids is neutron 

diffraction. Only one neutron diffraction study 

of a 10 mol % solution of LiPF6 in liquid PC 

has been reported up to now
12

. In this study the 

authors, by integrating the total radial 

distribution function G(r) obtained by the 

diffraction experiments up to its first 

minimum, have estimated the coordination 

number around Li
+
 to be 4.5. However, they 

have assumed that all the contributions to the 

total G(r) at the short-range part up to 2.4 Å 

arise from the Li
+
-Oc prdf. By inspecting the 

above mentioned theoretical studies
40,59

 and by 

performing a trial simulation of the same 

system, it became obvious that the Li
+
-F prdf 

contributes to the shape of the total G(r) at this 

short-range. Therefore, a part of this 4.5 

coordination number arises from the Li
+
-F 

coordination number. But the cation-anion 

coordination number at the same distance 

range is definitely smaller, since the  Li
+
-F prdf 

and the corresponding coordination number 

provide information about the number of 

fluorine atoms inside the solvation shell of Li
+
, 

which of course could belong to the same PF6
-
 

anion. As a consequence, it is very likely that 

the coordination number giving the total 

number of solvent molecules and anions 

around Li
+
 should be smaller and could be 

even closer to four, or less. However, from that 

neutron diffraction study it’s not possible to 

extract the separate contributions of the Li
+
-Oc  

and Li
+
-F prdfs in order to have a more 

accurate estimation of the total coordination 

number in the first solvation shell of Li
+
. From 

this observation it becomes clear that even the 

interpretation of experimental data should be 



treated very carefully and if it is also combined 

with reverse modeling techniques
60

 it could 

provide even more valuable information. 

4. Concluding Remarks 

 

In the present study the solvation of Li
+
 in pure 

carbonate-based solvents and their binary and 

ternary mixtures has been investigated, using a 

combination of quantum chemical DFT 

calculations and classical MD simulations. An 

analysis based on the changes in the free 

energy associated to the transitions between 

different types of clusters formed by the 

lithium cation and the solvent molecules has 

shown that the formation of complexes with 

four solvent molecules is the most favorable. 

In the cases of clusters containing EC and 

DMC molecules, the DFT calculations have 

predicted a preferential binding with EC rather 

than with DMC. For the clusters including at 

the same type EC, PC and DMC molecules, 

although the Li(EC)2(DMC)(PC)
+ 

has been 

predicted to be the most favorable one, the free 

energy changes for the transition paths 

between several clusters are very small, 

indicating that all these structures could 

possibly exist in the bulk phase.  

On the other hand the MD simulations have 

revealed the existence of significant structural 

heterogeneities, extending up to a length scale 

which is more than five times the size of the 

first shell radius. These heterogeneities are 

very important in the cases of the binary and 

ternary solvent mixtures, revealing very 

significant compositional inhomogeneities 

around a lithium cation. As a result of these 

fluctuations, the structure around Li+ in the 

mixed solvents can be described in terms of a 

short-range structure (up to 4-5 Å from Li+), 

where the composition is rich in DMC, and by 

a longer-range structure where in the case of 

the binary solvent mixture the composition is 

rich in EC and in the case of the ternary one it 

is rich in PC. The local mole fractions of each 

solvent obtain their bulk values at more 

extended length scales, as it was mentioned 

above. This finding indicates that the collective 

effects arising due to the interactions between 

regions of different composition could possibly 

stabilize the local structure of the first 

solvation shell of Li
+
.  

In the DFT calculations of the finite size 

isolated clusters, although from an energetic 

point of view the preference of Li
+
 to bind with 

the highly polar PC and EC molecules is 

undoubtful, from an entropic point of view the 

addition of DMC molecules contributes to the 

decrease of the free energy of the clusters. In 

these finite size clusters the energetic 

contribution seems to be the most important 

one. However, the small free energy 

differences observed for the transition paths 

leading from one cluster to the other indicate 

that the formation of these clusters should be 

investigated at more extended length scales in 

order to have a more realistic description of the 

effects taking place in the bulk liquid phase. 

The existence of significant structural 

fluctuations in the bulk liquid phases, extended 

far beyond the first solvation shell, signifies 

that to achieve a direct comparison between 

the MD and the DFT results the use of larger 

size clusters in DFT calculations seems to be 

more appropriate.  

The MD simulations have also revealed that 

there is a very significant tetrahedral local 

ordering around Li
+
 in all cases and the 

addition of cosolvents does not distort this 

structural order. By calculating an entropic 



term associated with this local tetrahedral order 

around Li
+
, it has also been revealed that the 

clusters having a high fraction of DMC 

molecules (3 and 4 molecules) exhibit a higher 

tetrahedrality, which is reflected in the lower 

values of this entropic term. Therefore, from 

an entropic point of view the presence of DMC 

contributes to the stabilization of the local 

tetrahedral structure around Li
+
. 

A very interesting finding also revealed in the 

present study is that inside the first solvation 

shell of Li
+
 in the ternary and binary mixtures, 

which exhibit a high concentration of non-

polar DMC molecules, the total dipole of the 

solvent molecules is higher than in the cases 

where Li
+
 is solvated by the highly polar EC 

and PC molecules. The observed local 

tetrahedral packing of the solvent molecules in 

the first solvation shell of Li
+
 causes a 

cancellation of the individual molecular dipole 

vectors, which seems to be more important in 

the cases where molecules of the same type are 

present. These collective effects are very 

important in determining the local permittivity 

around a Li
+
 cation and the relative binding 

preferences should be based upon this total 

dipole moment of the solvation shell and not in 

terms of the pair ion-dipole interactions, which 

is traditionally considered as the most 

important factor determining the preferential 

solvation in such systems. Further work is in 

progress to elucidate the impact of the above 

static structural features on dynamic and 

transport properties of the investigated 

electrolytes. 
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