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Molecular dynamics simulations of Li+BF4- in liquid ethylene carbonate, propylene carbonate, and dimethyl
carbonate at low concentration are reported. Structural, thermodynamical, and dynamical properties have
been obtained at 323 and 348 K in ethylene carbonate, 298 and 323 K in propylene carbonate, and 298 K in
dimethyl carbonate. The diffusion coefficient of the lithium cation is found to be very similar in the three
solvents ((0.3-0.6)× 10-9 m2 s-1 in this temperature range). This behavior is linked to the structure of the
first solvation shell, which contains four strongly bound solvent molecules in a tetrahedral arrangement in all
three cases. No exchange of solvent molecules between the first and the second solvation shells of the lithium
ion have been observed during the 100-ps simulations. In the three carbonates, the fluoroborate ion is bound
to 19 or 20 solvent molecules in the first solvation shell, the coordination shell being much less structured
than in the case of the lithium ion, and the diffusion coefficient exhibits a more significant solvent and
temperature dependence.

I. Introduction

Solutions of lithium salts in liquid propylene carbonate (PC),
ethylene carbonate (EC), and dimethyl carbonate (DMC) or their
mixtures have considerable industrial interest due to their use
as electrolytes in rechargeable lithium batteries.1 Such solvents
and their mixtures have proved to be among the most efficient
in terms of battery cyclability,2 and the analysis of the electrolyte
physical properties is a necessary step in the understanding of
the differences between the electrolytes.
Molecular dynamics simulations are often used to characterize

the behavior of electrolyte solutions. Many works concern
aqueous solutions3-7 or aqueous solutions near an electrode.8

In rechargeable lithium batteries, either liquid or polymer

electrolytes are used industrially. In this field, molecular
dynamics simulations have so far concerned polymer electrolytes
such as poly(ethylene oxide)-like systems.9-13

In this work, we focus our attention on the structural and
dynamical properties of dilute solutions of lithium fluoroborate
(LiBF4) in liquid EC, PC, and DMC. For that purpose we have
undertaken molecular dynamics (MD) simulations of one Li+-
BF4- ion pair in liquid EC, PC, and DMC at different
temperatures. The details of the simulations are given in section
II. In section III, we present and discuss our results concerning
the structure of the first solvation shell around the ions, the
solvation energies, and the ionic diffusion.

II. Simulation Details

Intermolecular interactions are described by atom-atom
Lennard-Jones 12-6 (LJ) and Coulomb interactions. The
optimized parameters for liquid-phase simulation (OPLS) LJ
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parameters of Carlson et al.14 are used (with geometric average
combination rules). The electrostatic interactions are modeled
using partial atomic charges. For the carbonate molecules and
the BF4- ion, the charges are fitted to reproduce the electrostatic
potential around the molecule obtained from ab initio calculation
using the Hartree-Fock 6-31G** wave functions by means of
the program GRID.15 LJ parameters for lithium and fluorine
atoms are fitted to reproduce Hartree-Fock 6-31G** ab initio
calculations on Li(EC)n)1,2

+ and BF4(EC)1- clusters. The list
of parameters is given in Table 1, and the molecules involved

are sketched in Figure 1. Molecular flexibility is taken into
account through the inclusion of an intramolecular force
field. A previous study has shown that among the Amber,16

CVFF,17 and CFF9118,19 force fields, CFF91 is the only one
leading to acceptable agreement with the minimum energy
structures of EC, PC, and DMC as well as their barriers to
conformational inversion.20 Consequently, the CFF91 forcefield
is used to describe the intramolecular interactions of the three
carbonate molecules. For PC, we consider a racemic mixture
of enantiomers. The tetrahedral BF4

- ion is treated as rigid

TABLE 1: van der Waals Parameters and Partial Charges
Used in the Intermolecular Potentials for Ethylene
Carbonate (EC), Propylene Carbonate (PC), and Dimethyl
Carbonate (DMC). The Labels of Atoms Are Defined in
Figure 1

molecule atom σ/Å ε/(kcal mol-1) q/e

EC O1 2.96 0.210 -0.6452
C1 3.75 0.105 1.0996
O2-3 3.00 0.170 -0.4684
C2-3 3.50 0.066 0.0330
H1-4 2.50 0.030 0.1041

PC O1 2.96 0.210 -0.6378
C1 3.75 0.105 1.0489
O2 3.00 0.170 -0.4509
O3 3.00 0.170 -0.4120
C2 3.50 0.066 -0.0040
C3 3.50 0.066 0.0832
C4 3.50 0.066 -0.3264
H1-6 2.50 0.030 0.1165

DMC O1 2.96 0.210 -0.6774
C1 3.75 0.105 1.0864
O2-3 3.00 0.170 -0.4478
C2-3 3.50 0.066 -0.1561
H1-6 2.50 0.030 0.1331

Li+ 1.46 0.191 1.0000
BF4- B 0.00 0.000 0.9756

F 3.00 0.068 -0.4939

TABLE 2: Results of Molecular Dynamics Simulations of Dilute Solutions of One Li+BF4- Ion Pair in Three Liquid Carbonate
Solvents (214 Molecules)a

EC 323 K EC 348 K PC 298 K PC 323 K DMC 298 K

box edge/Å 28.90 29.11 31.29 31.53 31.14
equilibration/ps 125 10 60 25 40
sampling/ps 100 100 100 100 70
T/K 322.7 347.8 297.5 322.6 297.9
pressure/105 Pa 1727 1271 612 427 72
energies/kJ mol-1

solution
Utot -16205 -15813 -16100 -15387 -11713
Li+-solvent
Upot -1012.3 -997.1 -990.0 -995.5 -948.0
Uel -1052.7 -1035.9 -1029.9 -1030.9 -993.2
Urep 76.0 74.0 75.3 69.8 81.5
Udis -35.6 -35.1 -35.4 -34.4 -36.7

BF4--solvent
Upot -468.8 -466.5 -459.1 -454.7 -416.7
Uel -452.9 -452.0 -445.1 -438.5 -401.9
Urep 52.6 51.5 48.4 44.5 38.5
Udis -68.5 -66.0 -62.4 -60.6 -58.3

diffusion coefficient/
10-9 m2 s-1

Li+ (VAC) 0.37 0.46 0.42 0.58 0.44
Li+ (MSD) 0.47 0.40 0.40 0.51 0.51
BF4- (VAC) 0.43 0.95 0.24 0.78 1.42
BF4- (MSD) 0.60 1.00 0.34 1.08 1.60

a T is the average temperature.Utot is the average total potential energy of the solution,Upot,Uel,Urep, andUdis are potential energy and electrostatic,
repulsion, and dispersion components of the potential energy of the ions in the solutions. Pressure and total potential energyUtot include the usual
corrections due to the truncation of Lennard-Jones interactions at half the box edge. Self-diffusion coefficients are obtained from the velocity
autocorrelation function (VAC) and mean square displacement (MSD).

Figure 1. Structure and definition of the atomic labels for the ethylene
carbonate (EC), propylene carbonate (PC), and dimethylcarbomate
(DMC) molecules.
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with B-F and F-F distances equal to 1.39 and 2.27 Å,
respectively.
NEV molecular dynamics simulations were performed for

one Li+ and one BF4- ion in a cubic box containing 214 solvent
(EC, PC, or DMC) molecules using periodic boundary condi-
tions. The box sizes are given in Table 2. For three of the
simulations (at the lowest temperatures for EC and PC solu-
tions), the initial configuration was prepared from a thermalized
configuration of the neat solvent at the experimental density
(216 molecules) by replacing two molecules by Li+ and BF4-

ions. The molarity of each solution lies in fact in the range
0.05-0.07 M. For the simulations at 348 K with EC and 323
K with PC, the starting configuration of the thermalization
process was the final one of the simulation of the same solution
at the lowest temperature modified by a volume scaling in order
to recover the density of the neat liquid. Rethermalization was
then carried out afterward for a variable duration with a time
step of 1 fs (see Table 2).
Production simulations were performed at 323 and 348 K

for LiBF4/EC and at 298 and 323 K for LiBF4/PC to examine
the temperature dependence of the ionic diffusion coefficients.
The simulation at 298 K in DMC is only 70 ps long. The
equations of motions were integrated with the velocity Verlet
algorithm,21 and the bond lengths were kept rigid by employing
the algorithm Rattle.22 The long-range electrostatic interactions
were taken into account by the lattice summation of Ladd23-25

supplemented by the reaction field of a conductor (εRF ) ∞).
The Ladd expansion is truncated after the term proportional to
1/a11, wherea is the box edge. The LJ interactions are truncated
beyond a molecular cutoff distance equal toa/2.

The simulations were done with the MDpol package26 on an
IBM SP2 parallel machine (processor 390). One time step in
sequential treatment requires 18.2, 30.3, and 25.9 s of CPU time
for EC, PC, and DMC solution, respectively. Test calculations
with the coarse-grained parallel version of our program have
shown that the acceleration factor remains close to the optimum
value up to four processors. To optimize our CPU time
allocation, all the simulations were done using four processors
for which a speedup of 3.8 was obtained.

III. Results and Discussion

A. Structure and Thermodynamics. The simulation results
are given in Table 2. The total potential energy is given as
well as the interaction energy of each ion with the solvent. For
each solution, the ion-solvent energy is mainly electrostatic
(about 95%) and close to-1000 kJ/mol in each solvent for
Li+ and-450 kJ/mol for BF4-.
Some radial distribution functions (RDFs)gRâ(r) for Li+-

solvent atom and BF4--solvent atom are shown in Figures 2
and 3. The cumulative coordination numbernRâ(R) of one atom
R is obtained from the relation

From some appropriate atom-atom RDFs, eq 1 reveals that
there are four solvent molecules in the first solvation shell of
the lithium ion and 19 or 20 molecules in the case of BF4

- for
the systems studied. This observation is in agreement with the
experimental study by Hyodo and Okabayashi27 of the local

Figure 2. Some carbonate atom-Li+ ion radial distribution functions (solid line) and running coordination numbers (dashed line). Left column:
EC atom-Li+ (323 K). Middle column: PC atom-Li+ (323 K). Right column: DMC atom-Li+ (298 K).

nRâ(R) ) 4πFâ∫0R gRâ(r) r
2 dr (1)
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structure of LiClO4 in EC by Raman spectroscopy. These
authors have found a coordination number of 4 at 313 K
independent of the concentration in the range 0.1-1.0 M. For
the system LiBF4/EC, the first peak ingO1-Li+ appears at 1.78
Å with an intensity equal to 55. For the LiBF4/PC and LiBF4/
DMC systems, this peak appears at a slightly shorter distance
than in EC solvent, and the intensity increases to 75 and 85,
respectively. ThegC1-Li+ RDF shows that differences occur
between the systems for the second solvation shell. For LiBF4/
EC, a peak appears at 4.1 Å, whereas for LiBF4/PC it appears
at 5.0 Å. For LiBF4/DMC, there is no structure after 5 Å for
this RDF. Figure 4 presents typical configurations of the first
solvation shell around the Li+ ion in EC and DMC; for Li+/PC
the picture is very similar to the case Li+/EC. The distribution
function of the angle Li+-OdC between the line joining the
lithium ion and the carbonyl oxygen and the OdC carbonyl
bond of the four EC molecules of the first solvation shell of
the ion is shown in Figure 5 for the simulation at 323 K; the
most probable value is 160°, and similar results are found at
348 K and in LiBF4/PC solution. The flexibility of the DMC
molecule exhibits some interesting features. This molecule has
two stable conformers, trans-trans (C2V) (shown in Figure 1)
and trans-cis (Cs), 13.2 and 13.9 kJ/mol less stable than the
trans-trans one from ab initio MP2/6-31G**//HF/6-31G**
calculations and from the CFF91 force field, respectively. The
Cs conformer (not shown in Figure 1) is obtained by rotating
one CH3 group 180° around the C1-O2 (or C1-O3) bond. The
barrier between both rotamers is equal to 43.2 kJ/mol (MP2/

6-31G**//HF/6-31G**) or 36.2 kJ/mol (CFF91). In the liquid
phase, nearly all the molecules have the trans-trans geometry.
In the first solvation shell of the lithium ion, it is found that
roughly two molecules have on average the trans-trans
conformation and the two others adopt the trans-cis one. In
Figure 6, the fraction of trans-cis DMC molecules as a function
of the distanced between the lithium ion and the DMCmolecule
center of mass is shown. In the first solvation shell (d≈ 4 Å),
42% of the molecules are in theCs conformation on average;
as the lithium ion/DMC center-of-mass distance increases, this
percentage rapidly falls to approach the bulk value (≈5%) in
the second shell (d≈ 8 Å). This observation can be understood
by noticing that theCs conformer has a larger dipole than the
C2V one (4.11 vs 0.28 D using the partial charge of Table 1),
and the strong electrostatic interactions with the lithium charge
favor the more polar conformer in the first solvation shell of
the lithium ion. In Figure 6, the average fraction ofCs

conformer around the BF4- ion is also presented, the charge of
the ion being spread over a much larger volume; the stabilization
of theCs conformer is much smaller, and only≈10% of the
DMC molecules adopt theCs geometry in the first solvation
shell.
B. Diffusion. The ion diffusion coefficients are computed

both from the velocity autocorrelation function (VAC),

whereVb(t) ) drb(t)/dt is the ion velocity at timet, and from the

Figure 3. Some carbomate atom-B atom radial distribution functions. Left column: EC atom-B (323 K). Middle column: PC atom-B (323 K).
Three curves are given forgCB(r) corresponding togC4B(r) (solid line),gC10B(r) (dashed line), andgC6B(r) (dotted line). Two curves are given for
gHB(r) corresponding togH10B(r) (solid line) andgHmethylB(r) (dashed line). Right column: DMC atom-B (298 K).

DVAC ) 1
3∫0∞〈Vb(0) Vb(t)〉 dt (2)
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mean square displacement (MSD),

Although both equations are in principle equivalent, insuf-
ficient statistical averaging leads to different numerical values
in general, the comparison of both determinations being a useful
test of convergence of the results. The diffusion coefficients
of Li+ and BF4- ions in EC, PC, and DMC are presented in
Table 2. The more striking result is that the lithium ion diffuses
in a very similar manner in all three solvents; this is linked to
the small size of this ion, strongly bound and diffusing with its
first solvation shell. Although the simulation times are a bit
short to obtain very accurate diffusion coefficient of one ion,
we have observed that both VAC and MSD plots (obtained over
a 2.5-ps time range) were reasonably well converged. The
largest deviation between our VAC and MSD estimates of the
ion diffusion coefficient (≈40%) gives a rough estimate of the
error bar.
The diffusion coefficient of the lithium ion has been

determined experimentally in 0.4 M LiAsF6/PC and 0.6 M
LiAsF6/DMC solutions28 between 298 and 328 K. At 298 K,
the experimental value in PC is 0.4× 10-9 m2 s-1, very close
to our result in dilute solution. At the same temperature, the
experimental value in DMC is 0.2× 10-9 m2 s-1, a smaller
value in DMC than in PC being interpreted by the authors by
the presence of contact ion pairs Li+-AsF6- and solvent-
separated ion pairs Li+(DMC)4- AsF6-, which do not occur in
PC, a much more dissociating solvent (the dielectric constant
being equal to 64.9 for PC29 and 3.1 for DMC30 at 298 K).

For BF4-, much less well bound to the solvent molecules of
the first solvation shell than Li+, the diffusion coefficient varies
significantly with the solvent, increasing by a factor of≈5 at
298 K between PC and DMC. In Figure 7, the time evolution
of the distance between the lithium ion and the center of mass
of the closest eight EC molecules is reported along the 100-ps
simulation at 323 K. In these pictures, the fluctuations of the
distancesd for the four closest molecules are very small, and
no exchange of solvent molecules between the first solvation
shell and more distant molecules is observed during the whole
simulation. These four closest molecules have a diffusion
coefficient equal to 0.43× 10-9 m2 s-1, which is very close to
that of the lithium ion (0.37) and significantly lower than that
of the bulk solvent molecules (0.80). All this information
confirms the picture of a Li+(EC)4 complex moving through
the solution. Figure 7 presents also similar plots for the eight
solvent molecules closest to the BF4

- ion; in that case the first
solvation shell is much less well defined and exchanges of
molecules between the first and second solvation shells are
frequent.

IV. Conclusion
Molecular dynamics simulations have been used to character-

ize the local structure and diffusion of Li+ and BF4- ions in

Figure 4. Example of structure of the first solvation shell of EC
molecules (top) and DMC molecules (bottom) around the Li+ ion
extracted from molecular dynamics trajectories.

DMSD ) lim
tf∞

〈| rb(t) - rb(0)|2〉
6t

(3)

Figure 5. Probability distribution of the angle Li+-OdC for the four
EC solvent molecules of the first solvation shell from the molecular
dynamics simulation at 323 K.

Figure 6. Percentage of DMC molecules in theCs conformer as a
function of the distance between the Li+ ion (solid line) or the BF4-

ion (dashed line) and the center of mass of the molecules at 298 K.
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ethylene carbonate (EC), propylene carbonate (PC), and di-
methyl carbonate (DMC) at temperatures in the range 298-
348 K. In all cases studied, the first solvation shell around the
lithium ion is composed of four strongly bound molecules in a
tetrahedral arrangement. For dimethyl carbonate solution, it has
been found that on average two of the four solvent molecules
of the first solvation shell adopt a trans-cis conformation
whereas more than 90% have a trans-trans conformation in
the bulk. Around the BF4- ion, the first solvation shell contains
19 or 20 solvent molecules in all cases. As the average
interaction energy of one solvent molecule in the neighborhood
of the ion is roughly 10 times larger for Li+ than for BF4-, no
exchanges of molecules between the first and the second
solvation shell of the lithium ion are observable in 100 ps,
whereas many exchanges have been observed in the vicinity of
the fluoroborate ion.

The diffusion coefficient of the lithium cation is found to be
similar in the three solvents ((0.3-0.6)× 10-9 m2 s-1 in this
temperature range), differing by at most a factor of 2 between
EC and DMC, with a moderate temperature dependence, and
increasing in the order EC< PC < DMC. For BF4-, the
temperature dependence is more important, and the diffusion
of this ion in DMC is much faster than in EC and PC. At 298
K, BF4- is found to diffuse faster in PC than in EC.
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