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Abstract

The ionic association constants of lithium perchlorate, lithium triflucromethylsulfate, lithium
hexafluorophosphate, and lithium tetrafluorcborate have been determined experimentally
(by Shedlovsky’s method) in various mixtures of propylene carbonate and 1,2-dimethoxyethane
as typical electrolyte systems for rechargeable lithium batteries. The association constants
vary extensively for different mixing ratios of propylene carbonate to 1,2-dimethoxyethane
and for different species of salts. These values are compared with the theoretical values
as predicted by the Fuoss and Bjerrum equations. On the basis of this comparison and
some physical properties of the solution, the variation in the jonic association constants
may be ascribed to the change of ionic association species, i.e., a contact ion-pair and a
solvent-separated ion-pair.

Introduction

The application of a high conductive lithium salt/organic solvent system as the
electrolyte is requisite for obtaining excellent performance from rechargeable lithium
batteries [1]. It is well known that the conductivity of the electrolyte solution is much
influenced by the permittivity and the viscosity of the solution [2]. A high permittivity
facilitates the dissociation of the salt and a low viscosity promotes the motion of ions
in the solution. In this context, considerable efforts have so far been devoted to the
development of lithium salt/aprotic organic solvent systems [3-6). As for the tactics
of this development, mixed systems consisting of two solvents, i.e., a high-permittivity
solvent and a low-viscosity solvent, have been used for the cells, because few solvents
satisfy simultaneously the above two physical properties [3-6].

The authors have reported on the characteristics of some mixed-electrolyte systems
consisting of a high-permittivity solvent and a low-viscosity solvent for primary and
secondary lithium batteries [7-16). As was expected, high conductivities were observed
in the mixed-solvent systems, and the electrode characteristics were also excellent in
the mixed-electrolyte systems {10, 13, 14, 16-18)]. Because sufficient dissociation of
salts is essential to give high-conductive electrolytes for the batteries, the ionic association
constant of the salts is an important parameter in evaluating the electrolyte properties
[3, 11, 17]. Nevertheless, no systematic study of the jonic association constant of salts
in the electrolytes for lithium batteries has been reported to date, but there have
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been some reports on the qualitative evaluation of the behaviour of ions in the
electralytes for these cells [11, 15-19].

In the present work, the ionic association constants of lithium perchlorate (LiClQ,),
lithium trifluoromethylsuifate (LiCF,SO;), lithium hexafluorophosphate (LiPFg), and
lithium tetrafluoroborate (LiBF,) have been systematically investigated in various
mixtures of propylene carbonate (PC) and 1,2-dimethoxyethane (DME), as typical
electrolyte systems for rechargeable lithium batteries. The high-permittivity solvent
used here was PC and the low-viscosity solvent was DME.

Experimental

High purity PC and DME (Mitsubishi Petrochemical, battery grade) were used
as the solvent. Extrapure grade lithium salts, LiClO, (Ishizu Pharmaceutical), LiCF,S0,
(Central Grass), LiPF, (Morita Chemical Industries), and LiBF, (Morita Chemical
Industries) were used as the electrolytic salts after drying under reduced pressure at
appropriate temperatures (80~170 °C) for 24 h. The conductivity of the solution was
measured by an impedance bridge method (10 kHz a.c.) at 30 °C. The cell constant
of the conductivity cell was 0.410 cm™. The dielectric constant of the solvent was
determined by a bridge method using 10 kHz a.c. at 30 °C [20]. The viscosities of
the solvent and the solution were measured with a modified Ostwald viscometer at
30 °C [20].

Results and discussion

Figure 1 shows the limiting molar conductivities {(A™) of LiCIQ, as a function of
DME content (vol.%) in the solution. The molar conductivities increase with DME
concentration because of a lowering of the solvent viscosity [11, 16). From the limiting
molar conductivities and the viscosities of the LiClQ, solution, the Walden products
(A”n, where 7 represents viscosity of the solution) of the LiClQ, solution were also
obtained. These products are shown in Fig. 1 as a function of DME content. The
Walden products decrease with increase in DME concentration. Because the Walden
products are known to be constant if the Stokes’ radii of the cation and the anion
do not change [21), the observed variation of the Walden products with an increase
in DME content may be ascribed to the corresponding change in Stokes® radii of the
cation and/or anion [9). Therefore, the result suggests that the interaction between
the solvents (PC or DME) and lithium cations and/or between the solvents and
perchlorate anions may change with variation in the mixing ratio of DME to PC [9,
16]. Based on the above discussion, it is supposed that when the jons (lithium cation
and perchlorate anion) associate together and result in an ion-pair, the interaction
between the jons and the solvents will change with a variation in DME content [16).
As for the interaction between a solvent and an jon-pair, a contact jon-pair and a
solvent-separated jon-pair are well known [16, 22, 23].

In order to investigate this interaction, the ionic association constant (K,) of
LiClO, in various PC/DME electrolyte systems was determined by conductmetry. The
K, values were evaluated from the data of the conductivities, according to the Shedlovsky's
extrapolation method [24], on a NEC personal computer N88 basic programme. The
Shedlovsky’s equation used in the calculation is [24, 25):

Y(AS)= VA~ + K,CASfH/A=? (¢}
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Fig. 1. (O) Limiting molar conductivities (A*) and (A) Walden products (A*%) for LiClQ, in
PC/DME at 30 °C.

where A, A and C are the molar conductivity, the limiting molar conductivity, and
the concentration of LiClOy, respectively; § is the Shedlovsky’s function [24], and f
is a mean activity coefficient calculated from the Debye-Hiickel limiting law.
Figure 2 shows the plot of the logarithm of the K, value of LiClO, versus DME
concentration (vol.%) in a PC/DME mixed solvent. The K, values are almost constant
in the low DME concentration region, ~0% <DME% <50%, and reach a minimum
value at 75%. Then, the K, values increase remarkably in the high concentration region.
At first sight, such variation in the K, value, is not consistent with the usual rule; it
has been believed that the ionic association constant increases gradually with decrease
in the dielectric constant [11], which corresponds with the increase in DME concentration.

In order to explain the unuvsual variation in the ionic association constant
(Fig. 2), a theoretical simulation of the ionic association constants was carried out
using the Fuoss [26] and Bjerrum equations {21, 27]; these are expressed by eqn. (2)
and eqn. (3), respectively,

b
Kp=(1.322x% 10"fx"' exp(x) dr)/e 3
2

where N, is the Avogadro constant and b is a function given by eqn. (4).
b=550.8/(de) (€3]
In these equations, the dielectric constant (€) and the contact distance of ions in ion

association (4) are important parameters for the evaluation of the ionic association
constant, Ky or Kp using the Fuoss or Bjerrum equations.
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Fig. 2. Logarithm of ionic association constant (K,) of LiClO, evaluated by the Shedlovsky method
in PC/DME at 30 °C.

As for the dielectric constant, it is well known that the actual dielectric constant
in the vicinity of ions is smaller than that in the bulk of the solution. This is due to
the dielectric saturation effect in the vicinity of ions [28]. Therefore, for the precise
simulation of the ionic association constants by theoretical equations (eqns. (2} and
(3)), the correction factor (c*) was introduced into the equations, i.e., 1/eg=1/e+c*.
Here, ¢, is the diclectric constant in the vicinity of ions, and e is the dielectric constant
in the bulk of the solution. In the present case, the best-fit * value from the experimental
data was determined as 2.3X 1072 and the resuilting € value was applied to both
equations (eqns. (2) and (3)).

Another important parameter in the theoretical equations is the contact distance
of ions in ion association, ¢. This is known to be 3.0 A and ~80A for the contact
ion-pair (Li* Cl0O,”) and the solvent-separated (PC or DME) ion-pair (Li* solvent
Cl0, ™), respectively [9].

Figure 3 shows the dependence of the logarithm of the K, values (evaluated
experimentally by Shedlovsky’s method) on the reciprocal values of the dielectric
constant (1/€) in the PC/DME solvent. Figure 3 also displays theoretical lines that
indicate the relation between the ionic association constant and the dielectric constant
as predicted by the Fuoss equation {egn. (2), dashed lines) and the Bjerrum equation
(eqn. (3), solid lines) in the presence of a contact ion-pair (d=3.0 A) and a solvent-
scparated ion-pair (4=8.0 A) [9]. Obviously, the ion-pair of LiClO, changes from a
contact ion-pair to a solvent-separated ion-pair with a decrease in the dielectric constant
(an increase in DME concentration). This tendency may be ascribed to the large donor
nuraber of DME, compared with that of PC [29, 30], i.e., because the interaction
between the lithium cation and DME is stronger than that between the lithium cation
and PC, adding sufficient amount of DME to PC results in a change in the ion-pair
from (Li* ClI0,”) to (Li* DME ClO,”) [9].
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Fig. 3. Plot of logarithm of ionic association constant (K,) of LiClO, vs. reciprocal of dielectric
constant (&) of PC/DME at 30 °C; (—) and (—--) are predicted by the Bjerrum equation and
the Fuoss equation, respectively.

For the other lithijum salts (LiCF;S0s, LiPFs, and LiBF,), the dependence of K,
values on the dielectric constants in the PC/DME systems was also investigated.
Unfortunately, accurate 4 values in both cases of a contact jon-pair (Li* anion) and
a solvent-separated ion-pair (Li* solvent anion), where the anion is CF;80,~, PF,,
or BF,™, are not known. Nevertheless, since the Stokes’ radii of these anions are
known to be within +0.5 A of the radius of ClO,~ [9], we can use the prescribed
values d=3.0 and 8.0 A in the presence of a contact ion-pair and a solvent-separated
ion-pair, respectively, as the tools for judging which (contact or solvent-separated)
ion-pair is present in the solution.

Figures 4 to 6 show the dependence of the logarithm of the K, values (which
are evaluated experimentally in the case of LiCF3;S0;, LiPF, and LiBF, as salts,
respectively) on the 1/e value in the PC/DME systems. Figure 4 to 6 also display
theoretical lines that indicate the relation between the ionic association constant and
the dielectric constant as predicted by the Fuoss equation (eqn. (2), dashed lines)
and the Bjerrum equation (eqn. (3), solid lines) in the presence of a contact ion-pair
(@=3.0 A) and a solvent-separated ion-pair (4=8.0 A) [9]. In every case, the ion-
pair of the lithium salt changes from a contact ion-pair to a solvent-separated ion-
pair with an increase in DME concentration, although some differences are observed
in the association constants with the various species of the salts. It is generally known
that the order of the crystallographic radii of anions is CF,S0; >ClO,~ =PFs~ > BF,~
{9, 16]. The strict evaluation of the Stokes’s radii of these anions at the each DME
concentration in PC/DME systems is not easy, however, because the interaction among
PC, DME and the anion may change in a complex manner with variation in the DME
content in the PC/DME systems [9, 16]). In addition, in the case of CF3580;~, which
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Fig. 4. Plot of logarithm of ionic association constant (K,) of LiCF;SO; vs. reciprocal of dielectric

constant {€) of PC/DME at 30 °C; (—) and (——-) are predicted by the Bjerrum equation and
the Fuoss equation, respectively.
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Fig. 5. Plot of logarithm of ionic association constant (X,) of LiPF, vs. reciprocal of dielectric
constant (e) of PC/DME at 30 °C; (—) and (-—-) are predicted by the Bjerrum equation and
the Fuoss equation, respectively.
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Fig. 6. Plot of logarithm of ionic association constant (K,) of LiBF, vs. reciprocal of dielectric
constant {¢} of PC/DME at 30 °C; (—) and (—— -) are predicted by the Bjerrum equation and
the Fuoss equation, respectively.

is not a spherical anion, an accurate evaluation of the Stokes’ radii of the anion is
difficult. Therefore, a thearetical simulation on the experimental data at each DME
content in PC/DME by theoretical equations cannot be performed. Using the method
reported here, however, the complicated situation becomes a simple one; the overall
trend in the variation of the state of the ion-pair can be determined.

In conclusion, the present study has provided a clear picture of the change from
contact ion-pair to solvent-separated ion-pair of lithium salts {especially, LiClO,4) with
increase in the DME concentration, i.e., with decrease in the dielectric constant of
the solvent. This interpretation can account for the unusual variation in the K, value.
For example, in Fig. 1, the K, value does not increase gradually with increase in DME
concentration (ie., a decrease in the dielectric constant). Further, this study has
suggested that in the repion of high DME concentration the amount of lithium ions,
which are available for the electrode reaction in rechargeable lithium batteries, would
decrease due to the formation of solvent-separated ion-pairs.
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