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Abstract

Numerical values for the mean distance of closest approach of ions, “a”, for lithium salts in aqueous solutions are presented and discussed.
These values were obtained from both experimental activity and diffusion coefficients, and estimated by using different theoretical approaches.

© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

The importance of lithium salts has long been recognized,
and stems from their unique properties that allow them to be
used in a wide range of applications. They have been indicated
as ideal electrolytes for many electrochemical systems (bat-
teries, fuel cells, double-layer capacitors, actuators, and dye-
sensitised solar cells) and are becoming increasingly important
in areas such as renewable electricity generation [1—4]. They are
also relevant to other areas, such as pharmacology, where they
are used primarily in the treatment of bipolar disorder, but also
find applications in reinforcing the efficacy of other antide-
pressant medication (lithium carbonate or alternatives such as
lithium citrate (LizC¢HsO5), lithium sulfate (Li,SO,4) and
lithium aspartate and orotate) [5—8]. Other examples of their
application can be found in fine chemical and polymer synthesis
(LiCl) and also as air purifiers (LiOH) [9-11].
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New demands in science and technology for many of these
applications require precise data concerning the fundamental
thermodynamic and transport properties of ionic solutions
[12—17]. For the explanation of this data, and perhaps more
important, to estimate them when no experimental information
is available, it is necessary to know parameters such as the
“mean distance of closest approach of ions, a” (when this
parameter is expressed in angstroms, it is represented by ).
While there is a clear need for accurate values of such ther-
modynamic data on electrolyte solutions, frequently this data is
not available from the literature and must be calculated by
means of either empirical expressions or theoretical models in
which the parameter “a” is involved. This parameter, “a”,
depends on the nature and concentration of the electrolyte, and
also on the nature and concentration of other species present in
the solution which participate in the formation of an ionic
atmosphere. While there is no direct method for the mea-
surement of the parameter “a”, it can be estimated by using
finite-ion-size equations from measurements of the activity and
diffusion coefficients in solutions.

Turq et al. [18,19] developed a theory which illustrates
simultaneously the different transport (e.g., diffusion) and
equilibrium properties from very dilute solutions to high
concentrations (1-2 mol dm™*) by managing only the diameter
of the ions as an adjustable parameter. It is possible to draw
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several qualitative conclusions from the systematic comparison
of the magnitude of the “a” parameter, calculated from those
equations with the results of studies of unrelated properties,
such as ionic mobilities, and with the results obtained from
theoretical approaches. A variety of different techniques ranging
from diffraction methods (X-rays, neutrons or electrons) to
computer simulations (molecular dynamics or Monte Carlo
methods) have been applied to this goal [20,21]. The available
results of the ionic radius, particularly in solutions, up to the end
of 1986 have been collected by Marcus in a review paper [21].
However, despite the intense work, the data available on this
area are still scarce.

The objective of this paper is to present values for this “a”
parameter for lithium salts, estimated from the concurrence of
experimental data and theoretical approaches, which will be
useful, in our case, for pharmaceutical studies, but will have
more general applications for all researchers working with
solutions of electrolytes containing this cation.

2. Estimation of “a” from experimental mean ionic activity
coefficients and diffusion coefficients

For well-known reasons, the distance of closest approach,
“a”, within the Debye—Hiickel theory, has to be regarded as an
adjustable parameter in the various semi-empirical equations for
activity coefficients [6,7,22,23]. Lobo [22] has estimated this
parameter for a large number of electrolytes in aqueous
solutions using data from [15] and the equation:
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where a and b are considered to be adjustable constants, z; and
z, are the algebraic valences of a cation and of an anion,
respectively, y. is the molality-scale mean ionic activity
coefficient, and / is the molality-scale ionic strength. The
groups A and B are defined as
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In these equations (given in SI units), N4 is the Avogadro
constant, k is the Boltzmann constant, ¢ is the proton charge,
g the permittivity of vacuum, p, the solvent density, ¢, 4 the
solvent dielectric constant and 7' the absolute temperature.
Using the SI values for Na, k, e, and &y, and ¢, 4=78.38,
p4=997.05 kg/m® for H,O at 25 °C and 1 atm, we obtain
A=1.1744 (kg/mol)'?, B=3.285x10° (kg/mol)"* m™".

A computer program has been written for a specific
electrolyte, where the values of the activity coefficients and
the respective concentration are introduced. Successive calcula-
tions have been made, where a varied from 1x107'° m to

20%10" ' m (1 to 20 A) with increments of 0.01 x 10~ '* m. For
a given set of a values at each concentration, the program
calculates the corresponding set of values for 5. Thus, a curve of
b against a can be obtained for each concentration. When this
calculation was extended to all concentrations for which data
were available, the program found the best pairs of a—b values
which adjust simultaneously all these concentrations for that
specific electrolyte. Table 1 shows the values obtained.

The mutual diffusion coefficient, D, of an electrolyte in m?s !
is given by

— RT Jdl
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where R is the gas constant in J mol™' K™' and the rest of the
symbols have their usual meaning. The last term in parenthesis is
the activity factor, in which ¢ means for the concentration in mol
m >, and M, in mol* s m > kg ', is given by
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The first- and second-order electrophoretic terms in Eq. (5) are
given by
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where 7 is the water viscosity, in N s m_z, v, and v, are the
stoichiometric coefficients, 1Y and A9 are the limiting molar
conductivities of the cation and anion, respectively, in m* mol ™'
Q' k is the “reciprocal average radius of ionic atmosphere” in
m~ ' (see e.g., [2—13]), a is the mean distance of closest approach
of ions in m, ¢(ka)=e*“E;®'1**D| has been tabulated by
Harned and Owen [13], and the other symbols represent well-
known quantities [13]. In this equation, phenomena such as
complexation, ionic solvation and/or ion association [24—26], and
hydrolysis [27,28] are not taken into consideration. From the
above equations using our own measurements of D, and other
literature values, we have calculated the parameter a. These
values for a are estimated by fitting to experimental data for
¢<0.1 mol dm * to give theoretical values for D whose
deviations with respect to the experimental ones selected are
less than 1-2%, and are shown in Table 1.

Three experimental methods were used to measure mutual
differential diffusion coefficients: conductimetric measure-
ments (uncertainty+0.2%) [29-39], Gouy and Rayleigh
interferometry (uncertainty<0.1%) [32], and Taylor disper-
sion (uncertainty+1-2%) [32]. The experimental diffusion
coefficients, D, in aqueous solutions of electrolytes, at 25 °C,
were collected from references [15,32—39]. They were used
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Table 1

75

Summary of values of the mean distance of closest approach (a/10~'° m) for some lithium salts in aqueous solutions, estimated from experimental data, from ionic

radius and from other theoretical approaches

Electrolyte  Activity coefficients  Diffusion coefficients  Kielland [9]  Marcus [10] Marcus [10] Ab initio Molecular
Eq. (1) Eq. (4) mechanics™*
c<1.0M ¢c<0.IM a:Rcati0n+Ranion a:dcatiun—water+dani0n—water dion—iun a) b)
LiF - 2.0 4.8 2.0 4.8 1.6 (dii_r) 1.7 4.3
LiBr 43 4.5 2.7 5.4 22 (diig) 24 5.0
LiCl 42 2.5<a<50 4.5 2.5 53 2.1 (diic)) 22 4.9
Lil 42 - 4.5 3.0 5.7 - 2.6 52
LiBl’O3 — — 4.8 — — 1.9 (dLi—O)
LiCIO - - - - - 1.6 (dio)
LiClO, - 5.0 — — 1.9 (dLi-o)
LiClO; - 25<a<50 4.8 - - -
LiClO4 49 4.8 - - -
LiCN - - 4.5 - - - 2.0 (Li-N) 4.6
LiC,04 - - 5.2 - - 1.8 (dLi-o0)
Li,CO; - - 52 - - 1.8 (drio)
LizCI‘O4 — - 5.0 — — -
LiH,AsOy — - 5.0 - - -
LiHCO; - - 5.0 - - 1.9 (dvri-o)
LiHC,04 - - - - - 1.9 (dii o)
Li,HPO,4 - - 5.0 - - -
LiH,PO, - - 5.0 3.1 5.8 -
LiHS - - 4.8 - - 22 (dis) 2.8 (Li-S) 5.2
LiHSO4 - - - - - 1.9 (diio0)
LiHSO4 - - 5.0 - - 1.8 (dri-0)
LilO; - - 5.0 - - -
LilO4 - - 4.8 - - -
LiMnO, - - 4.8 — — —
Li,MoOy4 - - 52 34 6.1 -
LiINCO - - 4.8 - - —
LiNO, - - 4.5 - - 1.9 (dvi-o0)
LiNO; - 25<a<45 4.5 2.5 5.2 1.9 (drio0)
LiOH - 3.0 4.8 - - 1.6 (dii o) 1.6 (Li-O) 4.2°
LizPOy4 - - 5.0 - - -
LiSCN - - 4.8 3.1 5.9 -
Li,S - — 5.5 — — 2.1 (diis)
Li,SO; - - 5.2 - - 1.8 (dri-o0)
Li,SO4 — 4.0 5.0 3.1 59 1.9 (dLi-o0)
LiS,0; - - 5.0 - - -
LiS,04 — — 5.5 - - -
Li,S,06 - - 5.0 - - -
Li»S,05 - - 5.0 - - -
Li,SeOq4 - - 5.0 33 6.0 -
Li,WO, — - 5.5 3.4 6.1 —

*The values indicated represent the distance between the centres of cation and anion, a) without water, b) with one water molecule in between. ¢) Complex behaviour is
seen in the interaction between OH and Li" involving one water molecule between the ions. Several identical local energy minimums were found with different
distances of closest approach, starting the calculations from different inputs. The value in the table is an average of three of these values.

to calculate the values of a shown in Table 1, assuming the
Onsager—Fuoss model Eq. (4) [16,37-39].

3. Estimation of a, by different theoretical approaches
3.1. Estimations of a values from Kielland data

From the ionic sizes reported by Kielland [20], values of a
were estimated as equal to the mean value of the effective radii
of the hydrated ions that forms the electrolyte. These a values
are shown in the 4th column in Table 1. The diameters of
inorganic ions, hydrated to different degrees, were calculated by
using two different methods: from the crystal radius and

deformability, using Bonino’s equation for the cations [20], and
from ionic mobilities [20].

3.2. Estimation of a values from Marcus data

Using the Marcus data [21] two approximations were
performed to obtain the values of a of several salts in aqueous
solution. Firstly, the a values were determined as the sum of the
ionic radii (R;,,) reported by Marcus [21]. The R;,, values were
obtained as the difference between the mean internuclear
distance between a monoatomic ion (or the central atoms of
a polyatomic ion), the oxygen atom of a water molecule in its
first-hydration shell (dion_water) and the half of the mean
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intermolecular distance between two water molecules in the bulk
liquid water (the mean radius of a water molecule, Ryaer=
(1.393+0.002) x 10~ '® m [21]; this value was determined after
considering the packaging effect produced by the electrostriction
phenomenon derived from the strong electrical field near the ion
[22] That iS, Rion:dion—water_Rwater and a:Rcati0n+Ranion~
These values are summarized in the fifth column in Table 1.
For the determination of interparticle distances, djon_water
different techniques have been used, such as diffraction methods
(X-ray diffraction, neutron diffraction, X-ray absorption fine
structure-EXAFS-measurements, etc.) and computer simula-
tions (molecular dynamics and the Monte Carlo methods).

To account for the effect of the ion hydration shell on the
a values, a second approximation, considering the sum of
the dion_water Values reported by Marcus [21], was also used. In
this approach the a values are determined as @=d aton—water -
Aanion—water- The values found are collected in the sixth column in
Table 1.

3.3. Ab initio calculations

The ab initio calculations have been carried out using the
Gaussian 98w (G98w) program package [40] adapted to a
personal computer. Full geometry optimisations were per-
formed, without any structural or symmetry constraint. All
calculations were performed within the Density Functional
Theory (DFT) approach, using the B3LYP method [41], which
includes a mixture of Hartree—Fock (HF) and DFT exchange
terms. The gradient-corrected correlation functional was used
[42] (parameterised after Becke [43]), along with the double-
zeta split valence basis set 6-31G* [44].

Two different theoretical models could be considered for
simulating the cation—anion distance in dilute aqueous solution.
In a simplest one, the cation—anion distance will be optimised
without considering the presence of the solvent molecules,
while in a second approximation, the first-hydration shell of the
cation is considered. In the present paper, the first model was
used. The calculated distances obtained are shown in column 7
of Table 1 and discussed on the basis of the corresponding
experimentally predicted cation—anion distances.

3.4. Molecular mechanics studies (MM2)

Molecular mechanics studies are a valuable tool to interpret
atom or ion dynamic relationships. They are simpler than ab
initio calculations, and are consequently faster, while still being
sufficiently reliable to evaluate dynamic processes such as
solvation changes around cations and anions, providing
reasonable mean distances of approach between species in
solution, involving dozens of molecules with hundreds of
electrons.

Among the various MM methods, MM2 developed by
Burkert and Allinger [45] is frequently taken as the reference in
the area. Consequently, we have used it to investigate both the
dynamic process of water solvation and the distribution of water
molecules around the electrolytes discussed in this paper. The
results obtained are summarized in the last column in Table 1.

These were obtained by considering three possibilities: a) no
water molecules in between anion and cation (MM2-0), b) both
ions separated by one water molecule (MM2-1) and c) two
water molecules placed in between both ions (MM2-2).

4. Results and discussion

Table 1 summarizes the a values found for 40 lithium salts in
aqueous solution. For some of them, various values for this
parameter are presented which have been estimated by using
different experimental techniques and/or theoretical approaches
here considered. This table shows some similarities to the
results obtained for sodium salts [46]. That is, the ab initio
values and the values calculated from MM2-0 and Marcus data
(a=R;+R,) are similar, whereas those found from MM2-1 and
the other Marcus data (a=d ation—water + Tanion—water)> 1.€-, DY
considering one water molecule placed in between both ions,
are larger. This is not unforeseen if we have in mind those
estimations that correspond to the two very distant situations:
the “bare” ions in contact each other and the ions arranged with
one water molecule in the middle, respectively. Due to the
complex nature of the structure of the electrolyte solution, it
may be expected that this intermediate situation is more
realistic.

By looking at Table 1, some other analogies with the sodium
results [46] are observed. Thus, it can be seen that, in general,
the values of a obtained by fitting experimental activity co-
efficients data are greater than the sum of ionic radii in solution
(or crystal-lattice spacing) or the interatomic distances, dion_ion,
what could be explained in terms of the presence of the
hydration shell for both cations and anions. On the other hand,
they are close to those obtained from Kielland’s data, and are
smaller than the sum of the mean ion—water internuclear
distances. As equal as in the analysis of the sodium ion data, this
fact can be interpreted on the basis of the presence of strong
interactions between hydrated cations and anions, which would
lead to some extent to the compaction of their hydration shells.
At this point, it is necessary to bear in mind that these values
have been obtained by using the D—H model (Eq. (1)) for which
the ion—ion and ion-—solvent interactions (which would be
responsible of this compaction) are not taken into account, the
fitting being essentially done through the mathematic adjustable
parameters a and b (since in Eq. (1) the higher-order interaction
terms are not considered but only the first-order one).

Relating to the a values found from the fitting of
experimental diffusion coefficients (by using Eq. (4)), it can
be observed that these results are always lower than the
Kielland’s values and close to those obtained from the sum of
ionic radii and calculated by ab initio and molecular mechanics
techniques with no water molecules between the ions. One
possible explanation can be attained by considering that the
Onsager—Fuoss theory (Eq. (4)) disregards facts as the complex
ions’ presence as well as the ion-pairs formation, which could
be responsible of the lowest values found for this @ parameter
(that is, values comparable to the situation of baring ions in
solution). However, as it can also be observed by looking at
the values shown in Table 1, Eq. (4) is a little sensible to the
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change in the parameter a value, which can be largely modified
(up to reach values comparable to the Kielland ones) without
affecting the fitting.

5. Conclusions

It is not possible to accurately know the mean distance of
closest approach of ions, a, in an electrolyte solution, however
desirable that would be. However, we present here several
estimations of a using different methods, which we believe will
provide the researcher who needs to use this parameter an idea
of the possible range of values. All of these are reasonable
compromises to provide an appropriate value for this a pa-
rameter for the particular problem under study. By taking the
appropriate precautions, the most appropriate value may be
chosen for a particular case, or values selected using one
specific method of estimation. In the more general case, an
appropriate average value may be the most suitable. We believe
that the indications given in Sections 3 and 4 provide a basis for
such a choice.
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