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The reduced partition function ratios (RPFRs) of Li+(Solv)n (in which Solv) H2O, H2S, and CH3OH) clusters
with different values were calculated, to investigate the solvent effect of the isotopic effect of the lithium.
Structures of three solvated clusterssLi +(H2O)n, Li+(H2S)n, and Li+(CH3OH)nswere optimized by an ab
initio molecular orbital method, and their RPFRs were calculated by frequency analysis. The RPFR of the
solution was estimated by the extrapolation of the cluster values. The most-stable isomers of all three clusters
for n g 4 have four solvent molecules in their first shell. The RPFR is dependent mainly on the number of
solvent molecules in the first shell, and the size dependence of the RPFR plateaus atn ) 4. The extrapolation
of these values can be regarded as the RPFR in the solutions. The RPFRs are∼1.07 for Li+(H2O)n and
Li+(CH3OH)n and are∼1.03 for Li+(H2S)n. The smaller RPFR of Li+(H2S)n is attributed to the smaller binding
energy of the Li-S bond, which is weaker than that of the Li-O bond. The present results suggest the
possibility of ionophores with S atoms (such as thioether, etc.) for lithium isotopic separation.

1. Introduction

The Li atom has two types of stable isotopes whose masses
are six and seven. The light but minor isotope6Li is expected
to be capable of nuclear reaction, and it is important to establish
the technology for the separation of the minor isotope6Li from
an isotope mixture that contains the major isotope7Li. It is also
important to study lithium isotopic fractionation as a funda-
mental material and from the viewpoint of geological science.
Lithium isotopic fractionation through chemical exchanges
between the two phases has been studied in various systems,
such as lithium amalgam, lithium metal, organic and inorganic
ion exchangers, macrocyclic polyether, and membranes.1-8 The
highest fractionation ability was obtained in the lithium isotopic
exchange reaction between an aqueous solution phase and an
amalgam phase, where the separation factor was 1.05.5

The reaction of the lithium isotopic exchange between the
two phases is written as

The separation factor (S) is the equilibrium constant of this
isotopic exchange reaction (eq 1), andS can be given by the
reduced partition function ratioS ) fI/fII , wherefI and fII are
the reduced partition function ratios (RPFRs) of the lithium
species in phases I and II. The RPFR (f) for each phase is given
by Bigeleisen and Mayer’s theory,9 as follows:

and the indices (H) and (L) correspond to the heavy and light

isotopes, respectively. The indexi in eq 2 corresponds to the
value of theith normal mode. The value ofui in the equation
consists of Plank’s constanth, Boltzmann’s constantkB, absolute
temperatureT, and the normal frequency of theith modeωi:

Bigeleisen and Mayer also derived a simple theory for the
estimation of the RPFR, using an experiment that involved a
Raman active spectrum. Estimation of a reasonable RPFR for
the Li ion in dilute solution with an experimental method has
been difficult, although Raman spectroscopy for hydrated Li
ions has been extensively studied.10-13

Recent progress in theoretical chemistry makes it possible
to evaluate the RPFR (f) by the calculation of the frequencies
ωi with computational methods such as Monte Carlo (MC),
molecular dynamics (MD), and ab initio molecular orbital (MO)
methods.14-19 The RPFR can be predicted theoretically by a
Bigeleisen and Mayer formula if we can calculate all the
frequenciesωi of the given system, and it is well-known that
all harmonic frequencies can be conventionally calculated by
an ab initio MO method.

The hydrated clusters of the lithium cation and other alkali-
metal cations have been well investigated by an ab initio MO
method,20-30 and their structures and other properties are well-
known. Previously, we investigated the structure of the hydrated
lithium ion cluster Li+(H2O)n (up ton ) 6) by an ab initio MO
method and estimated the RPFR of the isotope exchange reaction
of the Li atom in a water solution.19 The RPFR (f) in the water
solution is estimated by the extrapolation of the RPFR of the
cluster, up ton ) 6.

Several types of solvated alkali-metal cation clusters other
than hydrated clusters have also been investigated with an ab
initio MO method.13,17,18,20,21,24-26,28-30 The RPFR and the
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reduced statistical sums (â-factor) have been calculated for some
of the solvated Li cation clusters.17,18,28Nielsen et al. investigated
the competitive reaction of alkali-metal ions with water and
methanol M+(H2O)n(CH3OH)m in the gaseous phase,30 whereas,
in a study using MD simulation, Lisy’s group investigated the
alkali-metal cations with methanol clusters Cs+(CH3OH)n and
Na+(CH3OH)n.31-34

However, there are no reports on the Li cation with only
methanol molecules Li+(CH3OH)n, using an ab initio MO
calculation. In the present study, we calculated the RPFRs of
the Li+(CH3OH)n clusters and estimated the RPFR in the
methanol solution via extrapolation of the cluster value. We
also studied the RPFR of the Li+(H2S)n clusters, for which there
has been no investigation with an ab initio MO calculation. In
particular, we hypothesize that the result with Li+(H2S)n suggests
the possibility of an absorbent that involves S atoms such as
thioether.

Comparing the RPFRs of Li+(CH3OH)n and Li+(H2S)n with
the hydrated lithium cation Li+(H2O)n, we have discussed the
solvent effect of the RPFR. The structure of Li+(H2O)n clusters
has been well investigated in previous studies.13,18,19,23-30 We
found more isomers of Li+(H2O)n in this study than in the
previous study.19 We also studied the thermochemistry for their
isomerization and have included a detailed discussion about the
stability and the influence of the estimated RPFR in bulk
solutions.

2. Computational Methods

The geometric structures of three types of solvated Li ion
clusterssLi+(H2O)n, Li+(H2S)n, and Li+(CH3OH)nswere op-
timized by an ab initio MO method, up ton ) 6. The
optimization was performed with three types of basis setssthe
HF/6-31+G*, HF/6-31+G**, and HF/6-311+G* levelssfor
Li+(H2O)n and Li+(H2S)n. Two types of basis set were used
for the optimization of Li+(CH3OH)n: in basis set (1), the
6-31+G* basis set was applied to all the atoms, whereas in
basis set (2), the 6-31G basis set was applied to the methyl
groups and the 6-31+G* set was applied to the other groups/
atoms. Basis set (2) is denoted hereafter as “basis set (*)”.

The normal frequencies were evaluated at every optimized
structure, and we have ascertained that all structures found are
the true local minimum. The calculated normal frequencies were
multiplied uniformly with a scaling factor to enable qualitative
discussion. Because there is no experimental data for the
frequency that involves the vibration mode of the Li+-Solv
bond, the scaling factor was determined from the experimental
data for isolated water, hydrogen sulfide (H2S), and methanol.35

Table 1 summarizes the scaling factors, and the RPFRs are
evaluated with these scaled frequencies. The typical scaling
factors of the Hartree-Fock (HF) level,∼0.9, were obtained.
The thermodynamic properties were evaluated under the as-
sumption of the ideal gas. The program used for the ab initio
MO calculations was the GAUSSIAN 98 program.36

3. Results and Discussion

3.1 Structures.3.1.1 Structure of Li+(H2O)n. Figure 1 shows
the fully optimized geometries of the Li+(H2O)n clusters, up to
n ) 4. The fully optimized structures of several isomers of
Li+(H2O)5 and Li+(H2O)6 are shown in Figures 2 and 3,
respectively. Bond lengths of the several dominant parts are
drawn in the figures. The Cartesian coordinates of all optimized
geometries are available on request.37 Table 2 summarizes the

TABLE 1: Scaling Factor Uniformly Applied to the
Calculated Frequencies

basis set (*)a HF/6-31+G* HF/6-31+G** HF/6-311+G*

H2O 0.8941 0.8943 0.8835
H2S 0.9190 0.9208 0.9379
MeOH 0.9225 0.9191

a Basis set (*) is HF/6-31G on the CH3 group of the methanol
molecule and HF/6-31+G* on the other atoms.

Figure 1. Optimized structures of clusters Li+(H2O)n (1 e n e 4). Bond lengths of the dominant part are shown in the HF/6-31+G* level, and
the units are given in angstroms.
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relative energy difference with and without the zero-point
vibration energy correction, (∆Eiso

(7) and∆Eiso), evaluated with
three basis sets. The Gibbs’ free energy change (∆Giso

(7)) at
room temperature (298.15 K) is also summarized in the table.
We calculated the∆Eiso

(7) and ∆Giso
(7) values for the case of the

dominant isotope7Li. The case of the minor isotope6Li is not
shown here, because the energy difference is very small (less
than∼1 kJ/mol)

In this paper, the structure Li+(Solv)p(Solv)q is hereafter
denoted asp+q, wherep and q are the numbers of solvent
molecules in the first and external solvent shells, respec-
tively.23,25

The most-stable isomer, up ton ) 4, has then+0 structure,
and all water molecules are directly bound to the Li ion
equivalently. This is characteristic of the system in which the

central metal ion has no valence electron. The hydration of the
(MgOH)+(H2O)n is similar, because there is no valence electron
around the Mg atom, because of delocalization by polarization
of a MgOH+ molecular ion.38,39In contrast, the structure of the
entire cluster becomes a pyramid type if there is one valence
electron at the central metal, such as neutral Li(H2O)n,
Na(H2O)n,20-22 and singly charged Mg+(H2O)n.38-41

For n g 4, the most-stable isomer has a 4+q structure, in
which four water molecules exist in the first hydration shell.
The water molecule of the second shell forms a cyclic structure
that is constructed with hydrogen bonds to two water molecules
in the first shell. The next-stable isomer has a 3+q isomer,
whereas the 2+q isomer is much less stable. These isomers also
have a cyclic structure with two hydrogen bonds, making the
entire cluster stable. As mentioned in Section 3.2, the hydrogen

Figure 2. Optimized structures of clusters Li+(H2O)5. Bond lengths of the dominant part are shown in the HF/6-31+G* level, and the units are
given in angstroms.

Figure 3. Optimized structures of clusters Li+(H2O)6. Bond lengths of the dominant part are shown in the HF/6-31+G* level, and the units are
given in angstroms.

7834 J. Phys. Chem. A, Vol. 107, No. 39, 2003 Watanabe et al.



bond between water molecules is weaker than the Li+-water
bonding, and the isomers of 3+q and 2+q are, therefore, not
the most-stable structure.

The cyclic structure is rigid; therefore, the number of low-
frequency modes becomes smaller, and, thus, the correction for
the zero-point vibration energy is significant. In the reactions
of 3-a f 3-b and 4-a f 4-b, the corrected relative energy
difference∆Eiso

(7) is ∼5-7 kJ/mol larger than∆Eiso. The Gibbs’
free energy change at room temperature,∆Giso

(7), is ∼6-8 kJ/
mol higher than∆Eiso. The cyclic structure makes the entropy
effect small.

In the Li+(H2O)5 clusters, the most-stable isomer is5-a with
a 4+1 structure, whereas isomers5-b and 5-c with a 3+2
structure are the next stable. Isomer5-b is more stable than
isomer5-c in the relative energy∆Eiso

(7); however, their stability
reverses in the Gibbs’ function∆Giso

(7), because of the rigid
hydrogen bond network with the small entropy in isomer5-b.
We also found a stable local minimum in the 5+0 structure
(isomer5-d) at all three basis sets (HF/6-31+G*, HF/6-31+G**,
and HF/6-311+G*). Although isomer5-d is much more stable
than isomer5-ewith a 2+3 structure, Pye noticed the fact that
the isomer of5-d type does not have a stable local minimum,
as calculated using the second-order Mo¨ller-Plesset perturbation

theory (MP2) with the 6-31+G* basis set.26 It suggests the large
dependence of the calculation level on the existence of the local
minimum for the 5+q structure.

We found two 4+2 structures for Li+(H2O)6. Isomer6-b is
distorted by the hydrogen bond network and is∼5-6 kJ/mol
less stable than isomer6-a. However, the relative Gibbs’ free
energy change becomes almost zero in the isomerizartion of
6-af 6-b, because of the entropy change∆S> 0 that is caused
by the distorted hydrogen bond network and one free water
molecule in isomer6-b. For the 3+3 structure, three isomers
(6-c, 6-d, and6-e) were found, with isomer6-ebeing less stable
than other two in∆Eiso

(7). However, the Gibbs’ free energy
change∆Giso

(7) is almost zero among the three 3+3 isomers,
because of the large entropy by the free water molecules in
isomer6-e. Finally, the Gibbs’ function of the isomerization
reaction for n ) 6 is dependent almost entirely on the
coordination number of the first hydration shell.

3.1.2. Structure of Li+(H2S)n. The optimized geometric
structures of Li+(H2S)n, up to n ) 6, are shown in Figure 4.
Table 3 summarizes the relative energy differences∆Eiso and
∆Eiso

(7), as well as the Gibbs’ free energy change∆Giso
(7) that has

been evaluated with three basis setssHF/6-31+G*, HF/
6-31+G**, and HF/6-311+G*sat room temperature (298.15
K).

TABLE 2: Relative Energy Difference without the Zero-Point Vibration Energy Correction ( ∆Eiso) and with the Correction
(∆Eiso

(7)) and the Relative Gibbs’ Free Energy Change (∆Giso
(7)) of Isomers of Li+(H2O)n

a

HF/6-31+G* HF/6-31+G** HF/6-311+G*

p+q ∆Eiso ∆Eiso
(7) ∆Giso

(7) ∆Eiso ∆Eiso
(7) ∆Giso

(7) ∆Eiso ∆Eiso
(7) ∆Giso

(7)

Li +(H2O)3
3-a 3+0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
3-b 2+1 38.74 44.26 46.60 39.79 44.81 46.37 41.53 46.58 47.93

Li +(H2O)4
4-a 4+0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
4-b 3+1 8.63 15.13 18.74 9.84 15.49 17.24 9.65 16.50 20.79
4-c 2+2 58.89 67.08 71.05 60.46 67.99 70.42 61.92 70.38 75.84

Li +(H2O)5
5-a 4+1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
5-b 3+2 11.76 16.15 19.02 12.24 16.34 18.50 12.52 17.57 21.17
5-c 3+2 17.85 19.40 11.52 18.34 19.92 13.36 17.84 20.76 16.41
5-d 5+0 22.95 17.04 13.40 23.31 17.36 13.27 22.58 18.70 18.46
5-e 2+3 73.13 75.11 69.16 73.69 75.79 70.33 75.90 78.82 75.25

Li +(H2O)6
6-a 4+2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
6-b 4+2 5.74 5.76 2.52 5.97 5.72 1.75 6.82 5.88 0.68
6-c 3+3 18.75 19.59 12.03 18.76 19.58 11.59 19.97 21.44 14.05
6-d 3+3 20.01 21.78 14.24 20.45 22.24 14.42 20.67 23.11 15.85
6-e 3+3 30.84 28.83 14.52 31.03 29.19 14.28 31.44 30.40 16.77

a The values are expressed in units of kJ/mol. The case of the dominant isotope7Li is calculated for∆Eiso
(7) and∆Giso

(7). The Gibbs’ function∆Giso
(7)

is evaluated at 298.15 K, under the assumption of the ideal gas.

TABLE 3: Relative Energy Differences (∆Eiso and ∆Eiso
(7)) and the Relative Gibbs’ Free Energy Change (∆Giso

(7)) of Isomers of
Li +(H2S)n for the Dominant Isotope 7Li a

HF/6-31+G* HF/6-31+G** HF/6-311+G*

p+q ∆Eiso ∆Eiso
(7) ∆Giso

(7) ∆Eiso ∆Eiso
(7) ∆Giso

(7) ∆Eiso ∆Eiso
(7) ∆Giso

(7)

Li +(H2S)4
4-a 4+0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
4-b 3+1 22.38 21.37 14.51 21.94 21.09 14.98 21.65 22.89 13.18

Li +(H2S)6
6-a 4+2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
6-b 4+2 1.75 1.63 -1.48 1.84 1.66 -1.50 2.15 1.82 0.50

a The values are given in units of kJ/mol. The Gibbs’ function is evaluated at 298.15 K, under the assumption of the ideal gas.
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The stability of Li+(H2S)n is significantly different from that
of Li+(H2O)n. The length of the Li-S bonds is∼2.5 Å and is
longer than that of Li-O. The hydrogen bonds between H2S

molecules are longer than 3 Å and are also longer than the length
of the hydrogen bond between water molecules. The interaction
involving the S atom is very weak.

Figure 4. Optimized structures of clusters Li+(H2S)n, up ton ) 6. Bond lengths of the dominant part are shown in the HF/6-31+G* level, and the
units are given in angstroms.

Figure 5. Optimized structures of clusters Li+(CH3OH)n, up ton ) 4. Bond lengths of the dominant part are shown in the HF/6-31+G* level, and
the units are given in angstroms.
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The most-stable isomer, up ton ) 4, has ann+0 structure,
and a 4+q structure is observed forn g 4. The coordination
number of Li+(H2S)n is the same as for Li+(H2O)n, but there is
less variation in the possible isomers in the Li+(H2S)n cluster,
because of the instability due to the weak interactions. Forn )
3, only the 3+0 structure can exist, and we could not find a
stable local minimum for the 2+1 structure, which has a second
solvent shell. We could find only two isomers (4+0 and 3+1)
for n ) 4 and two 4+2 isomers forn ) 6.

The entropy effect on the isomerization reaction of Li+(H2S)n
is quite different from that of Li+(H2O)n. In the isomerization
of 4-a f 4-b for Li+(H2S)4, the Gibbs’ free energy change
∆Giso

(7) is smaller than the relative energy differences∆Eiso
(7). It is

assumed that the H2S molecule in the second shell of isomer
4-b retains large entropy, because it is permitted a large degree
of freedom, which is attributable to the weakness of the
hydrogen bond to the first shell. The relative energy differences
(∆Eiso and∆Eiso

(7)) are almost zero between the two isomers of
Li+(H2S)6. In comparison with Li+(H2O)6, the hydrogen bonds
of Li+(H2S)6 are weaker, whereas low-frequency modes are
retained and the structural distortion is not so significant.

3.1.3. Structure of Li+(CH3OH)n. Figures 5 and 6 show the
optimized geometries of the Li+(CH3OH)n cluster. Table 4
summarizes the basis set dependences of the relative energy
differences∆Eiso and ∆Eiso

(7) and the Gibbs’ function∆Giso
(7) at

room temperature (298.15 K).
The stability and structure of Li+(CH3OH)n are similar to

those of Li+(H2O)n. The zero-point vibration energy correction
and the influence of the entropy are smaller, because a methanol
molecule cannot make two hydrogen bonds in the form of a
double proton donor, and the difference between∆Eiso

(7) and
∆Eiso or ∆Giso

(7) and∆Eiso is not as significant as that in the case
of Li+(H2O)n. For example, in Li+(CH3OH)5, the Gibbs’
function ∆Giso

(7) of the 5+0 isomer (5-c) has much higher

energy than that of the 3+2 isomer (5-b). This trend is different
from the case of Li+(H2O)5, in which the difference of∆Giso

(7) is
almost zero in the 5+0 and 3+2 isomers.

Lisy’s group investigated the infrared (IR) spectra of Na+(CH3-
OH)n and Cs+(CH3OH)n in the frequency region of the OH
stretching motion.32-34 Their results suggest that the most-stable
isomer has ann+0 structure, which is the same as Li+(H2O)n.
Figure 7 shows the calculated frequencies of the OH stretch-
ing motion of the Li+(CH3OH)n clusters, and the frequency
identified as free OH is in the region of∼3750 cm-1. Lisy’s
group observed one peak of free OH stretching motion in the
region of∼3660-3670 cm-1 for n g 4 of Na+(CH3OH)n and
Cs+(CH3OH)n.

Figure 6. Optimized structures of clusters Li+(CH3OH)5 and Li+(CH3OH)6 Bond lengths of the dominant part are shown in the HF/6-31+G* level,
and the units are given in angstroms.

Figure 7. Calculated frequencies of Li+(CH3OH)n in the region of
the OH stretching motion at the HF/6-31+G* level. A scaling factor
of 0.9191 is applied.
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They also suggest the existence of a surface-type structure
for n g 3, in which the Na+ or Cs+ are on the cyclic (CH3-
OH)n cluster. We could not find such a surface structure in
Li+(CH3OH)n. Considering the stability in the alkali-metal cation
with a water cluster,24,25the Li-methanol bond is much stronger
than the Na-methanol and Cs-methanol bonds; thus, the
Li+(CH3OH)n cluster cannot have a stable local minimum.

3.2. Solvation Energy and Gibbs’ Function.Figure 8 shows
the size dependence of the solvation energy∆Esolv

(7), which
involves the zero-point vibration energy correction and the
Gibbs’ free energy change∆Gsolv

(7) at room temperature (298.15
K) for the most-stable isomers. The solvation reaction is

The horizontal broken lines show the dimerization energy
and the Gibbs’ function of (H2O)2, (CH3OH)2, and (H2S)2.
The calculation level is HF/6-31+G*. The energy differences
∆Esolv

(7) and ∆Gsolv
(7) , calculated with other basis sets, are sum-

marized in Tables 5-7. The case of the dominant isotope7Li
is calculated.

The solvation energies∆Esolv
(7) and the Gibbs’ functions

∆Gsolv
(7) become progressively smaller, up ton ) 4, and take

almost the same value atn ) 5 and n ) 6. This result is
attributed to the first shell being saturated atn ) 4, and the
external shell beginning to form with hydrogen bonds atn )
5. The solvation energies∆Esolv

(7) (n ) 5) and∆Esolv
(7) (n ) 6) are

much more than twice the dimerization energy in all three
solvent clusters. The Li+-Solv bonding is stronger than the
hydrogen bond, and the 4+q isomer is more stable than the
3+q and 2+q isomers with the cyclic structure. Furthermore,
we believe that the binding energies forn ) 5 and 6 are due to
not only the two hydrogen bonds, but also the polarized solvent
molecule in the first shell being bound to the Li ion, even in
the Li+(H2S)n clusters with weak Li-S and hydrogen bonds.

One interesting point is that Li+(H2O)n and Li+(CH3OH)n
give almost equal values in both∆Esolv

(7) and ∆Gsolv
(7) . There is

almost no influence on the binding between lithium and oxygen
when one H atom in the water molecule is replaced by the
methyl group. The solvation energy of the Li cation with the
dimethyl ether clusters Li+(CH3OCH3)n for n ) 1, 2, 3, and 4
are 166, 137, 95, and 54 kJ/mol, respectively, at the HF/6-

31+G* level,29 and these energies are also almost equal to the
solvation energies of Li+(H2O)n and Li+(CH3OH)n. The methyl
group replacement of even both H atoms does not significantly
influence the binding energies of the Li+-O bond. In contrast,
Li+(H2S)n shows smaller values in both∆Esolv

(7) and ∆Gsolv
(7) ,

because of the weaker Li+-S bonding.
It seems that Li+(H2O)n can continue to make the second

hydration shell with hydrogen bonds, to at leastn ) 12.18,26,27

In contrast, the second solvation shell of the Li+(CH3OH)n is
assumed to be saturated forn g 7, because there are no more
free OH groups of methanol molecules in the first shell forn
) 6. (See Figure 6.) Hence, it is assumed that the solvation
energies∆Esolv

(7) (n) of Li+(CH3OH)n for large n are smaller
than those of Li+(H2O)n, and that the enthalpy change
∆Hsolv(Li+(CH3OH)n) - ∆Hsolv(Li+(H2O)n) is negative, as was
assumed in ref 30.

3.3. Reduced Partition Function Ratio.3.3.1. Bigeleisen
and Mayer’s Theory.As is shown in the Introduction, the
reduced partition function ratio (RPFR,f) is given by Bigeleisen
and Mayer’s theory, as follows:

TABLE 4: Relative Energy Differences (∆Eiso and ∆Eiso
(7))

and the Relative Gibbs’ Free Energy Change (∆Giso
(7)) of

Isomers of Li+(CH3OH)n for the Dominant Isotope 7Li a

Basis Set (*)b HF/6-31+G*

p+q ∆Eiso ∆Eiso
(7) ∆Giso

(7) ∆Eiso ∆Eiso
(7) ∆Giso

(7)

Li +(MeOH)3
3-a 3+0 0.00 0.00 0.00 0.00 0.00 0.00
3-b 2+1 42.26 45.61 48.21 40.84 44.22 47.49

Li +(MeOH)4
4-a 4+0 0.00 0.00 0.00 0.00 0.00 0.00
4-b 3+1 5.25 10.02 11.96 6.22 10.49 10.12

Li +(MeOH)5
5-a 4+1 0.00 0.00 0.00 0.00 0.00 0.00
5-b 3+2 16.54 18.21 11.08 16.39 17.90 10.62
5-c 5+0 30.55 26.31 23.67 29.18 24.99 23.25

a The values are given in units of kJ/mol. The Gibbs’ function is
evaluated at 298.15 K, under the assumption of the ideal gas.b The
basis set (*) is the 6-31G set on the CH3 groups of the methanol and
the 6-31+G* sets on the other atoms.

Figure 8. Size dependence of (a) the solvent energy with the zero-
point vibration correction∆Esolv

(7) (n) and (b) the Gibbs’ function
(∆Gsolv

(7) (n)) at 298.15 K for the dominant isotope7Li. The most-stable
isomers are used in each sizen for the evaluation. Horizontal broken
lines are the dimerization energies of (H2O)2, (CH3OH)2, and (H2S)2.
Basis set used is the HF/6-31+G* level.
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ui,(7)e
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Li+(Solv)n-1 + Solv f Li+(Solv)n
(for Solv ) H2O, H2S, and CH3OH) (3)
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where

and the indices (6) and (7) correspond to the isotopes6Li and
7Li, respectively. The computed normal frequenciesωi for all i
with the ab initio MO calculation are scaled and inserted into
eq 4 to evaluate the RPFR (f) of the clusters.

We calculated the size dependence of the RFPR for the most-
stable isomers (n+0 structure, up ton ) 4, and 4+q structure
for n g 5) of three types of Li+(Solv)n (for Solv ) H2O, CH3-
OH, and H2S), as shown in Figure 9. The calculation level is
HF/6-31+G*, and the temperature is 300 K. The RPFRs
computed by eq 4 are shown by the thick solid lines with large
crosses. The numerical data are summarized in Table 8 evaluated
at all calculation levels.

In Li+(H2O)n and Li+(H2S)n, the increment of RPFR is steep,
up to n ) 3, and becomes gentle fromn ) 3 to n ) 4. The
RPFR plateaus forn g 4. However, in Li+(CH3OH)n, the RPFR
increases steeply, up ton ) 3, and plateaus forn g 3. The

greatest contribution to the isotope exchange reaction of lithium
is by the bonds between lithium and solvent molecules, and
the solvent number of the first shell is significant. The first shell
of the most-stable isomer is saturated by four solvent molecules;
therefore, we can assume that the RPFR remains constant forn
g 4. As discussed in the previous section, we believe that the
most-stable isomer has a 4+q structure in the still-larger cluster
size n. Consequently, the flat RPFR can be regarded as the
RPFR for the bulk solution, and we can therefore estimate the
RPFR to bef ) 1.07 for Li+(H2O)n and Li+(CH3OH)n andf )
1.03 for Li+(H2S)n.

Because of the almost-equal binding energy of Li-O, the
systems of Li+(H2O)n and Li+(CH3OH)n show almost-equal
RPFRs. In contrast, because the Li-S bond is weaker than the
Li-O bond, the RPFR of Li+(H2S)n is smaller than that of the
other two.

3.3.2. Simplified Bigeleisen and Mayer’s Theory.A simplified
formula for Bigeleisen and Mayer’s theory is also known to
exist. This formula can be applied only to an isotopic atom that
is surrounded symmetrically by identical atoms:9

TABLE 5: Solvent Energy without and with the Zero-Point Vibration Energy Correction ( ∆Esolv(n) and ∆Esolv
(7) ) and the Gibbs’

Function (∆Gsolv
(7) ) for the Reaction Li+(H2O)n-1 + H2O f Li +(H2O)n

a

HF/6-31+G* HF/6-31+G** HF/6-311+G*

∆Esolv ∆Esolv
(7) ∆Gsolv

(7) ∆Esolv ∆Esolv
(7) ∆Gsolv

(7) ∆Esolv ∆Esolv
(7) ∆Gsolv

(7)

(H2O)2 -22.51 -12.87 +10.47 -21.07 -11.94 +10.90 -21.87 -15.59 +8.15
Li +(H2O) -153.63 -144.81 -120.59 -151.71 -142.81 -118.61 -164.18 -154.30 -130.00
Li +(H2O)2 -135.45 -126.87 -97.71 -133.57 -124.94 -95.56 -144.06 -134.41 -104.78
Li +(H2O)3 -102.91 -93.75 -58.89 -101.10 -91.85 -56.93 -111.07 -100.56 -64.85
Li +(H2O)4 -73.74 -67.38 -39.22 -72.05 -65.38 -35.68 -79.50 -72.63 -45.71
Li +(H2O)5 -59.96 -46.27 -6.89 -57.08 -44.26 -6.85 -64.29 -50.36 -10.29
Li +(H2O)6 -55.93 -44.82 -5.04 -53.84 -42.95 -3.15 -60.91 -48.68 -7.36

a The case of the dominant isotope7Li is calculated for∆Esolv
(7) and∆Gsolv

(7) . The Gibbs’ function is evaluated at room temperature (298.15 K),
under the assumption of the ideal gas. The relative energies and the Gibbs’ function for the dimerization of water are also shown.

TABLE 6: Solvent Energies (∆Esolv and ∆Esolv
(7) ) and Gibbs’ Function (∆Gsolv

(7) ) of the Reaction Li+(H2S)n-1 + H2S f Li +(H2S)n
for the Dominant Isotope 7Li a

HF/6-31+G* HF/6-31+G** HF/6-311+G*

∆Esolv ∆Esolv
(7) ∆Gsolv

(7) ∆Esolv ∆Esolv
(7) ∆Gsolv

(7) ∆Esolv ∆Esolv
(7) ∆Gsolv

(7)

(H2S)2 -3.68 -0.49 +14.01 -3.83 -0.49 +15.13 -4.47 -0.77 +15.71
Li +(H2S) -92.51 -85.07 -62.72 -92.11 -84.86 -62.52 -98.33 -90.82 -68.30
Li +(H2S)2 -81.54 -74.73 -50.18 -81.15 -74.27 -45.67 -85.86 -78.51 -49.18
Li +(H2S)3 -59.80 -53.05 -20.16 -59.30 -52.92 -24.60 -61.32 -54.92 -25.69
Li +(H2S)4 -44.51 -39.12 -0.99 -44.11 -38.75 -0.01 -45.43 -39.90 -0.13
Li +(H2S)5 -19.17 -14.86 +13.13 -19.11 -14.73 +13.94 -19.14 -15.62 +7.99
Li +(H2S)6 -19.79 -15.75 +18.32 -19.78 -15.77 +17.74 -20.27 -16.08 +16.93

a The Gibbs’ function is evaluated at room temperature (298.15 K), under the assumption of the ideal gas. The relative energies and the Gibbs’
function for the dimerization of H2S are also shown.

TABLE 7: Solvent Energies (∆Esolv and ∆Esolv
(7) ) and Gibbs’ Function ∆Gsolv

(7) of the Reaction Li+(CH3OH)n-1 + CH3OH f
Li +(CH3OH)n for the Dominant Isotope 7Li a

Basis Set (*) HF/6-31+G*

∆Esolv ∆Esolv
(7) ∆Gsolv

(7) ∆Esolv ∆Esolv
(7) ∆Gsolv

(7)

(MeOH)2 -22.43 -16.63 +13.08 -22.25 -16.62 +12.50
Li +(MeOH) -172.06 -165.40 -139.83 -165.50 -150.55 -132.95

Li +(MeOH)2 -147.14 -141.06 -106.46 -141.75 -135.46 -100.78
Li +(MeOH)3 -106.23 -99.79 -56.99 -102.98 -96.53 -54.40
Li +(MeOH)4 -70.18 -66.38 -30.05 -69.26 -64.91 -28.19
Li +(MeOH)5 -60.63 -51.45 -7.06 -58.54 -49.63 -7.34
Li +(MeOH)6 -56.35 -49.32 -9.51 -55.30 -48.14 -7.95

a The Gibbs’ function is evaluated at room temperature (298.15 K), under the assumption of the ideal gas. The basis set (*) is the 6-31G set on
the CH3 groups of the methanol and the 6-31+G* sets on the other atoms. The relative energies and the Gibbs’ function for the dimerization of
methanol are also shown.

ui ) ( h
kBT)ωi
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where

andωn,(s) is the frequency of the total symmetric stretching mode
of the cluster sizen. It is known that the logarithmic RPFR
(log f) is proportional to 1/T in the low-temperature region,
whereas logf is proportional to 1/T2 in the higher-temperature
region. This simplified formula is valid in the higher-temperature
region only.

Because all the isomers give the same result, we show the
temperature dependence for only the 4+0 structure of Li+-
(Solv)4. The logarithmic RPFR (logf) versus reciprocal tem-
perature (1/T) is shown in Figure 9b, and, as the figure shows,
room temperature is located in the higher-temperature region.

We incorporated the RPFRs evaluated by the simplified
theory to Figure 9a. They are shown as thin solid lines and

plots without crosses. Numerical data for all calculation levels
are summarized in Table 9, together with the frequency of the
total symmetric stretching motion (ωn,(s)). Equation 5 can be
applied only to an isotopic atom that is surrounded by identical
particles; values of then+0 structure forn g 2 are shown. In
the case of Li+(H2S)n, the values obtained from the simplified
theory are very similar to the values evaluated with the formula,
utilizing all frequencies in eq 4. For Li+(H2O)n, the simple
theory shows good estimation forn ) 2 and 4, but underesti-
matesn ) 3. In contrast, in Li+(CH3OH)n, the RPFR of the
simplified formula is in excellent agreement with the RPFR
derived from all frequencies.

Table 9 shows thatωn,(s) exhibits a gradual red shift, relative to
increasing cluster sizen. The red shift fromω2,(s) to ω3,(s) in
Li+(CH3OH)n is not so large (274 cm-1 to 264 cm-1 with HF/
6-31+G* versus 250 cm-1 to 231 cm-1 for Li+(H2O)n.) Hence,
ω3,(s)of Li+(CH3OH)3 retains a large value, and we believe that
the simplified theory gives excellent agreement for Li+(CH3OH)3.

Figure 9. (a) Size dependence of the reduced partition function ratio
(RPFR) of the most-stable isomers of Li+(H2O)n, Li+(H2S)n, and
Li +(CH3OH)n, evaluated by Bigeleisen and Mayer’s formula (eq 4)
together with the simplified formula (eq 5).9 Plots of the RPFRs
calculated with eq 4 are shown as thick solid lines and data points
with crosses, whereas plots of the RPFRs calculated with eq 5 are shown
as thin solid lines and data points without crosses. (b) Logarithmic
RPFR (logf) versus the reciprocal absolute temperature (1/T) for the
most-stable isomers (4+0 structure) of Li+(H2O)4, Li+(H2S)4, and
Li +(CH3OH)4. Frequencies were computed at the HF/6-31+G* level
and multiplied by the scaling factor.

fa ) 1 + [ (∆M)m

24M(M + ∆M)]un
2n (5)

un ) ( h
kBT)ωn,(s)

TABLE 8: Reduced Partition Function Ratios (RPFRs) for
Li +(H2O)n, Li +(H2S)n, and Li+(CH3OH)n, Calculated by
Bigeleisen and Mayer’s Formula (eq 4), Using All Computed
Frequencies with the Hartree-Fock (HF) Level

RPFR Value

p+q basis set (*)a 6-31+G* 6-31+G** 6-311+G*

Li +(H2O)1 1+0 1.030 1.029 1.031
Li +(H2O)2 2+0 1.050 1.050 1.052
Li +(H2O)3

3-a 3+0 1.066 1.065 1.071
3-b 2+1 1.056 1.055 1.058

Li +(H2O)4
4-a 4+0 1.069 1.068 1.072
4-b 3+1 1.068 1.067 1.074
4-c 2+2 1.057 1.056 1.059

Li +(H2O)5
5-a 4+1 1.070 1.069 1.074
5-b 3+2 1.071 1.070 1.076
5-c 3+2 1.069 1.068 1.075
5-d 5+0 1.056 1.053 1.061
5-e 2+3 1.058 1.057 1.060

Li +(H2O)6
6-a 4+2 1.070 1.068 1.074
6-b 4+2 1.070 1.068 1.074
6-c 3+3 1.073 1.072 1.078
6-d 3+3 1.072 1.071 1.076
6-e 3+3 1.070 1.069 1.075

Li +(H2S)1 1+0 1.016 1.016 1.018
Li +(H2S)2 2+0 1.028 1.028 1.033
Li +(H2S)3 3+0 1.036 1.035 1.039
Li +(H2S)4

4-a 4+0 1.037 1.037 1.039
4-b 3+1 1.036 1.036 1.040

Li +(H2S)5 4+1 1.037 1.036 1.039
Li +(H2S)6

6-a 4+2 1.037 1.037 1.040
6-b 4+2 1.037 1.037 1.039

Li +(MeOH)1 1+0 1.035 1.034
Li +(MeOH)2 2+0 1.059 1.057
Li +(MeOH)3

3-a 3+0 1.077 1.074
3-b 2+1 1.065 1.063

Li +(MeOH)4
4-a 4+0 1.076 1.074
4-b 3+1 1.078 1.076

Li +(MeOH)5
5-a 4+1 1.077 1.075
5-b 3+2 1.079 1.076
5-c 5+0 1.057 1.055

Li +(MeOH)6 4+2 1.077 1.075

a The basis sets (*) involve putting HF/6-31+G on the methyl group
of the methanol molecule and HF/6-31+G* on the remaining atoms.
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The value for the 5+0 isomer is calculated in the case ofn
) 5. As will be mentioned in the next subsection (Section 3.3.3),
the RPFR evaluated with all frequencies (in eq 4) for the 5+0
structure is smaller than that of the 4+1 structure in both
Li+(H2O)5 and Li+(CH3OH)5. The equation, which is based on
the simple theory, gives a gross overestimation forn ) 5. It
seems that this overestimation is attributable to the weaker
Li-Solv bond and to the solvent molecules not being completely
equivalent in the 5+0 isomer.

The frequency of the symmetric stretching mode remains
constant asωn,(s) ) xk/m, wherem is the mass of the solvent
molecule andk is the force constant of the Li+-Solv bonding.
If the force constantk is not variable, the frequency is
independent of the cluster sizen. In the actual cluster, however,
the binding energy of Li+-Solv becomes progressively smaller,
and the frequencyωn,(s) shows a red shift, relative to increasing
cluster sizen.

3.3.3. Isomer Dependence.The RPFR value of the lithium
isotopic exchange reaction is predominantly determined by the
coordination number of the first solvent shell. To inspect this
determination better, we will discuss the isomer dependence of
the RPFR value. Figure 10 shows the plots of the RPFR of
Li+(H2O)n, Li+(CH3OH)n, and Li+(H2S)n calculated for each
isomer. The numerical data are summarized in Table 8.

In some cases, we found several isomers for the samep+q
structure. For example, three types of isomers were observed
for the 3+3 structure of Li+(H2O)6. Their RPFRs are almost
equal, and it is impossible to distinguish these plots on a graph.
Hence, the RPFR is independent of the structure of the second
and the external solvent shell.

We can conclude that the RPFRs are dependent only on the
coordination number of the first solvent shell. For Li+(H2O)n
and Li+(CH3OH)n, the 3+q and 4+q isomers show almost-equal
RPFRs, and they give the largest possible RPFR, with respect
to isomer dependence. Of the other types of isomers, the 2+q
and 5+q structures give smaller RPFRs. The variation among
the isomers is very small in Li+(H2S)n, and the number of RPFR
plots is also very few; however, the RPFRs of 3+q and 4+q
isomers are almost equal.

As discussed previously, the most-stable isomers have a 4+q
structure, up ton ) 6, whereas the next-stable isomers have a
3+q structure. In particular, the stability of Li+(H2O)6 at room
temperature is mostly determined by the number of solvent
molecules in the first shell. Thus, we can assume that the 4+q
and 3+q structures are the most stable for the much larger
clusters, and we can guess that many cases exist for which the
coordination number is 3 or 4 in the bulk solution also. Finally,
the RPFRs for the clusters up ton ) 6 can be extrapolated to

the bulk solution, and we can conclude that the RPFR is 1.07
for water and methanol and 1.03 for H2S.

3.4. Analysis of Vibration Mode. In this subsection, we
inspect the vibration mode that contributes significantly to the

TABLE 9: Reduced Partition Function Ratio (RPFR) Estimated with the Simplified Bigeleisen and Mayer’s Formula (eq 5)a

Basis Sets (*)a HF/6-31+G* HF/6-31+G** HF/6-311+G*

ωn,(s) RPFR,fa ωn,(s) RPFR,fa ωn,(s) RPFR,fa ωn,(s) RPFR,fa

Li +(H2O)2 250 1.046 249 1.045 256 1.048
Li +(H2O)3 231 1.058 230 1.058 238 1.062
Li +(H2O)4 214 1.067 212 1.065 227 1.075
Li +(H2O)5 202 1.074 198 1.072 205 1.076
Li +(H2S)2 128 1.024 128 1.024 138 1.028
Li +(H2S)3 119 1.031 119 1.031 126 1.035
Li +(H2S)4 109 1.035 109 1.035 116 1.039
Li +(MeOH)2 277 1.056 274 1.055
Li +(MeOH)3 264 1.076 264 1.076
Li +(MeOH)4 230 1.077 227 1.075
Li +(MeOH)5 215 1.084 214 1.083

a The frequency of the total symmetric stretching modeω1 (cm-1) is also shown in the table. The basis sets (*) for Li+(CH3OH)n involve putting
HF/6-31+G on the methyl group of the methanol molecule and HF/6-31+G* on the remaining atoms.

Figure 10. Isomer dependence of the RPFR, calculated by Bigeleisen
and Mayer’s formula (eq 4): (a) Li+(H2O)n, (b) Li+(H2S)n, and (c)
Li +(CH3OH)n. Frequencies were calculated at the HF/6-31+G* level
and multiplied by the scaling factor.
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reduced partition function ratio (RPFR). Figures 11-13 show
the normal frequency taken as the abscissa and the contribution
to RPFR (xi) taken as the ordinate, up ton ) 4. The contribution
xi is shown by the following formula:

where

The frequencies whosexi value is significantly large are shown
in the figure. We have shown the frequency of the dominant
isotope7Li as solid lines and that of the minor isotope6Li as
broken lines. The frequency list for all optimized geometries
are available on request.37

3.4.1. Isomers of n+0 Structure up to n) 4. The vibration
mode whose contributionxi is significant for n ) 1 is the
stretching motion between the Li ion and the solvent molecule
(Solv). The frequency is also linked to the binding energy of
the Li+-Solv bond. In the major isotope7Li, the frequencies

for Li+(H2O) and Li+(CH3OH) are 500 and 526 cm-1, whereas
the frequency for Li+(H2S) is 326 cm-1. (In the following
discussion, the numerical frequency values are shown for7Li,
because the difference of the frequencies between7Li and 6Li
are so similar, to be proportional toxi.)

Because the vibration mode that involves the Li+-Solv bond
is significant, the antisymmetric stretching motion contributes
dominantly to the RPFR. The frequencies of the antisymmetric
stretching motion of Li+(H2O)2, Li+(CH3OH)2, and Li+(H2S)2,
are 599, 629, and 420 cm-1, respectively, and a blue shift occurs
from n ) 1 to n ) 2 in all three clusters. It can be simply
understood as a classic coupled oscillator system. Supposing
the masses of the Li atom and the solvent molecule areM and
m respectively, and the force constant isk, then the frequencies
of n ) 1 and 2 becomeω1 ) xk(M+m)/(Mm) and ω2,(a) )
xk(M+2m)/(Mm), and we can obtain the relation ofω1 <
ω2,(a).

In the n+0 structure for 2e n e 4, the frequency of the
antisymmetric stretching mode shows a gradual red shift. It is
also attributed to the binding energy of the Li+-Solv bond
becoming progressively smaller with increasing cluster sizen.
The red shift of Li+(H2S)n (414 cm-1 for n ) 2, 391 and 426
cm-1 for n ) 4) is smaller than that of Li+(H2O)n (599 cm-1

for n ) 2, 484 and 491 cm-1 for n ) 4) and Li+(CH3OH)n
(629 cm-1 for n ) 2, 413, 448, and 454 cm-1 for n ) 4).

3.4.2. Frequency Distribution and Frequency Shift.The
distribution of the frequencies with largexi values is dependent
predominantly on the structure of the first solvation shell, and
the frequency shift is dependent on the strength of the Li+-
Solv bonding. In some cases, the second solvation shell
constructed with the hydrogen bond influences the first solvation

Figure 11. Frequency versus contribution to the RPFR ofxi for
Li +(H2O)n, up ton ) 4. Basis set for the computation used is the HF/
6-31+G* level. Modes with a significant contribution (xi g 1.005) are
shown. The frequencies 533 cm-1 (of 7Li(H2O)3 isomer3-a) and 484
cm-1 (of 7Li(H2O)4 isomer4-a) are doubly degenerated.

xi )
ui,(7)e

-ui,(7)/2(1 - e-ui,(6))

ui,(6)e
-ui,(6)/2(1 - e-ui,(7))

(6)

ui ) ( h
kBT)ωi

Figure 12. Frequency versus contribution to the RPFR ofxi for
Li+(H2S)n, up ton ) 4. Basis set used is the HF/6-31+G* level. Modes
with a significant contribution (xi g 1.0025) are shown. The frequencies
235 and 391 cm-1 of 7Li(H2S)4 isomer4-a are doubly degenerated.
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shell, and the distribution and the shift of the frequency is
indirectly dependent on the second solvation shell.

In the Li+(H2O)3 isomer3-b, the mode with the frequency
565 cm-1 is identified as the antisymmetric stretching motion
of the O-Li+-O bond, and the bending motion with the
frequency 405 cm-1 also gives a somewhat largexi value.
Because of the similar cyclic structure, the frequency distribution
of the Li+(H2O)4 isomer4-c has a pattern similar to that of
isomer 3-b. The three water molecules in isomer3-a are
equivalent and the two antisymmetric stretching modes degener-
ate (533 cm-1), whereas in isomer4-b, the two antisymmetric
stretching modes do not degenerate (611 and 475 cm-1), because
of the influence of the second hydration shell. The mode with
the frequency 544 cm-1 in isomer 4-b is identified as the
bending motion, the same as in isomer3-b. The frequencies of
isomer4-b are blue-shifted from the frequencies of isomer3-b,
because the hydrogen bond in isomer4-b (2.033 Å) is stronger
than that in isomer3-b (2.047 Å).

We have described only the case of the Li+(H2O)n cluster in
this paragraph. The Li+(H2S)n and the Li+(CH3OH)n clusters
can be also explained with the same analysis.

3.4.3. Larger Clusters.Finally, the frequencies versus thexi

values of Li+(H2O)n and Li+(CH3OH)n for n ) 5 and 6 are
shown in Figure 14. The isomers of the most-stable 4+1 and
5+0 structures are shown forn ) 5, and the most-stable 4+2
structure is shown forn ) 6. The contribution ofxi of the most-
stable isomers is very similar to that of the 4+0 isomers of
Li+(H2O)4 and Li+(CH3OH)4. On the other hand, thexi value
of the 5+0 isomers is small in both Li+(H2O)5 and Li+(CH3OH)5.
We believe that this phenomenon can be attributed to the RPFR

of the 5+0 isomer becoming smaller than that of the 4+1
isomer, as calculated with all frequencies. The frequency of the
total symmetric stretching modeω5,(s) shows a red shift from
the frequency ofn ) 4; however, the degree of the shift is not
so significant (see Table 9). Therefore, the simplified theory
gives an overestimation of the RPFR forn ) 5.

4. Conclusion and Remarks

In the present study, we determined the structures of three
types of solvent lithium ion clusters Li+(Solv)n (in which Solv
) H2O, H2S, and CH3OH) with an ab initio molecular orbital
(MO) method. The reduced partition function ratio (RPFR)
values of the bulk solution in the lithium isotope exchange
reaction were estimated on the basis of the calculated RPFRs
of these three clusters.

The Li+-Solv bond primarily determines the RPFR; there-
fore, it is predominantly dependent on the number of solvent
molecules in the first shell. In all three clusters, the most-stable
isomer has a 4+q structure forn g 4; thus, the size dependence
of the RPFR plateaus atn ) 4. Therefore, the extrapolation of
the cluster value can be regarded as the RPFR of the bulk
solution, and, consequently, we can estimate the RPFR to be
1.07 for water and methanol and 1.03 for H2S.

It is known that the scaling factor does not work very well
for low-frequency modes such as the symmetric stretching mode
that involves the Li+-Solv bond.13,26,27Fortunately, the majority
of the zero-point energies are determined by the energy relation
E ) 1/2hν. The isotope-dependent frequencies that involve the

Figure 13. Frequency versus contribution to the RPFR ofxi for
Li +(CH3OH)n, up to n ) 4. Basis set used is the HF/6-31+G* level.
Modes with a significant contribution (xi g 1.005) are shown. The
frequency 512 cm-1 of 7Li(CH3OH)3 isomer3-a is doubly degenerated.

Figure 14. Frequency versus contribution to the RFPR ofxi for several
isomers of Li+(H2O)n and Li+(CH3OH)n (n ) 5 and 6). Modes withxi

g 1.0025 are shown. The frequencies 334, 386, and 468 cm-1 (of
7Li +(H2O)6) and 392 and 409 cm-1 (of 7Li(CH3OH)6) are doubly
degenerated.
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large displacement of lithium would be sensitive to the scaling
factor, especially after exponentiation in the partition function.
However, the possibility remains that the use of the ratio of
partition function might cause the scaling factor to cancel.

As described in Section 3.4, the antisymmetric stretching
mode contributes predominantly to the RPFR. In general, the
scaling factor works for the antisymmetric stretching mode better
than for the symmetric stretching mode. The distribution and
shift of the frequencies with the large contribution ofxi are
clearly dependent on the first solvation shell and the binding
energy of the Li+-Solv bond. Given these regularities, the shape
of the potential curve may not be significantly influenced in
the case of the antisymmetric stretching mode. Therefore, the
valid RPFRs are assumed to be obtained by the uniformed
scaling factor.

The 3+q structure is the next-stable isomer, relative to the
4+q structure, as revealed in the thermodynamic discussion,
and we believe that the coordination number of the lithium ion
is 3 or 4 in most cases, because the 3+q and 4+q isomers give
almost-equal RPFRs, and the mixing of the 3+q structures do
not have significant influence on the RPFR of the bulk solution.

Although the 5+0 structure was observed forn ) 5 at the
HF/6-31+G* level, the local minimum does not exist at the
MP2/6-31+G* level.26 This fact suggests that the 5+q isomer
does not have any stable local minimum or has only a very
unstable minimum. We found the 6+0 structure forn ) 6, and,
because its relative energy difference is+40.9 kJ/mol with the
HF/6-31+G*, and the 6+0 isomer is very unstable.19 With
regard to the stability of such overvalence clusters of the Li
ion, we assume that the coordination number is 5 or 6 in small
cases of the bulk solution. The calculated RPFRs for the 5+q
and the 6+q isomers are small; however, the contribution of
these structures is assumed to be small and, therefore, the
influence on the RPFR in the bulk solution is not very
significant.

The replacement of one H atom in the water molecule by a
methyl group had very little influence on the Li-O bonding in
the Li+(CH3OH)n cluster. On the other hand, the results for
Li+(H2S)n suggest the possibility of an absorbent that contains
S atoms, such as thioether, etc. We should consider the following
reaction of the lithium isotopic exchange:

where phase I is a liquid phase, such as seawater, and phase II
is the absorbent that contains the S atom.
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