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The reduced partition function ratios (RPFRs) of (Solv), (in which Solv= H,0, H,S, and CHOH) clusters

with different values were calculated, to investigate the solvent effect of the isotopic effect of the lithium.
Structures of three solvated clustets*(H,O),, Li*(H.S), and Lit(CHsOH),—were 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 = 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 plateatid at he extrapolation

of these values can be regarded as the RPFR in the solutions. The RPFR%.@refor Lit(H,O), and
Li*(CH30H), and are~1.03 for Li*(H,S). The smaller RPFR of Lti{H,S), is attributed to the smaller binding
energy of the LS bond, which is weaker than that of the-H® bond. The present results suggest the
possibility of ionophores with S atoms (such as thioether, etc.) for lithium isotopic separation.

1. Introduction isotopes, respectively. The indéxn eq 2 corresponds to the

. . value of theith normal mode. The value af in the equation
The Li atom has two types of stable isotopes whose massesconsists of Plank’s constantBoltzmann’s constarks, absolute

are six and seven. The light but minor isotdib¢is expected - )
to be capable of nuclear reaction, and it is important to establish temperatureT, and the normal frequency of théh modew::

the technology for the separation of the minor isotéigefrom h

an isotope mixture that contains the major isotégelt is also u = (—)a)I

important to study lithium isotopic fractionation as a funda- kT,

mental material and from the viewpoint of geological science. ) ) ) )

Lithium isotopic fractionation through chemical exchanges  Bigeleisen and Mayer also derived a simple theory for the

between the two phases has been studied in various systemsEStimation of the RPFR, using an experiment that involved a
such as lithium amalgam, lithium metal, organic and inorganic Raman active spectrum. Estimation of a reasonable RPFR for
ion exchangers, macrocyclic polyether, and membrérfeghe the Li ion in dilute solution with an experimental method has_

highest fractionation ability was obtained in the lithium isotopic Peen difficult, although Raman spectroscopy for hydrated Li

. . i 13
exchange reaction between an aqueous solution phase and alfns has been extensively studi€d:

amalgam phase, where the separation factor was51.05. Recent progress in theoretical chemistry makes it pos_.sible
The reaction of the lithium isotopic exchange between the 0 evaluate the RPFR)(by the calculation of the frequencies
two phases is written as i with computational methods such as Monte Carlo (MC),
molecular dynamics (MD), and ab initio molecular orbital (MO)
OLi 4 Li =L, +°Liy 1) methods*~° The RPFR can be predicted theoretically by a

Bigeleisen and Mayer formula if we can calculate all the

The separation factoi§| is the equilibrium constant of this frequenciegmi of the g!ven system, and it.is well-known that
isotopic exchange reaction (eq 1), a8aan be given by the all harmonic frequencies can be conventionally calculated by
reduced partition function rati® = fi/fy, wheref, andf, are an ab initio MO method. o _ _
the reduced partition function ratios (RPFRs) of the lithium  The hydrated clusters of the lithium cation and other alkali-
species in phases | and II. The RPRRi¢r each phase is given metal cations have been well investigated by an ab initio MO

by Bigeleisen and Mayer's theofyas follows: methodt®~3 and their structures and other properties are well-
known. Previously, we investigated the structure of the hydrated
U efu.,(H)/Z(l — g ) lithium ion cluster LiF(H20), (up ton = 6) by an ab initio MO
f= WH) ) method and estimated the RPFR of the isotope exchange reaction

of the Li atom in a water solutiof. The RPFR ) 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
*Authors to whom correspondence should be addressed. than hydrated clusters have also been investigated with an ab
E-mail: watanabe.h@aist.go.jp, k-ooi@aist.go.jp. initio MO method13:17.18.20.21,2426,28-30 The RPFR and the

U e UL — e o)

and the indices (H) and (L) correspond to the heavy and light
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TABLE 1: Scaling Factor Uniformly Applied to the
Calculated Frequencies

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

H>O 0.8941 0.8943 0.8835
H.S 0.9190 0.9208 0.9379
MeOH 0.9225 0.9191

aBasis set (*) is HF/6-31G on the GHyroup of the methanol
molecule and HF/6-3tG* on the other atoms.

reduced statistical sumg-factor) have been calculated for some
of the solvated Li cation clustet$1828Nielsen et al. investigated
the competitive reaction of alkali-metal ions with water and
methanol M (H,0)n(CH3OH),, in the gaseous phadéwhereas,
in a study using MD simulation, Lisy’s group investigated the
alkali-metal cations with methanol clusters*@SH;OH), and
Nat(CHzOH),.31-34

However, there are no reports on the Li cation with only
methanol molecules [E{CH3OH),, using an ab initioc MO

J. Phys. Chem. A, Vol. 107, No. 39, 2008333

2. Computational Methods

The geometric structures of three types of solvated Li ion
clusters-Li*(HO)n, LiT(HoS), and Lit(CHzOH),—were op-
timized by an ab inito MO method, up to = 6. The
optimization was performed with three types of basis-s#ie
HF/6-314+-G*, HF/6-314+-G**, and HF/6-31HG* levels—for
Li*(H,0), and Li*(H2S). Two types of basis set were used
for the optimization of Li(CH3OH),: 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 6-38G* 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 tiSolv

calculation. In the present study, we calculated the RPFRs of bond, the scaling factor was determined from the experimental

the LiT(CH3OH), clusters and estimated the RPFR in the

data for isolated water, hydrogen sulfide,@), and methanc®

methanol solution via extrapolation of the cluster value. We Table 1 summarizes the scaling factors, and the RPFRs are

also studied the RPFR of the'l(H,S), clusters, for which there
has been no investigation with an ab initio MO calculation. In
particular, we hypothesize that the result with (H,S), suggests

the possibility of an absorbent that involves S atoms such asS

thioether.

Comparing the RPFRs of £{CH3OH), and Lit(H,S), with
the hydrated lithium cation ti(H,O),, we have discussed the
solvent effect of the RPFR. The structure of (1,0), clusters
has been well investigated in previous studie’s:19.2330 We
found more isomers of L(H,0), in this study than in the
previous study? We also studied the thermochemistry for their

evaluated with these scaled frequencies. The typical scaling
factors of the HartreeFock (HF) level,~0.9, were obtained.
The thermodynamic properties were evaluated under the as-
umption of the ideal gas. The program used for the ab initio
MO calculations was the GAUSSIAN 98 prografn.

3. Results and Discussion

3.1 Structures.3.1.1 Structure of Li(H,0),. Figure 1 shows
the fully optimized geometries of the 1(H,0), clusters, up to
n = 4. The fully optimized structures of several isomers of
Li*(H,0)s and Li"(H,O)s are shown in Figures 2 and 3,

isomerization and have included a detailed discussion about therespectively. Bond lengths of the several dominant parts are
stability and the influence of the estimated RPFR in bulk drawn in the figures. The Cartesian coordinates of all optimized

solutions. geometries are available on requ&stable 2 summarizes the
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Figure 1. Optimized structures of clustersli(H,O), (1 < n < 4). Bond lengths of the dominant part are shown in the HF/631 level, and

the units are given in angstroms.



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

Lit(H 20)5
5-a: most stable 5-b:
[}
@_@( }1.897 <
1.968", -ﬁ\c\g.o« @

\?1964@—¥ B A %

5-c: 5-d: 5-e: @

Figure 2. Optimized structures of clustersi(H,O)s. Bond lengths of the dominant part are shown in the HF/6-G1 level, and the units are
given in angstroms.
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Figure 3. Optimized structures of clusters'(H,O)s. Bond lengths of the dominant part are shown in the HF/6-G1 level, and the units are
given in angstroms.

@

relative energy difference with and without the zero-point central metal ion has no valence electron. The hydration of the
vibration energy CorrectionA(Ei(;), and AEiso), evaluated with (MgOH)*(H,0); is similar, because there is no valence electron
three basis sets. The Gibbs' free energy chanye() at around the Mg atom, because of delocalization by polarization
room temperature (298.15 K) is also summarized in the table. of @ MgOH" molecular ion2**°In contrast, the structure of the
We calculated theAE® and AG? values for the case of the €ntire cluster becomes a pyramid type if there is one valence

1SO 1SO

dominant isotopéLi. The case of the minor isotofféi is not electron ?&thhe central metal, such as ;‘8‘3‘:}“' bR,
shown here, because the energy difference is very small (lessNa(H:0)n,?°"% and singly charged MgHO)n.
than~1 kJ/mol) Forn = 4, the most-stable isomer has &@ structure, in

In this paper, the structure t(Solv),(Solv), is hereafter which four water molecules exist in the first hydration shell.
denoted agp+q, wherep and g are the numbers of solvent  The water molecule of the second shell forms a cyclic structure
molecules in the first and external solvent shells, respec- thatis constructed with hydrogen bonds to two water molecules
tively.2325 in the first shell. The next-stable isomer has -a¢gisomer,

The most-stable isomer, up to= 4, has then+0 structure, whereas the-2q isomer is much less stable. These isomers also
and all water molecules are directly bound to the Li ion have a cyclic structure with two hydrogen bonds, making the
equivalently. This is characteristic of the system in which the entire cluster stable. As mentioned in Section 3.2, the hydrogen
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TABLE 2: Relative Energy Difference without the Zero-Point Vibration Energy Correction ( AEis,) and with the Correction
(AEY)) and the Relative Gibbs’ Free Energy Change AGY) of Isomers of Li*(H;0),2

HF/6-31+G* HF/6-31+G** HF/6-311+G*
ptq AEio AEQ) AGQ) AEio AEQ e AEio AEQ AGE)
Li*(H,0)s
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 4153 46.58 47.93
Li*(H20)s
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
4 242 58.89 67.08 71.05 60.46 67.99 70.42 61.92 70.38 75.84
Li+(H20)s
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*(H,0)6
6-a 442 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

aThe values are expressed in units of kJ/mol. The case of the dominant igbtipealculated forAEY) and AGY). The Gibbs’ functiorAGY)
is evaluated at 298.15 K, under the assumption of the ideal gas.

TABLE 3: Relative Energy Differences (AEis, and AE)) and the Relative Gibbs’ Free Energy Change AG() of Isomers of
Li T(H,S), for the Dominant Isotope 7Li?

HF/6-31HG* HF/6-31+G** HF/6-311+G*
p+q AEio AED AGQ) AEio AEQ AGE) AEio AEQ AGE)

Li*(H2Sk

4-a 440 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-a 4+2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

6-b 442 1.75 1.63 ~1.48 1.84 1.66 ~1.50 2.15 1.82 0.50

aThe values are given in units of kJ/mol. The Gibbs’ function is evaluated at 298.15 K, under the assumption of the ideal gas.

bond between water molecules is weaker than the-liater theory (MP2) with the 6-33+G* basis set® It suggests the large
bonding, and the isomers oft8] and 2+-q are, therefore, not  dependence of the calculation level on the existence of the local
the most-stable structure. minimum for the 5-q structure.

The cyclic structure is rigid; therefore, the number of low- ~ We found two 4-2 structures for Li(H2O)s. Isomer6-b is

frequency modes becomes smaller, and, thus, the correction fodistorted by the hydrogen bond network and-5—6 kJ/mol
the zero-point vibration energy is significant. In the reactions €SS stable than isoméra. However, the relative Gibbs’ free

of 3-a — 3-b and 4-a — 4-b, the corrected relative energy ©€nergy change becomes almost zero in the isomerizartion of
differenceAE() is ~5—7 kd/mol larger thaExo. The Gibbs' ~ 0-2" - 6-D, because of the entropy chan§8 > 0 that is caused

free energy change at room temperatus&”, is ~6—8 kJ/ by the dlstorted hydrogen bond network and one free water
9y 9 P molecule in isomeB-b. For the 33 structure, three isomers

iso!
mol higher thamAEs,. The cyclic structure makes the entropy (6-, 6-d, and6-6) were found, with isomeB-ebeing less stable

effect Sm"ﬂ" _ o than other two inAE(). However, the Gibbs' free energy
- 7) - .
In the Li*(H20)s clﬁsters, t.he mostbstat?jle |someh5+QW|th changeAG() is almost zero among the three-3 isomers, _
a 4+1 structure, whereas isomegsb and 5-c with a 3+2 because of the large entropy by the free water molecules in

structure are the next stable. Isonteb is more stable than  jsomer6-e Finally, the Gibbs’ function of the isomerization
isomer5-cin the relative energAEL; however, their stability ~ reaction forn = 6 is dependent almost entirely on the
reverses in the Gibbs’ functionG”) because of the rigid  coordination number of the first hydration shell.

1so?

hydrogen bond network with the small entropy in isorbe. 3.1.2. Structure of Li(H,S). The optimized geometric
We also found a stable local minimum in the-6 structure structures of LT(H,S), up ton = 6, are shown in Figure 4.
(isomer5-d) at all three basis sets (HF/6-8G*, HF/6-31+G**, Table 3 summarizes the relative energy different&g, and

and HF/6-31%G*). Although isomer5-d is much more stable ~ AE() as well as the Gibbs’ free energy chany@() that has
than isomeb-ewith a 2+3 structure, Pye noticed the fact that been evaluated with three basis setd/6-31H+G*, HF/
the isomer of5-d type does not have a stable local minimum, 6-31+G**, and HF/6-31%G*—at room temperature (298.15
as calculated using the second-ord€illste-Plesset perturbation  K).
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Figure 4. Optimized structures of clusters®l(H,S), up ton = 6. Bond lengths of the dominant part are shown in the HF/6@1level, and the
units are given in angstroms.
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Figure 5. Optimized structures of clustersi(CH;OH),, up ton = 4. Bond lengths of the dominant part are shown in the HF/6@1 level, and
the units are given in angstroms.

The stability of Li"(H,S), is significantly different from that molecules are longer than 3 A and are also longer than the length
of Li*(H,0),. The length of the L+S bonds is~2.5 A and is of the hydrogen bond between water molecules. The interaction
longer than that of L+O. The hydrogen bonds between3H involving the S atom is very weak.
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Li*(MeOH)s5

5-a: most stable
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Figure 6. Optimized structures of clusters*i(CH;OH)s and Lit(CH;OH)s Bond lengths of the dominant part are shown in the HF/&-G1 level,

and the units are given in angstroms.

The most-stable isomer, up to= 4, has am+0 structure,
and a 4kq structure is observed far > 4. The coordination
number of Li"(H,S), is the same as for Itf{H,0),, but there is
less variation in the possible isomers in thé (H,S), cluster,
because of the instability due to the weak interactions.nFer
3, only the 3+0 structure can exist, and we could not find a
stable local minimum for the-21 structure, which has a second
solvent shell. We could find only two isomers{8 and 3+1)
for n = 4 and two 42 isomers fom = 6.

The entropy effect on the isomerization reaction of(H,S),
is quite different from that of Lfi(H,O),. In the isomerization
of 4-a — 4-b for LiT(H,S), the Gibbs' free energy change

AG{) is smaller than the relative energy difference&’). It is

IS0

assumed that the 43 molecule in the second shell of isomer

4-bretains 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
(AEiso and AEi(Z(),) are almost zero between the two isomers of
LiT(H2S). In comparison with LT(H,0)e, the hydrogen bonds
of Li*t(H,S) are weaker, whereas low-frequency modes are
retained and the structural distortion is not so significant.
3.1.3. Structure of Li(CH;OH),. Figures 5 and 6 show the
optimized geometries of the t{CH;OH), cluster. Table 4

summarizes the basis set dependences of the relative energ

differencesAEis, and AE() and the Gibbs’ functioMG{) at
room temperature (298.15 K).

The stability and structure of £{CH3OH), are similar to
those of Li"(H,O),. The zero-point vibration energy correction

and the influence of the entropy are smaller, because a methano

molecule cannot make two hydrogen bonds in the form of a
double proton donor, and the difference betweeH!) and
AEiso Or AGgg, andAEs, is not as significant as that in the case

of Li*(Hx0), For example, in Li(CH3OH)s, the Gibbs’
function AG&)J of the 5+0 isomer B6-c) has much higher

3800 T—¢ 3 3
& B O B E H B ]
B
= 3700- 8 8 $
§ 8 o
2 3600 £
c ; |
q) H H
= B Free OH (1st shell
E 3500 [0  Free OH (external shell)
@ H-bonded OH (1st shell)
‘ (@] H-bonded OH (2nd shell)
3400 T T T T T T T T T T
- N ® 2 ¢ 0 a o ©
T T & b6+ ¢ & b o1
P oo 0 0e
I T I T T T T ITZIT I
OO0 00600 o 64 o
EL pRPPpPRei
““ s5scodgs oo -
+ £ £ £+ + + =
a4 J | - -

Free methanol

Figure 7. Calculated frequencies of t{CHsOH), in the region of
the OH stretching motion at the HF/6-8G* level. A scaling factor

of 0.9191 is applied.

energy than that of thet® isomer b-b). This trend is different
from the case of Lfi(H,0)s,
¥imost zero in the 50 and 3+2 isomers.

in which the difference oAG{) is

Lisy's group investigated the infrared (IR) spectra of {@Hs-

OH), and C$(CH30H), in the frequency region of the OH
stretching motior$2-3* Their results suggest that the most-stable

isomer has am+0 structure, which is the same as"({{,0);.

igure 7 shows the calculated frequencies of the OH stretch-
ing motion of the Li(CHzOH), clusters, and the frequency
identified as free OH is in the region 03750 cnT™. Lisy's
group observed one peak of free OH stretching motion in the
region of ~3660-3670 cnt? for n > 4 of Na"(CHz;OH), and
Cs"(CH3OH)n.



7838 J. Phys. Chem. A, Vol. 107, No. 39, 2003

TABLE 4: Relative Energy Differences (AEis, and AE{)

and the Relative Gibbs’ Free Energy ChangeAGgg) of
Isomers of Li*(CH3OH), for the Dominant Isotope ‘Li2

Basis Set (¥ HF/6-314-G*
p+q AEisn:- AEi(Z()x AGi(Zg AEiso AEi(Zg AGi(sg
Li*(MeOH)
3-a 340 0.00 0.00 0.00 0.00 0.00 0.00
3-b 2+1 4226 4561 48.21 40.84 4422 47.49
Li*(MeOH)
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-a 4+1 0.00 0.00 0.00 0.00 0.00 0.00
5-b 3+2 1654 1821 11.08 16.39 17.90 10.62
5-c 5+0 30.55 26.31 23.67 29.18 24.99 23.25

aThe values are given in units of kJ/mol. The Gibbs’ function is
evaluated at 298.15 K, under the assumption of the ideal°dgase
basis set (*) is the 6-31G set on the €§toups of the methanol and
the 6-3HG* sets on the other atoms.

They also suggest the existence of a surface-type structure
for n = 3, in which the N& or Cs" are on the cyclic (Ckt
OH), cluster. We could not find such a surface structure in
Lit(CHsOH),. Considering the stability in the alkali-metal cation
with a water clustef25the Li—methanol bond is much stronger
than the Na-methanol and Csmethanol bonds; thus, the
LiT(CH3OH), cluster cannot have a stable local minimum.

3.2. Solvation Energy and Gibbs’ Function Figure 8 shows
the size dependence of the solvation enefndsg(”), which
involves the zero-point vibration energy correction and the
Gibbs’ free energy changkG{), at room temperature (298.15
K) for the most-stable isomers. The solvation reaction is

Li*(Solv),_, + Solv— Li*(Solv),
(for Solv=H,0, H,S, and CHOH) (3)

The horizontal broken lines show the dimerization energy
and the Gibbs’ function of (bD),;, (CHsOH),, and (HS).
The calculation level is HF/6-31#G*. The energy differences
AED and AGY), calculated with other basis sets, are sum-
marized in Tables 57. The case of the dominant isotofia
is calculated.

The solvation energiedAE(), and the Gibbs' functions

AG@Q,v become progressively smaller, up o= 4, and take
almost the same value at= 5 andn = 6. This result is
attributed to the first shell being saturatedrat= 4, and the
external shell beginning to form with hydrogen bondsat
5. The solvation energieyst(SQI n=>5) andAE(s?h, n = 6) are
much more than twice the dimerization energy in all three
solvent clusters. The tti-Solv bonding is stronger than the
hydrogen bond, and thet4] isomer is more stable than the
3+q and 2tq isomers with the cyclic structure. Furthermore,
we believe that the binding energies for= 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 Lit(H2S), clusters with weak L+S and hydrogen bonds.
One interesting point is that £{H,0), and Li*(CH3;OH),
give almost equal values in bothe), and AGY),, 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 I[({CH3OCHz), for n =1, 2, 3, and 4
are 166, 137, 95, and 54 kJ/mol, respectively, at the HF/6-
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Figure 8. Size dependence of (a) the solvent energy with the zero-
point vibration correctionAE{)(n) and (b) the Gibbs’ function
(AGY) () at 298.15 K for the dominant isotopki. The most-stable
isomers are used in each sizdor the evaluation. Horizontal broken
lines are the dimerization energies of,(®,, (CH;OH),, and (HS),.
Basis set used is the HF/6-8G* level.

31+G* level 2° and these energies are also almost equal to the
solvation energies of t'(H,O), and Li*(CH3OH),. The methyl
group replacement of even both H atoms does not significantly
influence the binding energies of the'i-tO bond. In contrast,
Li*(H.S)y shows smaller values in bothE() and AGY),
because of the weaker S bonding.

It seems that Li(H,O), can continue to make the second
hydration shell with hydrogen bonds, to at least 1218.26.27
In contrast, the second solvation shell of the ((GH;OH), is
assumed to be saturated fo= 7, because there are no more
free OH groups of methanol molecules in the first shell rior
= 6. (See Figure 6.) Hence, it is assumed that the solvation
energiesAE() (n) of Li*(CH3;OH), for large n are smaller
than those of Li(H.O), and that the enthalpy change
AHson{Li T(CH3OH);)) — AHson(Li T(H20),) is negative, as was
assumed in ref 30.

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

U € 071 — &)

U g AL — e o)
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TABLE 5: Solvent Energy without and with the Zero-Point Vibration Energy Correction ( AEgq(n) and AEg},V) and the Gibbs’
Function (AG{),) for the Reaction Li*(H;0),-1 + H,0O — Li*(H,0),2

sol

HF/6-31+G* HF/6-31+G** HF/6-311+G*
AEsow AEQ, AGQ, AEsay AEQ, AGQ, AEsow AEQ, AGQ,
(Hz0)z —22.51 —12.87 +10.47 —21.07 —11.94 +10.90 —21.87 —15.59 +8.15
Li*(H-0) -153.63  —144.81  —12059  —151.71  —14281  —11861 —164.18 —15430  —130.00
Li*(H.0),  —13545 —12687  -97.71  —13357 —12494  -9556  —14406 —13441 —104.78
Li*(H0)  —102.91 —93.75 -58.89  —101.10  —91.85 -56.93  —111.07  —100.56  —64.85
Li*(H20)s —73.74 —67.38 -39.22 —72.05 —65.38 —35.68 —79.50 ~72.63 -45.71
Li*(H20)s —59.96 —46.27 -6.89 —57.08 —44.26 —6.85 —64.29 —50.36 —10.29
Li*(H20)6 —55.93 —44.82 —5.04 —53.84 —42.95 -3.15 —60.91 —48.68 ~7.36

aThe case of the dominant isotofid is calculated forAE(), and AGY),. 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 (AEso, and AE()) and Gibbs' Function (AGY),) of the Reaction Li*(H,S),-1 + H,S — Li*(H2S),
for the Dominant Isotope “Li?

HF/6-314+-G* HF/6-31+G** HF/6-311+G*
AEson AEQ, AGG, AEson AEQ, AGR, AEson AEQ, AGG,
(H2S) —3.68 —0.49 +14.01 —3.83 —0.49 +15.13 —4.47 —0.77 +15.71
Li*(H.S) —92.51 —85.07 —62.72 —92.11 —84.86 —62.52 —98.33 —90.82 —68.30
Li*(H2S) —81.54 —74.73 —50.18 —81.15 —74.27 —45.67 —85.86 —78.51 —49.18
Li*(H2S)k —59.80 —53.05 —20.16 —59.30 —52.92 —24.60 —61.32 —54.92 —25.69
Li*(H2Sk —44.51 —39.12 —0.99 —44.11 —38.75 —0.01 —45.43 —39.90 —0.13
Li*(H.S)k —-19.17 —14.86 +13.13 —-19.11 —14.73 +13.94 —19.14 —15.62 +7.99
Li*(H2S)k —19.79 —15.75 +18.32 —19.78 —15.77 +17.74 —20.27 —16.08 +16.93

2 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 k& are also shown.
TABLE 7: Solvent Energies (AEso, and AED),) and Gibbs' Function AGY),, of the Reaction Li*(CH3zOH),—1 + CHzOH —

0

Li T(CH30H), for the Dominant Isotope "Li2

Basis Set (*) HF/6-3+G*
AEsoy AEG, AGG, AEson AEG, AGG,
(MeOH), —22.43 —16.63 +13.08 —22.25 —16.62 +12.50
LiT(MeOH) —172.06 —165.40 —139.83 —165.50 —150.55 —132.95
LiT(MeOH), —147.14 —141.06 —106.46 —141.75 —135.46 —100.78
Li*(MeOH); —106.23 —99.79 —56.99 —102.98 —96.53 —54.40
Lit(MeOH), —70.18 —66.38 —30.05 —69.26 —64.91 —28.19
Li*(MeOH) —60.63 —51.45 —7.06 —58.54 —49.63 —7.34
Li*(MeOH) —56.35 —49.32 —9.51 —55.30 —48.14 —7.95

aThe 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 CH; groups of the methanol and the 6-B&* sets on the other atoms. The relative energies and the Gibbs’ function for the dimerization of
methanol are also shown.

where greatest contribution to the isotope exchange reaction of lithium
is by the bonds between lithium and solvent molecules, and

U= (L)a) the solvent number of the first shell is significant. The first shell
kT of the most-stable isomer is saturated by four solvent molecules;

therefore, we can assume that the RPFR remains constamnt for
and the indices (8) and (7) correspond to the isotépeand > 4. As discussed in the previous section, we believe that the

“Li, respectively. The computed normal frequenaiggor all i most-stable isomer has &4 structure in the still-larger cluster

with the ab initio MO calculation are scaled and inserted into size n. Consequently, the flat RPFR can be regarded as the
eq 4 to evaluate the RPFR) 6f the clusters. RPFR for the bulk solution, and we can therefore estimate the

We calculated the size dependence of the RFPR for the most-RPFR to bef = 1.07 for Lit(H,O), and Lit(CH3OH), andf =
stable isomersn(+-0 structure, up ton = 4, and 4+q structure 1.03 for Lit(HzSh.
for n = 3) of ;hree t%/pes of Li(Solv) (forhSoIvlz '['20' CIHG' | Because of the almost-equal binding energy of @j the
OH, and HS), as shown in Figure 9. The calculation level is s .
. . ystems of LT(H2O), and Li*(CH;OH), show almost-equal
HF/6-31+G*, and the temperature is 300 K. The RPFRs RPFRs. In contrast, because the-S bond is weaker than the

computed by eq 4 are shown by the thlc_k sol_|d lines with large &i_o bond, the RPFR of L(H,S), is smaller than that of the
crosses. The numerical data are summarized in Table 8 evaluate T her two

at all calculation levels.

In Li*(H20), and Lit(H2S), the increment of RPFR is steep, 3.3.2. Simplified Bigeleisen and Mayer's Thedksimplified
up ton = 3, and becomes gentle from= 3 ton = 4. The formula for Bigeleisen and Mayer’s theory is also known to
RPFR plateaus fan > 4. However, in L (CH3OH),, the RPFR exist. This formula can be applied only to an isotopic atom that
increases steeply, up o= 3, and plateaus fon > 3. The is surrounded symmetrically by identical atofns:
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Figure 9. (a) Size dependence of the reduced partition function ratio
(RPFR) of the most-stable isomers of *{{,0),, LiT(H.S), and
LiT(CH;OH),, evaluated by Bigeleisen and Mayer's formula (eq 4)
together with the simplified formula (eq 8)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 4-b

as thin solid lines and data points without crosses. (b) Logarithmic
RPFR (logf) versus the reciprocal absolute temperaturg@)(idr the
most-stable isomers D structure) of LT(H,O0)s Lit(H.S), and
Li*(CHsOH).. Frequencies were computed at the HF/6-& level

and multiplied by the scaling factor.

(AM)m 2

2aM(M + AN ©)

=

where

_[h
u, = @- W (s)

andwn,g 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 IF in the low-temperature region,
whereas lod is proportional to I? in the higher-temperature
region. This simplified formula is valid in the higher-temperature
region only.

Watanabe et al.

TABLE 8: Reduced Partition Function Ratios (RPFRs) for
Li *(H20)n, Lit(H,S), and LiT(CH3z0H),, Calculated by
Bigeleisen and Mayer’'s Formula (eq 4), Using All Computed
Frequencies with the Hartree-Fock (HF) Level

RPFR Value
p+qg basis set (¥ 6-31+-G* 6-31+G** 6-311+G*

Lit(H,0)  1+0 1.030 1.029 1.031
Lit(H,0), 2+0 1.050 1.050 1.052
LiT(H,0)s

3-a 3+0 1.066 1.065 1.071

3-b 2+1 1.056 1.055 1.058
LiT(H20)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*(H20)s

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
LiT(H20)s

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
Lit(H.Sh 1+0 1.016 1.016 1.018
LiT(H.S) 2+0 1.028 1.028 1.033
Lit(H.S)  3+0 1.036 1.035 1.039
LiT(HzS)

4-a 4+0 1.037 1.037 1.039

4-b 3+1 1.036 1.036 1.040
Lit(H.S)y  4+1 1.037 1.036 1.039
LiT(H.Sk

6-a 4+2 1.037 1.037 1.040

6-b 4+2 1.037 1.037 1.039
Li*(MeOH), 1+0 1.035 1.034
Lit(MeOH), 2+0  1.059 1.057
Li*(MeOH)

3-a 3+0 1.077 1.074

3-b 2+1 1.065 1.063
LiT(MeOH),

4-a 4+0 1.076 1.074

3+1 1.078 1.076

Li*(MeOH)

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) 4+2 1.077 1.075

2 The basis sets (*) involve putting HF/6-8G on the methyl group
of the methanol molecule and HF/6-8BG* on the remaining atoms.

plots without crosses. Numerical data for all calculation levels
are summarized in Table 9, together with the frequency of the
total symmetric stretching motionwg ). Equation 5 can be
applied only to an isotopic atom that is surrounded by identical
particles; values of the+0 structure fom > 2 are shown. In
the case of Li(H2S), the values obtained from the simplified
theory are very similar to the values evaluated with the formula,
utilizing all frequencies in eq 4. For t{H0),, the simple
theory shows good estimation far= 2 and 4, but underesti-
matesn = 3. In contrast, in LT(CHs;OH),, the RPFR of the
simplified formula is in excellent agreement with the RPFR

Because all the isomers give the same result, we show thederived from all frequencies.

temperature dependence for only théO4structure of Li-
(Solv),. The logarithmic RPFR (lod) versus reciprocal tem-
perature (1IT) 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

Table 9 shows thab,, g exhibits a gradual red shift, relative to
increasing cluster size. The red shift fromwz s) to w3 ) in
Li*(CH3zOH), is not so large (274 cnt to 264 cntt with HF/
6-31+G* versus 250 cm! to 231 cnt? for Li*(H,0),.) Hence,
ws3,s)0f LiT(CH3OH); retains a large value, and we believe that
the simplified theory gives excellent agreement for(OHzOH)s.
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TABLE 9: Reduced Partition Function Ratio (RPFR) Estimated with the Simplified Bigeleisen and Mayer’s Formula (eq 5)

Basis Sets (9 HF/6-31+G* HF/6-31+G** HF/6-311+G*
Wn,(s) RPFR,fa @n,(s) RPFR,fa @n,(s) RPFR,fa Wn,(s) RPFR,fa
Li*(Hz0)2 250 1.046 249 1.045 256 1.048
Lit(H20)s 231 1.058 230 1.058 238 1.062
Lit(H20)4 214 1.067 212 1.065 227 1.075
Li*(H20)s 202 1.074 198 1.072 205 1.076
LiT(H.S) 128 1.024 128 1.024 138 1.028
LiT(H.S) 119 1.031 119 1.031 126 1.035
LiT(HSh 109 1.035 109 1.035 116 1.039
Lit(MeOH), 277 1.056 274 1.055
Li*(MeOH) 264 1.076 264 1.076
LiT(MeOH), 230 1.077 227 1.075
Li*(MeOH)s 215 1.084 214 1.083

aThe frequency of the total symmetric stretching madegcm™) is also shown in the table. The basis sets (*) fof(0H;OH), involve putting
HF/6-31+G on the methyl group of the methanol molecule and HF/6-G1 on the remaining atoms.

The value for the %0 isomer is calculated in the case rof 1.1
= 5. As will be mentioned in the next subsection (Section 3.3.3), 1.094 (a)
the RPFR evaluated with all frequencies (in eq 4) for th&®5 1.084
structure is smaller than that of thet2 structure in both 1.074 g B8 8
Li*(H20)s and Lit(CH3OH)s. The equation, which is based on “~ 106 a
the simple theory, gives a gross overestimationrfer 5. It E 1.08.] @ o © M
seems that this overestimation is attributable to the weaker o ’
Li—Solv bond and to the solvent molecules not being completely o 1044
equivalent in the 30 isomer. 1.031 H O 244

The frequency of the symmetric stretching mode remains 1.02 O 344
constant ason ) = vk/m, wherem is the mass of the solvent 1.01 E mos sable & v q
molecule and is the force constant of the Li-Solv bonding. 1 T T 1 T T
If the force constantk is not variable, the frequency is 6 1+ 2 3 4 5 6 7 8
independent of the cluster sireln the actual cluster, however, Solvation number n
the binding energy of Lli—Solv becomes progressively smaller,
and the frequencyn ) Shows a red shift, relative to increasing 1.069 (b)
cluster sizen. - 1.05+

3.3.3. Isomer Dependencéhe RPFR value of the lithium o 1047 o o B B
isotopic exchange reaction is predominantly determined by the '5._'- 1.03 B
coordination number of the first solvent shell. To inspect this o 1024
determination better, we will discuss the isomer dependence of 1.014 H O 3+g¢
the RPFR value. Figure 10 shows the plots of the RPFR of ;] Bl moststable & 4+ ¢
Li*(Hz20)n, Li*(CH3OH),, and Li"(H2S), calculated for each o 1 2 3 4 5 6 7 8
isomer. The numerical data are summarized in Table 8. .

In some cases, we found several isomers for the gahte Solvation number »
structure. For example, three types of isomers were observed 11
for the 3+3 structure of L (H,O)s. Their RPFRs are almost 1 (c)
equal, and it is impossible to distinguish these plots on a graph. 1.097
Hence, the RPFR is independent of the structure of the second 1.087 o Q 8 @
and the external solvent shell. - 1.07 o

We can conclude that the RPFRs are dependent only on the o 1.065 B @
coordination number of the first solvent shell. For"{t,0), & 1.05
and Li"(CHzOH)y, the 3+g and 4+q isomers show almost-equal o 404
RPFRs, and they give the largest possible RPFR, with respect 103 B > 23
to isomer dependence. Of the other types of isomers, g 2 1,024 o 3+Z
and 5t+q structures give smaller RPFRs. The variation among B most stable & 4 + ¢
the isomers is very small in £{H,S), and the number of RPFR 1017 4 5+0
plots is also very few; however, the RPFRs af@and 4+q 1 0 1' é é "1 é é ; 8

isomers are almost equal. Solvation numbe
As discus reviously, the most-stable isomers ha 4 vatl u rn

discussed p_e ously, the mos ble O. ers havecp Figure 10. Isomer dependence of the RPFR, calculated by Bigeleisen

structure, up ton = 6, whereas the next-stable isomers have a , . el
. . and Mayer’s formula (eq 4): (a) E{H2O),, (b) Lit(H.S), and (c)

3+qstructure. In particular, the stability of 1{H;0)s at room | j+(cH,0H),. Frequencies were calculated at the HF/&-GE level
temperature is mostly determined by the number of solvent and multiplied by the scaling factor.
molecules in the first shell. Thus, we can assume that thg 4
and 3tq structures are the most stable for the much larger the bulk solution, and we can conclude that the RPFR is 1.07
clusters, and we can guess that many cases exist for which thdor water and methanol and 1.03 fop$i
coordination number is 3 or 4 in the bulk solution also. Finally,  3.4. Analysis of Vibration Mode. In this subsection, we
the RPFRs for the clusters up o= 6 can be extrapolated to  inspect the vibration mode that contributes significantly to the
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1 T T T T T Li*(HzS), up ton = 4. Basis set used is the HF/6-BG* level. Modes
0 100 200 300 400 500 600 700 800 with a significant contribution > 1.0025) are shown. The frequencies
104 1 4c 235 and 391 cmt of “Li(H ,S), isomer4-a are doubly degenerated.
£ 1.02 . . ) )
4 — i e Iéri B for Li "(H,0) and Li"(CH3OH) are 500 and 526 cm, whereas
"0 100 200 300 400 500 600 700 800 the frequency for Li(H.S) is 326 cm®. (In the following
Frequency (wave number) discussion, the numerical frequency values are showrLior

because the difference of the frequencies betweeand 6Li

Figure 11. Frequency versus contribution to the RPFRoffor L .
9 . y ° are so similar, to be proportional Q)

Li*(H20),, up ton = 4. Basis set for the computation used is the HF/

6-31+G* level. Modes with a significant contribution(= 1.005) are Because the vibration mode that involves thé-+8olv bond
sh(z\ivn. T7h‘_3 frequencies 533 cin(of "Li(H,0); isomer3-a) and 484 is significant, the antisymmetric stretching motion contributes
cm* (of "Li(H20)s isomer4-g) are doubly degenerated. dominantly to the RPFR. The frequencies of the antisymmetric

stretching motion of LT(H20),, LiT(CH3OH),, and Li*(H,S),

re 599, 629, and 420 crh respectively, and a blue shift occurs
romn = 1ton = 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 moleculdvaend
mrespectively, and the force constankjshen the frequencies

) Ui (7y2 1— g U®
U e ( )
L= " e (6) of n =1 and 2 becomev; = vk(M+m)/(Mm) and wy @) =
Uee 71— ) v k(M+2m)/(Mm), and we can obtain the relation af; <
where @2.@)
In the n+0 structure for 2< n < 4, the frequency of the
h antisymmetric stretching mode shows a gradual red shift. It is
U= (@—)wi also attributed to the binding energy of the™LiSolv bond
becoming progressively smaller with increasing cluster size

The frequencies whosevalue is significantly large are shown  The red shift of L (HS), (414 cnt™ for n = 2, 391 and 426

in the figure. We have shown the frequency of the dominant €M * for n = 4) is smaller than that of Li{H20), (599 cn*
isotope’Li as solid lines and that of the minor isotoflei as for n = 2, 484 and 491 crt for n = 4) and Li"(CH;OH),

broken lines. The frequency list for all optimized geometries (629 cnm* for n = 2, 413, 448, and 454 cm for n = 4).

reduced partition function ratio (RPFR). Figures—1113 show

the normal frequency taken as the abscissa and the contributio
to RPFR &) taken as the ordinate, up o= 4. The contribution

X is shown by the following formula:

are available on requedt. 3.4.2. Frequency Distribution and Frequency Shifhe
3.4.1. Isomers of #0 Structure up to n= 4. The vibration distribution of the frequencies with largevalues is dependent
mode whose contributior; is significant forn = 1 is the predominantly on the structure of the first solvation shell, and

stretching motion between the Li ion and the solvent molecule the frequency shift is dependent on the strength of the-Li
(Solv). The frequency is also linked to the binding energy of Solv bonding. In some cases, the second solvation shell
the Lit—Solv bond. In the major isotop&.i, the frequencies constructed with the hydrogen bond influences the first solvation
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Figure 13. Frequency versus contribution to the RPFR xpffor
LiT(CH;OH),, up ton = 4. Basis set used is the HF/6-8G* level.
Modes with a significant contributiorx(> 1.005) are shown. The
frequency 512 cmt of 7Li(CH3OH)s isomer3-ais doubly degenerated.

shell, and the distribution and the shift of the frequency is
indirectly dependent on the second solvation shell.

In the Lit(H,0); isomer3-b, the mode with the frequency
565 cnt! is identified as the antisymmetric stretching motion
of the O-Li*—0O bond, and the bending motion with the
frequency 405 cm! also gives a somewhat large value.
Because of the similar cyclic structure, the frequency distribution
of the Lit(H,O), isomer4-c has a pattern similar to that of
isomer 3-b. The three water molecules in isom8&ra are
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Figure 14. Frequency versus contribution to the RFPRdbr several
isomers of Li(H,0), and Lit(CHsOH), (n = 5 and 6). Modes witkx;

> 1.0025 are shown. The frequencies 334, 386, and 468 ¢of

Lit(H20)) and 392 and 409 cm (of 7Li(CH3OH)s) are doubly
degenerated.

of the 5+0 isomer becoming smaller than that of the- X4
isomer, as calculated with all frequencies. The frequency of the
total symmetric stretching modes sy shows a red shift from
the frequency oh = 4; however, the degree of the shift is not
so significant (see Table 9). Therefore, the simplified theory
gives an overestimation of the RPFR for= 5.

4. Conclusion and Remarks

equivalent and the two antisymmetric stretching modes degener-

ate (533 cml), whereas in isome#-b, the two antisymmetric
stretching modes do not degenerate (611 and 473)civecause

of the influence of the second hydration shell. The mode with
the frequency 544 cri in isomer 4-b is identified as the
bending motion, the same as in ison3eb. The frequencies of
isomer4-b are blue-shifted from the frequencies of isor3d,
because the hydrogen bond in isore (2.033 A) is stronger
than that in isomeB-b (2.047 A).

We have described only the case of thé(H,0), cluster in
this paragraph. The E{H,S), and the Li(CH3OH), clusters
can be also explained with the same analysis.

3.4.3. Larger Clustersrinally, the frequencies versus tke
values of Li"(H.0), and Li*(CH3OH), for n = 5 and 6 are
shown in Figure 14. The isomers of the most-stabtel &and
540 structures are shown for= 5, and the most-stable+®
structure is shown fan = 6. The contribution ok; of the most-
stable isomers is very similar to that of the-@ isomers of
Li*(H20), and Li*(CH3OH),. On the other hand, the value
of the 5+-0 isomers is small in both [£{H,O)s and Li*(CHzOH)s.

In the present study, we determined the structures of three
types of solvent lithium ion clusters t{Solv), (in which Solv
= H,0, H;S, and CHOH) 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 Lit—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+q structure fom = 4; thus, the size dependence
of the RPFR plateaus at= 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 fosS3

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!326.2"Fortunately, the majority
of the zero-point energies are determined by the energy relation

We believe that this phenomenon can be attributed to the RPFRE = ¥/;hw. The isotope-dependent frequencies that involve the
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