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Molecular dynamics simulations for a lithium cation surrounded with 100 water molecules as a solvent were car-
ried out by using an ab initio integrated multicenter molecular orbitals method (IMiC MO) with HF/6-31G(d,p) level.
For the temperature of both 293 and 323 K, the first hydration shell of the lithium cation is preferred to form a tetrahedral
structure including four water molecules, and is well separated from the outer hydration shell. The mechanisms for the
variation of the coordination number and the exchange of solvent molecules between the first and the second hydration

shells were also studied.

The aqueous hydration of metal cations plays an important
role in biology and medicine that are related to the ion channel
of cell membranes. Especially, the structural properties of the
first hydration shell of the lithium cation have been studied by
many theoretical and experimental chemists. However, even
the coordination number of the first hydration shell of the lithi-
um cation has not yet been clarified.

Neilson and co-workers' made neutron diffraction measure-
ments on 1.0-14.0 molal aqueous LiCl solutions. They reported
that the coordination number of the first hydration shell of the
lithium cation is 6.5 at 1.0 mol kg~! and it lowers to a value of
3.2 with increasing the LiCl concentration. However, the con-
centration dependence? of the hydration number of lithium cat-
ion is not established quantitatively. Randai and co-workers®
reported that an octahedral arrangement with six water mole-
cules in the first hydration shell of the lithium cation was pre-
dicted by X-ray measurements, but other X-ray measurements
on similar aqueous solutions carried out by Yamaguchi and co-
workers* indicated the coordination number of 4 for the lithium
cation. Michaelian and Moskovits’ measured Ramam spectra
of LiCl solutions of several concentrations and predicted a
tetrahedral structure with four water molecules in the first
hydration shell of the lithium cation.

On the other hand, Glendening and Feller® calculated theo-
retically the electronic structures for small clusters including a
lithium cation and six water molecules by the ab initio MO
method, and reported that the structure with a coordination
number of 4 has lower energy than that with a coordination
number of 6. Bischof and co-workers’ performed ab initio
quantum mechanical molecular dynamics simulations for one
lithium cation with 6 to 12 water molecules, and reported that
all initial structures converge to a structure with a coordination
number of 4 in the first hydration shell. Tongraar and co-work-
ers® also studied the structure properties of the first hydration
shell of a lithium cation system including 199 water molecules
by molecular dynamics simulations with the quantum mechan-
ics/molecular mechanics (QM/MM) method (Hartree—Fock/
LANL2DZ method for the Li atom). For the molecular dynam-
ics simulation, a tetrahedral structure with four water mole-

cules was found in the first hydration shell. The above theoret-
ical studies were performed only for small water clusters or
conducted by the QM/MM method including empirical pa-
rameters. The use of QM/MM methods for trajectory calcula-
tions presents important problems from a theoretical viewpoint
in that the accuracy of QM/MM methods does not hold during
molecular movement. To determine finally the coordination
number of the first hydration shell of metal cations, molecular
dynamics calculations with the full QM level are important.

Recently, we have proposed a new method,’ the integrated
multicenter molecular orbital method (IMiC MO), for mole-
cular dynamics (MD) calculations in solvent cluster systems
with the full QM level. The IMiC MO method was developed
as a method to perform geometry optimization and MD simu-
lation for a large solvent cluster system with the full ab initio
MO level, and treates all parts in the system with equivalent
accuracy.

In this study, we first tested the accuracy of the IMiC MO
method for a Li™ small hydration system (including 15 water
molecules), and performed ab initio molecular orbital MD cal-
culations for the system of a lithium cation including 100 wa-
ter molecules as the solvent by the IMiC MO method. From
the analysis of the computational results of the MD simula-
tions, the average hydration number of four is found in the first
hydration shell of the lithium cation. The exchange process of
the water molecules between the first and the second hydration
shells was also studied.

Theoretical Method

For calculations of molecular dynamics, the force of each
atom in the object system was determined by the IMiC MO
method. The IMiC MO method is a new technique for calcu-
lating the force of each atom in a system, including molecules
such as solvents, and is described in our previous paper.” In
brief, the method is described as follows: This method divides
the entire system into units of molecules, and calculates the
force of each atom in the unit. To reduce the number of orbi-
tals to allow the system to be resolved by a single quantum me-
chanics (QM) method, the system is divided into three regions:
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the molecule for which the force is calculated (target mole-
cule), the region of molecules surrounding the target molecule
(adjacent molecular region), and all other molecules (environ-
ment molecular region). The target molecule and molecules
belonging to the adjacent molecular region are treated by QM,
and molecules belonging to the environment molecular region
are included in the electrostatic field calculation as a point-
charge approximation. The force of each atom in the system
is evaluated by repeating this process for all molecules.

In this study, the covalent bond radii of each atom, which
are needed in the step of dividing the entire system into the
units of molecules, are chosen from the natural bond lengths of
the molecular mechanics called universal force field (UFF).!°
The evaluation of each point charge, which is centered on each
atom, was performed by Mulliken population analysis.'!

The system treated by MD simulation is one lithium cation
and 100 water molecules as the solvent. The equation of motion
was solved by the velocity-Verlet algorithm!? for each time
step of 0.48 fs under the conditions of the temperature of 293
and 323 K. For the simulations under the condition of constant
temperature, Woodcock’s velocity scaling method'? was used.
The MD simulations started from different initial configura-
tions, and velocities were performed 10 times for each temper-
ature. The total time for each MD simulation was 1.48 ps, and
the geometrical parameters used for analysis of the simulation
results were obtained for periods of 1.0ps, 0.48 ps after the
starting of MD simulation. The initial conformation in the
systems for MD simulations were generated by Monte Carlo
calculations with the MM force fields, in which the positions
of each water molecule was moved around the lithium atom
constrained at the center of system. Namely, one million steps
of the Monte Carlo simulations were performed, and the stabi-
lization of the potential energy was confirmed at each temper-
ature. All QM calculations to evaluate the force and point
charge were performed at HF/6-31G(d,p)'4!° level with the
Gaussian98 program.'’

Results and Discussion

To evaluate the accuracy of the IMiC MO method for the
system including a Li cation and water molecules, the geome-
try parameters of the Li cation plus 15 water molecules were
obtained by the IMiC MO method at HF/6-31G(d,p) and by
the full ab initio MO method at HF/6-31G(d,p). The correla-
tion between the interatomic distances obtained by both meth-
ods is shown in Fig. 1. From the figure, it can be seen that the
geometry parameters obtained by the IMiC MO method exhib-
it excellent correspondence with those by the full ab initio MO
method.

Conformation and Distribution of Water Molecules.
The distribution probability of coordination numbers and the
average lifetimes for the first hydration shell of lithium cation
systems including 100 water molecules at the temperatures of
293 and 323K are listed in Table 1. The radius of the first
hydration shell in this study was defined as under 3.0 A for
the distance between Li and O atoms from the results of the
radial distribution function gp; o(r), as discussed later. From
the table, the distribution probability of the hydration number
4 dominates over 90% during the MD simulation, and de-
creased by about 2% with increasing the temperature. The dis-
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Fig. 1. Interatomic distances of Li*(H,0);s obtained by the
IMiC MO method against those by the full ab initio MO
method.

Table 1. Distributions of Coordination Number and Aver-
age Lifetimes

Distribution of coordination

number/%
Coordination number 293K 323K
3 33 0.0
4 95.2 93.3
5 1.1 6.7
6 0.4 0.0
Average 4.0 4.1

Average lifetimes/fs

3 167.1 —
5 46.4 60.9

tribution probability of the hydration number 3 and 5 were
only 3.3 and 1.1% at 293K and 0 and 6.7% at 323 K, respec-
tively. A more interesting point of the difference between both
temperatures is that the probability of the hydration number 3
disappears at 323 K, whereas the probability of the hydration
number 5 increases with increasing the temperature. The hy-
dration number 6 had below 0.4% for the distribution probabil-
ity, and could be found only for a very short period just after
the starting of monitoring in the MD simulation at the temper-
ature of 293 K.

The angular distribution of O-Li—O in the first hydration
shell is depicted in Fig. 2. The solid and dotted lines in the
figure indicate the angular distribution at the temperatures of
293 and 323 K, respectively. One peak around 110 degrees
can be found in the figures at both temperatures. The maxi-
mum point of the angular distribution of O-Li-O is 109.0
and 108.7 degrees at 293 and 323 K, respectively, and are list-
ed in Table 2. The maximum points of the angular distribution
of O-Li-O at both temperatures correspond extremely well
with the O-Li—O angle of a Li™ (H,0)y4 cluster with tetrahedral
structure. The distribution of the O-Li—O angle at 323 K be-
comes a little broader than that at 293 K because of the increas-
ing kinetic energy of the water molecules. From the above
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Fig. 2. [O-Li-O angular distribution in the first hydration
shell at the temperature of 293 and 323 K.

Table 2. Structural Properties of the First Hydration Shell at
the Temperatures of 293 and 323K and the Optimized
Tetrahedral Structure of Li*(H,0)4 with S4 Symmetry

293K 323K Lit(H,0)4
Li-O/A 1.95 1.98 1.968
Li-H/A 2.56 2.54 2.623 2.655
O-H/A 0.95 0.95 0.945
[H-O-H/degree 106.8 106.5 107.3
Tilt angle/degree 19 34 6
L0-Li-O/degree 109.0 108.7 109.5
Li-Plane yerage)/ A 0.650 0.650 0.656
Li-Plane earesty /A 0.427 0.429 —
Li-Planenermediate) / A 0.271 0.267 —
nri-o 4.0 4.1 —

results, the most probable coordination number is 4 at both
temperatures, and the structure of the first hydration shell is
the tetrahedral structure.

The radial distribution functions gp;_o(r) and gri_u(r) at the
temperatures of 293 and 323 K are shown in Fig. 3. The radial
distribution functions are normalized by the average densities
of each particle in the sphere, of which the radius from the lith-
ium atom is 8.0 A. The distances (Li-O and Li-H) of the max-
imum of gy; o(r) and gr; u(r) are also listed in Table 2. The
Li-O distance of the maximum of gp;o(r) at 293K is
1.95 A, which has good agreement with the 1.96 A for experi-
mental observation by neutron diffraction measurement in a
LiCl solution,! whereas the distance is shorter than the 2.2 A
derived by X-ray diffraction measurement in a Lil solution.*
The average structures of water molecules in the first hydration
shell are not changed much for the difference of temperature
from the values of O-H bond length and H-O-H bond angle
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Fig. 3. Li-O and Li-H radial distribution functions at the

temperatures of 293 (a) and 323K (b).

in Table 2. In comparison with the geometry of water mole-
cules in the first hydration shell and that in the optimized
Lit(H,0)4 cluster with S4 symmetry, a drastic structural dif-
ference is not found. The gr;i o(r) distributions between 2.6
and 3.0 A for both temperatures are almost zero. Namely, the
first hydration shells of the lithium cation are clearly separated
from the outer hydration shells. The running coordination
numbers (np; o) are obtained at the temperatures of 293 and
323K (Table 1). The values of npi_o are 4.0 and 4.1 at 293
and 323 K, respectively. From the running coordination num-
ber, the most probable hydration number of the Li cation is
also 4 at both temperatures.

The maximum of gr; y(r) and the average structure of water
molecules in the first hydration shell are important information
for the determination of the orientation of water molecules. Al-
though the distance of the maximum of gp; o(r) at 323K is
1.98 A, which is longer by 0.03 A than that at 293 K, the dis-
tance of the maximum of g;; y(r) at 323 K is shorter by 0.02 A
than that at 293 K. It is indicated that the orientation of water
molecules in the first hydration shell changes with the varia-
tion of temperature. Thus, the angle of orientation, which is de-
fined as “Tilt angle,” between the dipole vector of the water
molecules and the lithium—oxygen position vector were evalu-
ated at temperatures of 293 and 323 K. The angular distribu-
tions of the tilt angle of water molecules in the first hydration
shell at both temperatures are plotted in Fig. 4. The angle of
the maximum distributions at each temperature is listed as
“Tilt angle” in Table 2. The angle at 323 K is larger by 15.5
degrees than that at 293 K. This shows that the flopping mode
of the vibration between Li and water molecules is enhanced
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Fig. 4. Probability distribution of tilt angle of water mole-
cules in the first hydration shell at the temperatures of
293 and 323 K.

by increasing the temperature. In fact, the frequency number of
the flopping mode for a LiT(H,0)4 cluster is only 275cm™" at
the HF/6-31G(d,p) level.

Variation of Coordination Number and Exchange
Mechanism. In this section, we classify the mechanisms
for the variation of the coordination number or the exchange
of solvent molecules between the first and the second hydra-
tion shells. During the MD simulations, the decrease from 4
to 3 in the coordination number of the first hydration shell oc-
curred two times at 293 K and zero times at 323 K. In contrast,
the increase from 4 to 5 in the coordination number occurred
two times at 293 K and seven times at 323 K. From the struc-
tural variation along the MD simulations, it is found that the
exchange of solvent molecules between the first shell and
the second one occurs through two-types of mechanisms.

Two mechanisms (dissociation and addition), for the de-
crease and increase processes of the coordination number ob-
served from the results of the MD simulations, are shown in
Scheme 1. One mechanism is the dissociation process of one
water molecule from the first hydration shell, as shown in
the left side of Scheme 1. This mechanism includes the motion
of the lithium atom toward the center of the trigonal plane
composed of the remaining three water molecules in the first
hydration shell upon the dissociation of one water molecule.
Namely, after the dissociation of one water molecule from
the tetrahedral coordination, it leads to trigonal plane coordina-
tion through the trigonal pyramidal coordination. On the other
hand, the addition mechanism is the insertion process of an
external water molecule to the first hydration shell of the coor-
dination number 4 from outer shell. In this mechanism, the first
hydration shell leads to the bi-pyramidal structure. Both mech-
anisms lead to variation of the coordination number or the
exchange mechanisms of solvent molecules between hydra-
tion shells.

To compare the simulation system treated here and small
cluster systems for the dissociation and addition mechanisms,

Lit Hydration Simulation by Ab Initio IMiC MO Method

the stationary points geometries of small clusters for processes
(1) and (2) were calculated at the HF/6-31G(d,p) level.

Dissociation process:

Lit(H,0)4s — Lit(H,0)3:(H,0). (1)
Addition Process:
Li+(H20)4Z(H20) — Li+(H20)5. (2)

The stationary point geometries of the small cluster systems
for the dissociation and addition processes are illustrated in
Figs. 5 and 6, respectively. Although the models of the small
cluster do not include the influence of outer shells, the struc-
tures of the models are similar to those shown in MD calcula-
tions. The total and relative energies for the stationary points
geometries are listed in Table 3. The energies for the station-
ary points geometries with the HF-optimized structures were
also calculated at the CCSD(T)/6-3114++G(d,p) level. For the
addition process (2), two reaction paths were obtained. One is
the approaching of a water molecule on one surface of the
tetrahedral structure of Li*t(H,0)4 through the transition state
(TS1). Another is the approaching of an external water mole-
cule along one surface of OLiO of Li™(H,0)4 through the tran-
sition state (TS2). The energy barrier of the reaction through
TS2 for the variation of the coordination number from 4 to
5 is 6.82kcalmol~! above Li*(H,0)4y4;, and 0.7 kcal mol™!
higher than that of TS1 at the HF/6-31G(d,p) level. At the
CCSD(T)/6-3114++G(d,p) level, the difference of the energy
barrier between TS1 and TS2 increases to 1.4kcalmol™!.
Moreover, the variation of coordination number or the ex-
change of solvent molecules through the transition state (TS2)
was not observed in the results by the MD simulation. How-
ever, the structural change through TS2 may be obtained on
the MD simulation under the condition of higher temperature
and/or external pressure. Although the energy barrier heights
for both processes of dissociation and addition are about 5 to
6 kcal mol~! above LiT(H,0)4 and/or LiT(H,0)4, 1, the ener-
gy barriers from LiT(H,0);,; and Li*(H,0)s are less than
about one kcal mol~!. Especially, the energy barrier of TSI is
less than about 0.3 kcal mol~! above Lit(H,0)s. On the cluster
model, the tetrahedral structure is more stable in energy than
the trigonal plane and bi-pyramidal models. This corresponds
to the average lifetime of coordination numbers 3 and 5 in
the MD simulations as listed in Table 1. The average lifetime
(167.1 fs) of coordination number 3 is longer than that (46.4 fs)
of coordination number 5 at 293 K. The average lifetime of co-
ordination number 5 increases at 323 K. Thus, the probability
of the formation of coordination number 5 may increase with
increasing temperature. Accordingly, the structure of coordina-
tion number 3 or 5 during the two processes has a short aver-
age lifetime and easily returns to the tetrahedral structures.
The structures of LiT(H,0)3; and Li*(H,0)s clusters have
a similar character for the orientation. Namely, the lithium
atom locates near the trigonal plane consisting of three oxygen
atoms of water molecules. For example, the structure of a
LiT(H,0)3,; cluster is trigonal planar in the first hydration
shell. For LiT(H,O)s, the lithium atom locates near the center
of the bi-pyramidal structure, which is the center of one trigo-
nal plane constructed from three water molecules. Thus, the
trigonal planar structure in the first hydration shell probably
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Scheme 1.

is an important condition for the variation of the coordination
number or solvent exchange process. To examine whether the
trigonal plane as mentioned above is observed during the MD
simulation, we define here the distance between the lithium
atom and the plane consisting of three oxygen atoms of water
molecules in the first hydration shell. It is decided by the
following procedures. First, the nearest four oxygen atoms of
water molecules from the lithium atom are chosen. Then, the
distances between the lithium atom and the four planes, which
can be defined from any three oxygen atoms of four water
molecules, are evaluated. The nearest distance (Li—Plane) be-
tween lithium and the plane can be defined for each plane.
The Li—Plane(yerage) listed in Table 2 is the average value of
the four nearest distances at each temperature. The Li-
Plane(yearesty 1S the average value of the shortest distances in
the four nearest distances, and Li—Planeinwermediate) 15 the aver-
age value of the shortest distances, which does not include the
distances during the period of coordination number 4. The Li—
Planeayeragey Values at both temperatures indicate the same dis-

tance of 0.650 A, and are close to the distance (0.656 A) of the
Li-Plane for an optimized Li™(H,0)4 cluster structure. Conse-
quently, the lithium atom locates around the center of the tetra-
hedral structure of the first hydration shell. On the other hand,
Li-Planeinermediatey 1S distinctly shorter than Li—Planenearesy)
and Li-Planeayerage). It means the lithium atom locates close
to one of the trigonal planes for the exchange of solvent mole-
cules or the variation of the hydration number during the MD
simulation.

The distances (Li—O) between the lithium and the oxygen
atom of a water molecule and the Li-Planegeares) along the
time developments are shown in Figs. 7-10, and these corre-
spond to the processes of the solvent exchange and the varia-
tion of the coordination number. Figure 7 shows one simula-
tion result for the variation of the coordination number through
the addition type process. In this case, one external water
moves into the region of the first hydration shell defined by
3 A from the second (outer) hydration shell (Fig. 7a), and the
distance between the lithium atom and the nearest plane ap-
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Fig. 5. The stationary points geometry of dissociation process for Lit(H,O), clusters.

proaches 0.19 A (Fig. 7b). In all simulations of the variation of
coordination number through the addition type process, it is
confirmed that the distances between the lithium atom and
the nearest plane become shorter than 0.3 A during the period
of 50fs before or after the changing of the coordination num-
ber. Figure 8 shows one simulation result for the variation of
the coordination number through the dissociation process. In
this case, similarly, the lithium atom approaches the nearest
plane 0.21 A away upon the dissociation of one water molecule
from the first hydration shell. One simulation result of the sol-
vent exchange through the addition process is also plotted in
Fig. 9. In this type, the lithium atom approaches the center
of the bi-pyramidal structure through the transition-state struc-
ture of TS1. At the crossing point of two Li—O distance lines
for the exchange molecules, the Li—-O distance is 2.25 A, only
0.07 A longer than the longest Li—O bond distance of the five
coordinated complex, the LiT(H,0)s cluster as illustrated in
Fig. 6. Figure 10 shows one simulation result for solvent ex-
change through the dissociation type process. For the dissoci-
ation of one water molecule from the first hydration shell, the
first hydration shell forms the trigonal plane structure (corre-
sponding to Lit(H,0)34, in Fig. 5). The variation of the first
hydration shell from trigonal planar to pyramidal structure

relates closely to the approaching of one water molecule to
the first hydration shell from the outer shell.

Conclusion

The structure of the first hydration shell of the lithium cation
in a solvent and the coordination number were studied by
using ab initio MD simulation on the basis of the IMiC MO
method at the HF/6-31G(d,p) level. The hydration system
treated here is one lithium cation and 100 water molecules
as the solvent. The ab initio MD simulations were performed
ten times for each different initial geometry at the two temper-
atures of 293 and 323 K. The most probable structure of the
first hydration shell derived from the MD simulation was the
tetrahedral structure including four water molecules. More-
over, the first hydration shell was clearly separated from the
outer shells. Although the Li—O bond length derived from
radial distribution at the temperature of 293 K is in fair agree-
ment with that by the neutron diffraction method, the coordi-
nation number obtained by the MD simulations differs from
that suggested by the neutron diffraction method. From our
results at the IMiC MO (full QM) level, it is concluded that
the hydration number 4 of the first shell for the lithium cation
is more reliable.
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Li*(H,0),4.1 Complex. Transition Statel (TS1).
(Co symmetry) (C1 symmetry)

Transition State2 (TS2). Li*(H,0)s Complex.
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Fig. 6. The stationary points geometry (in A) of the addition process for Lit(H,0)s clusters.

Table 3. Total and Relative Energies of Stationary Points Geometry for LiT(H,0); and
Lit(H,0)s Clusters

Total Energy/Hartree Relative Energy/kcal mol~!
HF/6-31G(d,p) CCSD(T)/ HF/6-31G(d,p) CCSD(T)/
6-311++G(d,p) 6-3114++G(d,p)

Dissociation process

Li(H,O)4 —311.52406 —312.55746 0.00 0.00
TS —311.51430 —312.54801 6.12 5.93
Li(H20)341 —311.51567 —312.54980 5.27 4.81
Addition process

Li(H20)441 —387.57241 —388.86861 0.00 0.00
TSI —387.56278 —388.86130 6.04 4.59
TS2 —387.56154 —388.85903 6.82 6.01

Li(H,O)s —387.56293 —388.86180 5.95 4.27
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Fig. 7. Li-O distance and Li-Planeeares;y along the time
development for the variation of coordination number in
the addition process.
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Two mechanisms for the variation of the coordination num-
ber in the first hydration shell and/or the solvent exchange
between the first and outer shells were classified by ab initio
MD calculations. The stationary point geometries of the cluster
models for the mechanisms were also evaluated. The energy
barrier for the increase of the coordination number from four
to five is slightly lower than that of the decrease from four
to three. For the solvent exchange mechanism of the cluster
models, the lithium atom approaches one surface of the trian-
gle planes constructed from three oxygen atoms. Similar
motion of the lithium atom can be found in the MD system
treated here.

Lit Hydration Simulation by Ab Initio IMiC MO Method

I
5

Distance(A)
g

Li-O

N
o

2.0

0 50 100 150 200 250
Time(fs) (a)

Li-Plangpeqres)
Distance(A)
o o o o o
I

o
e

o
o

150 200 250
Time(fs) (b)

50 100

Fig. 9. Li-O distance and Li—Planegcares;y along the time
development for the exchange of solvent in addition proc-
ess.
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Fig. 10. Li-O distance and Li—Planeneares;y along the time
development for the exchange of solvent in dissociation
process.
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