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Abstract: The structure, stability, and electronic state of L, (n = 1—6 and 8) clusters have been
investigated by aab initio molecular orbital method, including electron correlation, and compared with those
of their cations. Thenterior structure where the Li atom is surrounded by fowOHMolecules in the first

shell and more in the second shell is found to be the most stable for both neutral and catiodiclusters.

The size dependence of the vertical ionization potentials of JO(klis in good agreement with the recent
experiment. It decreases successively umtit 4 and becomes nearly constant foe 4 being close to the

bulk limit of vertical detachment energies of {Bl),~. The excess electron is separated from Li and distributed
outside the first-shell cavity in = 4 clusters. The electronic state of the clusters changes from a one-center
atomic state fon < 3 to a two-center ionic state for> 4 with a gradual localization of the excess electron.
Dangling hydrogens interacting with the excess electron play a role as actuatorssoffimestate.

I. Introduction size dependence in IPs has also been observed for hydrated Li

Solvated electrons have attracted widespread attention for aclusters very recently. This unusual behavior of the IPs for

long time. They have been studied extensively in physical, the hydrated alkali atom clusters has motivated theoretical

chemical, and biological fields:3 An alkali metal atom in polar chgllenggs to dell_uugat(;;h(; natlijrethoftt?he S¢ gl(;]fters. f wat
solvent clusters provides a good model for obtaining the arnett and Landman showed that the addition of water

microscopic aspect for this celebrated subject. It dissociates molecules to a Na atom resulted in a successive decrease in the

into a solvated positive ion and a separate solvated electron WithIPS W'th a marked rgduced variation o 4 b)_/ the local spin

a stepwise solvation. The electronic structure of the clusters isde”Slty (LSD) fungtlonal calculation. In their model, the Na
expected to change from a one-center atomic state to a tWO_vaIenc_e eIect_ron im > 4 clusters was expelled from th_e
center ionic state with an increasing number of solvent hydration cavity forming the delocalized surface Rydberg-like

molecules. To understand the molecular mechanism of theStaSte' fii and B RPEVER indi dthe i
alkali-metal dissolution producing the solvated electron in tampili and Benemant; however, indicated the impor-

clusters, gas-phase studies such as the photoionization thresholfNce of the .polarlzatlon effect by a polarlngle electropolg
measuremefits and the negative ion photoelectron spec- model and pointed out that the IPs (_)f the spherically symmetric
troscopy 10 of the size-selected solvated alkali atom clusters structure of the hydrate_d Na atom n the surface state strongly
have been reported very actively decreased with increasing cluster size.

Several years ago, Hertel's and Fuke’s groups found that the Makov and Nitzaf app!led a continuum dielectric theory
ionization potentials (IPs) of M(40), (M = Na* and C§) for ions and neutral atomic solutes near planar and spherical

clusters converged to the photoelectric threshold oftiaen (cluster) surfaces and found that the size dependence of the IPs
= 4 with no size dependence for larger The same peculiar ~ WasS insensitive to the location of_ the solt_Jte in the clus_ter.
Though their computed asymptotic behavior of the vertical
19%) Hart, E. J.; Anbar, MThe Hydrated ElectronWiley: New York, detachment energies qf hydrated electron and hy.dra@tdmhl
(2)' Thompson, J. CElectrons in Liguid AmmonjaOxford University agreed well with experiment, the obse_rved behavior in the IPs
Press: Oxford, U.K., 1976. of the Na—water system was unexplainable.
(3) Dogonadze, R. R., Kalman, E., Kamyshev, A. A, Ulstrup, J., Eds.  On the other hand, Hashimoto and Morokdfné® reported

Sobation Phenomena in Specific Physical, Chemical, and Biological
SystemsThe Chemical Physics of Solvation, Part C; Elsevier: Amsterdam, that surface structures of Naf8l), where the Na atom was

1988. situated on the surface of the water clusters and interior isomers
(4) Hertel, 1. V.; Huglin, C.; Nitsch, C.; Schulz, C. Phys. Re. Lett. where metal was surrounded by solvent molecules were very
1991, 67, 1767~1770.
(5) Misaizu, F.; Tsukamoto, K.; Sanekata, M.; Fuke, ®em. Phys. (11) Coe, J. V.; Lee, G. H.; Eaton, J. G.; Arnold, S. T.; Sarkas, H. W.;
Lett. 1992 188 241-246. Bowen, K. H.; Ludewigt, C.; Harberland, H.; Worsnop, D. R.Chem.
(6) Takasu, R.; Misaizu, F.; Hashimoto, K.; Fuke, K.Phys. Chem. Phys.199Q 92, 3980-3982.
1997 A101, 3078-3087. (12) Barnett, R. N.; Landman, Phys. Re. Lett.1993 70, 1775-1778.
(7) Takasu, R.; Hashimoto, K.; Fuke, Khem. Phys. Lettl996 258 (13) Stampfli, P.; Bennemann, K. i@omput. Matter. Scil994 2, 578—
94—100. 584.
(8) Misaizu, F.; Fuke, K.; Hashimoto, K. I8tructures and dynamics of (14) Stampfli, P.Phys. Rep1995 255 1-77.
clusters Kondow, T., Kaya, K., Terasaki, A., Eds.; Universal Academy (15) Makov, G.; Nitzan AJ. Phys. Cheml994,98, 3549-3466.
Press: Tokyo, 1996; pp 38388. (16) Hashimoto, K.; He, S.; Morokuma, IiChem. Phys. Letf.993 206,

(9) Hashimoto, K.; Kamimoto T. IiStructures and dynamics of clusters 297-306.
Kondow, T., Kaya, K., Terasaki, A., Eds.; Universal Academy Press: Tokyo, (17) Hashimoto, K.; Morokuma, KChem. Phys. Letfl994 223,423~
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Table 1. Optimized Geometrical Parameters (angstroms and
degrees)and Total Binding EnergieAE(n) (kcal/mal), for
Potential Minimum Structures of Li¢#D), (n = 1—2) Calculated at
Various Levels

symboP leveF Ri-o1 6 Ri-oz OOLLIO2 Ruy-o02 AE(n)d
Li(H-0)
lal+0 C 1.917 10.6 (12.2)
(CZI/)
Ib1+0 A 1.918 29.3 12.6
(G
1.910 27.1 12.3
Li(H ,0),
lla2+0 B 1.871 174.3 26.8
(sz)
Ib2+0 C 1.935 107.7 21.1(25.9)
()
Ilc2+0 B 1.942 1.882 95.5 26.2
(Co
Nd2+0 A 1.924 1919 1130 26.2
(C)
lHel+1 B 1.869 1.774 22.7
(C9
C 1.888 1.883 19.2(22.4)
nNf1+1 A 1.890 1.778 225
(C)

a parameters are shown in Figure®Torresponds to structures in
Figure 1.5 A: MP2/6-31H+G(d,p). B: MP2/6-3%++G(d,p). C: HF/
6-31++G(d,p).¢ —AE(n) = E[Li(H 20)y] — E[Li] — nE[H2Q] (without
CPC). Values in parentheses are at MP2/6-3G(d,p)//HF/6-
31++G(d,p).

close in energy by aab initio molecular orbital (MO) method.

J. Am. Chem. Soc., Vol. 120, No. 15, 18981

RHF/6-31+G(d,p) level. Single-point MP2 calculations with all
electrons active were performed at the HF geometries to assess the
effect of electron correlation on the energetics. lonization potentials
were calculated at the MP2/6-3%G(d,p) level. For small complexes
with n < 3, the coupled cluster method using both single and double
substitution from the Hartreg~ock determinant (CCSD) was employed

to test the reliability of the calculated IP values. The program used
was Gaussian-94.

I1l. Molecular Structure

A. Geometries of Neutral Li(H20),. Figure 1 displays
potential minimum structures of Li(#), (n = 1—3). Tables
1 and 2 show selected optimized geometrical parameters and
total binding energies for the structures in Figure 1. The figure
and tables including all other structures which have been
examined in this study and found to have imaginary frequencies
are given in the Supporting Information. In these figure and
tables, we use labels of the fopnt q and molecular symmetry
to identify each structure. The valugsand q denote the
numbers of water molecules in first and second hydration shells,
respectively. The largest eigenvalue 8fsquare is 0.7506
among the structures examined, which indicates negligible spin
contamination.

The optimized Li(HO) structures ard + 0 forms (a,b) in
which an HO molecule is bound to Li by an oxygen atom. In
agreement with previous work%;2? the HF method gives a
planar structure while correlation makes the structure nonplanar.

The calculated IPs of the surface structures having their excessThe energy lowering by the bending is, however, only 0.1 kcal/
electrons distributed in the surface regions of the clusters weremol at the MP2/6-31++G(d,p) level, and the bending fre-

in good agreement with experiment, while those of the interior

structures with diffused and delocalized excess electron distribu-

tion still decreased fon > 4.

guency by the HF/6-3%+G(d,p) method is small (124 crh).
Therefore, Li(HO) is mostly stabilized by 1+O bond and very
floppy along the bending coordinate. For Li®i),, 2 + 0

Despite these efforts, the electronic state of the solvated alkalistructures I a—d) are more stable thah+ 1 forms (I e,f) by

atom clusters has remained unresolved.

In particular, themore than 3.3 kcal/mol at the MP2/6-3t3+G(d,p) level.

formation, the structure, and the stability of the two-center state Though the molecular symmetry of the staBle- 0 structures

in the small solvent clusters are still controversial. To obtain

depends on the level of calculations, the energies oRthe0

more insights about the electronic nature of the clusters, it is forms with different water orientations are close to one another
necessary to carry out a systematic theoretical study of variousat all levels. The2 + 0 structures are essentially stabilized by

solvated alkali metals.

In the present paper, we extend our preliminary study of Li-
(H20)y clusterd® for n = 1—-8 by theab initio MO method
including electron correlation. We investigate their structures,

two Li—O bonds. Thel + 1 structure is slightly deformed
from Cs symmetry only at the MP2/6-34#1+G(d,p) level, but
energy lowering by the deformation is nearly zero. The 1
structures are stabilized by a+0 bond and a hydrogen bond.

energetics, and electronic states in detail by comparing themThe binding energy of a water dimer was calculated to be 6.5
with those of their cation clusters and analyze the cluster-size (MP2/6-31}-+G(d,p)) to 5.0 (HF/6-3++G(d,p)) kcal/mol.
dependence of their IPs. The questions that we answer are thélhe comparison of these values with the data at a higher level

following: (i) What are the most stable hydration structures of
Li atom? Are they similar to those of cation clusters? (ii) What
interactions are important in stabilizing Lig8),? (iii) Do the

most stable neutral structures reproduce the peculiar size
dependence in the IPs? (iv) Does the electronic state of the

of theory (5.58 kcal/mol at MP2/aug-cc-pVI¥ shows that
the level of the present treatment is fine, but our values still

(20) Hehre, W. J.; Radom, L.; Schleyer, P. v. R.; Pople, ABinitio
molecular orbital theoryWiley: New York, 1986.
(21) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.;

neutral clusters change from the one-center atomic state to thelJohnson, B. G.; Robb, M. A.; Cheeseman, J. R.; Keith, T.; Petersson, G.

two-center ionic state? (v) What is common electronic feature
of the hydrated Li and Na?

Il. Computational Method

The potential energy surfaces of L), (n = 1—3) were surveyed,
and their stationary points were characterized at the UHF643%-
(d,p), UMP2/6-3%+G(d,p), and UMP2/6-31t+G(d,p) level$® The
molecular structures of Li(fD), with n = 4—6 and 8 were optimized,
and vibrational analyses were carried out at the UHF/6-8G(d,p)
level using analytic first- and second-derivative techniques. The
geometries of [Li(HO),* (n = 1-6 and 8) were also optimized at

(19) Kamimoto, T.; Hashimoto, K. IBtructures and dynamics of clusters
Kondow, T., Kaya, K., Terasaki, A., Eds.; Universal Academy Press: Tokyo,
1996; pp 563-572.

A.; Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski,
V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B;
Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W.;
Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.;
Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.; Head-
Gordon, M.; Gonzalez, C.; Pople. AGaussian 94 Gaussian, Inc.:
Pittsburgh, PA, 1995.

(22) Trenary, M.; Schaefer, H. F.; Kollman, .Am. Chem. S0d.977,
99, 3885-3886.

(23) Trenary, M.; Schaefer, H. F.; Kollman, .Chem. Physl978 68
, 4047-4050.

(24) Bentley, J.; Carmichael, 0. Phys. Chem1981, 85, 3821-3826.

(25) Bentley, JJ. Am. Chem. S0d.982 104, 2754-2759.

(26) Curtiss, L. A.; Pople, J. AJ. Chem. Phys1985 82, 4230-4235.

(27) Zakharov, I. I.; Avdeev, V. |.; Zhidomirov, G. Msurf. Sci.1992
227, 407-413.

(28) Xantheas, S. S.; Dunning, T. H., JrChem. Physl993 99, 8774~
8792.
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Figure 1. Potential minimum structures of Lig®), (n = 1—3). Values of selected geometrical parameters and total binding energies without CPC

are given Tables 1 and 2.

Table 2. Optimized Geometrical Parameters (angstroms and degm@ss)Total Binding Energies\E (kcal/mol), for Potential Minimum

Structures of Li(HO); Calculated at Various Levels

symbOP level Ri-o01 Rii-02 Rii-o03 0JO1Li02 JO2Li03 0JO1LiOo3 Ru1-o03 Ruz-02 AEd

a3+ 0(Cy) c 1915  1.910 1156 33.2 (42.8)
b3+ 0(Cy) A 1.909 1.913 1.913 117.4 125.3 116.7 42.3
c3+0(Cy) B 1.859 1.930 1.860 118.3 92.5 149.2 441
1 d3+ 0(Cy) A 1.907 119.6 42.4

B 1.880 1175 44.0

C 1.912 119.9 33.3(40.2)
lNe2+1(Cy B 1.850 1.928 113.5 1.796 1.988 40.5
Nf2+1(Cy A 1.884 1.975 106.6 1.773 2.014 38.3

C 1.890 2.010 106.0 1.912 2.174 30.1(39.0)
g2+ 1(Cy) A 1.921 103.2 1.994 36.4

B 1.888 111.2 1.994 38.2

c 1.931 99.7 2126 291 (34.7)
M h1+2(Ca) A 1.862 1.829 31.0

B 1.842 1.825 315

C 1.863 1.929 26.4(31.2)
i1+ 2(Cy) A 1.863 1.829 31.0
j1l+2(Cy) B 1.830 1.823 1844 317

aparameters are shown in Figure’Torresponds to structures in Figure®A: MP2/6-31H-+G(d,p). B: MP2/6-3%+G(d,p). C: HF/6-

31++G(d,p).¢ —AE(n) =

differ from the experimental value (5.44 0.7 kcal/mo?®) at
most by~1 kcal/mol. Li—O bond is more important than the
hydrogen bond though the interaction betwee®Hnolecules
is stronger in the Li(HO), than in the pure water dimer. The
energy difference between tlze+ 0 and1 + 1 complexes is
larger at the MP2 level than at the HF level. For Li(®}s, the
structures having the sanpet q label are almost isoenergetic
with one another, irrespective of water orientatio.+ 0
structuresl{l a—d) are the most stable faor=3. 2+ 1 (lll e~
g) and1 + 2 (Il h—j) isomers are the local minima whose
energies are higher than thatldfd by more than 4.1 and 11.4
kcal/mol, respectively, at the MP2/6-31%#G(d,p) level.

Total binding energies by the MP2/6-8%G(d,p) method
are almost identical to our best MP2/6-311G(d,p) values
even at HF geometry for all isomers with < 3. The

(29) Curtiss, L. A.; Frurip, D. L.; Blander, Ml. Chem. Physl1979 71,
2703-2711.

E[Li(H ,0)] — E[L]] — nE[H0] (without CPC).

Values in parentheses are at MP2/6-8G(d,p)//HF/6-3%+G(d,p).

6-31++G(d,p) basis set is considered to be flexible enough to
provide structural trends that are potentially quite valuable. That
is, the Li(H:O), clusters are at first stabilized by D
interaction and have as many+® bonds as possible. On the
other hand, the electron correlation does have an effect on the
potential surface of the Li(}D), (n = 1—3) though single-point
MP2 calculations at HF-optimized geometries with the 6-35-
(d,p) basis set give a good estimate of total binding energies of
the isomers for each. Therefore, the combination of the HF
method for geometry optimization and the MP2 calculation at
the HF geometry (MP2//HF) for energetics using the 6-315-
(d,p) basis set is judged as the appropriate method for larger
clusters. In the following sections, we describe total binding
energies at the MP2/6-3+G(d,p)//HF/6-3%-+G(d,p) level
unless otherwise mentioned.

The optimized structures and total binding energies of Li-
(H20)n (n = 4—6 and 8) are shown in Figure 2. All of these
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Figure 2. Optimized structures of Li(kD), (n = 4—6 and 8) calculated at the HF/6-8%+G(d,p) level. Geometrical parameters are given in
angstroms and degrees. Total binding energies (kcal/mol) without CPC at the MP248=3dl,p)//HF/6-33+G(d,p) level are also given.
structures have been confirmed to have all real vibrational spin contamination as in the caserok 3. For Li(H,O)4, 4 +
frequencies. The largest eigenvalué&dquare is 0.7504 among 0 structurelV a, in which Li atom is surrounded by four @
the optimized Li(HO), (n = 4—8), which shows the negligible  molecules, is the most stabl& + 1 structures [V b,c) where
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one HO molecule is bound to the+ 0 Li(H »0)3 with different
hydrogen-bond orientations a@dt 2 structure [V d) are local
minima. They are less stable thvia by more than 1.6 and
10.8 kcal/mol, respectively. For Li@D)s, we obtained & +
0 structure by a preparatory optimization with the 6+33(d)

Hashimoto and Kamimoto

interior structures with the maximum number oft© bonds.
The optimized geometries are shown in Figure 3. All of these
structures have been confirmed to have all real harmonic
frequencies at the HF/6-3H-G(d,p) level.

The structures of [Li(HO),]" for 1 < n < 5 are similar to

basis set, whose energy was higher than that of the most stablehose at HF/6-3+G(d) and MP2/aug-cc-pVDZ levels reported

4 + 1 complex by 3.1 kcal/mol at the MP2/6-3G(d)//HF/6-
31+G(d) level. However, th& + 0 structure disappeared with
the larger 6-31++G(d,p) basis set converging to tde+ 1
structureVa. Furthermore, all geometry optimizations with the
6-31++G(d,p) basis set frort,, 5 + 0 complex by following

the imaginary normal modes finally reachéd- 1 forms (Va—

c). They have different hydrogen-bond orientations from one
another but are almost isoenergetic at both MP2//HF and HF
levels. 3 + 2 structureVd is higher in energy than thé+ 1
structures over 4.5 kcal/mol. With more than five water
molecules, the number of potential minimum configurations is
very large. Since we found n& + O structure with the
6-31++G(d,p) basis, we narrowed our focus mainly4te- 2
forms forn = 6 and found eigh4 + 2, one5 + 1, and one3

+ 3 structure all together. The most stable structure that we
have obtained is thé + 2 structureVl a, and the eight + 2

by Feller et aP%3! Up to four HO molecules are bound directly
to Lit without hydrogen bonds. For [Li¢D)s]*, the4 + 1
structureVa, where one KO molecule is bound to [Li(kD)4] ™

via two hydrogen bonds, is more stable than5he 0 isomer

Vb by 5.3 kcal/mol. For [Li(HO)¢] ™, 4 + 2 structures {1 a—

d) are more stable than titet 0 Vle by more than 5 kcal/mol.

It is interesting to notice that tHB,q symmetry structure, which

is similar to [Na(HO)e]*,1832is slightly lower in energy than
the C, and Cs symmetry structures found by Feller’'s group.
Though we searched f& + 1 structure withCs symmetry by
adding the second-shell water moleculeMb, the optimized
structure had an imaginary frequency. The further optimization
following the imaginary normal mode converged to the- 2
structureVIid, where a water dimer was located in the second
shell. Therefore, we have concluded that the most stable
cationic structures fon > 5 tend to have four water molecules

structures span a 4.2 kcal/mol range in energy (the high-energyin the first shell, which agrees with the previous repé&?,

isomers of the4 + 2 complexes are not shown for brevity).
The5 + 1 and3 + 3 isomers are less stable th&ha by 3.4
and 8.3 kcal/mol, respectively.

In the 3 + 3 isomerVIc, the second-shell water molecules
donate their OH bonds to bridge the first-shell ligands through
hydrogen bonds. It is a member &ffold structure with other
3 + g structures. In the&-fold complexes, the ©meta-O
angle is much larger than that in the correspondimngaceNa—
water comple¥ with the samen due to the strong 150 bonds.

For Li(H>O)s, we have optimized onl + 4 structuresVIIl a—

d). The most stable structure Mlll a, in which two water
dimers are bound to Li(}D), from its lower side. Each water
dimer connects three first-shell ligands, and there are eight
hydrogen bonds ivlll a all together. The isomeYIl b also

has two water dimers in the second shell, but each water dimer
bridges only two first-shell water molecules. Inisom¥i c,d,

four water molecules are bound individually to thet O Li-
(H20)4. These structure¥/Illl b—d, are less stable thawill a

by more than 7.1 kcal/mol. In search of spherically symmetric
isomers, we have tried to optimize 8at 0 complex under the

D4 symmetry constraint starting from the structure where eight
oxygen atoms are located at corners of a cube. This optimiza-
tion converged to the structure with long+® distances (2.470

A), and its energy was higher than that\éill a by more than

30 kcal/mol (HF). A similar optimization unde®, symmetry
constraint gave the structure with two hydration shells, but it
was not a minimum on the potential energy surface. The
structuresVIll e,f were obtained by relaxing th&, structure
along the normal modes for the imaginary frequencies. They
were less stable tharill aby 5.7 and 6.5 kcal/mol, respectively.
The geometrical rearrangement of the second-shell waters
forming hydrogen bonds is considered to play an essential role
in stabilizing the Li(HO)s. As a summary, O interaction

is a primarily dominant factor in dictating the structures of Li-
(H20), for n < 4 and the hydrogen bonds become important in
forming a stable asymmetriaterior structure for largen.

B. Geometries of Cationic [Li(H,O),]* Clusters. It is
interesting to investigate whether the neutral and the corre-
sponding cationic hydration structures of Li are similar to each
other. Since the L+O interaction is much stronger than
hydrogen bonds in [Li(kD),] ", we have optimized mainly their

and optimized only + 4 structures fon = 8. The optimized
structures of [Li(HO)g]™ are shown inVIll a—e. The five
structures span about 4 kcal/mol range in energy. Each
geometry oiVIll a—d was obtained by starting the optimization
from the neutral structure with the same label in Figure 2. Thus,
these structures are generally similar to the corresponding
neutrals. However, several intershell hydrogen bonds are broken
in VIII b and VIII ¢ cations during the optimization. These
complexes have the structures in which twglHmolecules are
bound to the4 + 2 Vla. The complexVlll b can be also
regarded as a structure where two water dimers are bound to
the4+ 0 IVa. In addition to these four structures, we searched
for an S isomer, starting from the structure where aljCH
molecules were initially located at the corners of a cube without
hydrogen bonds, and obtained the structiid e. In this
structure, all H atoms in the first-shell waters are used in
hydrogen bonds and each second-shell water bridges three first-
shell waters. Thus, there are 12 hydrogen bonds all together
in VIl e.

IV. Energetics

A. Binding Energies and Enthalpies. Total binding
energies, AE(n), of both Li(H,0), and [Li(H.O),]* given in
Tables 1 and 2 and Figures 2 and 3 are calculated by

—AE(n) = E[M(H0),] — EIM] — nEH.Q]
(M =Liand Li*) (1)

To examine the relative stability of the structural isomers
more carefully, we have assessed the basis set super position
error (BSSE) for the binding energies by counterpoise correction
(CPC). The counterpoise-corrected binding energies and en-
thalpies (at 1 atm, 298.15 K) of both LigB), and [Li(H2O),]*
are listed in Table 3. Successive binding energhds,; ,, and
successive binding enthalpieAH,-1,, of their most stable
structures are given in Table 4. For the enthalpies, we used
the harmonic vibrational frequencies at the HF/6+31G(d,p)

(30) Glendening, E. D.; Feller, 3. Phys. Chenil995 99, 3060-3067.

(31) Feller, D.; Glendening, E. D.; Kendall, R. A.; Peterson, K.JA.
Chem. Phys1994 100, 4981-4996.

(32) Kim, J.; Lee, S.; Cho, S. J.; Mhin, B. J.; Kim, K. £.Chem. Phys.
1995 102 839-849.
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Figure 3. Optimized structures of [Li(kD),]* (n = 1—6 and 8) calculated at the HF/6-8%+G(d,p) level. Geometrical parameters are given in
angstroms and degrees. Total binding energies (kcal/mol) without CPC at the MP246=%d, p)//HF/6-3%+G(d,p) level are also given.

level scaled by 0.895, which was an average ratio between themolecule. The relative constancy AE,—1,, for Li(H2O)n, at

experiment&® and calculated frequencies of an isolatesDH
molecule.

The CP estimate should ordinarily be viewed as no better

least compared to the sequence for [} T, indicates a
pairwise additive character.

The amount of CPC for [Li(kD)q] " is comparable with that

than a semiquantitative correction, but it is useful in examining for the corresponding neutrals. Total binding energies and
wh‘_ether the BSSE's change the relative stability of the isomers enthalpies of [Li(HO),|* are much greater than the neutrals
seriously. Though BSSE values depend on the structures, thewith the samen as expected from the strong electrostatic

decrease of their binding energies by CPC is within a few interaction. The structures of [Li#®),]* having four first-
kilocalories/mole per water molecule for all neutral isomers. she|l water molecules show great&E.p, AE,p, and AH298

The neutral structure with the maximum number of-0 bonds
is the most stable for eaam up through 4, and thénterior

structure having four first-shell ligands is more stable than other

isomers for largen even with CPC. The energy difference
between thénterior and the3-fold structures becomes slightly
larger asn grows. The4 + q interior structure is expected to
be more dominant with increasingfor the neutrals. The Li-
(H20)n is stabilized by 10.613.2 kcal/mol inAE,—1, and 8.1
12.0 kcal/mol inAHp-1 , respectively, by an addition of a water

(33) Strey, GJ. Mol. Spectroscl967, 24, 87—99.

than the other isomers where all water molecules are bound
directly to Li* for n = 5. Among4 + 2 ions, theDyq form is
slightly lower in energy thar, and Cs forms even with CPC
and ZPC. The structurélll b shows the largeshEcp, AEzpc,

and AH?8 values among thd + 4 cations, and then = 8
structures span-56 kcal/mol in energy with CPC and ZPC.

Feller et al. have calculated hydration enthalpies of at
the MP2 level with extended basis sé&tsThough our basis is
not as flexible as theirs, oE,_1, andAH,_1, with CPC are
close to their data, and the differences between their values and
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Table 3. Counterpoise-Corrected Binding Energiad,,? and Those with Zero-Point Vibrational Correctiakf;,.2 of Li(H,0), and
[Li(H 20)\] " (n = 1—6 and 8) at the MP2/6-38+G(d,p)//HF/6-3%+G(d,p) Levet

Li(H20)n [Li(H20)n] "
n symbof AEcpc AEzpe AH?%8 symbof AEcpe AEzpc AH?%8
1 lal+0(Ca) 10.0 9.3 8.1 lal+0(Ca) 33.8 31.9 31.4
2 IIb2+ 0(Cy) 20.9 18.4 17.5 lla2+ 0/(Da) 63.5 59.7 59.4
lel+1(Cy 18.2 15.3 145
3 a3+ 0(Cy) 34.1 30.2 29.5 a3+ 0(D3) 86.5 80.8 80.9
Nd3+0(Cy) 34.1 30.1 29.5
Nf2+1(Cy) 31.0 25.8 25.7
g2+ 1(Co 28.9 23.7 235
I h1+2(Ca) 25.1 20.6 19.7
4 IVa4+0(Cy) 46.3 40.4 40.1 Vad+0(S) 103.2 96.0 96.2
IVb3+ 1(Cy) 45.2 38.5 38.8
IVe3+1(Cy) 44.1 36.8 37.3
vd2+2(Cy) 39.0 31.9 32.0
5 Va4+1(Cy) 57.6 485 49.4 Va4+1(Cy) 117.1 107.3 108.2
Vb4 +1(Cy) 57.6 48.7 49.4 Vb5+0(Cy) 111.7 103.1 103.3
Vecd+1(Cy) 56.8 47.6 48.4
Vd3+2(Cy) 53.2 43.6 44.7
6 Viad+2(Cy) 68.4 56.9 58.3 Via4d+ 2 (Dag) 130.3 118.0 119.5
VIb5+ 1(Cy) 64.8 53.5 54.9 Vib4+2(Cy) 127.4 114.3 116.4
Vic3+3(Cy) 60.8 48.2 50.0 Vic4+2(C) 128.8 116.7 118.1
Vid4+2(Cy) 128.3 116.5 117.6
Vie6+ 0(S) 120.8 109.8 110.7
8 VIl a4+ 4(Cy) 90.8 735 76.7 VIl a4+ 4(Cy) 149.7 132.8 135.3
VIl b4+ 4(Cy) 84.8 68.8 71.0 VIl b4+ 4(Cy) 151.4 135.5 137.2
VIl c4+4(Cy) 84.0 67.6 70.1 VIl c4+4(Cy) 148.7 133.6 134.8
VIl d4+ 4 (Cyp) 81.6 64.7 67.5 VIl d4+ 4(Sy) 146.2 129.9 132.1
VIl e4+ 4 (Cy) 84.8 68.3 70.9 Vill e4+ 4 (Sy) 150.7 132.8 136.0
VIl £ 4+ 4(Cy) 84.5 68.1 70.6

aHarmonic vibrational frequencies at the HF/6431G(d,p) level were scaled by 0.895 and use@ounterpoise-corrected enthalpies at 1 atm
and 298.15 KAH?%2 are also presented. Values are given in kcal/mbidicates the structures in Figures-3.

Table 4. Successive Binding EnergieAEn-1,,2 and Successive Binding Enthalpiesiin-1 2 (1 atm, 298.15 K), of the Most Stable
Structures of [Li(HO),] and [Li(H.O))]" (n = 1—6) in kcal/mol

[Li(H 20)n] [Li(H 20)n]*
MP2/6-3H+G(d,p)// MP2/6-3H-+G(d,p)// MP2/aug-cc-pVDZ// expt
HF/6-31H+G(d,p) HF/6-31++G(d,p) MP2/aug-cc-pVDZ

(this work}f (this workyf (ref 317 (ref 34) (ref 35)
n AEnfl,n AHnfl,n AEnfl,n AHnfl,n AEnfl,n AHnfl,n AHnfl,n AHnfl,n
1 10.0 8.1 33.8 314 33.2 32.2 34.0 32.7
2 10.9 9.4 29.7 28.0 29.3 275 25.8 27.2
3 13.2 12.0 23.1 21.5 22.8 21.7 20.7 22.3
4 12.2 10.6 16.7 15.3 17.5 16.1 16.4 17.0
5 11.3 9.3 13.9 12.0 15.0 13.1 13.9 14.3
6 10.8 8.9 13.1 11.3 12.1 1024 12.1 15.1

2 —AEn-1n = E(IM(H20)1] ") — E(IM(H 20)n-1]") — E(H20). ® —=AHp-1.n = H([M(H 20)] ) — H([M(H 20)n-1] ") — H(H20). Harmonic vibrational
frequencies at HF/6-344+-G(d,p) level scaled by 0.895 were usé@ounterpoise correctedWith frozen core approximatiof.At MP2/aug-cc-
pVDZ//HF/cc-pVDZ level.f Extrapolated value.

ours are at most-1 kcal/mol for alln. Dzidic and Kebarlg againsi even after the first shell has been completed. To obtain
have reported the successive enthalpy change for JOjH* more insights about the energetics, it is instructive to divide
through [Li(HO)s] ™ and extrapolated them backward to arrive the total hydration energy into the contribution of interaction
at their value for [Li(HO)]t. Very recently, Rodgers and among watersAEs(n), and that of solutewater cluster interac-
Armentrout® have determined bond dissociation energies of [Li- tion, AEw(n). According to the previous worl we define the
(H20)]™ (n = 1-6) directly by kinetic-energy-dependent AEs(n) and AEw(n) by the following formulas 2 and 3,
collision-induced dissociation experiments in a guided ion mass respectively.

spectrometer. They have reported bond dissociation enthalpies

based on theoretical structures and vibrational frequef¢iee —AE4(n) = E[(H,0) #] — nEH,0] )
Table 4). The present result agrees well with these experimental s zon 2

ones for eacm. AE,—;,andAHp-1, decrease greatly from . _ _ _ #

= 1-4 mainly due to the progressive saturation in bonding ABy(n) = E[M(H;0),] — E(M) — E[(H,0), ]

properties of LT. Their values fom = 5 become smaller than (M =Liand Li*) (3)
those forn = 4, reflecting the formation of the first shell at

=4, Here,E[(H,0)" is the energy of a complex ofH,O molecules

B. Energy Decomposition Analysis.From the cluster-size ~ whose structure is fixed at that of the Li{8), or [Li(H20)q] "
(n) dependence of the energetics, we notice that the total bindingcluster in question AEs(n) gives the interaction energy among
energies for the most stable neutral structures are almost additivehe HO molecules in the hydrated Li or ticomplex. The
(34) Dzidic, I.; Kebarle, PJ. Phys. Cheml97Q 74, 1466-1474. AEu(n) is the Interaction energy between the prepared(kf
(35) Rodgers, M. T.; Armentrout, P. B. Phys. Chem1997 A101, cluster and the Li atom or ion, and the sum of the two
1238-1249. components gives the total binding enenyk(n):
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AE(n) = AE¢(n) + AE,,(n) (4)

The values oAE(n), AEs(n), andAEw(n) for both neutral and

J. Am. Chem. Soc., Vol. 120, No. 15, 18987

Table 5. Contributions of Interaction among WatersEs(n),2 and
Solute-Water Cluster Interactiom\Ew(n),® in Total Binding
Energies of the Most Stable [Li@®),] and [Li(H20)\]* (n = 1-6
and 8) at the MP2/6-3t+G(d,p)//HF/6-3%++G(d,p) Level

ionic complexes are listed in Table 5. In the most stable neutral
structures AEy(n) is a main contributor of the total binding
energy for alln. AEs(n) is nearly zero or negative for < 4

and is positive for largen. This fact indicates that stabilization
energies are gained by the-+® bond formation overcoming
the repulsion among the water molecules intthe 4 clusters
and the hydrogen-bond interaction becomes important after the
first shell is formed.

It is interesting to notice thahEy(n) still increases fon >

Li(H20)n [Li(H 20)n] ™
n symboP AE(n) AEs(n) AEw(n) symboP AE(n) AEs(n) AEm(n)
1 la 12.2 0.1 121 la 36.1 0.3 35.8
2 1lb 259 -15 274 lla 69.3 -1.3 70.6
3 llla 428 —-4.7 475 llla 94.7 —-49 99.6
4 IVa 59.1 -8.6 67.7 IVa 1151 —-9.9 125.0
5 Va 73.5 25 71.0 Va 131.7 -39 1356
6 Vla 86.9 6.2 80.7 Vla 1475 0.3 147.2
8 Vlla 1156 164 99.2 VIlb 1728 147 158.1

5 though the slope becomes smaller than thatnfaz 4. It
corresponds to the growth of the second hydration shelhfor
> 5. To analyze the situation more clearly, we further divide
the binding energy fon > 4 by the following formulas 5 and
6.

AE(n) = AE(W,}) + AE(W, 59 + AEW," 1t W, 500
%)

AEy(n) = AE(Li—W,, ) + AE(LI—W,", ) +
AE(Li _W4#1st_Wq#2nd) (6)

In this analysis, we regard the+ q Li(H2O), as a complex
consisting of three parts: a Li atom, the first-sheb@), cluster,
and the second-shell (@), cluster. —AE(W.*s) and —AE-
(Wq2ng are the energies of the §8)4# and the (HO),* relative

to the isolated water moleculesAE(W4*s) includes all
intrashell interactions among the first-shell waters ABfW2nq)
those among the second-shell liganddE(W.1s) and AE(Wqong)

also include the deformation energy of each water monomer
from a free HO molecule. AE(W,4#1s—Wq2nd is the interaction
energy between the first-shell §8), and the second-shell
(H20)q and includes all intershell interactions among water
monomers up td + g body term. On the other handE(Li —
W,#1s) is the interaction energy between Li and the first-shell
(H20)a cluster andAE(Li —Wq2ng) is that between Li and the
second-shell (kD) cluster. In other wordsAE(Li —W41s) is

the sum of all interactions among Li and the first-shell waters
up to five body terms andE(Li —W"ng) is that among the Li
atom and the second-shell molecules ugté 1 body terms.
Therefore, AE(Li —W4*1s—Wq2ng) is the overall intershell
interaction energy among Li, the first-shell and the second-shell
waters including up t® + g body terms. We calAE(Li—
W4#1s—Wqand) the intershell Li-water interactionenergy in
the following discussion. The values for each term in eqs 5
and 6 are summarized in Table 6.

First of all, we look at the results for the most stable neutral
structures for eactm (IVa, Va, Vla, and VIl a). In these
clusters AE(Li —Wy*15) is a main contributor ilAEy(n), while
AE(Li —W42nd shows almost zero contributiom\E(Li —W41s)
changes only slightly from thi/ a to the VIl a, indicating that
the growth of the second shell does not affect the local
interaction between Li and the four first-shell water molecules
very much. On the other hanlE(Li —W4*s—Wq2nd becomes
larger asn grows and thisntershell Li=water interactionis
mainly responsible to the increase of th&y(n). It becomes
more than 25% of totahEy(8) and the second important
contributor of the total binding energy for thélll a. The
change ofAE(W4"14) from thelV ato theVIll ais about 1 kcal/
mol per HO molecule, which also indicates little effect of the
second-shell waters on the core LiP)s. The interaction

a AEg(n) andAEw(n) are defined by eqs 2 and BEs(n) + AEm(n)
is equal toAE(n). See text. Values are without CPC and given in kcal/
mol. ? Indicates structures in Figures-3.

for n =5 and 6 but becomes about double the hydrogen-bond
energy of a water dimer in thelll a. This is consistent with

its structure where two water dimers are located individually
in the second shell AE(W4*1s—Wq2nd) increases am grows

but is 20.0 kcal/mol for theVlll a. As a result, theAE(Li—
W4#1s—Wq2ngd becomes greater than theE(W4#1s—Wq2nd)

for this complex. The result of higher energy isomersrfer

5 is similar to that ofVa. Their difference is mainly seen in
AE(W4*1s—Wqang), reflecting the different hydrogen bonds
between the first- and second-shell water molecules. On the
other hand, in high-energy isomers for= 8, AE(Li —Wj*1)

is a little smaller than that of1ll a and AE(W4#1s—Wqfand) is

the second greatest contributor to the total binding energy. Thus,
the interaction between the Li and the first-shell ligands and
that among the water molecules are important factors but the
intershell Li-water interactionbecomes essential in forming
the most stable structures for> 5, especially fom = 8.

The same analysis has been carried out for the hydrated Li
clusters. Total binding energies of thrgerior ion complexes
also show a monotonic increase withand the slope is much
larger than in the neutral complex. This reflects the strong
electrostatic interaction between thetLand solvent water
molecules as seen in the largeE(Li —W41s) and AE(Li—
Wqang) values in Table 6. The direct ti-water cluster
interaction is important even for the second-she{DHolecules.
The interaction among the first-shell waters is repulsive, and
that among the second-shell waters reflects the structural feature
of the clusters as in the case of the neutral&(W4*1s—Wq2nd)
values for VIl b—d cations are smaller than those for the
corresponding neutral clusters. This is consistent with the facts
that VIII b,c have fewer intershell hydrogen bonds than their
corresponding neutrals and that the intershell hydrogen bonds
in VIII d are longer than those in its neutral form. Note that
our AE(W4*1s—Wq2ng contains neither the polarization nor the
charge transfer induced by the presence of Lif we estimate
the interaction energies between the perturbefi yand Wyng
of the most stable structures by treating lais a point charge,
they are 8.2 Ya), 16.0 {Vla), and 20.0 YIlI b) kcal/mol,
respectively. Thus, although the perturbation by ificreases
the first-shelt-second-shell water interaction energies, the
change iNAE(W4*1s—W,2ng) is at most 0.8-0.9 kcal/mol per
second-shell KD molecule. Interestingly AE(Li —W4#1s—
Wqf2ng) in cations is small or negative evenrat= 8, which is
in sharp contrast to the neutral Li8),. Therefore, the
electrostatic interactions betweentLand water molecules as
well as the intershell interactions among waters via hydrogen
bonds play an important role in the total binding energy of [Li-
(H20),]", while the intershell Li-water interactionis not

energy among the second-shell water molecules is almost zercessential in stabilizing the cation complexes.
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Table 6. Detailed Componenf Interaction between Solute and Water ClusteEn(n), and That among WateraEs(n), of 4 + g Type
Li(H20), and [Li(H,0),]* (n =4) at the MP2/6-3%++G(d,p)//HF/6-31-+G(d,p) Level

AEm(N) AEs(n)
n 4+q  symbob  AE(LI-Wis)  AE(LI-Wiand  AE(LI-WaiseWoand  AEWa'is)  AEWq'2nd  AE(Wa*1s—Wefand
Li(H20)n

4 4+0 IVa 67.7 0.0 0.0 —8.6 0.0 0.0

5 4+1 Va 66.5 0.6 3.9 —10.4 0.2 12.7
4+1 Vb 67.1 0.3 4.0 —-8.1 0.1 9.8
4+1 Ve 68.1 1.2 5.2 —9.3 0.3 7.0

6 442 Via 68.5 13 10.9 —10.6 0.2 16.6

8 4+4 Vil a 69.2 2.3 27.7 —-12.7 9.1 20.0
4+4 Vill b 64.4 2.3 9.0 —7.6 116 28.2
4+4 Vil ¢ 64.2 1.6 16.4 —8.6 0.4 34.4
4+4 Vil d 61.5 —0.6 4.3 —4.0 3.1 42.2
4+4 Vil e 60.7 17 8.9 —5.2 18 42.0
4+4 VI 63.5 1.9 16.3 —8.2 0.7 34.9

[Li(H 20)] *

4 4+0 IVa 125.0 0.0 0.0 —9.9 0.0 0.0

5 4+1 Va 124.3 10.8 0.6 —-115 0.2 7.4

6 442 Via 124.8 20.9 15 —14.1 0.0 14.3
4+2 Vib 116.8 18.8 —4.3 —8.4 0.7 22.8
442 Vic 123.1 21.1 0.8 —-13.1 —0.3 14.3
4+2 Vid 123.9 16.4 0.9 —115 6.2 9.3

8 4+4 VIl a 120.8 35.7 -19 —14.4 9.8 22.4
4+4 Vill b 1245 31.4 2.2 —14.5 11.8 17.5
4+4 Vil ¢ 124.8 35.4 4.3 —13.9 —2.2 21.5
4+4 Vil d 116.3 23.9 -1.9 —4.9 2.3 33.7
4+4 Vil e 108.3 38.6 —12.0 —5.6 15 42.8

a Definition of components are given by eqs 2 and 3. See text. Values are without CPC and given in kéalidichtes the structures in
Figures 2 and 3.

Table 7. Vertical and Adiabatic lonization Potentials (eV) of the increases gradually untih = 4 and decreases slightly with
Most Stable Structuréf Li(H:O), (n = 1-6 and 8) Calculated at  fyrther hydration. As a result, the Li valence s atomic orbital
HF-Optimized Geometries with 6-34G(d,p) Basis Sét holds 0.7y(_| = 4)t0 0.5 = 8) e total in clusters witm > 4.

p+q MP2(FCY CCSD(FCY expt
n (sym) labet  MP2/HF HE THE (ref 6) Thus, the character of the pdd electron changes from thg normal
0 050 534(534) 533 (533 =3 539 valence electron to the diffused hydrated electron during the
1 140 la 432 54:303 432 54:31; 134 a1 first-shell formation, and the second-shell waters are considered
2 2+0 b 3.71(3.45) 3.71(3.48) 3.74 3.80 to share the excess electron squeezed out of the first shell.
2 ?1:[8 :{',g ggg g:g% g:gé g:ggg _ 324 3_13;137 Figure 4 represents the difference in the electron density
5 441 Va 3.12(2.81) 3.11(2.80) — 3.12 between the neutral and the cationic Li(®), at the neutral
6 4+2 Via 317(271) 3.17(2.69) — 3.12 ; ic fi ial distributi
8 444 \Vila 311(286) 311(283) — - geometries. This 'f|gur'e shows the spatlgl Q|str|but|on of the
_ excess electron being ejected by the photoionization. The excess
2 The most stable structures with CPC and ZPC for ematere electron density is distributed around both the Li atom apd H

used.? Adiabatic IPs are given in parentheséidicates structures in

Figures 1 and 2! Frozen core approximation was employed. molecules in Li(HO),. The excess electron distribution around

Li is in the space opposite to the,®& molecules rather than
V. lonization Potentials and Electronic State of Li(H,O)n that between the Li and O atoms. In L{Bl)s, the excess
(O0=n=8) electron is separated from Li and distributed in the space on
o . and between FD molecules. In Li(HO)s, we see the electron
_The calculated ionization pote_nt|als (IPs) of the most stable yistribution not in the vicinity of Li but in the space between
Li(H20)n clusters are presented in Table 7. Fot @ < 3, we the first- and the second-shell,& molecules and on 40
calculated the vertical IPs by both MP2 and CCSD methods pgjecyles. In Li(HO)s, the excess electron is mainly distributed
and found that the values by these two methods were very close, 1o space on and between the second-shgll holecules
to gac_r:r?thfte;for ah. The result; bthPZ/G'aﬁl-l_G((tj’%) Wt'.th 't being expelled from the first-shell cavity rather than the space
zgchwcl)th?;: r\?vzeezigg&i;?ﬁéorggzéotr%:r&;;;_;IE (gn ;(/:/a 0 on the first-shell waters. Therefore, the electronic nature of the
HE/6-31 : . . P hydrated Li atom clusters changes ragrows from the one-
-3+ G(d,p) level. Adiabatic IPs are smaller than vertical center atomic state for < 3 to the two-center ionic state for

ones particularly fon > 4 because of the structural relaxation . o
b y > 4 with a gradual localization of the excess electron. The

from the neutrals to the cations. . . o
valence electron is separated from Li and becomes distributed

The calculated vertical IPs of the most stabiteerior . ; . . .
complexes, which correspond to the threshold energies measure@utside the first-shell cavity by the stepwise hydration. In other

by the photoionization, are in good agreement with a recent words, the excess electron is considered to be ejected by the

experimené They decrease monotonically until= 4 and photoionization not from around Li atom but from the water
become nearly constant for largeconverging to the bulk limit ~ molecules fom = 4. It is worth noticing that two second-shell
of the vertical detachment energies (VDES) ob@h~ (3.2 H,0 molecules fon = 8 point their free OH bonds toward the

eV)1! The total gross population in Li s basis functions, which €xcess electron in the surface region of the cluster. The two
is given in the Supporting Information, shows that the population dangling hydrogens do not take part in the hydrogen bonds but
in the inner and outer valence s functions on Li decreases rapidlyinteract with the excess electron. These electrophilic hydrogens
asn grows and becomes nearly constant, being-0.3 e forn act as actuators of the surface state. This situation is similar to
> 4. On the other hand, the population in the diffuse function the surface state of the negatively charged small- and medium-
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Figure 4. Contour surface of excess electron density for L@ (n = 2, 4, 6, and 8) calculated at the MP2/643tG(d,p) level. Li, O, and H
atoms are shown by orange, red, and white balls, respectively. The electron density of blue surface is 0.00ITefBlgft: forn = 2 complex,
II'b, in Figure 1. Top right: fom = 4 complex,IV a, in Figure 2. Bottom left: fom = 6 complex,Vla, in Figure 2. Bottom right: fon = 8

complex,VIII a, in Figure 2.

sized water clusters observed by tie initio MO36:37 and the water cluster with the same> 4. These facts indicate that Li
guantum path-integréd methods. in the hydration systems releases its valence electron and act
To discuss the electronic state of the clusters in more detail, as a cation center with more than four water molecules. The
we constructed model clusters by replacing the Li atom by a similarity in the first-shell structure between the neutral and

point charge in Li(HO),. The total charge of the model clusters cationic Li(H;O), (n = 4) is considered to result from this
was kept neutral. Consequently, the model clusters can beelectronic nature of the neutrals. Once the neutral clusters
regarded as the negatively charged@bh clusters interacting  become [Li(HO)4] " interacting with the hydrated electron and
with a cation center, whose water geometry is fixed at that in the expelled electron starts localization in the water clusters,
the corresponding Li(b0)». Vertical IPs (VIPs) of Li(HO), their IPs behave insensitively to the cluster siak (
and those of model clustéfsas functions ofn are shown in Barnett and Landman reported that the reduced variation of
Figure 5a. The VIF_’s of the model clusters almost com_c!de With |ps for Na(HO), (n = 4) reflected the formation of a molecular
those of the true Lrwater complexes fon = 4. In addition, shell about Na by the LSD calculation. The electronic state
the excess glec’grqn distribution of the model cIus}er (not sh.own they found for Na(HO), for n > 4 was the surface Rydberg-
for brevity) is similar to that of the corresponding true-Li i o"state where the electron was delocalized and spread rather
(36)Kim, K. S.; Park, I.; Lee, S.; Cho, K.; Lee, J. Y.; Kim, J.; equally about the water molecules. Their result for-Maater

Jo?ggffouloss, JL. EPh%/s.JRtE. Letj. 1396;2 76, ?56?959{( S park. 1 Ch clusters and ours for Hwater systems are different in the

ee, o5, Lee, 5. J.; Lee, J. Y. KIm, J.; KIm, K. S.; Park, |.; o, H 3 imi i

K.: Joannopoulos, J. BChem. Phys. Letl199G 254 126-134. electron localization but s_|m|l_ar _to each other in such a sense
(38) Banett, R. N.; Landman, U.; Cleveland, C.JL.Chem. Phys1988 that the excess electron is distributed in the surface region of

88, 4429-4447. the clusters.

(39) We placed the Li basis set on the cation center imtke8 model
cluster since the SCF without the basis converged not to the surface state | ne calculated IPs of treurfacecomplex of Na(HO), whose

but to the internal state. structure resembled that of tBefold Li(H 20),, agreed well with
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6 (a) Most stable interior VI. Conclusions

- Cale. In the present study, we have investigated neutral and cationic
-0 Expt. Li(H20)n (n= 1—6 and 8) by arab initio MO method, including
the electron correlation, and reached the following conclusions:
(1) The interior structure with four ¥ molecules around
Li in the first shell and more in the second shell is the most
stable forn > 4 for both neutral and cationic hydrated Li
clusters. LiO interactions play an essential role in dictating
the molecular structures for4 n < 4, and the balance between
the Li—O bonds and hydrogen bonds becomes important in
larger clusters. The first-shell hydration structure of the neutral
Li atom is similar to that of LT with the samen > 4. The
3-fold structures which correspond to therfacestructures of

)]

—— Model clusters

-

N

lonization Potential(eV)
w

-

0
0 1 2 3 4 5 6 7 8 Na(H.O), are local minima even whemincreases.
Number of solvent molecules(n) (2) The Li(HO), is stabilized by 10.613.2 kcal/mol in
6 [ (b) Threefold energy and 8.412.0 kcal/mol in enthalpy (1 atm 298.15 K)

by the stepwise hydration. The calculated successive enthalpies
of [Li(H.O),]" agree well with experiments. Though the
interaction between Li and the first-shell ligands and that among
the water molecules are important factors, thiershell Li—
waterinteraction becomes more and more essential to form the
stable neutral structure fan = 5. On the other hand, the
electrostatic interactions betweentLand both the first- and
the second-shell water molecules as well as the intershell
hydrogen bonds are important in the hydrated tomplexes.

(3) The calculated vertical IPs of the most staibkerior Li-
(H20), as a function of is in good agreement with the recent
experiment. They decrease monotonically umti= 4 and

N

lonization Potential(eV)
N w
M T

[0 J T A P BTN P S|

0 1 2 3 4 5 6 become almost constant, converging to the bulk limit of the
Number of solvent molecules(n) VDE of (H;0), for n = 4.
Figure 5. (a) Vertical ionization potentials (eV) of the most stable (4) The electronic nature of the hydrated Li atom clusters
Li(H-O) (n = 1-6 and 8) as a function af at the MP2/6-3%+G- changes from the one-center atomic statenfar 3 to the two-

(d,p)//HF/6-31-+G(d,p) level together with the experimental result. ~ center ionic state fon > 4 with the gradual localization of the
Values for model clusters are also plotted (see text). (b) Vertical excess electron in the space on and between the outer second-
ionization potentials (eV) 08-fold Li(H20), (n = 1—6) as a function shell waters. In the neutral clusters with more than fos®H
of nat the MP2/6-3%+G(d,P)//HF/6-31+G(d,p) level together with  molecules, Li acts as a cation center and the excess electron

the experimental result. becomes distributed not in the vicinity of Li but outside the
first-shell cavity. The dangling hydrogens which do not take
the experiment, and they were also almost constastZ eV) part in the hydrogen bonds but interact with the excess electron

play a role as actuators of tlseirfacestate.

(5) The structures whose IPs are insensitive to the cluster
size have the localized excess electron distribution in the surface
region of the clusters. The surface ionization is considered to
occur in these complexes.

for n = 417 The VIPs for3-fold complexes are plotted against

n together with the experimental result in Figure 5b. Though
the 3-fold complexes are high energy isomers foe 4 and
thus their VIPs may not be observed in the photoionization
experiment, their size dependence in VIPs is close to that of
the most stablénterior structure and the experiment. In both Acknowledgment. The authors are grateful to Prof. Fuke
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