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On the basis of density functional theory �DFT� and high level ab initio theory, we report the
structures, binding energies, thermodynamic quantities, IR spectra, and electronic properties of the
hydride anion hydrated by up to six water molecules. Ground state DFT molecular dynamics
simulations �based on the Born-Oppenheimer potential surface� show that as the temperature
increases, the surface-bound hydride anion changes to the internally bound structure. Car-Parrinello
molecular dynamics simulations are also carried out for the spectral analysis of the monohydrated
hydride. Excited-state ab initio molecular dynamics simulations show that the photoinduced
charge-transfer-to-solvent phenomena are accompanied by the formation of the excess
electron-water clusters and the detachment of the H radical from the clusters. The dynamics of the
detachment process of a hydrogen radical upon the excitation is discussed. © 2007 American

Institute of Physics. �DOI: 10.1063/1.2778423�

I. INTRODUCTION

The hydride ion, which is the smallest anion and a strong
reducing agent as one of the strongest bases known, shows
intriguing features in chemically and biologically important
reduction-oxidation reactions.1 Only the alkali and alkali
earth metals can reduce the molecular hydrogen to the hy-
dride anion. The electron-attachment processes to form the
hydride ion or hydrated hydride ion can be described as fol-
lows: H++e−

→H·; H· +e−
→H− and H+�H2O�n+e−

→H· �H2O�n; H· �H2O�n+e−
→H−�H2O�n. However, the hy-

dride ion is hardly present in solutions, as it reacts with most
solvents except alkanes. The hydride ion formed as an inter-
mediate is involved in biologically important reduction pro-
cesses of nicotinamide adenine dinucleotide �NAD+�, nicoti-
namide adenine dinucleotide phosphate �NADP+�, flavin
mononucleotide �FMN�, and flavin adenine dinucleotide
�FAD� �e.g., NAD++H++2 e - =NADH; FMN+2H++2 e -
=FMNH2�.2

Another interesting point about the hydride ion is found
from alkali metal hydrides which are very reactive.3 Though
this study is difficult in cluster scale, its coordination chem-
istry involved with solvation is important. Hydration or pho-
toexcitation of alkali metal hydrides provides hydride anions
which are easily hydrated like halide anions. The alkali metal
hydrides �NaBH4, LiAlH4� react with water molecules and
produce the hydroxide anion through the proton transfer pro-
cess. Boron-hydride �BH3� and aluminum-hydride �AlH3�

show coordination bonding with water molecules. Gold hy-

dride �AuH1–3� �Ref. 4� and gold hydride anions �AunH−�

�Ref. 5� were experimentally observed and discussed for
their binding energies with an excess electron.

The hydration chemistry of the hydride ion is thus an
important subject. There has been a report on the dissociation
of water by hydride �H−+H2O→OH−+H2�.6 Several solva-
tion studies of the hydride ion by water7 and ammonia8 were
carried out experimentally. The role of the hydride ion in the
proton transfer in solvents was discussed,9 and ab initio stud-
ies of the structures of mono- to trihydrated hydride ions
were reported.10 Here, we investigate the solvation and co-
ordination chemistry of the hydride ion hydrated by up to six
water molecules using high level ab initio calculations. Their
hydration structures, energetics, electronic properties, spec-
tra, dynamics, and their ground state density functional
theory �DFT� and excited-state ab initio molecular dynamics
�ES-AIMD� simulation results will be discussed.

II. CALCULATION METHODS

The structures of hydrated hydride ions were investi-
gated using the DFT of Becke’s three parameters for ex-
change and Lee-Yang-Parr correlation functionals �B3LYP�

with 6-311+ +G** basis set: �B3LYP/6-311+ +G**� and the
Möller-Plesset second-order perturbation �MP2� method with
the aug-cc-pVDZ basis set containing the �2s2p /2s� diffuse
functions11

�abbreviated as aVDZ+�. In order to obtain more
accurate interaction energies, coupled cluster theory with
singles, doubles, and perturbative triples excitation
�CCSD�T�� calculations using aVDZ+ and aVTZ+ �the aug-
cc-pVTZ basis set with the �2s2p /2s� diffuse functions� ba-
sis sets were performed at the MP2/aVDZ+ geometries. The
electron affinities �EAs� of the hydrogen atom are calculated
to be 0.87 eV at B3LYP, 0.35 eV at MP2, and 0.69 eV at the
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CCSD�T� level of theory �experimental EA:12 0.75 eV�. The
interaction energies ��E� were evaluated with 50% basis set
superposition error �BSSE�, to denote the BSSE-corrected
and uncorrected values as the lower and upper limits, since
the energies with and without BSSE tend to be underesti-
mated and overestimated, respectively.13 In this regard, the
complete basis set �CBS� limit binding energies �ECBS� based
on the extrapolation scheme which utilizes �ECBS�= �ENN3

−EN-1�N -1�3� / �N3 - �N -1�3�, in consideration that the elec-
tron correlation approximately increases with N−3 for a series
of aVNZ basis sets,14 are also reported up to the trihydrated
hydride anion clusters at the CCSD�T� level. Vibrational fre-
quency calculations were carried out at the B3LYP/6-311
+ +G** level. The zero point energies �ZPEs� and the result-
ing enthalpy changes ��Hr� and free energy changes ��Gr�

at room temperature and 1 atm were obtained by using the
B3LYP/6-311+ +G** thermal energies. The configuration
interaction with single excitation �CIS� and the random
phase approximation15

�RPA� at the B3LYP/6-311+ +G**

level were used for the excited-state calculation. These cal-
culations were carried out by using a GAUSSIAN03 suite of
programs.16 For the analysis of interaction energy compo-
nents, symmetry-adapted perturbation theory �SAPT� was
used.17 The ground state DFT molecular dynamics �DFT-
MD� simulations based on the Born-Oppenheimer potential
surface �BOMD� were carried out for the study of tempera-
ture effect on the ground state. For the study of the
photoexcited-state dynamics, the excited-state ab initio MD
�ES-AIMD� simulations were performed by using the HONDO

suite of programs.18 Here, the B3LYP/6-311+ +G** method
and the complete active space self-consistent field
�CASSCF� method with the active space of six electrons and
six orbitals �6,6� using the aVDZ+ basis set were used for the
photodynamics of the hydrated hydride clusters. For the
spectral analysis of the monohydrated hydride, Car-
Parrinello molecular dynamics �CPMD� simulations19 were
performed at 100 K. Here, the BLYP pseudopotentials were
used. A fictitious electron mass of 600 a.u. and an integration
step of �t=0.1 fs were used. The power spectrum was ob-
tained from the Fourier transform of the velocity autocorre-
lation function. Most figures were drawn using the Postech
Molecular Modeling package.20

III. RESULTS AND DISCUSSION

A. Structures and interaction energies

The low-lying energy conformers for mono- to hexahy-
drated hydride ions are shown in Fig. 1. To obtain the lowest
energy conformers, we have investigated many possible
structures of various topologies along with diverse hydration
structures of anion-water clusters21–23 and electron-water
clusters.24 The ZPE uncorrected ��Ee� and corrected ��E0�

interaction energies for various structures of hydrated hy-
dride anions are listed in Table I. Among these structures, the
lowest energy conformers of mono- to hexahydrated hydride
anions �n=1–6� in �E0 are 1Cs, 2C1, 3C3, 4Y31, 5Y32, and
6Y42 �Fig. 2�. These structures are found to have mono- to
tetracoordination. As the temperature increases from
0 to 298 K, the lowest energy structures in �Gr for n

=4/5 /6 changes the conformation from 4Y31/5Y32/6Y42 to
4R3I1/5I32/6Y32I1 due to the entropy effect �Fig. 2�. The
hydration energies �in �E0� of the mono- to hexahydrated
hydride anions are −18.4�−16.4�, −33.2�−30.7�,
−45.5�−43.7�, −57.7�−55.8�, −68.8�−66.8�, and
−78.9�−77.5� kcal/mol at the B3LYP/6-311+ +G**

�MP2/aVDZ+ � level. The CCSD�T� hydration energies
��E0� for n=1–3 at the complete basis set �CBS� limit based
on the extrapolation scheme14 are −15.2, −29.6, and
−43.2 kcal/mol, which are similar to the 50% BSSE-
corrected MP2/aVDZ+ energies. The successive hydration
energies ���E0� from mono- to hexahydrated hydride anions
are −16.4, −14.3, −13.0, −12.1, −11.0, and −10.7 kcal/mol,
respectively, at the MP2/aVDZ+ level.

Although a fluoride ion and a superoxide radical ion
upon the hydration are internally bound structures,22 a hy-
dride ion upon the hydration by a few water molecules has a
surface-bound structure such as OH−, Cl−, Br−, and I−.23

However, since the ion size of hydride is small, the confor-
mations of penta- and hexahydrated hydride clusters at 0 K
are 5Y32 and 6Y42, similar to the conformations of
F−�H2O�5,6.22

B. Energy decomposition

The hydration energy �i.e., interaction energy: �Eint� of
the monohydrated hydride anion was analyzed in terms of
electrostatic ��Ees�, induction ��Eind�, dispersion ��Edisp�,
and exchange ��Eex� energies at the SAPT:MP2/aVDZ+

FIG. 1. Low-energy structures of hydrated hydride ions �H−�H2O�1–6�.

164311-2 Lee et al. J. Chem. Phys. 127, 164311 �2007�
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level. The induction energy �34.9 kcal/mol� which is larger
than the electrostatic energy, is considerably large, as com-
pared with other mono-hydrated anions, as shown in Fig. 3.
The dispersion energy due to the increased polarization is
large, and so is the exchange repulsion.

C. Proton transfer from the water to the hydride
anion in the monohydrated hydride

The proton transfer process from the water molecule to
the hydride ion is possible because of the low-energy transi-
tion barrier. The potential energy barrier from the monohy-
drated hydride to the dissociated OH− and detached H2 is
estimated to be low �3.40, 1.79, and 4.68 kcal/mol at the
B3LYP/6-311+ +G**, MP2/aVDZ+, and CCSD�T�/aVTZ
+//CCSD�T�/aVDZ+ levels of theory, respectively�, while
the monohydrated hydride anion is more stable than the sys-
tem comprised of the detached hydrogen-molecule and the
hydroxide anion by about 3.2 and 2.8 kcal/mol at the
B3LYP/6-311+ +G** and CCSD�T� / aVTZ+ //CCSD�T� /
aVDZ+ levels, respectively �Fig. 4�.

D. Geometric parameters and electronic properties
of hydrated hydrides

It is interesting to note that the hydride ion forms the
dihydrogen bond25 with the positively charged H atom in a
water molecule. The geometric parameters and electronic
properties of hydrated hydride ion clusters are listed in Table
II. The coordination numbers for the hydride ions are 3 for
the tri- to penta-hydrated systems and 4 for the hexahydrated
system. The average distances r�H–O�1av between the hy-
dride ion and the oxygen atoms of primary water molecules
increase as the coordination number increases, and thus the
distances are almost constant for clusters larger than trihy-
drated anion. A drastic enhancement of polarizability by hy-
dration is due to the diffuse nature of the anionic state of the
hydrated hydride ion clusters. The vertical detachment en-
ergy �VDE� increases as the number of water molecules in-
creases.

The hybridization of virtual orbitals of water molecules
and the 2s orbital of the hydride ion produces partial inter-
and intramolecular charge transfer. It is interesting to note
that the “tweezers” structure of the hexahydrated hydride ion

TABLE I. Hydration energies of hydrated hydride anions. �Interaction energies were corrected by 50% BSSEs
by which the lower and upper limit is the BSSE corrected and uncorrected values, respectively. The B3LYP
thermal energies were used in all results.�

n Conf.

B3LYP/6-311+ +G** MP2/aVDZ+

−�Ee −�E0 −�Hr −�Gr −�Ee −�E0 −�Hr −�Gr

1 1Cs 19.7±0.1 18.4 19.7 13.7 17.7±0.4 16.4 17.6 11.7
2 2C1 37.1±0.4 33.2 35.3 21.8 34.6±0.9 30.7 32.8 19.3
3 3C3 52.6±0.9 45.5 48.6 25.3 50.8±1.8 43.7 46.8 23.5
4 4Y31 68.0±1.5 57.7 61.9 28.8 66.1±2.6 55.8 60.0 26.9

4R3I1 65.9±1.3 56.7 60.0 30.1 64.1±2.2 54.9 58.2 28.3
4C4 65.5±1.3 55.4 59.2 26.5 64.1±2.4 54.0 57.8 25.0

5 5Y32 82.1±2.2 68.8 74.0 30.8 80.1±3.6 66.8 71.9 28.7
5R43c� 80.1±1.8 68.0 72.2 33.0 78.4±3.2 66.3 70.5 31.3
5I32 79.8±1.8 68.2 72.2 33.6 77.8±3.0 66.2 70.1 31.6
5R43c 80.0±1.8 67.2 71.9 29.9 78.6±3.4 65.8 70.5 28.5
5R43b 79.2±1.7 67.7 71.6 33.3
5Y41 80.7±2.1 67.3 72.4 29.0
5I41 78.1±1.9 66.2 70.8 30.9

6 6Y42 95.4±2.7 78.9 84.8 31.6 94.0±4.4 77.5 83.4 30.2
6Y33 94.9±2.7 79.2 84.9 32.9 91.8±4.2 76.0 81.7 29.7
6Y32I1 93.9±2.5 78.4 83.8 33.3
6Bf 94.3±2.8 77.9 83.9 30.4
6Bf� 94.2±2.8 77.7 83.8 30.2

n Conf. CCSD�T� / aVDZ+ CCSD�T� / aVTZ+

−�Ee −�E0 −�Hr −�Gr −�Ee −�E0 −�Hr −�Gr

1 1Cs 15.5±0.3 14.1 15.4 9.4 16.2±0.1 14.9 16.2 10.2
2 2C1 31.8±0.8 27.8 29.9 16.4 33.2±0.4 29.2 31.3 17.8
3 3C3 48.1±1.5 40.9 44.0 20.8 49.9±0.7 42.8 45.9 22.6

n Conf. CCSD�T�/CBS

−�Ee −�E0 −�Hr −�Gr

1 1Cs 16.5 15.2 16.5 10.5
2 2C1 33.6 29.6 31.7 18.2
3 3C3 50.3 43.2 46.3 23.0

164311-3 Hydrated hydride anion clusters J. Chem. Phys. 127, 164311 �2007�
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�Fig. 5� is similar to the calculated tweezers form of the
anionic water hexamer �which is a local minimum
structure�.26 Figure 5 shows the excited state of the hydride
ion in the water hexamer. This excited state includes the
diffuse 2s orbital of hydride ion associated with the weak
electron transfer to the water cluster.

Hydration studies of anions help to understand the
charge-transfer-to-solvent �CTTS� phenomena27 via photo-
chemical process. The CTTS energies for the hydrated hy-
dride ion are listed in Table II. The ECT

CIS and ECT
RPA tend to be

slightly overestimated and underestimated, respectively, as
compared to the experimental values. At the B3LYP/6-311
+ +G** level, the highest occupied molecular orbitals �HO-
MOs� are of the hydride anions, and the lowest unoccupied
molecular orbitals �LUMOs� are the hybrid orbitals com-

prised of the water clusters and the 2s orbital of hydride.
Thus, their HOMO-LUMO energy gaps ��Eg: 371–235 nm
for mono- to hexahydrated hydride-water clusters� provide
the information of photoinduced charge transfer from the hy-
dride ion to the water clusters. These low-energy gaps pro-
vide somewhat weak charge transfer �0.21e−–0.37e−� from
the hydride ion to the water molecules due to the low-energy
features of the 2s orbital of hydride. As shown in Fig. 5, the
diffuse nature of the electron density of the excited hydride
anion is similar to that of the electron-water clusters. Thus,
the hydration phenomenon of the excited hydride takes place
in photoinduced charge-transfer process. The small clusters
show weak charge-transfer phenomena accompanying with
the release of the H atom. However, the change from the
excited state of hydride-water clusters to the complex of
electron-water clusters with the hydrogen radical is exother-
mic, and the reactions are spontaneous �0.96 eV for
H−�H2O�2, 1.78 eV for H−�H2O�4, and 2.47 eV for
H−�H2O�6 at the MP2/aVDZ+ level�. The electron-water
plus H radical system is more stable than the H−*�H2O�n

system. Thus, the H detachment process is possible through
CTTS.

E. Hydration and photodynamics of hydrated hydrides

The entropy-driven structures for n=4, 5, and 6 at 298 K
at the B3LYP/6-311+ +G** level are in Fig. 2. At the
MP2/aVDZ+ level with the B3LYP/6-311+ +G** thermal
corrections, the surface-bound structure is lower in energy by
0.9 kcal/mol than the internally bound structure at 0 K but it
becomes higher in energy by 1.4 kcal/mol at 298 K. The
B3LYP/6-311+ +G** free energies at room temperature
show the more relaxed H-bonded structures of dihydrated
hydride ion as the lowest energy structure due to the entropy
effect. In the 300 K DFT-MD simulations, the surface-bound
hydride �which is a global minimum at 0 K� transformed into
the internally bound structure, as shown in Fig. 6. The
DFT-MD H−�H2O�4 structure at 300 K is very similar to the
entropy driven 4R3I1 structure of H−�H2O�4 which was ob-
tained from the stationary state calculation. The DFT-MD

FIG. 2. Low-temperature favorable and room-temperature entropy-driven
structures of hydrated hydride anions.

FIG. 3. �Color online� SAPT/aug-cc-pVDZ+ �2s2p /2s� interaction energy
components of the mono-hydrated hydride ion.

FIG. 4. Potential energy surface �PES� of the proton transfer from water to
hydride ion at the B3LYP/6-311+ +G**, MP2/aVDZ+, and
CCSD�T� / aVTZ+ levels.

164311-4 Lee et al. J. Chem. Phys. 127, 164311 �2007�
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energy profiles and geometrical features for H−�H2O�2 are in
Fig. 6. At room temperature, the water-water distances fluc-
tuate, so the cluster undergoes the structural fluctuation due
to the large entropy. This indicates that the structure is some-
what fluxional at room temperature.

The low-energy unoccupied molecular orbital states lead
to the excitation of the hydride ion before the rearrangement
of waters and the rehybridization of solvent virtual orbitals
with the hydride 2s orbital. However, the ES-AIMD simula-
tions for the dihydrated hydride ion at the
CASSCF�6,6� / aVDZ+ level show the H-released structures,
as shown in Fig. 7, where the potential energy surface �PES�

for this process is also given. The ground state of dihydrated
hydride at 0 fs shows the lowest energy equilibrium state.
The energy of the excited state structure smoothly decreases
up to �160 fs, showing the detachment process of the hy-

drogen radical. In Fig. 7, the kinetic energy of the excited
state of the dihydrated hydride ion does not significantly
change after �120 fs. The kinetic energy of the hydrogen
radical �formed by charge transfer for the hydride ion� is
much larger than those of two water molecules. Thus, the
total kinetic energy is almost same with the kinetic energy of
the hydride atom �which is actually a neutralized hydrogen
atom�, and the kinetic energies of two water molecules are
near zero. The distances between the hydrogen radical and
two water molecules monotonically increase, showing the
detachment of the hydrogen radical, as shown in Fig. 7�b�.
The water-water distance does not show a large change. Fig-
ure 7�c� reveals the variation of the natural bond orbital28

�NBO� charges along the detachment process of hydrogen
atom in the excited-state dynamics process. Around 130 fs,
the NBO charge of hydride �neutralized hydrogen atom� con-
verged to zero and the NBO charge of acceptor water �Wa�

molecule shows the converged value of about −0.9 a.u. in
Fig. 8�c� �with no further significant change after 130 fs�.
Figure 7�d� shows the singly occupied molecular orbital
states of the excited dihydrated hydride at 0, 40, 80, and
200 fs along the excited-state dynamics process. The

TABLE II. Geometric parameters and electronic properties of the hydride anion and hydrated hydride anions. �cn/hb is the number of coordination of the
hydride ion/the number of the water-water H bonds. rH. . .O is the average distance between the hydride anion and the oxygen atoms of primary water
molecules. The charge �qH−

� of hydrated hydride ion is the MP2/aVDZ+ natural bond orbital �NBO� charge �and B3LYP/6-311+ +G** Mulliken charge in
brackets�. �Eg is the HOMO-LUMO energy gap at the B3LYP/6-311+ +G** level. �neut is the dipole moment of the geometry at the neutral state. �vec is the
polarizability vector at the B3LYP/6-311+ +G** level. VDE is vertical-electron detachment energy in eV at the MP2/aVDZ+ level. ECT

CIS and ECT
RPA are the

CTTS energies �in nm� at the CIS and B3LYP�RPA� /6-311+G** levels. qH−

CIS�vert,adia� are the vertically and adiabatically transferred NBO charges of the
hydrated hydride anions via the CTTS process at the CIS/aVDZ+ level. R+�RCT is the shortest distance �in Å� between the hydride ion and the oxygen atom
of water at the vertically excited state, plus the increased distance for the optimized CTTS state at the CIS/aVDZ+ level.�

n cn/hb rH. . .O qH−
�neut �vec VDE �Eg ECT

CIS ECT
RPA R+�RCT qH−

CIS�vert,opt�

0 −1.00�−1.00� ¯ 1.3 0.35�0.69,0.69� 4.61 ¯ ¯ ¯ ¯

1 1/0 2.46 −0.79�−0.84� 2.23 95.9 1.38�1.56,1.59� 3.34 597 447 2.46+0.95 −0.52,−0.56
2 2/1 2.52 −0.72�−0.71� 2.61 89.8 2.26�2.37,2.41� 3.82 473 384 2.52+0.83 −0.25,−0.41
3 3/3 2.58 −0.71�−0.61� 1.59 94.2 2.95�3.03,3.08� 4.52 343 314 2.58+2.96 −0.18,−0.48
4 3/3 2.54 −0.66�−0.56� 3.88 106.3 3.47�3.52,3.57� 4.83 299 290 2.54+1.53 −0.02,−0.21
5 3/5 2.51 −0.63�−0.54� 7.02 117.9 3.86�3.89,…� 4.66 277 306 2.51+1.60 0.01,−0.08
6 4/6 2.58 −0.67�−0.55� 5.58 135.7 4.32�4.35,…� 5.27 246 270 2.58+1.53 0.02,−0.11

FIG. 5. Ground and excited states of the hexahydrated hydride tweezers.
The excited state would reflect the virtual 2s orbital of the hydride ion.

FIG. 6. B3LYP/6-311+ +G** DFT-MD simulations of H−�H2O�2 and
H−�H2O�4 at 300 K. The geometrical structures at the beginning and at the
end of the simulations are shown. The subscripts a and d denote the
H-acceptor and donor water molecules, respectively.
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electron-water dimer structure was formed in this simulation
process, as already found to be an exothermic and spontane-
ous reaction.

F. IR spectra of hydrated hydrides

The B3LYP/6-311+ +G** infrared �IR� spectra for OH
stretching modes of hydrated hydride anions are in Fig. 8 and
the frequencies are listed in Table III. The frequencies were

scaled by 0.96 to match the average value of asymmetric and
symmetric stretch frequencies of H2O with the correspond-
ing experimental value.29 The OH stretching frequency of the
OH group interacting with the hydride ion in the monohy-
drated hydride anion is considerably redshifted with respect
to the average value of asymmetric and symmetric OH
stretching frequencies of the pure water monomer. The OH
stretching frequencies of 1Cs, 2C1, 3C3, 4Y31, 5Y32, and
6Y42 are redshifted by 1305, 1285, 792, 1134, 1395, and
932 cm−1 due to the charge-water interactions. These magni-
tudes are considerable as compared to those of other ion-
water clusters, indicating low-energy barriers for the proton
transfer in the hydride-water interaction. We have calculated
the monohydrated hydride anion using CPMD simulation with
the hybrid B3LYP functional and BLYP pseudopotentials at
100 K. The obtained spectrum of monohydrated hydride an-
ion is drawn in the second figure of the IR spectra in Fig. 8.
The scale factor of 1.025 was used for this small system.14,30

The H-bonding and nonbonding OH stretching frequencies at
the CPMD simulation is similar to those at the B3LYP level.

TABLE III. B3LYP/6-311+ +G** scaled frequencies ��OH and �HOH in cm−1� and IR intensities �in 10 km/mol in parentheses� for the OH stretching and
bending modes of hydrated hydride ions, H−�H2O�n=1–6. The frequencies were scaled by 0.96 to match the average value of asymmetric and symmetric stretch
frequencies of H2O with the corresponding experimental value �Ref. 29�. Superscripts I, W, and D indicate the OH stretches of ion-water interaction,
water-water H-bond interaction, and free dangling H, respectively. Subscripts a, da, dda, and d denote a-, da-, dda-, and d-type water molecules, where a and
d mean the H acceptor and donor, respectively.

n −��
OH ��2

HOH

1 2452�170�I ,3661�1�D 1578�9�

2 2471�152�I ,3002�112�I ,3647�4�D ,3669�0�D 1618�13�,1583�6�

3 2942�80�I ,2942�80�I ,3077�119�I ,3642�3�D ,3647�4�D ,3647�4�D 1613�6�,1609�12�,1609�12�

4 2616�182�a
I ,2734�91�a

I ,3273�56�d
I ,3431�26�dda

W ,3468�44�dda
W ,

3560�22�d
W ,3676�2�a

D ,3677�1�a
D

1660�11�dda ,1619�3�d ,1597�12�a,
1589�2�a

5 2367�152�a
I ,2896�111�a

I ,3141�71�da
I ,3412�52�dda

W ,3416�1�dda
W ,

3464�46�dda
W ,3504�45�dda

W ,3552�22�da
W ,3665�3�a

D ,3685�1�a
D

1655�11�dda ,1636�4�dda ,1619�9�a,
1610�4�da ,1579�8�a

6 2809�265�a
I ,2879�5�a

I ,3266�27�da
I ,3320�50�da

I ,3404�1�dda
W ,3430�29�dda

W ,
3465�87�da

W ,3480�34�dda
W ,3487�46�da

W ,3491�20�dda
W ,3686�3�a

D ,3686�1�a
D

1663�10�dda ,1656�12�dda ,1635�4�da,
1622�11�da ,1590�6�a ,1587�0�a

FIG. 8. B3LYP/6-311+ +G** IR spectra for the OH stretches of the hy-
drated hydride ion clusters �scale factor: 0.96�. The second figure of IR
spectra was of monohydrated hydride from the CPMD calculation at 100 K
�scale factor; 1.025�.

FIG. 7. �Color online� Excited-state CASSCF�6,6� / aVDZ+ AIMD simula-
tions of H−�H2O�2 at 0 K. The distance between the hydride ion and the
nearest O atom in the water cluster �Å� �a�, evolution of kinetic energies
�kcal/mol� �b�, NBO charges of the hydride ion �c�, potential energy surface
�d� along the excited-state MD trajectory �e�. The detachment of the hydro-
gen radical is clearly seen.
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IV. CONCLUDING REMARKS

Structures of the hydrated hydride anion were investi-
gated. The lowest energy conformers of mono- to hexahy-
drated hydride anions were calculated as 1Cs, 2C1, 3C3,
4Y31, 5Y32, and 6Y42 at 0 K at the levels of
B3LYP/6-311+ +G** and MP2/aVDZ+ theory. The
CCSD�T�/CBS calculations were also carried out. At 298 K,
the tetra- to hexa-hydrated hydride anions change to the en-
tropy driven structures of 4R3I1, 5I32, and 6Y32I1. The IR
spectra were investigated at the B3LYP level and at the CPMD

simulation level. The DFT-MD simulations of di- and
tetra-hydrated hydride ions were performed. As the tempera-
ture increases to room temperature, the surface-bound struc-
tures transformed to internally bound structures. The photo-
dynamics of dihydrated hydride ion shows the charge
transfer from the hydride ion to the water cluster, and the
hydrogen detachment phenomenon takes place, as in the
photodynamics of iodide-water clusters. In the photoreac-
tions of hydrated hydride ions, the CTTS phenomenon drives
the detachment of H atoms and the production of electron-
water clusters.
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