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The structures of the protonated water cluster H+(H2O)8 have been globally explored by the scaled hypersphere
search method. On the Hartree-Fock potential energy surface 174 isomers were found, among which 168
were computed to be minima at the B3LYP/6-31+G** level, and their energies were further refined at the
level of MP2/6-311++G(3df,2p). The global minimum on the potential energy surface computed at the B3LYP/
6-31+G** level shows a cagelike structure with the “Eigen” motif, while the lowest-free-energy isomer has
a five-membered-ring structure at 170 K and a chain form at 273 K. The present results are well in line with
previous experimental findings. In addition, the ADMP (atom-centered density matrix propagation) simulation
indicates that the extra proton in the lowest-free-energy isomer (170 K), which has a five-membered ring and
the “Zundel” feature, is often in an asymmetrical hydrogen bond.

Introduction

While extensive studies have been made to understand the
behavior of water in its different forms, studies aimed at
protonated water cluster, H+(H2O)n, also have a rich and
interesting history1-29 because not only is the knowledge of these
clusters of great importance for atmospheric chemistry, solution
chemistry, and biological chemistry, but also such clusters are
taken as a microscopic model of protonated water in the
condensed phase.10-12 One of the most basic issues in protonated
water clusters is their structure, which is yet to be fully
understood. The extra proton of H+(H2O)n is either attached to
water monomer to form an “Eigen” structure (H3O+)1 or is
shared (equally or unequally) by water dimer to form a “Zundel”
structure (H5O2

+).2 The transformation between the Eigen and
Zundel structures and their coexistence in a given H+(H2O)n
cluster (usuallyn g 5) have often been discussed.6,25 As for
other cluster systems, discovering the structure of the lowest-
energy isomer is also a frequent goal in the study of H+(H2O)n.
For this purpose, the global minimum, which is expected to be
the most favored structure at extremely low temperatures, should
first be identified. To gain insight into the structures of H+-
(H2O)n (n ) 5-8), Jiang et al.19 investigated the vibrational
spectroscopy of these clusters at an estimated cluster temperature
T ) 170( 20 K. These authors identified the isomers containing
the Zundel motif at bothn ) 6 andn ) 7, but the lowest-
energy isomer of H+(H2O)8 could not be definitely concluded
due to a large number of coexisting low-lying isomers. More
recent experimental work23,26by different groups was also done
for protonated water clusters including H+(H2O)8 at temperatures
higher and lower than 170 K, but the cluster beam temperatures
were difficult to be more quantitatively known. In this context,
in addition to experimental efforts,19,23,24,26considerable theo-
retical calculations5,7-9,13,14,17-20,22,27 have also been made to
predict the lowest-energy isomer of H+(H2O)8. These computa-
tions often offer some deeper insights into the structural,

energetic, and dynamic aspects, which may not be obtained from
experiments.

In treating any nontrivial global optimization to locate the
global minimum, the principal difficulty arises from the number
of minima on the potential energy surface (PES), which usually
increases exponentially with the size of the system. Nonem-
pirical methods, such as Hartree-Fock (HF), density functional
theory (DFT), and second-order Møller-Plesset theory (MP2),
are often used for exploring the global minimum of H+(H2O)n
on the quantum chemical PES, and DFT and MP2 are
considered to be more accurate methods to determine these
cluster structures and also to estimate their energies. However,
due to the computational demands for distinguishing the global
minimum from a large number of topologically different but
energetically similar isomers, discovering the global minimum
of H+(H2O)n on quantum chemical PES is mostly limited to
small clusters (n < 5)6,25 and the larger clusters were less
theoretically investigated.5,7,9,18,19,21An example of a full DFT
calculation on H+(H2O)8 has been demonstrated by Jiang et al.,19

in which the computed lowest-energy isomer of H+(H2O)8 has
a five-membered-ring structure. However, they examined only
a limited number of conformers of H+(H2O)8 because of the
large number of isomers to be computed. The model potential
parametrized via experimental and ab initio data provides a
computationally efficient alternative method with less compu-
tational consumption in comparison with ab initio approaches.
There have been considerable simulation studies based on model
potential. However, previous works on H+(H2O)8 argued about
the Eigen-type cage structure and the experimentally ob-
served19,26 Zundel-type five-membered-ring structure. For ex-
ample, the KJ(H3O+) potential20 predicted the Eigen-type cage
structure as the global minimum but could not show the Zundel-
type five-membered-ring structure. Singer’s work employing
OSS2 potential30 showed the Zundel-type five-membered-ring
structure and the Eigen-type cage form as a low-lying struc-
ture,17,18but the simulation could not present the predominance
of the five-membered-ring form.17 A computation employing
MSEVB potential did show the predominance of the five-* Corresponding author. E-mail: ohnok@qpcrkk.chem.tohoku.ac.jp.
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membered-ring structure, but the MSEVB model potential
calculation suggested a stable Zundel-type cage structure.22

The hitherto reported computations of H+(H2O)8 could not
globally search for a large number of low-lying isomers on the
quantum chemical PES. Moreover, the methodological limita-
tions in the accuracy prevent the empirical models from precisely
describing the structural and energetic aspects. In this connec-
tion, our group has successfully developed a scaled hypersphere
search (SHS) method,31-33 which may automatically explore
the quantum chemical PES and has been successfully applied
for the system consisting of less than 8 atoms. To globally
explore the isomers of larger molecular clusters (more than 20
atoms), some simplifications have been made in the SHS
method.34 The simplified SHS method has been applied for
neutral water octamer,34 and the results are in good agreement
with experimental findings and Monte Carlo simulations, which
stimulated us to further study a similar system, protonated water
cluster. In this work, such an SHS technique has been utilized
during the quantum chemical calculations of H+(H2O)8. Con-
sidering that the entropy effect plays an important role in the
stabilities of the isomers of H+(H2O)8, the lowest-energy minima
with respect to Gibbs free energies are proposed. To the best
of our knowledge, this is the most thorough search for the
isomers of H+(H2O)8 on the quantum chemical potential energy
surface. This work as the first example of thermodynamic
simulation based on ab initio calculation shows both the
predominance of the five-membered-ring structure and the
Eigen-type cage form as the global minimum. Moreover, this
study is in good agreement with all of the three recent
experimental works.19,23,26In addition, the trajectory of the extra
proton in a lowest-energy isomer with the Zundel motif was
also demonstrated.

Computational Method

The SHS method is an uphill-walking technique to automati-
cally explore the reaction pathway from a given equilibrium
structure (EQ).31-33 Such an exploration of reaction pathways
is executed by detecting and following anharmonic downward
distortions (ADDs).31-33 This ADD following is a new concept
based on a kind of principle that has arisen from deep
considerations on the features of PES, and may be related to
some qualitative theories such as the Bell, Evans, and Polanyi
principle, the Hammond postulate, and so on. To effectively
detect the ADD, a given EQ-centered hypersphere surface is
introduced in the SHS technique. Such a hypersphere surface
is expanded by the scaled normal coordinatesqi, which can be
defined by normal coordinatesQi and the respective eigenvalues
λi, viz. qi ) λi

1/2Qi. During the reaction pathway following on
the scaled hypersphere surface, the conventional optimization
scheme and downhill-walking technique may be utilized. By
detecting and following all of the ADDs for a given EQ, the
SHS method can find transition states, dissociation channels,
and (or) other EQs. Such detection and following are automati-
cally done for each newly found EQ via a one-after-another
manner. Since the occurrence of a chemical reaction shows an
ADD as a symptom and the lowest-energy minimum should
not be out of connection with other EQs on the global potential
energy surface, we believe that most of the important EQs at
the low-energy region should be found by the SHS method.
After the reaction pathways are traced for all the obtained EQs,
the global potential energy surface may be figured. We have
already made many tests for simple molecules, and many new
reaction pathways as well as most of the known ones have been
discovered in an automatic way. As shown in the applications

to (H2O)834 and H+(H2O)8, the search for known important
structures as well as the global potential energy minimum of
H-bond clusters has been successful.

In most previous studies on protonated water cluster, the
starting structure for ab initio optimization was the model
potential geometry. Such an approach can be applied only to
systems where accurate model potentials are available. The SHS
method can automatically search for the isomers of a given
composition without using the model potential.

The ADMP (atom-centered density matrix propagation)
molecular dynamics model35,36 was used for the trajectory
calculation, which was performed at 170 K utilizing the B3LYP
functional and the 6-31+G** basis set. The ab initio molecular
dynamics method, such as ADMP and Born-Oppenheimer
molecular dynamics, describes nuclear structure classically so
that the contribution due to tunneling has been ignored.
However, in the current system, it is expected that such an effect
is not large enough to disqualify performing trajectory analysis.
Such a trajectory calculation was also previously performed for
small protonated water clusters.37 The ADMP code uses a
velocity-scaling technique to control the temperature. The initial
electron kinetic energy is set at zero. The simulation time step
was 0.2 fs, and a valence fictitious mass of 0.1 amu was chosen.
The number of total simulation steps is 1500. Except for the
SHS procedures, all calculations were carried out utilizing the
Gaussian 03 program.38

Results and Discussion

By using the SHS algorithm, 174 isomers of H+(H2O)8 cluster
were primarily located on the global PES computed at the HF/
6-31G level. Among these 174 isomers, 168 ones were
confirmed to be minima via geometrical reoptimization and
subsequent normal-coordinate analyses at the B3LYP/6-31+G**
level of theory. To gain a more accurate energy profile, single-
point calculations at the MP2/6-311++G(3df,2p) level were
carried out for each of the 168 isomers. The 10 lowest-energy
isomers are shown in Figure 1. The computed energy relative
to the lowest-energy isomers is given for each structure shown
in Figure 1. For the energies reported in this figure, the electronic
energies were computed at the level of MP2/6-311++G(3df,-
2p), and the zero-point energy as well as free-energy corrections
obtained from B3LYP/6-31+G** calculations were also added,
respectively. As seen from Figure 1a, the lowest-free-energy
(170 K) isomer EQ1 has the Zundel core character and a five-
membered-ring structure withC1 symmetry. This result supports
the previous tentative spectral assignments.19 The 10 lowest-
free-energy (170 K) isomers include single-ring and chain
structures (Figure 1a). However, the cagelike structures pre-
dominate in the 10 isomers (0 K) shown in Figure 1b. At the
higher temperatureT ) 273 K, the 10 lowest-free-energy
isomers are mainly chain structures (Figure 1c). According to
the MP2 energy containing the zero-point-energy correction
from B3LYP calculation, the cage structure EQ11 with the Eigen
motif is the lowest-energy isomer (Figure 1b). Actually, EQ11
is also the lowest-energy structure according to the potential
energies computed by B3LYP functional combined with
6-31+G** basis set. In this sense, the Eigen-type cage structure
should be the global minimum on the PES computed at the
B3LYP/6-31+G** level. This result is in line with the previous
KJ(H3O+) model potential4 calculation, which also suggested
that the global minimum of H+(H2O)8 has a cagelike structure
similar to that of EQ11.20 At the temperature of 273 K, the
lowest-free-energy isomer shows a branched chain structure (see
EQ2 in Figure 1c), which is structurally different from the
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lowest-energy isomers, EQ1 (Figure 1a) and EQ11 (Figure 1b).
This is due to the fact that the structure of H+(H2O)8 is
dependent on the temperature.19,23,26For more detailed analysis
of such a temperature dependency, a thermal population of
various types of structures has been investigated (vide infra).
A further structural comparison indicates that the isomers shown
in Figure 1a, 1b, and 1c, respectively, do not follow the same
order due to different temperatures. For example, the second-
lowest-energy isomers EQ2 (Figure 1a), EQ12 (Figure 1b), and
EQ3 (Figure 1c) are all structurally different. This result suggests
that the entropy effect may alter the energetic ordering of the

isomers, as mentioned previouslty.18,19The structures shown in
Figure 1 also illustrate that H+(H2O)8 favors the cagelike form
at low temperature but a less compacted structure at higher
temperature. Such features can be also seen from the thermo-
dynamic population (vide infra).

To see the temperature-dependent population of the structures
of H+(H2O)8, a thermodynamic simulation has been performed,
in which the 168 minima computed at the level of MP2/6-
311++G(3df,2p)//B3LYP/6-31+G** were sampled. Such a
thermodynamic simulation is based on the superposition method,40

which enables one to calculate thermodynamic properties of

Figure 1. The 10 lowest isomers of H+(H2O)8 cluster with respect to (a) free energy (170 K), (b) potential energy including zero-point-energy
correction, and (c) free energy (273 K). The red and gray balls denote O and H atoms, respectively. The energies (in kJ/mol) are relative to
lowest-energy isomers, respectively (see the text for the energy estimations). The point-group symmetry is given in parentheses.
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clusters. The canonical probability of finding a system in a
regionA is40

whereZi is the partition function of theith minimum. TheZi

can be determined by the harmonic frequency and the energy
of each minimum.41

The energies computed at the MP2/6-311+G(3df,2p)//B3LYP/
6-31+G** level and the results of B3LYP/6-31+G** frequency
calculations were used for this simulation. All of the 168 minima
can be structurally grouped into four types of forms, viz. chain
structures, single-ring structures, double-ring structures, and
multi-ring structures that mainly are cage forms. The probability
population curves of the four types of structures against the
temperature are shown in Figure 2. In addition, the temperature-
dependent populations of some important isomers, viz. EQ1,
EQ2, EQ3, EQ11, and EQ12, are also included in this figure.
As seen from Figure 2, the chain form predominates over the
single-ring structure atT > 190 K, while the dominant
population of single-ring structure appears at temperatures lower
than about 190 K. AtT ≈ 170 K, both the single-ring and the
chain structures contribute to the population, and the former
has larger probability. EQ1, which is computed to be the lowest-
energy isomer at 170 K (Figure 1a), has a five-membered ring
and therefore follows the distribution trend of the single-ring
structures. This result is in line with previous work,19 in which
the authors claimed that EQ1 is one of the lowest-energy isomers
of H+(H2O)8 atT ≈ 170 K and also addressed that many isomers
may coexist with EQ1. The population (Figure 2) atT ≈ 170
K indicates that those coexisting isomers mostly have a chain
form. In a previous experimental work, the spectrum of Ar-
attached H+(H2O)8 was clearly dominated by the Zundel-based
structure EQ1 at low temperature.26 In this computational study,
the population at the temperatures of 20-130 K (Figure 2),
where the single-ring structure has more than 95% probability
population and the EQ1 also predominates, agrees exceptionally
well with the experimental observation.26

The harmonic spectra of EQ1 has been reported previ-
ously.18,19,26 Especially the harmonic IR spectra of EQ1
computed by Singer et al. showed a strong O-H-O proton
oscillation peak (at∼1000 cm-1),18 which corresponds well to
the most important characteristic of the experimentally observed
spectra for EQ1.26 In the same experimental work,26 the authors
found that Ar-tagged H+(H2O)8 was clearly dominated by the

EQ1 structure. Our calculation also showed the predominance
of EQ1 (Figure 2), which together with previous harmonic IR
spectra18 strongly supports the experimental observation.26

Future dynamics-based anharmonic analysis39 may make the
spectra closer to experimental ones. The population of cagelike
structure predominates at the temperature of a few kelvin but
drops rapidly into near zero atT ≈ 20 K and remains near zero
population at the higher temperatures considered (Figure 2). The
same is true for EQ11, which is found to be the lowest-energy
isomer (Figure 1b) at 0 K. The result that the cagelike structure,
such as EQ11, dominates the population atT < 20 K (Figure
2) is in agreement with the previous model potential calculation
by Wales et al.20 and Jordan et al.22 The former work20 on the
basis of the KJ(H3O+) model potential4 predicted a cagelike
structure similar to EQ11 as the global minimum of H+(H2O)8,
and the later one22 on the basis of the multistate empirical
valence-bond (MSEVB) model10 suggested a dominant popula-
tion of cage form at such a low-temperature region. At the higher
temperatures (190-400 K) considered (Figure 2), the chain
structure is the most populated form. Such a situation is
comparable to the results from Monte Carlo simulation,17,22by
which the temperature for the dominant population of chain
structure is proposed to be above 160 K. As seen from Figure
2, the chain structure predominates atT > 190 K and has a
population of more than 95% atT > 290 K. This result is
consistent with the previous experimental work reported by
Mikami et al.,23 in which the authors observed the spectrum of
the terminal water molecule of H+(H2O)8 with a chain structure
at temperatures much higher than 170 K.

As suggested by the population curves of the four kinds of
structures (Figure 2), the cage-structure-involved isomer has
nearly zero population atT > 20 K, while the chain structure
has a population atT ≈ 100 K and predominates at the higher
temperatures (>190 K) considered. The single-ring structure
has the exclusive population at the temperatures of 20-130 K.
However, the double-ring structure has no significant population
at the selected temperature although many double-ring structures
were located to be minima at the B3LYP/6-31+G** level of
theory. We have also made test calculations on the basis-set
superposition error (BSSE) and considered the anharmonic
effects in the previous paper concerning the (H2O)8 cluster.34

Such errors were significant in absolute value and affected
energies of all structures in the same direction. We expected
that such errors might shift transition temperatures by several
tens of kelvin,34 which is acceptable for qualitative discussion.
The present treatment for the current analogous system may
also provide qualitative understanding of temperature effects
on the cluster structures, since our results reproduced well
qualitative features of previous experimental results as well as
Monte Carlo simulations for (H2O)8 and H+(H2O)8. Although
care should be taken due to the method errors, the current
population analysis suggests the temperature region where the
EQ1 dominates. Such information may be helpful for estimating
the cluster beam temperature in the previous experiment, which
showed the predominance of the EQ1 structure.26

As described above, by using the SHS method, the present
simulation result is consistent with experimental observations
reported by different groups, and the Eigen-type cage structure
predicted by model potential was also located as the global
minimum on PES. Such agreements suggest that the SHS
method may be used to search for the isomers of a given H-bond
cluster system without model potential, as seen from its
successful applications to H+(H2O)8 and (H2O)8.34

Figure 2. Temperature-dependent population of chain structures (Ch),
single-ring structures (SR), double-ring structures (DR), and multi-ring
structures that mainly are cagelike ones (MR). The thin lines without
symbols represent the populations of several important isomers, viz.
EQ1, EQ2, EQ3, EQ11, and EQ12.

PA )

∑
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∑
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The previous static computations argued whether the extra
proton of the Zundel-core-embedded structure of the protonated
water clusters is in a symmetrical hydrogen bond.18,19 Such a
situation caused us to wonder the trajectory of the extra proton
in EQ1 with the Zundel motif. For this purpose, the ADMP
simulations were performed at 170 K on the basis of the EQ1
structure. The structure of EQ1 and the temperature of 170 K
were chosen because not only is EQ1 computed to be the lowest-
energy isomer with respect to the free energy (170 K) in this
study but also the observed spectra of H+(H2O)8 at T ≈ 170 K
were tentatively assigned to EQ1.19 The ADMP simulation
results are shown in Figure 3. The variation of O1-H25 and
O7-H25 distances (see Figure 3) reflects the trajectory of the
extra proton (H25). One simulation was initiated from the EQ1
structure, in which the excess proton is not exactly equidistant
from its two oxygen neighbors (1.180 and 1.224 Å, respec-
tively). As seen from Figure 3a, there are two cross-points at
230 and 245 fs, respectively, which appear within a rather short
time interval (15 fs). This result suggests that the extra proton

is mostly in an asymmetrical hydrogen bond and closer to the
O1 atom at the temperature of about 170 K. To see whether
such a trajectory is due to the initial unequal distances between
the proton (H25) and its two neighboring oxygen atoms (O1
and O7), a further ADMP simulation was carried out. The
further simulation started with an adjusted EQ1 structure with
the extra proton situated at the midpoint of its two oxygen
neighbors. The obtained trajectory (Figure 3b), which is similar
to that in Figure 3a, also suggests that the interactions of the
extra proton with its two oxygen neighbors are mostly unequal,
which is in line with the previous result reported by Singer and
his co-workers.18

Conclusions

In this study, the scaled hypersphere search method has been
utilized to globally explore the structures of H+(H2O)8. On the
HF potential energy surface 174 isomers of H+(H2O)8 were
found, and 168 ones were located to be minima at the B3LYP/
6-31+G** level of theory. The lowest-free-energy isomer of
the H+(H2O)8 at the temperature of 170 K has a five-membered-
ring structure with the Zundel core character. However, a
cagelike structure with the Eigen character has been computed
to be the global minimum on the B3LYP potential energy
surface (0 K), and a chain structure has been found to be the
lowest-free-energy isomer at the higher temperatureT ) 273
K. Furthermore, the thermodynamic simulation shows that the
isomers with a single-ring structure dominate the probability
(with a population of more than 95%) at the temperatures of
20-130 K. However, the population at higher temperature
considered (T > 190 K) is dominated by a chain structure. The
present study is in line with previous experimental works
reported by different groups. In addition, for the lowest-free-
energy (170 K) isomer EQ1 with the Zundel motif, the DFT-
based trajectory calculations show that the extra proton often
unequally interacts with its two neighboring oxygen atoms at
the temperature considered (170 K).
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