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I. Introduction
Water is the most ubiquitous substance on Earth and
known to have anomalous properties, which arise from
the nature of the hydrogen bonds: decrease of viscosity
with pressure, large heat capacity and surface tension,
density maximum at 4 °C, melting with pressure, and
many others.1-3 In addition to these well-known anoma-
lies, water also exhibits singular features in extreme
conditions. Water becomes, for example, highly reactive
at high temperature and high pressure, supercritical water,
and can decompose numerous polymers and various
hazardous chemicals.4 It can thus be a key substance for
solving a difficult environmental problem. At low tem-
perature, water forms a so-called clathrate-hydrate struc-
ture containing significant amounts of gas molecules (CO2,
CH4, etc.).5 The existence of a great amount of methane
in the clathrate-hydrate form on Earth is one of the most
arduous future environmental problems, bearing on global
warming. Methane in the clathrate-hydrate form is also
an important resource for solving the energy problem. The
recent important finding is that there exist various novel
phases in low-temperature pure water and high-density
amorphous, low-density amorphous, and new crystalline
ice structures.6-8

In the present Account, we focus on the dynamical
aspects of water at the molecular level and its effect on
chemical reactions, recently investigated. Water dynamics
is strongly controlled by the hydrogen bond network; there
exist intermittent collective molecular motions associated
with the rearrangement of the hydrogen bond network

and concomitant fluctuation and relaxation in water.9-13

The mechanism of proton transfer in liquid water is then
investigated as an example to demonstrate the effects of
such water dynamics on chemical reactions.14,15 The
global nature of the water potential energy surface is
analyzed in detail to clarify the molecular mechanism of
how water freezes into a crystalline ice.16

In the present Account, various theoretical methods,
such as molecular dynamics, normal mode and reaction
coordinate analyses, and quenching and annealing tech-
niques, were used to analyze water dynamics and explore
the global nature of the water potential energy surface.
The empirical potential TIP4P without including intramo-
lecular degrees of freedom is mostly employed to describe
the water-water molecular interaction in the molecular
dynamics calculations.

II. Dynamics
The most stable structure of water is a crystalline ice,
consisting of six-membered rings of water molecules as
basic units, forming an extended three-dimensional hy-
drogen bond network. Upon melting, water absorbs a
latent heat of 80 cal/g (1.4 kcal/mol), which is equivalent
to breaking about 10% of its hydrogen bonds, and the
system becomes “frustrated”. Water thus has a rugged
potential energy surface involving various deep energy
minima with different hydrogen bond network struc-
tures.17 Water undergoes sluggish dynamics on this po-
tential energy surface. On a short time scale liquid water
is thus amorphous gel-like, while on a much longer time
scale it exhibits diffusional motion as an ordinal liquid.
Between these time scales, the hydrogen bond network
rearrangement occurs intermittently and locally in space,
involving the local collective motions of tens of water
molecules accompanied by large energy fluctuation.9-12

A. Hydrogen Bond Network Rearrangement and Col-
lective Molecular Motion. To identify the intermittent
collective molecular motions associated with the hydrogen
network rearrangement in water, inherent structure analy-
sis was employed.9 Inherent structure analysis is used to
identify the local minima (called the inherent structures,
which are considered as the fundamental structures) of
the potential energy wells, which are sequentially visited
by the system along the trajectory.18 In the trajectory, the
system undergoes well to well transitions (inherent struc-
ture transitions) after exhibiting vibrational motions in
individual wells (see Figure 1). In Figure 2 a, we plot the
distance matrix of the system with 64 water molecules. A
distance matrix is defined by

where ri(tn) is the position of the center of mass of the ith
water molecule in the inherent structure at time tn, tn )
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n∆t (∆t is a time interval, 10 fs). A plot almost identical
to that in Figure 2a is obtained when the molecular
rotations are also accounted for in the distance calcula-
tions.19 We can see that certain sets of sequential inherent
structures form island structures (basins); they are mutu-
ally separated with small energy barriers and small
structure differences. The transitions among inherent
structures within a basin (minor inherent structure transi-
tions) occur easily and frequently.

There are islands (basins) of various sizes, distributed
randomly in time, and thus the transitions among the
islands (called the basin-basin transitions) occur inter-
mittently.19,20 The basin-basin transitions comprise large
inherent structure changes (for example, see Figure 3) but
involve relatively small energy barriers. These transitions
were found to take place only when the system finds the
phase-dynamics matching (right position and right mo-
mentum) to pass through narrow and entangled long
pathways, not involving large energy barriers. Until the
system finds such a phase-dynamics matching, numerous
minor inherent structure transitions take place within a
basin. The basin-basin transitions thus might be called
“entropy bottlenecked”.19,20 The basin-basin transitions
may correspond to R-type relaxation while the minor
inherent structure transitions correspond to â-type relax-
ation in the terminology of the glass dynamics.8

To see how the intermittent collective motions are
associated with the hydrogen bond network rearrange-
ment in water, we have employed a Hamming matrix of
the graph theory.13 A Hamming matrix can quantify the
creation and annihilation of the hydrogen bonds along
the trajectory. The hydrogen bond network can be rep-
resented by a directed graph (digraph). The rearrangement
of the hydrogen bond network then corresponds to the
connection and disconnection of the edges of a digraph.
The hydrogen bond network of the system consisting of
N molecules can be expressed by a N × N adjacency
matrix, whose element aij is 1 when the hydrogen bond
is donated from molecule i to molecule j (one of the
hydrogen atoms of molecule i forms the hydrogen bond
with the oxygen atom of water molecule j), and 0
otherwise.

The Hamming distance between two inherent struc-
tures at times tm and tn is defined as

where the summation is performed over all different pairs
of sites (i, j). In Figure 2b, we plot the Hamming distance
matrix of the system with 64 water molecules. The patterns
of the island structures and the island-island transitions
in the Euclidean distance matrix (Figure 2a) are almost
identical to those in the Hamming distance matrix (Figure
2b), meaning that the intermittent collective motions are
indeed associated with large hydrogen bond network

FIGURE 1. One-dimensional picture of liquid dynamics. A system
exhibits vibrational motions in individual potential energy wells and
then makes the transition to neighbor wells in a trajectory. Minima
of potential energy wells (Q1, Q2, Q3, ...) are called inherent
structures, representing fundamental structures of the system.

FIGURE 2. (a) Euclidean and (b) Hamming distance matrixes of liquid
water. Pixels are shaded according to the value of each element in
the distance matrix (eqs 1 and 2). A darker (lighter) shaded pixel
indicates the smaller (larger) distance. The system has 64 water
molecules. The temperature is 300 K, and the time interval ∆t is
10 fs.
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rearrangement.13 In a large system, many intermittent
collective motions do occur independently at a time at
different places of the system, and their total sum yields
a band structure in both the Euclidean and the Hamming
distance matrixes, seemingly equivalent to the trace of
diffusional motion.13 Therefore, to observe the intermit-
tent collective motions, we need to detect the structure
changes in a local area of the system, on the order of
10 Å, in a diameter.

B. Short Time Dynamics. In a trajectory, the system
yields several vibrational motions in an individual poten-
tial energy well and then jumps to the next well.9,21 Figure
4 shows the distribution of these vibrational motions
(modes) in liquid water, evaluated at water structures
(inherent or instantaneous structures) along the trajec-
tory.19,22,23 We can see in the figure that there are three
distinct broad bands of intermolecular modes, peaked at
∼60, ∼200, and 500-600 cm-1. Two broad bands peaked
at ∼60 and 200 cm-1 consist of the hindered translational
(center of mass) motions of water molecules, combined
to form O‚‚‚O‚‚‚O bending and O‚‚‚O stretching,24 respec-
tively, as shown in Figure 5, where the vector components
of normal modes are plotted. The modes above 400 cm-1

consist of librational (hindered rotational) motions and
are delocalized; i.e., their components are extended over
many water molecules. Note that these are collective
modes, but must be distinguished from the “intermittent
collective motions” associated with the hydrogen bond
network rearrangement discussed in the previous subsec-
tion. The ∼60 and 200 cm-1 modes are less delocalized
but still extended over molecules. The modes located from

300 to 400 cm-1, consisting of the motions of molecules
with dangling hydrogen bonds, are found to be very
localized (not shown in the figures).9,19,20

Experimentally these vibrational bands are observed by
far infrared (far-IR), Raman scattering, and incoherent
neutron scattering spectra. Low-frequency, ∼60 and ∼200
cm-1, modes are weak in far-IR and Raman spectra. This
is because the hindered translational molecular motions,
not causing the dipole rotations, do not yield a direct
contribution to Raman and far-IR intensities, but only
through the collision-induced term.21,25 The librational
modes, inducing the dipole rotations, yield much stronger
far-IR and Raman intensities. The ∼200 cm-1 peak is
found to be sensitive to the hydrogen bond network
structure; its intensity increases with decreasing temper-
ature.24 On the contrary, the ∼60 cm-1 peak, although its
motion is more extended over the hydrogen bond net-
work, is somehow less sensitive to temperature.

It has been found that the normal mode description is
often very successful in describing experimental spectra
of various relaxation processes in liquids.22,26 This is
because most experiments detect the effects of all indi-
vidual motions almost evenly (note that vibrations are
dominant in number). They are thus not suited for
detecting specific motions such as the hydrogen bond
network rearrangement dynamics.

III. Experimental Observations of Intermittent
Collective Motions
It is then of interest to determine how we can experimen-
tally observe the intermittent collective motions associated
with the hydrogen bond network rearrangement, which
are buried under vibrations.

FIGURE 3. Collective molecular motion in liquid water. Solid lines
indicate the molecular displacements from an inherent structure
(whose water molecular positions and hydrogen bond network are
shown) to the next along the trajectory. The dark water molecules
move largely. Note that tens of water molecules in local space move
together. The system contains 216 water molecules. Only water
molecules in one layer are shown.

FIGURE 4. Normal mode distribution of liquid water. Normal modes
are calculated at the instantaneous structures (INM) and inherent
structure (QNM) along the trajectory, and evaluated from the
velocity-velocity correlation function (VTCF). Solid, dashed, and
dashed-dotted lines are for VTCF, INM, and QNM, respectively.
Imaginary modes in INM are plotted in the negative frequency as
-|ω|. The system contains 216 water molecules.
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A. Depolarized Raman Scattering Profile. There is an
indirect way to detect intermittent local collective motions.
The intermittent character of the dynamics is known to
appear as a so-called 1/f spectrum.10 Namely, a power
spectrum is proportional to the inverse of the frequency,
f, as f-R (R < 2). A 1/f spectrum is an indicator of the
existence of multiscale relaxations in dynamics.27 For
example, Fourier transform of a series of intermittent
pulses, the simplest example of it, is easily shown to be a
type of 1/f spectrum.

Raman scattering detects the polarization fluctuation.
The spectrum of the depolarized Raman scattering cal-
culated from the trajectory is plotted in Figure 6.21 We
can see that liquid water has a very wide Raman scattering
spectrum, which can be divided into three parts, a power
law region above 5-20 cm-1, a near white noise region
below 3 cm-1, and the in between transition region.28

Such a baseline profile of Raman scattering of liquid water
is quite different from those of unassociated liquids, which
yield Lorentzian dependence in the low-frequency region.
The power law part indeed corresponds to the structural
rearrangement dynamics of the hydrogen bond network
structure.21 We can see that this power law part yields the
1/fR frequency dependence with an exponent of R ) 1.3,
which is in good agreement with Walrafen’s experimental
results.21,28 The signals of inter- and intramolecular
vibrational motions, discussed in the previous section, are
seen as two shoulders at ∼200 and 500 cm-1, superim-
posed on this power law profile.

It is, however, a very difficult task to determine exactly
the low-frequency profile by subtracting the vibrational
elements experimentally. Various functions other than a
power law curve might also fit the spectrum profile well.29

More experiments must be done to extend the spectrum
to the very low-frequency region for its final determina-
tion.

B. Neutron Scattering and Inelastic X-ray Scattering.
We can obtain both the spatial (in k space) and the

FIGURE 5. Normal mode displacement vectors at (a) 66 cm-1, (b)
227 cm-1, and (c) 581 cm-1 at a configuration of liquid water. Lines
with arrows indicate the atomic displacements. The dark water
molecules move largely. The system contains 64 water molecules.

FIGURE 6. Power spectrum of the Raman scattering intensity of
liquid water. The solid line is for the instantaneous structures and
the dashed line is for the inherent structures along a trajectory. The
dashed-dotted straight line indicates 1/fR with R ) 1.3 (f is
frequency). The system contains 216 water molecules.
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temporal (in ω space) information of the density fluctua-
tion in a system by using neutron scattering.30 It is
therefore expected that this method is useful for analyzing
the spatial-temporal nature of intermittent collective
motions associated with the hydrogen bond network
rearrangement in water. Teixeira et al.30 used coherent
inelastic neutron scattering on D2O, which provides
mainly information on the longitudinal oxygen density
fluctuation in water, at room temperature for the large
wave vector k and found a collective sound wave with a
velocity of 3310 m/s, about 2 times faster than the normal
sound velocity. A sound wave with a velocity of ∼1400
m/s (normal velocity wave) was observed at small k in
the Brillouin light scattering experiment.31

There had been no experiment to illustrate the disper-
sion relation of the longitudinal sound wave (L-wave) in
the region of intermediate k. Recently, Sette et al.32 have
performed a precise inelastic X-ray scattering experiment
and showed that the velocity of this wave smoothly
changes from the low value (normal velocity) to the high
value (fast velocity) around k ) 2 nm-1. They also found
that the “dominantly transverse character” sound wave
(T-wave) appears by branching out from the normal speed
wave from this region; there exist two sound waves, L-
and T-waves, for k > 4 nm-1. At very large k, the frequency
of the T-wave converges to the O‚‚‚O‚‚‚O bending fre-
quency (∼60 cm-1) and that of the L-wave to the O‚‚‚O
stretching frequency (∼200 cm-1). In a polycrystalline ice
Ih, T- and L-waves have velocities of ∼2000 and ∼4000
m/s, respectively.

The existence of two sound waves in liquid water was
predicted by MD calculation before the experiments.21,33

It was shown theoretically that the velocity of L-wave
reduces to the normal speed when the three-dimensional
nature of the hydrogen bond network is decreased.21 The
physical origin of the fast-velocity wave is thus a longi-
tudinal wave traveling in a temporal hydrogen bond
network region (“cluster”) formed along the hydrogen
bond network rearrangement.21,30,34 The velocity of the
L-wave transforms from the normal speed (predicted by
hydrodynamics theory for liquids) to the fast speed (that
of a wave propagating in the “solid” phase), called a
positive dispersion, when the experimental measurement
begins detecting the dynamics of this temporal hydrogen
bond network cluster.21,30,34 It should be mentioned here
that both L- and T-waves are more distinct in a midsize
water molecular cluster (e.g., (H2O)108) than in liquid
water.21

The cluster corresponding to k ≈ 2 nm-1 where the
positive dispersion begins to take place is about 30 Å in
length.32 It is much larger than the size of the “intermittent
collective motions”, which we have been discussing; these
sound waves are not directly related to the intermittent
collective motions. To identify the intermittent collective
motions in this experiment, we need to analyze a relax-
ation process with smaller ω and larger k values (the lower
energy and smaller spatial region) in more detail.

C. Time Domain Higher Order Nonlinear Spec-
troscopies. The effects of intermittent collective motions

might appear in spectra of higher order nonlinear spec-
troscopies, since these methods deal with the phase space
dynamics of a system.26,35 There have been intensive
theoretical investigations proposing to apply an echo-type
experiment, i.e., off-resonant fifth-order (two-dimensional
(2D) Raman) spectroscopy, to distinguish the homoge-
neous and inhomogeneous elements in liquid dy-
namics.26,36-38 This technique is analogous to the spin-
echo experiment, but uses photons. The inhomogeneous
elements yield an echo by the “rephasing” of polarization
fluctuation caused by molecular motions. Several experi-
mental groups have tried to obtain the fifth-order spectra
for intermolecular motions in liquids such as CS2, CCl4,
and CHCl3.39,40 No clear echo signal has been found for
these liquids. It has been, however, pointed out very
recently that the experimental spectra obtained may be
attributed to other than the fifth-order process, that is,
the sequential third-order processes.40

We have estimated the spectrum of the fifth-order
signal for liquid water and CS2 by using the normal mode
description of intermolecular motions. We can see in
Figure 7 that there is a clear distinction in the signal
between a structure-forming liquid (water) and a simple
liquid (CS2); water yields a strong echo (Figure 7a), while
there is no echo in CS2 (Figure 7b). There has been no
observation of water by this experimental technique yet,
since the signal is extremely weak due to the small
polarizability of water molecules.

It was found for intermolecular motions of simple
liquids that “mode-mixing” reduces the echo signal to a
great extent.26 In the fifth-order 2D Raman experiment, a
two-quanta transition is involved, and thus two modes
with different frequencies are excited in general. The

FIGURE 7. Square of the fifth-order response functions of (a) water
and (b) CS2.
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phases of these different frequency modes (with ω1 and
ω2) cannot coincide with each other (i.e., cannot “rephase”)
to yield an echo. The echo is thus generally very weak for
intermolecular motions in simple liquids (Figure 7b).26

Unlikely in simple liquids, many intermolecular modes
in water involve rather localized motions, due to the
heterogeneity of the molecular environment, that is,
caused by the hydrogen bond network rearrangement
dynamics (see subsection II.B). This means that the mixing
of different frequency modes in the polarization is weak.
Large contributions to the echo signal are indeed found
to arise from the localized and the higher frequency
librational modes in liquid water. It was, however, shown
that the anharmonicity of the potential energy surface
reduces the echo.37 If a more accurate correlation function
is calculated by using MD, instead of using the normal
mode description, the intensity of the echo may be further
reduced due to the frequency modulation.26 The more
detailed theoretical analysis is needed to directly relate
that echo signal profile to the intermittent collective
dynamics in water.

Other higher order nonlinear spectroscopies, such as
the seventh-order response and 2D-IR, could also be
applied to deal with the intermolecular motions of liquids,
since their dominant therms do not involve the two-
quanta transition, which may suppress the echo.26

IV. Global Potential Energy Surfaces
The potential energy surface along liquid water dynamics
is very rugged with various deep energy minima.17 Upon
cooling, water might be trapped into one of such local
minima and form an amorphous structure. Nevertheless,
liquid water always freezes into crystalline ice in ambient
conditions.1

Detailed knowledge of the global nature of the water
potential energy surface is required to understand how
the hydrogen bond network structure alters upon cooling
to form a crystal structure. As the first step to obtain such
knowledge, we examine the global potential energy sur-
faces of water molecular clusters.16,41 There are various
theoretical methods to manifest the global potential
energy surface. We used a so-called eigenvector-following
method, which follows the direction of a normal mode at
a minimum and determines a reaction coordinate (RC)
connecting to the next minimum.42,43 We applied it to a
(H2O)64 cluster and determined sequential “lowest” barrier
RCs until we reached a deep minimum.16

Figure 8 a shows a plot of the overall potential energy
surface of the (H2O)64 cluster. We can see that the overall
potential energy surface, starting from a liquid-state
inherent structure, decreases slowly toward lower energy
states but has a very rugged structure; the global potential
energy surface of this cluster is the mixture of the ladder
and rugged types.16 To reach a global minimum of the
water molecular cluster, slow cooling is thus required. Two
distinct characteristics are observed: (1) RCs from global
minima involve distinct high-energy barriers; definite
hydrogen bond breaking is involved (Figure 8b). (2) The

potential energy surface becomes less sluggish in the
intermediate- and high-energy regions. A large-size water
molecular cluster, as well as water, thus has both the
“strong”-liquid (corresponding to (1)) and the “fragile”-
liquid (corresponding to (2)) characteristics, as pointed
out by Angell.17 Recently, Wales and co-workers have
clearly shown that a global potential energy surface of a
small water molecular cluster, (H2O)20, has a “banyan tree”
structure and is of the strong-liquid type in the middle-
and low-energy regions.44

The global potential energy surface property of liquid
water might be, however, significantly different from that
of water molecular clusters found here. A certain “or-
dered” structure must be created in liquid water as an
initial nucleus, which grows into a crystal structure
through a nucleation process. It is not known what kind
of initial ordered structure is involved. Other (five and
seven) membered rings as well as six-membered rings are
abundant in liquid water. Therefore, the initial nucleus
might be a certain size cluster consisting of six-membered
rings, of other-membered rings, or a mixture of six- and

FIGURE 8. Sequential reaction coordinates (SRC) for the water
cluster, (H2O)64. (a) SRC starting from an inherent structure along
the “liquid”-state trajectory (T ) 250 K). A circle indicates the lowest
energy minimum in this sequential RC. (b) SRC starting from one of
the lowest minima. The step indicates the nth minimum and TS along
the SRC.
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other-membered rings. The initial structure of the latter
two cases must be change to the regular six-membered
ring structure at a certain stage of the nucleation process.
Spontaneous structure fluctuation creating a well-formed
initial nucleus hardly occurs, and thus some “driving”
force, such as the funnel character of the potential energy
surface discussed here, might be important.16,45 Due to
the light mass of a hydrogen atom, quantum tunneling
might play a significant role in structure rearrangement.46

In certain extreme conditions, we can obtain amor-
phous ices. Two amorphous phases, high-density amor-
phous and low-density amorphous, have been identi-
fied.6,8 The first-order transition between these two
amorphous phases is considered to terminate at a second
critical point which locates around T ) -46 °C.6 The
extended dynamical fluctuation in liquid water, discussed
above, might be related to the existence of such a second
critical point.47 Liquid water is then regarded as a mixture
of the high-density amorphous and low-density amor-
phous phases, and fluctuates between these two phases.
A correlation length associated with the critical fluctuation
must be carefully analyzed in the future to elucidate this
point. It is important to analyze how the existence of this
second critical point has an effect on the freezing process;
the crystallization might start in a low-density-amorphous-
like region, which might grow and transform to a crystal
structure in some coherent fashion.

V. Proton Transfer in Hydrogen Bond Network
Rearrangement
The hydrogen bond network rearrangement in water has
significant effects on chemical reactions. For example,
proton transfer in water is strongly controlled by the
hydrogen bond network.14,15,48 It is found that two geo-
metrical relaxations, (1) hydrogen bond coordination of
water molecules and (2) O‚‚‚O distance shrinkage, are the
key elements for fast proton transfer in liquid water. Figure
9 shows the hydrogen bond network configurations along
the proton transfer. We can see in the figure that proton
transfer takes place almost solely on the three-coordinated
water molecules. This is because the water molecule with
three protons, (H3O)+, has a near planar form due to the
Coulombic repulsion among three positively charged
hydrogens/protons and a water molecule cannot take a
position as the fourth coordinated molecule due to the
Coulombic repulsion. The proton is mostly confined
between two three-coordinated water molecules, repeat-
ing many back and forth motions between these water
molecules, and “diffuses” as a (H5O2)+ unit. Those three-
coordinated hydrogen-bonded water molecules are cre-
ated by structure fluctuation in the hydrogen bond
network rearrangement. Fast proton transfer in liquid
water is thus a typical example of fluctuation-induced
chemical reactions.15

Proton transfer in ice is also known to be very fast, but
its mechanism must be quite different from that in liquid
water. All water molecules, including one with the extra

FIGURE 9. Snapshots of water molecules around a proton in liquid water. The circle indicates the location of the proton at time t.
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proton, (H3O)+, have the four-coordinated tetrahedral
structure, due to the structural constraint, in ice (Figure
10), so no significant hydrogen bond network rearrange-
ment takes place. It is found that the O‚‚‚O distance
shrinkage due to the Coulombic repulsion between (H3O)+

and the fourth coordinated water molecule (see Figure 10)
significantly reduces the energy barrier of proton transfer
in ice.49 Only a very small isotope effect is indeed found
experimentally in the proton-transfer rate constant in ice;
that is, tunneling is not important, indicating a small
barrier involved in proton transfer in ice. It is noted that
the experimental data,50 showing that proton mobility
increases with decreasing temperature, might suggest the
importance of a certain coherence of the proton and water
molecular motions.

VI. Conclusions
The dynamics of water was investigated. A special em-
phasis was made to comprehend the nature of intermit-
tent collective motions, associated with the hydrogen
bond network rearrangement. The time scale and spatial
scale of the hydrogen bond network rearrangement were
found to be on the order of 0.1-10 ps and 10 Å, very
important ranges where chemical reactions take place.
Water thus yields significant solvent dynamical effects on
chemical reactions. The effect of the hydrogen bond
network rearrangement on chemical reactions was dem-
onstrated in proton transfer in water. Fast proton transfer
in water was found to be driven by the hydrogen bond
coordination fluctuation caused by the hydrogen bond
network rearrangement. The molecular mechanism of
freezing in a water system was also investigated by
analyzing a global potential energy surface of a water
molecular cluster. The global potential energy surface of
the water molecular cluster was shown to have a funnel
structure, so the system is naturally conveyed to lowest
energy minima. This study for water molecular clusters
must be extended to liquid water.

Despite intensive investigations, the true origin of long-
time dynamical correlation in water, which controls the
hydrogen bond network rearrangement, is not clarified
yet. We need to find an “order parameter” of the collective
dynamics. Such an order parameter must become more
distinct upon cooling, and might converge to a parameter
characterizing the freezing. An experimental technique for
directly detecting the hydrogen bond network rearrange-
ment dynamics and determining such an order parameter
must be developed. Such methods will also be very useful
in analyzing the formation of amorphous ices and clath-
rate-hydrates, the high reactivity of supercritical water,
and various solvation and relaxation dynamics in water.

We especially thank Professor Tanaka and Dr. Matsumoto for
continuous cooperation in the study of water dynamics. We also
thank Drs. Wales and Komatsuzaki, Professor Wolynes, Sasai,
Ramaswamy, Cho, Fleming, and Stratt, Miss Kobayashi, Mr. Baba,
Mr. Iwahashi, and Mr. Tanaka for important collaborations, and
Professors Berry and Bagchi and Dr. Nandi for many valuable
discussions and suggestions. The present study is partially sup-
ported by Grants-in-Aid for Scientific Research (08404040, 09740426)
and those on Priority Area “Condensed Phase Chemical Reaction
Dynamics” (10206101, 10206201).

References
(1) Eisenberg, D.; Kauzmann, W. The Structures and

Properties of Water; Oxford: London, 1969.
(2) Water, a Comprehensive Treatise; Franks, F., Ed.;

Plenum: New York, 1972-1982; Vols. 1-7.
(3) Robinson, G. W.; Zhu, S.-B.; Singh, S.; Evans, M. W.

Water in Biology, Chemistry and Physics; World
Scientific: Singapore, 1996.

(4) Innovation in Supercritical Fluids; Hutchenson, N.
R., Foster, N. R., Eds.; ACS Symposium Series 608;
American Chemical Society: Washington, DC, 1998.

(5) Sloan, D. E. Clathrate Hydrates of Natural Gases;
Chemical Industries, Vol. 73; Marcel Dekker: New
York, 1998.

(6) Mishima, O.; Stanley, H. E. Decompression-Induced
Melting of Ice IV and Liquid-Liquid Transition in
Water. Nature 1998, 392, 164 and references therein.

(7) Chou, I. M.; Blank, J. M.; Goncharov, A. F.; Mao, H.
K.; Hemley, R. J. In Situ Observation of a High-
Pressure Phase of H2O Ice. Science 1998, 281, 809
and references therein.

(8) Debenedetti, P. G. Metastable Liquids: Concepts and
Principles; Princeton University Press: Princeton,
NJ, 1996.

(9) Ohmine, I.; Tanaka, H.; Wolynes, P. G. Large Local
Energy Fluctuation in Water. J. Chem. Phys. 1988,
89, 5852.

(10) Sasai, M.; Ramaswamy, R.; Ohmine, I. Long Time
Fluctuation of Liquid Water. J. Chem. Phys. 1992,
96, 3045.

(11) Ohmine, I.; Tanaka, H. Fluctuation, Relaxations and
Hydration in Liquid Water. Chem. Rev. 1993, 93,
2545.

(12) Ohmine, I. Liquid Water Dynamics. J. Phys. Chem.
1995, 99, 6767.

(13) Matsumoto, M.; Ohmine, I. New Approach to
Dynamics of Hydrogen Bond Network in Liquid
Water. J. Chem. Phys. 1996, 104, 2705.

(14) Tuckerman, M.; Laasonen, K.; Sprik, M.; Parrinello,
M. Ab Initio Simulation of Water and Water Ions. J.
Phys. C 1994, 6, A93. Marx, D.; Tuckerman, M. E.;
Hutter, J.; Parrinello, M. The Nature of the Hydrated

FIGURE 10. Snapshot of water molecules around a proton in ice.
The circle indicates the protonated water molecule.

Water Dynamics Ohmine and Saito

748 ACCOUNTS OF CHEMICAL RESEARCH / VOL. 32, NO. 9, 1999



Excess Proton in water. Nature 1999, 397, 601.
Agmon, N. The Grotthuss Mechanism. Chem. Phys.
Lett. 1995, 244, 456. J. Chim. Phys. (Paris) 1996, 93,
1714. Lobaugh, J.; Voth, G. A. The Quantum Dy-
namics of an Excess Proton in Water. J. Chem. Phys.
1996, 104, 2056.

(15) Kobayashi, C.; Iwahashi, K.; Saito, S.; Ohmine, I.
Dynamics of Proton Attachment to Water Cluster.
J. Chem. Phys. 1996, 105, 6358.

(16) Baba, A.; Tanaka, J.; Saito, S.; Matsumoto, M.;
Ohmine, I. Global Potential Energy Surfaces of
Water Clusters. J. Mol. Liq. 1998, 77, 95.

(17) Angell, C. A. Formation of Glasses from Liquids and
Biopolymers. Science 1995, 267, 1924.

(18) Stillinger, F. H.; Weber, T. A. Packing Structures and
Transitions in Liquids and Solids. Science 1984, 225,
983.

(19) Tanaka, H.; Ohmine, I. Potential Energy Surfaces of
Water Dynamics. J. Chem. Phys. 1989, 91, 6318.

(20) Ohmine, I.; Tanaka, H. Potential Energy Surfaces of
Water Dynamics II. J. Chem. Phys. 1990, 93, 8138.

(21) Saito, S.; Ohmine, I. Translational and Orientational
Dynamics of a Water Cluster (H2O)108 and Liquid
Water. J. Chem. Phys. 1995, 102, 3566.

(22) Stratt, R. M. The Instantaneous Normal Modes of
Liquids. Acc. Chem. Res. 1995, 28, 201 and refer-
ences therein.

(23) Cho, M.; Fleming, G. R.; Saito, S.; Ohmine, I.; Stratt,
R. M. Instantaneous Normal-Mode Analysis of
Liquid Water. J. Chem. Phys. 1994, 100, 6672.

(24) Walrafen, G. E.; Chu, Y. C.; Piermarini, G. J. Low-
Fequency Raman Scattering from Water at High
Pressures and High Temperatures. J. Phys. Chem.
1996, 100, 10363.

(25) Saito, S.; Ohmine, I. Dynamics and Relaxation of
an Intermediate Size Water Cluster (H2O)108. J.
Chem. Phys. 1994, 101, 6063.

(26) Saito, S.; Ohmine, I. Off-Resonant Fifth Order
Nonlinear Response of Water and CS2. J. Chem.
Phys. 1998, 108, 240.

(27) Weissman, M. B. 1/f Noise and Other Slow, Non-
exponental Kinetics in Condensed Matter. Rev. Mod.
Phys. 1988, 60, 537.

(28) Walrafen, G. E.; Hokmabadi, M. S.; Yang, W.-H.;
Chu, Y. C.; Monosmith, B. Collision-Induced Raman
Scattering from Water and Aqueous Solutions. J.
Phys. Chem. 1989, 93, 2909.

(29) Mizoguchi, K.; Hori, Y.; Tominaga, Y. Study on
Dynamical Structure in Water and Heavy Water by
Low-Frequency Raman Scattering. J. Chem. Phys.
1992, 97, 1961.

(30) Teixeira, J.; Bellissent-Funel, M.-C.; Chen, S.-H.;
Dorner, B. Observation of New Short-Wavelength
Collective Excitations in Heavy Water by Coherent
Inelastic Neutron Scattering. Phys. Rev. Lett. 1985,
54, 2681.

(31) Teixeira, J.; Leblond, J. Brillouin Scattering from
Supercooled Water. J. Phys. (Paris) 1978, 39, L83.

(32) Sette, F.; Rucco, G.; Krisch, M.; Masciovecchio, C.;
Verbeni, R.; Bergmann, U. Transition from Normal
to Fast Sound in Liquid Water. Phys. Rev. Lett. 1996,

77, 83. Sampoli, M.; Rucco, G.; Sette, F. Mixing of
Longitudinal and Transverse Dynamics in Liquid
Water. Ibid. 1997, 79, 1678.

(33) Rahman, A.; Stillinger, F. H. Propagation of Sound
in Water. Phys. Rev. A 1974, 10, 368. Sastry, S.;
Sciortino, F.; Stanley, H. E. Collective Excitations in
Liquid Water at Low Frequency and Large Wave
Vector. J. Chem. Phys. 1990, 95, 7775.

(34) Sciortino, F.; Sastry, S. Sound Propagation in Liquid
Water. J. Chem. Phys. 1994, 100, 3881.

(35) Mukamel, S. Principles of Nonlinear Optical Spec-
troscopy; Oxford: New York, 1995.

(36) Tanimura, Y.; Mukamel, S. Two-Dimensional Fem-
tosecond Vibrational Spectroscopy of Liquids. J.
Chem. Phys. 1993, 99, 9496.

(37) Okumura, K.; Tanimura, Y. Femtosecond Two-
Dimensional Spectroscopy from Anharmonic Vi-
brational Modes of Molecules in the Condensed
Phase. J. Chem. Phys. 1997, 107, 2267.

(38) Cho, M.; Okumura, K.; Tanimura, Y. Coherent Two-
Dimensional Raman Scattering. J. Chem. Phys. 1998,
108, 1326.

(39) Tominaga, K.; Yoshihara, K. Fifth Order Optical
Response of Liquid CS2 Observed by Ultrafast
Nonresonant Six-Wave Mixing. Phys. Rev. Lett. 1995,
74, 3061.

(40) Tokmakoff, A.; Fleming, G. R. Two-Dimensional
Raman Spectroscopy of the Intermolecular Modes
of Liquid CS2. J. Chem. Phys. 1997, 106, 2569. Blank,
D.; Kaufman, L.; Fleming, G. R. Fifth Order Two
Dimensional Raman Spectra of CS2 Are Dominated
by The Order Cascades. J. Chem. Phys., submitted
for publication.

(41) Wales, D. J.; Ohmine, I. Rearrangement Model of
(H2O)8 and (H2O)20 Clusters. J. Chem. Phys. 1993,
98, 7257.

(42) Wales, D. J. Finding Saddle Points for Clusters. J.
Chem. Phys. 1989, 91, 7002.

(43) Ball, K. D.; Berry, R. S.; Kunz, R. E.; Lie, F-Y.;
Proykova, A.; Wales, D. J. From Topographies to
Dynamics on Multidimensional Potential Energy
Surfaces of Atomic Clusters. Science 1996, 271, 963.

(44) Wales, D. J.; Miller, M. A.; Walsh, T. R. Archetypal
Energy Landscapes. Nature 1998, 394, 758.

(45) Wolynes, P. G.; Onuchic, J. N.; Thirumalai, D.
Navigating the Folding Routes. Science 1995, 267,
1619.

(46) Liu, K.; Cruzan, D.; Saykally, R. J. Water Clusters.
Science 1996, 271, 929.

(47) Shiratani, E.; Sasai, M. Molecular Scale Precursor
of the Liquid-Liquid-Phase Transition of Water. J.
Chem. Phys. 1998, 108, 3264.

(48) Steib, A.; Borgis, A.; Hynes, J. T. Proton Transfer in
Hydrogen-Bonded Acid-Base Complexes in Polar
Solvents. J. Chem. Phys. 1995, 102, 2487. Ando, K.;
Hynes, J. T. Molecular Mechanism of HCl Acid
Ionization in Water. J. Phys. Chem. B 1997, 101,
10464.

(49) Kobayashi, C.; Saito, S.; Ohmine, I. To be published.
(50) Kunst, M.; Warman, J. M. Nanosecond Time-

Resolved Conductivity Studies of Pulse-Ionized Ice.
2. J. Phys. Chem. 1983, 87, 4093.

AR970161G

Water Dynamics Ohmine and Saito

VOL. 32, NO. 9, 1999 / ACCOUNTS OF CHEMICAL RESEARCH 749


