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Orientational relaxation dynamics of water molecules in the liquid state are studied by molecular dynamics
with TIP4P model. The biexponential decay of the dipolar autocorrelation function is associated with a
heterogeneous distribution of local hydrogen bond patterns. The H-bond pattern was analyzed with a VVoronoi
polyhedra (VP) construction of the oxygen atom distributions. An asphericity parameter for VP was used to
characterize the heterogeneous distribution of the local H-bond patches. The slow relaxation in the ordered
region is temperature sensitive. It is associated with locally cooperative rotation around the H-bond axis. The
fast (about 1 ps) relaxation, relatively temperature independent, is associated with rototranslational coupling
motion of the water molecule in a disordered cage. The origin of the fast rotational relaxation comes from
“interstitial molecules” coupling with the center water molecule.

I. Introduction In viewing the recent advances in the experimental studies
That liquid water can be viewed as a mixture of two or more qf quuid water structulre, it would be most intgregting to examine
different H-bond structures has a long and troubled history. liquid water by a simulation study. In principle, computer
For modeling liquid water, there have been two types of simulations of liquid wa}ter could help to reveal thg underlying
approaches, the continuum random network model (RNM) basedhetgrogeneous .dynamlcal structures. _However, in most of the
on H-bond distortiohand various versions of mixture modéts. earlier computational work, water was viewed as a homogeneous
The two-state model traditionally comes from interpreting continL_Jous h_ydrogen bonq netwd#kTh_e RNM was often taken
thermodynamic properties of waterfor example, density. as a viewpoint for apalyzmg simulation _da_lta since the advent
However, when the mixture model is inspired by fitting the of computer s_lmula_tlon _partly because it is easier to analyze
thermodynamic properties, the underlying structure is uncertain. the configurations in this way. The problem was that there
Different models can be made to reproduce the observedlacked local structural index to identify different local arrange-
thermodynamic quantities by only a small adjustment of model Mments of the neighboring water molecules, including the outer
parameter§. This feature makes it difficult to distinguish the ~ shell at longer distance. In this paper, we show that Voronoi
various models just from the average thermodynamic properties.Polyhedra (VP) structural analysis of configuratihsan give
Recently, the microscopic picture of liquid water became Us a structural index to pinpoint the distinct local structures with
much clearer. There are many new pieces of spectroscopicrespective orientational dynamics in liquid water.
evidence for the coexistence of two structures, as reflected in  There are many potential functions for simulation studies of
X-ray scattering® and Raman spectPaBosio et al’ measured  water such as MCY, ST2, SPC, TIP3P, TIP4P, and their
X-ray structural factors at pairs of temperature around maximum inclusions of polarization effect. The simple models consist of
density to obtain isochoric temperature differentials (ITD) and point charges and van der Waals interaction without intramo-
identified structure rearrangement at the outer shell (distancelecular vibration. For the purpose of studying rotational dynam-
at 3.4 A) as the center determining factor in liquid water, in ics and the anomalous properties of water near normal temper-
addition to the nearest H-bond neighbors. Okuhulkov ét al. ature and pressure range, TIP4P m&dés considered the best
showed the strong effect of pressure on X-ray structure factors.choice among all the commonly used models. Recently,
They also proposed a mixture model that explains the changeJorgensen and Jendéthave carried out extensive Monte Carlo
of outer shell at 3.4 A with respect to pressure. The isosbestic simulation using the TIP3P, SPC, and TIP4P models and they
points in the Raman spectrum of liquid water are also evidence showed that the TIP4P model gives the best overall comparison
for the coexisting two structures in water. with experiments. The four-site TIP4P model could yield a
Recently, the first dynamical spectroscopy evidence for a two- density maximum at 258 K, though at a somewhat lower
state model was found by Woutersen e¥dlising femtosecond  temperature than the experimental density maximum.
infrared pump-probe study at different regions of the-®l The organization of this paper is as follows. In section I,
vibration band, they observed that the orientational relaxation e present the methods of simulation and structural analysis.
of HDO in D;O consists of two time scales, with associated Then in section Ill, the results of structural analysis based on
time constants ot = 13 ps andr = 0.7 ps. Considering the  y/oronoj polyhedra section are discussed. Structural evidences
heterogeneous distribution of relaxation times, Woutersen et al.for the heterogeneous distribution of local order are presented.
concluded that two distinct molecular species exist in liquid The rotational relaxation dynamics of water at various local
water. orders, as indexed by VP sections, are shown to give a
* Corresponding author. E-mail: cymou@ms.cc.ntu.edu.tw. Phone: 886- biexponential decay of rotational autocorrelation function.
2-23660954. Fax: 886-2-23636359. Finally, a short conclusion is given in the last section.
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II. Computation 7

We have performed the molecular dynamics simulations both
in the microcanonical ensemble (NVE) at 298d4= 1.0 g/cn?,
to study the structural aspects and in the isobasgothermal
(NPT) ensemble to scan the low-temperature range at ambient
pressure. The NoseHoover method of constant temperature
and constant pressure MD algoriththswvith isotropic cell
fluctuations and periodic boundary conditions were employed
to simulate 256 TIP4P molecules. The veloeierlet integra-
tor is used. The position equations are deterministic and the
velocity equations are solved iteratively. The equations of
motion were solved with a time step of 1 fs. The cutoff distance
for the Lennard-Jones interactions was set equal to half of the
box length on NVE ensemble and fixed at 10 A in NPT
ensemble. The long-range Coulombic interactions were treated
using the Ewald summation technique. We start the simulation
by melting fcc configuration at 400 K for 10 ps and then
lowering temperature to 298 K. At least 30 ps was then X
discarded to allow further equilibration. Because of slow
equilibration in lower temperatures the last configuration at 298
K is used for the initial configuration at 265 K and so forth at
each lower temperature. The density, temperature, and pressuréigure 1. Oxygen atom density map around a reference water molecule
were then monitored throughout for convergence check. The at 298 K,p = 1.0 g/cn?. The isosurface fog,(Q,r) = 1.5 is plotted.
energy fluctuation was examined to ensure the equilibration. The center water molecule is in the-z plane. |, A, D, and B denote
For structural analysis, we collected 5000 configurations the positions of the interstitial, H-bond acceptor, H-bond donor, and
. . . bifurcated H-bond nearest neighbors, respectively.
separated by 50 time steps. The total 250 ps time length is much
longer than the rotational time we are interested in this paper.
In the past, distributions of water molecules were normally
analyzed with the spherically averaged radial distribution
(RDFs). Since local structure of water is close to that of ice,
the pair correlation is highly angle-dependent. The angle- . o .
resor\)/ed spatial distributiorﬁJ fuynctio% (SDES), which spans bgoth oxygen atorP,” an_d sh5|fted by ‘?bout 9@ }he linear H-bond
the radial and angular coordinates of the separation Vector“acceptors (1 §|tes}. such “interstitial . W"?‘tef _plays an
would be more useful. Svishchev and KusHlikave applied important role in the hydrogen-bond kinetics in water. It

the SDFs to liquid water to identify the neighboring average determines the rototranslation motion of water molecules in
spatial structure. liquid state, as we will show below. Luzar and Chantfibave

VP analysis is a particularly effective tool for clearly used at\_No-stgte-Iike description of ngighboring watgr mqlecyles
discriminating the topological and geometrical distribution of t0 €xplain their hydrogen bond breaking and formation kinetics.
neighboring water moleculéd.Here, only the coordinates of From Figure 2a, as the temperature decreases, the distribution
oxygen atoms have been considered as the representative pointgf 77 tends to higher value and then broadens to a bimodal form
of the water molecules. Several quantities can be measured afteat supercooled stale= 233 K. At this temperature, more icelike
the Voronoi polyhedra have been built up; for example, the total structures appear and the two structures can be roughly
volume ), and the surface area) of the polyhedron. A distinguished in the distribution. Below 220 K, the distributions
dimensionless parameter measuring VP shape is defined as thef » broaden and shift to higher values. There seems to be a
“asphericity”, 7 = A%/367V2.16 For liquid water configurations  rapid change around 220 K, from a thermodynamic state of low
at normal densityy is distributed from 1.3 to 2.& For the ice n distribution to a state of higly values. Both states have a
Ih structure,y is equal to 2.25. Tetrahedral-like arrangements relatively broad distribution of;. In order to clearly see the
of the nearest neighbors in liquid water will be described by a structural and dynamical differences, we divide, somewhat
highern value while more spherical distribution of neighbors arbitrarily, the whole range of asphericity into four sections in
would give a lower value of. Thus,» measures the anisotropic  order of increasing value, from Voronoi section | to IV (VP |

hydrogen-bonding angle distribution at the hydrogen acceptor
site, including bifurcated H-bonds (“B” site). In addition,
nontetrahedral “interstitial” water appears at about 3.4 A,
which is about the distance of the van der Waals interaction of

nature of the local multiple particle distribution. to VP 1V). The definition of range is given in Table 1. The
oxygen—oxygen pair correlation function according to different
Il Structure asphericity value range of the center molecule is shown in Figure

We performed molecular dynamics on 256 water molecules 2P. An interesting feature shown in Figure 2b is thar) for
using the four-site TIP4P potentiflA three-dimensional local ~ these four sections, show “isosbestic pointst at 2.9, 4.3,
spatial density map withoo(r,Q) = 1.5 atT = 298 K is plotted and 5.7 A. One notices that the prominent pealg,pfiearr =
in Figure 1. This plot shows the most probable positions of the 3.3 A for VP I is due to interstitial water molecules. This
oxygen atoms of other water molecules surrounding the centerisosbestic behavior was also found in SPC model and taken as
water moleculé® The contours at 2.7 A r < 3.5 A reflect an indication of the two coexisting states in liquid watéin a
the distributions of the first shell oxygen atoms. At around 2.8 molecular dynamic study of liquid water, by analyzing the
A we see two distinct caps located at the hydrogen acceptorfluctuation in radial distribution, Shiratani and S&8dound
sites “A”, and a single continuous diffuse distribution at the that the individual water molecule alternately goes through two
hydrogen donor site. The continuous density distribution in the different periods: the structured period and the destructured
single lump in the southern hemisphere is due to a broad period. The two-state structure is a dynamical one and its origin
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TABLE 1: Diffusion Coefficient and Relaxation Behaviors at 250 K for Different Voronoi Section, the Two Rotational
Relaxation Times Being 13.0 and 1.0 ps

VP | VP I VP 1l VP IV
( < 1.46) (1.46< 7 < 1.72) (1.72< 5 < 1.98) (1.98< )
D (cn?/s) x 1075 1.31 111 0.95 0.83
ratio slow:fast (%) 48.4vs 51.6 66.1 vs 33.9 77.5vs 225 85.9vs 14.1

We then examine the spatial correlation of thealues. For
each center molecule, we calculate the averagealue of
- Egzg E Pjggl 9;22: another molecule at a distancérom the center. According to
e 233K, 2;11009 g/cma their valu_es ofy, the center molecules are again gr_oup_ed into
—e— T=195 K, p=0.974 glem’ four sections as before; ang(r), the subscript i” indicating
the Voronoi section group of the center molecule, are plotted
in Figure 4. The correlation is significant. The asphericity value
of the surrounding molecule is high if thevalue of the center
molecule is high, and vice versa. The correlations decay in a
range about 6.0 A. There is a patchlike extension of the two
different structures. From the above structural analysis, we find
N that liquid water is composed of heterogeneous micropatches
e e s 20 aa of a tetrahedral direction hydrogen-bonding pattern and a
Asphericity (ﬁ) distorted hydrogen-bonding region filled with mterstmals. _The

patchness could be the result of correlated-site percolation of
hydrogen bond connectivi’. It has been suggested that the

004 (a)

0.06

0.04

Probability

0.02 4

] ()7 icelike high-frequency sound propagation mode in water is a
i —— VPI manifestation of collective excitation in patches of hydrogen-
o o VP
if —— Pl bonded molecule%

Thus, the tetrahedral icelike structure is associated with a
bulkier local arrangement and the interstitial molecules are
located in the region where local density is higher. And they
are correlated in space to result in patchiness in arrangement.
As the temperature increases, the interstitials also increase to
account for the density maximum in TIP4P. This will be
examined in detail in a future paper. Here we just show that
interstitials are associated with higher potential energies than
the normal hydrogen-bonding molecules in first neighbors.
Figure 5a shows the distribution of the pair energies of the
interstitials with the center molecules. It is mostly aboev&0
Figure 2. (a) Distribution of asphericity parametgrfor the VP at 1 kJ/mol, rather than the 20 kJ/mol value expected for the linear
bar pressure and _various temperatures. As t_he temperature decreaseg—QH hydrogen bond. The trimodal pair energy distribution
the distribution shifts and broadens toward higher valug.oit T = with one major peak at9 kJ/mol and other two above 0 kJ/
233 K, the distribution is bimodal reflecting two local structures. (b) . . . .

Ooo(r) according to the asphericity values of center reference molecule mol are due to dlffe_rent orientations of th_e OH _relatl_ve _to the
at 298 K and density = 1.00 g/cm. The configurations are collected ~ center molecule. Figure 5b shows the orientation distribution
in a NVE ensemble simulation. Themarkedgo(r) for the four sections of the hydrogen bond angle between O&hd OH vector,
show isosbestic points at= 2.9, 4.3, 5.75-markedgo(r)’s at other OOH-0O', O denotes the oxygen atom of the center molecule.
temperatures appear to be similar to the one shown here. One of the G-H bonds of the interstitial water is almost in
tangential direction relative to the center. It is very close to the
case where the center water molecule is replaced by an Ar
atom?22 Thus, the interstitial molecules are acting as if they were
facing a center van der Waals molecule both in energy and in
orientation. The peculiar nature of water structure may be
associated with the competition between the isotropic van der
Waals interaction and the angle-dependent electrostatic interac-
tion, both are captured in TIP4P model.

Radial Distribution Function (goo)

Distance (&)

is the heterogeneous distribution of interstitial water molecules
as we will see below.

For further clarifying these two “average structures”, we show
the three-dimensional contour gfy(r,<2) for different sections.
Here, we group molecules into various VP sections according
to their instantaneous configurations. Figure 3, a and b, is the
Joo(r,2) map for low asphericity (the first section as VP 1) and
the high one (VP IV). They show very different structures. For
the low asphericity section (VP 1), the single lump located at
hydrogen-donor sites develops a large H-bond angle distortion.  The orientational relaxation dynamics of liquid water has been
The nearest-neighbor donors in VP | at site “B” (see Figure 1) investigated recently by femtosecond nonlinear-optical polariza-
prefer to align its dipole more along the dipole axis of the central tion?®> and mid-IR pump-probe experiment®. The recent
molecule. The second feature in VP | is the high density of experiment by Woutersen et ®#lis particularly revealing in
interstitial molecules. On the other hand, in VP IV, there is no that they obtained a different relaxation rate (0.7 and 13 ps) by
H,O interstitial. The tetrahedral structure is shown clearly at pumping at different frequencies within the inhomogeneous IR
the first shell. In contrast to the randomness in the angular band. One should note the experimental fact that the strongly
distribution of neighboring molecules in VP I, an icelike local hydrogen-bonded molecules (longer wavelength absorption) can
structure is developed for the VP IV,B molecule. only relax through the slow process (13 ps) while the weaker

IV. Rotational Dynamics
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Figure 3. Oxygen-oxygen spatial distribution as a three-dimensional map around a center water moleeu298 K, p = 1.00 g/cni ). The

isosurfaces fog,(€2,r) = 2.3 (red) and 3.5 (blue) are shown for the center reference molecules which is assigned as in (a) VP | and (b) VP IV. For
VP |, the preferred closest H-bond donor is at the south pole region which can move easily between tetrahedral and pole sites and it stays for a
relatively long time near the pole position to perform rotation motion. For VP [V, the close matching of red and blue isosurface indicates a localized

tetrahedral arrangement of neighboring molecules.

1.9

1.8

averaged asphericity
2

Distance (&)

Figure 4. Radial variation of the asphericity(r) parameter at a
distance from the center reference molecule according tgitection
(T =298 K, p = 1.00 g/cn).

in the time domain as shown in Figure 6. For the investigation
of heterogeneous distribution, therefore, tjisection method

is a valid index for describing different local rotational dynamics
as will be shown below.

Table 1 lists the diffusion coefficients for molecules initially
belonging to different Voronoi sections at 250 K, a temperature
near the density maximum for the TIP4P model. Since we only
classify molecules according to their instantaneous configura-
tions and molecules shift between different VP sections during
the calculation of diffusion constant, the differencddbetween
the VP sections in Table 1 is not large. However, molecules
initially in VP | are found to have higher mobility compared to
those in VP IV. This is due to the interstitial molecules existing
in VP 1.1°

For orientational relaxation, we calculate the second-order
rotational autocorrelation function of individual dipole in liquid
water, which is proportional to the rotational anisotropy as

Ce = [P,[e(t)e(0)]0

hydrogen-bonded molecules relax through both time scales. Thise is the unit vector of certain molecular direction, whéX£x)

effectively excludes the possibility of homogeneous distribution

is the second Legendre polynomi@l, is the dipole relaxation

of the relaxation dynamics. An explanation based on a hetero-function. We collect and average separately for molecules

geneous distribution of local structures is thus required.
Thus it is very interesting if one could investigate the
rotational dynamics of water molecules with different local
structures in MD simulation. We now examine the orientational
dynamics of water molecules belonging to different Voronoi
sections. First, we examined the time correlation function of

initially belonging to the various VP sections. The results of In
C,atT = 250 K are presented in Figure 7. The curves ofin

for VP IV can be represented by a single-exponential decay
with decay timerg = 13 ps. The other curves of VP I, II, and

[l can be represented by biexponential decays with decay
constantgr = 13 and 1.0 ps in different ratio (Table 1). The

(not shown here); it consists of a stretched exponential decay,use of VP groups help us define the local structural ingléx

over the range of 0:512 ps. However, trajectories remain for
relatively long time within each Voronoi section. Figure 6 shows
some representative samplesyathanging with time. The large
jump in the value of; is rather infrequent. Of the six trajectories
shown, only one shows extensive change.iThis is typical.
Most of the trajectories stay within the same Voronoi section

order to analyze the various local rotational behaviors. This is
in agreement with the conclusion of the recent IR ptipmpbe
measurement of dipole relaxation functiiwe see the Voronoi
section with more interstitial molecules (VP I) shows faster
relaxation. In a recent paper, Klein et?alsimulated SPC/E
water at high pressure and interstitial water was found to
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Figure 7. Logarithm of the second-order rotational autocorrelation

functions of the water dipole moment according to VP sections to which

(b) it belongs T = 250 K). Solid curves are biexponential fits to data. We

Interstitial add a Gaussian term to the biexponential decay to take care the initial
- inertial effect. Fitting function i<C, = ¢ exp(—dt¥/2) + a exp(—t/ty) +

b exp(—t/t;). Bold solid curve is for the total average decay.

0.025 A

is close to the estimate by Marechal from ATR spectroscopy

results (fast component reache85% at 0°C and~90% at

100 °C) despite that he drew conclusions from continuous

model?® Therefore, there are two types of molecular rotational

motion: a slow one predominating in an ordered region (VP

IV) and a fast one in the disordered region(VP I). We have

calculatedC,'s at temperatures frori = 298 to 180 K, they

can all be fitted by biexponential decays; the fast component is

roughly temperature independent (about 1 ps) and the slow
cos 6 component is thermal activated but non-Arrhenius with an

Figure 5. (a) Distributions of the pair energies @t= 298 K, p = increasing activation energy as the temperature decreases. At

o e o o e Sbenon of the 250 K. aclNatlon energy or he slow reaxation is 40 kcal

interstitialsy with the center molecules. All the curves are normalized mol, rqughly the energy for .bre".’""”g H'bo'?d- . From an

to 1. (b) Orientational distribution of the hydrogen bond arlé is Arrhenius fit of the NMR relaxation time data of liquid water

the angle between OH vector the-@' vector, and Ois the oxygen in a small temperature range near room-temperature we find

atom of the center molecule. The bold line represents the distribution an activation energy of 4.16 kcal/mfl.

of OH vector relative to an interstitial molecule relative to the center In Figure 8 we plot theCe function (T = 250 K) for the

molecule. For a cor_nparis_on, the dash line represents the distribution molecule-fixedx, y, andz axes defined in Figure 1. If there
of OH vector _of neighboring water molecules relative to the center was one axis around which the rotation is predominating, the
argon atom# is the angle between OH vector and the-& vector . .
(ref 22b). All the curves are normalized to 1. correspondingCe function should show less decay. The
relaxation in VP | (Figure 8a) shows more rotational motion
around thex and z axis than the in-plane rotation. This is
understandable sincerotation will break more H-bond. The
Cx and C, curves in VP | section appear almost the same,
indicating the rotation motion is more or less free aroxhd
i 1 1. o e z. From the spatial correlation function contours in Figure 3a,
{ [ J' ||h|r’_ AR A s T Y we can get some idea about the minimum free energy rotation
¢ Y4 I-nl. LT T ' il path for the center molecule. For VP I, the contour is diffuse in
= 1, A the south hemisphere and continuous over the south pole while
the two H-bond acceptors in the north hemisphere are relatively
fixed in position. This implies the oxygen atom swing motion
of the center HO is easy (with H-atoms fixed), executing an
x-rotation motion in which the linear H-bond donor moves to
bifurcated bond. The diffuse distribution of interstitial molecules
f s near the H-bond acceptor favorszaotation of the center
] 1 7 1 a4 8 L] 7 ] LI molecule especially if it is followed by am-rotation and
fime (ps} translational motion because the H-bond of an acceptor can
exchange with interstitial water with a small energy change.
This conclusion is reached also with visual realization of the
trajectories.
decrease the rotational correlation time. At 250 K the ratio of  Figure 9 summarizes the rotational motion of the center
molecules with fast relaxation component reaches 33%, which molecule belonging to VP I. The distribution of molecules

0.020 +
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Figure 6. Some representative samplespothanging with time in a
range of 10 ps.
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Figure 8. Second-order rotational autocorrelation functions of the water
molecular axi, y, z Cy, Cy, andC; (a) for VP | and (b) for VP IV.

surrounding the center molecule is also depicted to help visualize
the relative motion with respect to the neighbors. The correlated

x- and zrotation make the water molecule follow a minimum
free energy path of rototranslational motion in VP | region with
little activation energy. This rototranslational coupling motion
has been hypothesized in previous studies on the 53 band

in Raman spectrum in watét Also, previously De Santis and

Yeh and Mou

the rotation is activated. Looking at the spatial pair distribution
contour, one found while it is more concentrated than VP I, the
distribution for the H-bond donor is more diffuse than the
acceptor. This implies the rotation motion around thetDaxis

is easier than the rotation around the O lone pair axis. After
visual inspections of the trajectories, we find the rotation is
indeed predominately around-M axis (coupled with libration)
and this nicely explains the decay ordeiC#. If one is looking
along one of the ©H bond directions, the, z, and x axes
make angles of 90 52°, and 38, respectively. A rotational
diffusion around an ©H direction can thus lead to the order
of decay rate ofC, > C, > C, since the higher the angle will
lead to faster decoherence. The rotation motion around thid O
axis should be collective in nature; several neighboring similar
rotations are needed to maintain the H-bonding and thus a
relatively low activation energy is needed. This explains the
long relaxation time that is about the same as the dielectric
relaxation time that is collective in nature. Ohmitikas found
local collective motion associated with H-bond rearrangement
dynamics; here we can locate this type of motion in the ordered
region in liquid water configurations. We also note that the two-
state distribution of dynamics gets more prominent in the
supercooled region and may be related to the anomalous
behaviors of supercooled wafrAs the temperature is lowered,
the icelike structure gradually increases in extent, and the slow
relaxation time gets longer and longer. Experimentally, this is
reflected in the higher viscosity and lower diffusion constant
in the supercooled region. Walrafen and &haterpreted this

by the increase of hydrogen-bonded pentagon clathrate-like
structures. This needs further investigations since the relation
between pentagon-ring and our structure (VP) analysis method
is not clear at the present.

V. Conclusions

In conclusion, the heterogeneous distribution of the rotational
relaxation can be understood by the heterogeneous distribution
of “interstitial” water molecules that were found through the
aid of structural index in the Voronoi polyhedra construction
of configurations. The VP construction is a useful tool for

Rocca have examined the spatial distribution of neighboring recognizing local structural heterogeneity; one may want to find

water molecules in greater detail and find similar minimum free
energy path¥?

For VP IV, the decay rate of axis follows the order@f >
C, > C (Figure 8b) and there is less translational motion while

other more convenient local structural indexes in the future. The
finding of dynamical heterogeneity is important in understanding
supercooled liquid and gla8$There are recent simulations on
Lennard-Jones mixtur® high-density heterogeneity in watér,

Figure 9. A schematic representation of the rotational motion of the center molecule belonging to VP I. Left panel shows the swing motion along

the x-axis. The right panel shows the rotational motion along the dipole @asis).
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and experimental study on glass-forming ligichdicating the

presence of spatially correlated dynamical heterogeneity. Our

findings of the two-state rotational dynamics heterogeneity in
liquid water, in explicit molecular detail, may promise to lead
to a better understanding of not only this most important liquid
but also the dynamics of supercooled liquid and glass.
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