aps CHCRUS

physics

This is the accepted manuscript made available via CHORUS. The article has been
published as:

Viscosity and real-space molecular motion of water:
Observation with inelastic x-ray scattering
Yuya Shinohara, Wojciech Dmowski, Takuya Iwashita, Bin Wu, Daisuke Ishikawa, Alfred Q.
R. Baron, and Takeshi Egami
Phys. Rev. E 98, 022604 — Published 10 August 2018
DOI: 10.1103/PhysRevE.98.022604


http://dx.doi.org/10.1103/PhysRevE.98.022604

Viscosity and real space molecular motion of water:

Observation with inelastic x-ray scattering

Yuya Shinohara'?, Wojciech Dmowski'?, Takuya Iwashita’, Bin Wu*, Daisuke Ishikawa™®, Alfred Q. R.

Baron®, and Takeshi Egami'**’

'Shull-Wollan Center, University of Tennessee and Oak Ridge National Laboratory, Oak Ridge,
Tennessee, 37831, U.S.A.
2Departrnent of Materials Science and Engineering, University of Tennessee, Knoxville, Tennessee,
37996, U.S.A.
*Department of Integrated Science and Technology, Oita University, Dannoharu, Oita 870-1192, Japan.
40ak Ridge National Laboratory, Oak Ridge, Tennessee, 37831, U.S.A.

Materials Dynamics Laboratory, RIKEN SPring-8 Center, RIKEN, Sayo, Hyogo 679-5148, Japan.
SResearch and Utilizatoin Divition, Japan Synchrotron Radiation Research Institute (JASRI), Sayo,
Hyogo 679-5198, Japan.

"Department of Physics and Astronomy, University of Tennessee, Knoxville, Tennessee 37996, U.S.A.

Abstract

Even though viscosity is one of the fundamental properties of liquid, its microscopic origin is not fully
understood. We determined the spatial and temporal correlation of molecular motions of water near room
temperatures and its temperature variation on pico-second in time-scale and sub-nm in spatial scale
through high-resolution inelastic x-ray scattering measurement. The results, expressed in terms of the
time-dependent pair correlation function called the Van Hove function, show that the time-scale of the
decay of the molecular correlation is directly related to the Maxwell relaxation time near room
temperatures, which is proportional to viscosity. This conclusion validates our earlier finding that the

topological changes in atomic or molecular connectivity are the origin of viscosity in liquid.
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I. INTRODUCTION

Water is a fundamental material to life. Nevertheless, its properties, structure, and dynamics at the
molecular-level are still under intense debate [1-6]. Water exhibits many anomalous features, such as the
unusual temperature variations in density, isobaric heat capacity, and isothermal compressibility [7]. It is
suspected that hydrogen bond in water, which is highly quantum-mechanical, is primarily responsible for
these anomalies [8]. To understand the physical origin of these properties, structure and dynamics of water
molecules have been extensively studied using x-ray and neutron scattering [9-21] and optical spectroscopy
[22-27] as well as computer simulation [28-33]. However, the structure has been characterized mainly by
a snap-shot atomic correlation function determined by diffraction measurement which lacks the dynamical
information, whereas the dynamics has been studied primarily by spectroscopic analysis which does not
provide the information on spatial correlation. Thus, the precise details of molecular motions of water in
real-space and real-time are poorly understood despite a vast amount of study.

Recently, we reported the observation of the spatial and temporal correlation of water molecules
through the Van Hove function [34] determined by inelastic x-ray scattering measurement (IXS) [35]. The

molecular Van Hove function is defined as
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where p is the average number density of molecules, &V is the number of molecules in the system, and 7«(¢)
is the position of the i-th molecule at time #. The Van Hove function describes the probability for a molecule
at the origin R = 0 at time ¢ = 0 finding another molecule at distance R at time . G(R, f) can be obtained by
the double Fourier transformation of the dynamic structure factor, S(Q, E), over momentum transfer Q and
energy transfer £ [34]. Although many measurements of S(Q, E) have already been carried out for the
study of dynamics of liquid water [15,36,37], these studies focused principally on phonons. Consequently,
S(Q, E) was measured only at relatively low Q (< 2 A™") where the phonon dispersion is clearly seen, and
high-Q range, where quasielastic scattering dominates, was never explored. However, in order to determine
the Van Hove function, S(Q, E) has to be measured over wide ranges of £ and Q to minimize termination
errors, just as the determination of the snap-shot pair distribution function (PDF) of water requires the
scattering data of S(Q) over a wide range of Q [11]. Owing to the recent progress in x-ray beamlines and
instrumentation [38,39], it is now possible to conduct IXS measurements with high resolution in £ and Q
over wide £ and Q ranges [40,41] to allow accurate calculation of G(R, ) [35]. Van Hove function of liquid
metal measured with inelastic neutron scattering was also recently reported. [42] Here we report the
temperature dependence of the Van Hove function of water near room temperature obtained by high-
resolution IXS measurement. Because x-ray is scattered mainly by oxygen atoms, the x-ray S(Q, E) is

dominated by the oxygen-oxygen, thus intermolecular, correlations. By combining with molecular
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dynamics simulation, we obtained the detailed picture of the local motion of water molecules. The results

present the molecular-level views on the origin of viscosity in water.

II. EXPERIMANTAL METHODS
A. Inelastic X-ray Scattering

Inelastic x-ray scattering (IXS) measurements of water under ambient condition were conducted at
RIKEN Quantum NanoDynamics Beamline (BL43LXU) [43], SPring-8 (Hyogo, Japan). The sample was
high purity water and was kept at 285, 295, 310, and 318 K. The energy of incident x-ray was 21.747 keV
and scattered x-ray was detected by an array of 4 X 6 backscattering Si-analyzers at the end of the 10 m
horizontal arm [41]. The energy resolution was 1.4 - 1.9 meV for each analyzer, as was estimated by the
measurement of poly(methyl methacrylate) of 2.0 mm thick, and the Q resolution was 0.4 - 1 A™'. Liquid
water at the controlled temperature was placed between two single crystal diamond windows (4 x 4 x 0.3
mm?®). The sample thickness was 3 mm. The measurement was made by scanning incident energy at a
fixed scattering angle, and data were collected over a wide O-E range (0.94 A <0<10.1 A™', =10 meV
< E <100 meV).

B. Calculation of Van Hove function

The measured XS data, I,,,, (Q, E), were reduced to the Van Hove function, G(R, t), following the
procedures discussed in the previous report [35]. Phonon contributions from the diamond windows were
removed, and the scattering spectrum with large negative energy transfer down to —100 meV was
constructed using the principle of detailed balance, I,y (Q, —E) = I, (Q, E)eE/¥8T  After confirming
that the profiles summed over the energy, [ I, (Q, E)dE, was proportional to the reported x-ray diffraction

profiles measured with high-energy x-rays, we normalized them to the absolute scattering intensity, by

1(Q,E) = Ix(Q) X %, where Iy (Q) is the accurate x-ray diffraction data of water using high

energy x-rays [44]. In this process, the detector efficiency and the absorption factor were also corrected.
Then the dynamic structure function was calculated by S(Q, E) = I(Q, E) /{f(Q, E))?, where (f(Q,E)) is
the azimuthally averaged molecular form factor of water [45]. The intermediate scattering function,

F(Q,t), is given by the Fourier transform of S(Q, E) over energy (—100 meV < E < 100 meV):
F(Q,t) = [ S(Q E)e'tdw (2)

where £ = fiw. The Van Hove function is given by the Fourier transform of F(Q, t) in O-space:

GRt)—1=
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where the integration over Q was done between 0.94 A™" and 25 A™" for the IXS data. The measured Q-
range is limited to O < 10 A™, and F(Q =10 A™", £ < 0.1 ps) is not small enough so that the calculation of
the Van Hove function is not free from termination errors accompanied by the Fourier transform in the
limited Q-space. To minimize the termination error we extrapolated F(Q,t = 0) up to Q =25 A™" using
the reported value of scattering intensity [44], divided by the form factor of water molecule. After that, the
profiles of F(Q,t #0) up to Q = 25 A™" were extrapolated using F(Q,t = 0)exp(—w(t)Q?) as
demonstrated in the previous studies[35,46], because F(Q, t) in the high-Q range is dominated by the self-
correlation due to diffusion, of which behavior is well-understood. Furthermore, the Blackman-Harris

window was used to reduce the termination errors of G(R, ¢) at a short time (¢ < 0.1 ps).

C. Molecular dynamics calculation

Classical molecular dynamics (MD) simulation using the extended simple point charge (SPC/E)
model were conducted to make a comparison with the experimental data. MD calculations were run by
using LAMMPS [47,48]. Simulations were done in a cubic box with periodic boundary conditions. The
temperature was fixed at 263, 278, 285, 295, 310, 318, and 324 K, and the pressure was set to 1 atm under
the NTP ensemble. The number of molecules N was 10648. The Van Hove function was directly calculated

using the trajectory of water molecules in real-space and real-time.

II1. RESULTS
A. Van Hove function from IXS and MD simulation

Figure 1 shows the Van Hove function, G(R, ), of water at various temperatures obtained from
IXS. Both one-dimensional profiles and two-dimensional plots are shown to illustrate the real-time
dynamics of water molecules in real-space. At ¢ =0, the Van Hove function was in good agreement with
the known snap-shot pair distribution function obtained by x-ray diffraction, except for the small ripples
below 2 A due to the termination error caused by the limited ranges of Q and E in the IXS experiment. The
peak/valley positions and their heights/depths evolve with time, representing the temporal changes in the
positional correlations of water molecules in real-space.

The Van Hove function consists of two parts: a self-part which represents self-motions of molecules
and a distinct-part which represents mutual motions of pairs of different water molecules. In this
measurement, the self-part of the Van Hove function is mainly observed at R < 1.5 A as the sharp peak
around R = 0, while the distinct-part is observed at larger R. Characteristic energies for intra-molecular
motion such as OH stretching (420 meV) and OH bend vibration (200 meV) are out of the measured energy
range (£ < 100 meV), so that such intra-molecular motions are averaged out and not taken into account in

the measured dynamics. The peak of the self-part around R = 0 broadens and decays in intensity with time
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(Fig. 1 a-d), showing the self-diffusing behavior of water molecules. As the temperature of the water
increases, the decay rates become fast, indicating the intensified self-motion as expected.

The distinct-part of the Van Hove function exhibits three peaks in this R-range and its time-
evolution displays behaviors similar to those reported in the previous study [35] (Fig. 1 e-h); the first
neighbor peak (R:) around 2.8 A at =0 moves away to larger distances and the second neighbor peak (R>)
around 4.5 A at #=0 moves inward to shorter distances (Fig. 2 (left)), whereas the position of the third peak
remains largely unchanged. The first peak entirely decays after # = 0.9-1.3 ps, depending on the sample
temperature. At higher temperatures (310 and 318 K), the position of the second maximum shifts rather
sharply up to ¢ = 0.6 ps, followed by a slower change around 4.25 A. The shifts in the positions of the first
two maxima are markedly different from those of metallic liquids, where the peak positions of the Van
Hove function are mostly independent of time [35,42,46]. This indicates the presence of dynamic coupling
of the first and second neighbors in water, most likely related to the presence of hydrogen bond, which will
be discussed in a later section.

Qualitatively similar results were obtained by the MD simulation using the SPC/E model (Fig. 3).
The position of the maximum in the first peak moves toward a larger distance, while that of the second peak
moves toward a shorter distance. The first peak fully decays around 0.4 - 1 ps, which is faster compared to
the IXS results. The rate of peak shift depends slightly on the sample temperature as shown in Fig. 2 (right).
In the previous study [35] we have shown that other water models (TIP3P, TIP4P, and TIP5P) provide

substantially similar results.

B. Decay behavior of G(R, 1) for the first neighbors
Temporal changes in the first neighbor peak exhibit an unexpected two-step relaxation behavior.

Figures 4a and 4b show the time-evolution of the peak height, G(R,, f) — 1, and that of the peak area, A(?),
for the first neighbor peak. The peak area A(f) is defined as A(t) = |, ;1 % (G(R,t) — 1)dR, where G(R, f)

> 1 for R' <R < R," around R;. Two-step decay is clearly observed both in the peak height and the peak
area except for the highest temperature, 7= 318 K. The decaying behavior can be decomposed into two

compressed exponential functions (71 < 12),
A(t) = A=W/ 4 g, o= (/)" (4)

with the exponents y > 1 implying compression, while the decay at 7= 318 K can be approximated with a
single compressed exponential function. The fitting result for the peak area is shown in Table 1, and values
of 7 and 7, are plotted in Fig. 5. The value of y; hardly varies with temperature, so we decided to fix it to
that obtained for 318 K where the value of y; can most reliably be determined. The decay time of the first

component, 71, also remains unchanged with a temperature at 0.25 ps, and the value of 4 is also insensitive
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to the sample temperature. However, the decay time of the second component, 7,, varies with temperature
from 0.8 to 1.1 ps.

The results of the MD simulation, shown in Fig. 6 (left), also show a two-step decay, qualitatively
agreeing with the IXS results. The first decay time 7, is temperature-independent, whereas the relaxation
time of the second component, 7, increases with cooling. Although the temporal range of the first decay
corresponds to the range where termination errors are significant, this agreement with the MD simulation
suggests that the effects of termination errors are minimal. On the other hand, the values of the relaxation
times are significantly different from the IXS results when the results of MD simulation were fitted with

Eq. (4). The parameters are listed in Tab. 2, and values of 7; and 7z, are plotted in Fig. 5.

C. Decay behavior of G(R, 1) for the second neighbor

Temporal changes in the peak height of the second neighbor are shown in Fig. 4c. The peak height
at ¢ = 0 is higher for the lower temperature, which agrees with the previous studies of the pair distribution
function of water using x-ray/neutron scattering [44]. This has been attributed to tetrahedrality, the degree
of tetrahedral structure which is characteristic to water [12,18], and has been discussed in terms of low-
density and high-density forms of water [18]. At higher temperatures (310 K and 318 K), the temporal
changes in the peak intensity show a plateau up to around 0.5 ps. During this time, the peak position
drastically changes (Fig. 2). After the plateau, the peak intensity starts to decay with little change in the
peak position. In contrast, at 7= 285 K the peak intensity decays monotonically without a plateau. If we
introduce the induction time, ¢, as the duration of the plateau and normalize the decaying behavior with the
intensity at z., the decaying behavior of the second neighbor peak is almost temperature independent as
shown in Fig. 4d except for small variations most probably due to experimental fluctuations. Indeed, the
MD simulation gives a similar result as shown in Fig. 6 (right). Here the normalized spectra show
temperature-independent decay up to ¢ ~ 0.5 ps, followed by the temperature-dependent decay, although
the first plateau is not observed.

Both the IXS results and the MD results show that the dynamics for the second peak is slower than
that for the first peak. This result is consistent with our prior study using simple metallic liquids; the decay
time of the Van Hove function, G(R, f) at each peak increases linearly with R, so a higher-order peak shows
a slower decay [49]. However, our current result shows not only the more gradual decay for the second
peak but also much higher intensity at a later stage; the second peak remains even after the first peak entirely

decays. This suggests a pronounced role of the second neighbor shell in the water dynamics.

IV. DISCUSSION



The salient features of the Van Hove function determined by IXS measurements near room
temperature can be summarized as follows:

- The first neighbor peak shows a two-step decay: the relaxation time of the first step, 71 = 0.25 ps,
is independent of temperature whereas the second step slows down with cooling.

- The intensity of the second neighbor peak shows a temperature-dependent plateau at higher
temperatures, followed by a decay which is much slower than the first neighbor peak.

- The first neighbor peak around R; = 2.8 A shifts toward larger distances, while the second neighbor
peak around R, = 4.5 A shifts toward smaller distances. The movement of the second peak position
is fast for 7=310 and 318 K up to £ = 0.5 ps, followed by small changes around 4.25 A, while it is
monotonic for 7= 285 K and 295 K.

- The shift in the second peak position corresponds to the intensity plateau.

These behaviors are not observed in a simple metallic liquid, for which a simple monotonic decay without

a shift in the peak positions is observed. In the following, we discuss the possible origins of these behaviors.

A. Characteristic behaviors of water molecules

The first decay time for the first neighbor, 7, is temperature independent. We surmise that the first
decay originates from the ballistic motions of molecules, observed for a short time (< 0.3 ps) before they
hit the cage of the neighbors. In solids such ballistic motions will become vibrational, but in liquids a
majority of phonons are overdamped and decay before finishing one cycle [15]. The r.m.s. displacement
of atoms is initially linear with time and becomes proportional to v/t just as diffusion after the cage

collapses. Consequently, the initial rapid decay of the peak should be only weakly dependent on

temperature, because \/(v_2)~\/T , and over a narrow temperature range it is nearly constant. Indeed, our
recent simulation of a simple metallic liquid shows a similar fast initial decay and its near invariance with
temperature is observed for the first neighbor peak of G(R, ¢) [49]. This also supports our speculation that
the fast decay originates from the kinetic fluctuations of molecules. The similar temperature-independent
mode has been observed at 180 cm™' for the vibrational dynamics with time-resolved optical Kerr effect
measurement [26]. Femtosecond time-resolved infrared spectroscopy has also confirmed the existence of
fast vibrational motion at around 0.17 ps, which was assigned to underdamped intermolecular coordinates
of the liquid [22]. Also the intramolecular vibration may contribute the decay[50], although the detailed
contribution of intramolecular motion cannot be distinguished with our current approach using molecular
Van Hove function. These spectroscopic results require a structural model and simulations to be related to
the intermolecular dynamics. Our approach using the Van Hove function enables us to observe directly the

intermolecular dynamics in real-space and time.



On the other hand, the second step of the decay in the first neighbor peak must correspond to the
dynamics reflecting changes in the local topology of molecular connectivity. The dynamics on a similar
time-scale has been observed and assigned to collective structural reorganization [22], but without direct
structural information. Our results show that the loss of correlation at the first nearest neighbor due to the
local structural reorganization is on a picosecond time-scale. The relaxation time of the second decay, 1,
shows a slowdown with decreasing temperature and its time-scale has a close relation to viscosity as
discussed in the next section. As shown in Fig. 5, MD simulation underestimates 7, by a factor of two.
Even though the MD results are qualitatively similar to the experimental results, such quantitative
differences are alarming. Incidentally, it is likely that large values of j; for the measured data are merely
the consequence of the energy resolution of the spectrometer which reduces the intensity at large ¢. This
point will be investigated in future.

An alternative interpretation of the two-step decay of the first neighboring peak is to relate it to the
two-state water model which assumes a bimodal distribution of high-density liquid and low-density liquid
[3,4,28]. The fact that the slower decay emerges at lower temperatures might suggest the growing
population of low-density liquid upon cooling. However, our current analysis does not support nor deny
the model. We have calculated G(R, ¢) of both low-density liquid and high-density liquid to explore this
scenario based on the results of MD simulation. Local structure index (LSI) [30] was used to separate each
molecule into the low-density water and the high-density one. The result is shown in Fig. 7 (e), which
reveals that the low-density water with LSI > 0.03 shows faster decay whereas the high-density water with
LSI < 0.03 shows slower decay at the first neighboring peak, indicating that topological changes of water
molecules are slower under crowded conditions in the high-density water.

The introduction of LSI also provides a qualitative picture on the rapid peak shift at the second
neighbor, which is observed for 7=310 K and 318 K (Fig. 2). The two-dimensional maps of the Van Hove
function in Fig. 7 shows that the rapid peak shift is seen only for the sites with small LSI regardless of
temperature and that the peak shift for the sites with large LSI is somewhat monotonic and small. This
implies that the framework of tetrahedral water configurations is retained within this time-scale.

It should be noted that the current simulation does not reproduce the plateau of the peak intensity
observed at the second neighbor. Furthermore, the relaxation times obtained with MD are different from
the IXS results. These discrepancies between the IXS results and the MD simulation may suggest that the
present classical potential models do not accurately describe the local intermolecular fluctuation of water
molecules nor the lifetime of a hydrogen bond because the quantum effect of water [51] on hydrogen bond
is not included in the classical simulation model. Indeed, it is known that there are also the discrepancies
between simulation and experimental results on radial distribution functions and thermodynamic properties

such as density, and considerable efforts have been devoted to resolve this discrepancies. The Van Hove
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function analyses make it possible to directly compare the trajectory obtained by the MD simulation with
the experimental results, thereby improving the water model. Quantum-mechanical calculations beyond
the density functional theory, such as the path-integral quantum Monte-Carlo calculation, are required to
describe the dynamics of the hydrogen bond. Thus, the analysis of the Van Hove function with the classical

MD using LSI or other order parameters has to be viewed with considerable trepidation.

B. Local topological rearrangement of water molecules

The peak positions of the first and second nearest neighbors evolve with time for water as seen in
the 2D map of G(R, ¢) (Fig. 1), which is in sharp contrast to the case of metallic liquid [46], for which the
peak positions remain unchanged. This indicates that the movements of neighboring water molecules are
not random, but are highly correlated. As was discussed in the previous study, this difference can be
explained by considering the local configuration of molecules [35]. In metallic liquids, the local
coordination number (the number of nearest neighbors) is large, N ~ 12; thus bond cutting and forming are
not correlated in space and time [52]. In contrast, the first and second neighbors are dynamically coupled
in water due to the existence of hydrogen bond and the small coordination number (N, ~ 4). The shortening
of distances between the first peak and the second peak indicates that the second neighbor water molecule
moves closer to form a new hydrogen bond when a hydrogen bond between the central and the first neighbor
water molecules is broken. This underscores the importance of introducing molecular connectivity and its
topological rearrangement explicitly for discussing the physics of liquid. This coupled dynamics at the first
and second nearest neighbors certainly affects the decaying behavior at each neighbor, which will be

addressed in future.

C. Relationship to macroscopic properties

Here we relate the observed local dynamics to macroscopic viscosity. It is clear that exchanging
the neighboring water molecules will directly influence molecular transport properties such as viscosity.
To describe the local dynamics, we focus on the second decay process of the first neighbor. By inspecting
the simulation results on the calculated trajectory of water molecules using the SPC/E model, we find that
7, is almost equal to 7ic, the time for an atom or a molecule to lose or gain one neighbor [52,53]: tic = &
for the measured temperature range in this study (Fig. 8). In the earlier work on liquid metals, we found
that 7ic is equal to the Maxwell relaxation time, v = #/G., where G is instantaneous shear modulus, above
the viscosity crossover temperature [52]. The same relationship has also been experimentally found in
water at 7= 298 K [35], although the estimation of 7 c involved uncertainty. The current study provides
more solid evidence of the equality, 7.c = v, as shown in Fig. 9, which shows the temperature dependence

of v and zrc. Here wv is calculated using the reported values of viscosity # [54] and instantaneous shear
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modulus G [55] and 7.c is experimentally estimated by using z.c = 72. Note that 7.c at 7= 318 K is not
given because we could not separate the second step decay from the first step decay in the Van Hove
function at 7= 318 K. The result shows that the microscopic time scale, zic, is in agreement with the
macroscopic time scale, tv. Small systematic disagreement between 7ic and v is within the small
uncertainty with respect to the exact value of G.. These results support our earlier finding that the
topological excitations in the atomic/molecular connectivity are the origin of viscosity at high temperatures
[52]. The estimated value of 7rc at 295 K, ~ 0.86 ps, is longer than the estimate in the previous study, ~0.4
ps [35]. This discrepancy originates from the much-improved statistics of the present IXS data. The high-
intensity x-rays from three undulators at a new IXS beamline [43] enabled us to determine the second step
decay with much-improved statistics, and the configurational changes are more accurately determined.
The discrepancies between 7ic and v is expected to arise at temperatures lower than room
temperatures as is observed for metallic liquid due to the drastic slowing down induced by supercooling
[52]. The upper limit of the time-scale of the present result depends on the x-ray energy resolution of the
measurement, whereas the energy range measured with IXS determines the lower limit. The current energy
resolution is suitable for measuring the dynamics of water near room temperature but is not good enough
to explore the drastic slowing down induced by supercooling. Further progress in the energy resolution or
the use of an x-ray free electron laser for directly measuring the correlation of scattering images in
picoseconds time-scale [56,57] and the use of inelastic neutron scattering with better resolution, including
the spin-echo technique, would widen the time-scale of the Van Hove function accessible by scattering

techniques, thereby enabling the studies of atomic-scale dynamics in supercooled liquid.

V. CONCLUDING REMARKS

We report on the temperature dependence of the Van Hove function of water molecules near room
temperature. Recent advances in instrumentation for inelastic x-ray scattering made it possible to measure
the dynamic structure factor over a wide range of energy and momentum transfers and enabled the
determination of the Van Hove function, the time-dependent atomic pair density function, by x-ray
scattering experiment. Through the analysis of the Van Hove function, the time-scales for the dynamic
changes in local atomic configuration were determined. The results demonstrate that the time required for
the local rearrangement of water molecules is directly related to the Maxwell relaxation time of the system.
This corroborates the idea that the topological excitations in the atomic/molecular connectivity govern the
viscosity of liquid. Classical interatomic potentials for water were capable of describing the local dynamics
qualitatively, but there are serious discrepancies, indicating the need of fully quantum-mechanical

calculations for describing the dynamics of the hydrogen bond.
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TABLES
TABLE 1: Fitting results of the first peak area, A(?), of the Van Hove function obtained by IXS.

71/ps /ps A A 2 72
285K | 0.25 1.04 | 0.44 | 0.036 | 1.57* | 34
295K | 025 | 0.86 | 0.45 | 0.018 | 1.57* | 12.8
310K | 024 | 0.77 | 042 | 0.026 | 1.57* | 4.1
3I8K | 0.25 - 0.45 - 1.57 -

"Fixed.

TABLE 2: Fitting results of the first peak area, A(?), of the Van Hove function obtained by MD.

T/ps | w/ps A A

263K | 0.13 | 0.76 | 0.52 | 0.085
278 K | 0.13 | 0.60 | 0.50 | 0.079
285K | 0.13 | 0.53 | 0.49 | 0.082
295K | 0.13 | 0.48 | 0.49 | 0.077
310K | 0.13 | 0.40 | 0.47 | 0.083
318K | 0.13 | 0.36 | 0.46 | 0.088
324K | 0.13 | 0.34 | 0.46 | 0.089

Figures Captions

FIG. 1. Van Hove function of water at ambient temperatures obtained from IXS results. a-d: One-
dimensional profiles at 0.12 ps <# <2 ps. The arrows indicate the direction of temporal evolution. e-h:
Intensity map of G(R, ¢) — 1. Note that a narrow range is used to highlight small changes in the second and
third peaks. Temperature of water was 285 K (a, ¢), 295 K (b, f), 310 K (¢, g), and 318 K (d, h).

FIG. 2. Temporal changes in the first and the second peak positions, R and R», of the Van Hove function
calculated from (left) IXS data and (right) MD calculation. The temperature of sample is shown in the

nset.

FIG. 3. The Van Hove function of water at ambient temperatures obtained from MD simulation. a-d: One-
dimensional profiles at 0.12 ps < ¢ <2 ps. e-h: Intensity map of G(R, f) — 1. Note that a narrow range is
used to highlight small changes in the second and third peaks. Temperature of water was 285 K (a, e),
295 K (b, 1), 310 K (c, g), and 318 K (d, h).
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FIG. 4. Temporal changes in (a) the height of the first peak, G(R, f) — 1,and (b) the area of the first peak,
A(?), calculated from IXS results. Lines are the result of fitting using two compressed exponential
functions. Temperatures are shown in the inset of left panel. Shaded area in the right panel represent the
first and the second decay for 285 K. (c) Temporal change in the height of the second peak, calculated

from the IXS results, and (d) its normalized intensity dependence on the reduced time.

FIG. 5. Temperature dependence of 74 (circles) and 7, (triangles) obtained from IXS (closed symbols)
and MD (open symbols).

FIG. 6. Temporal changes in (left) the area of the first peak, A(¢), and (right) the height of the second
peak, , G(Rz, 1)/G(Ra, 0), calculated from MD simulations. The inset in the right panel shows the intensity

at time = 0. The temperatures are shown in the inset in the right panel.

FIG. 7. (a-d) Two-dimensional map of calculated Van Hove functions for each LSI at 285 K (a, b) and
318 K (c, d). (a, ¢) LSI<0.03 and (b, d) LSI > 0.03. (e) Normalized temperature evolution of the first

peak intensity.

FIG 8. The relationship between 1, and 7;¢ for the calculated trajectory of water molecules using the
SPC/E water model. The line shows 7| = 7,. The error bars for 7, corresponds to the two standard

deviation of the mean. The error bars for 7 were estimated by using ten different MD runs.

FIG. 9. Temperature dependence of the Maxwell relaxation time, Ty (circles) and the excitation time, 7
(diamonds), derived from the IXS measurement by 7;c = 7. The Maxwell relaxation time is calculated
from the viscosicty [54] and shear modulus, G, from ultrasonic viscoeicty measurement [55]. The error

bars for 7 corresponds to the two standard deviation of the mean for 7.
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