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Abstract

Supercooled water exhibits remarkably slow dynamics similar to the behavior observed for
various glass-forming liquids. The local order of tetrahedral structures due to hydrogen-bonds
(H-bonds) increases with decreasing temperature. Thus, it is essential to clarify the temperature
dependence of the H-bond breakage process and its effect on the dynamics deceleration for the
whole system.

Chapter 1 provides the general introduction of anomalies in supercooled water.

In Chapter 2, the H-bond breakage process was investigated here using molecular dynamics
simulations of TIP4P supercooled water. The two-dimensional (2D) potential of mean force (PMF)
is presented using combinations of intermolecular distance and angle between two water molecules.
The saddle point of the 2D PMF suggests the presence of the transition state that distinguishes be-
tween H-bond and non H-bond states. However, we observed pathways not going through this
saddle point particularly at supercooled states, which are due to translational, rather than rotational
motions of the molecules. We quantibed the characteristic time scales of rotational and transla-
tional H-bond breakages. The time scale of translational H-bond breakage shows a non-Arrhenius
temperature dependence comparable to that of the H-bond lifetime. In contrast, the time scale
of rotational H-bond breakage follows an Arrhenius temperature dependence, where the pathway
passes through the saddle point on the 2D PMF proble. This decoupling between rotational and
translational processes is relevant for the temperature dependence of the transmission coefpbcient
based on the transition state theory. The translational H-bond breakage is also related to cage-
jumps observed in glass-forming liquids, which mostly involve spatially correlated molecules. Our
Pndings warrant further exploration of an appropriate free-energy surface or reaction coordinates
beyond the geometrical variables of the water dimer to describe a possible saddle point related to
collective jump motions.

Chapter 3 examines the temperature dependence of the H-bond dynamics in supercooled water
through the MD simulations using TIP4P/2005 model. First, we investigate the 2D PMF for the

H-bond dePnition using a pair of distance and angle coordinates between two water molecules.



Specibcally, we utilize four pairs of the geometrical variabRg,, r-", r-# andr-$, whereR

andr are the intermolecular O-O and O-H distances, respectivend” represent the angles of
0O-OH and O-HO, respectively, whil® and#are angles introduced in terms of the intermolecular
O-H vector and the HOH plane of the H-bond acceptor The consistency among the four debnitions
of H-bond was then examined by identifying the saddle point on the 2D PMF and analyzing the
time correlation function of H-bond. It was found over a wide range of temperatures from the
ambient to supercooled that the H-bond debnition does not affect the H-bond correlation function
and correspondingly, the H-bond lifetindgg.

Chapter 4 proposes the cage-jump picture with H-bond networks in supercooled water. The
slow dynamics of glass-forming liquids is generally ascribed to the cage-jump motion. In the
cage-jump picture, a molecule remains in a cage formed by neighboring molecules, and after a suf-
pciently long time, it jumps to escape from the original position by cage-breaking. The claribcation
of the cage-jump motion is therefore linked to unraveling the fundamental element of the slow dy-
namics. Here, we develop a cage-jump model for the dynamics of supercooled water. The caged
and jumping states of a water molecule are introduced with respect to the H-bond rearrangement
process, and describe the motion in supercooled states. It is then demonstrated from the molec-
ular dynamics simulation of the TIP4P/2005 model that the characteristic length and time scales
of cage-jump motions provide a good description of the self-diffusion constant that is determined
in turn from the long-time behavior of the mean square displacement. Our cage-jump model thus
enables to connect between H-bond dynamics and molecular diffusivity.

Chapter 5 examines a H-bond switching by employing the Markov State Model (MSM). During
the H-bond switching, a water hydrogen initially H-bonded with water oxygen becomes H-bonded
to a different water oxygen. MSM analysis was applied to trajectories generated from molecular
dynamics simulations of the TIP4P/2005 model from a room-temperature state to a supercooled
state.

We debned four basis states to characterize the conbguration between two water molecules;

H-bonded (OHO), unbound (OUO), weakly H-bonded (OwO), and alternative H-bonded (OaO) states.



A 16! 16 MSM matrix was constructed, describing the transition probability between states com-
posed of three water molecules. The mean brst-passage time of the H-bond switching was estimated
by calculating the total Bux from the HU to UH states. It is demonstrated that the temperature
dependence of the mean brst-passage time is in accordance with that of the H-bond lifetime de-
termined from the H-bond correlation function. Furthermore, the Rux for the H-bond switching is
decomposed into individual pathways that are characterized by different forms of H-bond conbg-
urations of trimers. The dominant pathway of the H-bond switching is found to be a direct one
without passing through such intermediate states as OwO and 0aO, the existence of which becomes
evident in supercooled water. The pathway through OwO indicates a large reorientation of the donor
molecule. In contrast, the pathway through OaO utilizes the tetrahedral H-bond network, which is
revealed by the further decomposition based on the H-bond number of the acceptor molecule.

The general conclusion are given in Chapter 6.
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Chapter 1

General Introduction

1.1 Anomalies in supercooled water

Water has many anomalies, such as a maximum density ati# fe liquid state, high surface
tension, and high melting point [1]. These anomalies are thought to originate from the hydrogen
bonds (H-bonds) that govern molecular structures. The anomalies in the molecular structure and
dynamics are enhanced in the supercooled state, where the effect of H-bonds is signibcant.

The glass state of water is below the deeply supercooled state, where the intermolecular struc-
ture is disordered as in the liquid state, but the diffusive motion is stopped as in the solid-state.
Glass transition is induced in a thermodynamically metastable state. The time dependency of the
transition point is a controversial problem because the transition point shifts depending on the
cooling rate. In general, there is no signibcant change in the intermolecular structure near the glass
transition point, but there is a dramatic reduction in the dynamic properties. Therefore, the dy-
namic properties have been actively studied from the supercooled state to near the glass transition
point [2D6].Furthermore, water is a glass-forming liquid because of its liquid-liquid transition, and
its structure in the glassy state has attracted much attention.

When water is quenched below 130 K, it forms two types of glass with different density states
at a given pressure condition: high-density amorphous (HDA) and low-density amorphous (LDA)
[7,8]. This is thought to be because the local structure can be classibed into two states by H-bonds,
just as there are various phases in the crystal structure. These two phases do not exist only in the

glassy state, however, and there is strong support for the argument that even in the supercooled



state, the liquid phase can be classibed as low-density liquid (LDL) or high-density Liquid (HDL)
[9]. These properties are thought to be related to the anomalous properties of water, but no clear
relationship has been revealed. Therefore, it is essential to focus on the H-bonds that govern the
intermolecular structure and dynamics in supercooled water to solve these problems [10D25].

The following sections introduce the dynamic anomalies in the undercooled state and structural

anomalies of water in the glassy state.

1.2 Anomalies of dynamics in supercooled water

Glass transition is a phase transition induced in a thermodynamically metastable state by a dramatic
decrease in the dynamic properties without any signibcant change in the intermolecular structures.
Therefore, the dynamic properties near the glass transition point and in the supercooled state are
essential for understanding the nature of glass transition.

When debning the glass transition temperature using the viscosity coef®ciratemperature
at which & is equal to 18* Pass was debned as the glass transition temperdiur@he inverse
temperature dependence®fTy/ T, is widely known as the Angell plot [26]. In the Angell plot,
it is known that only two signibcant types of temperature dependence &ppear even when the
material or chemical composition is changed.

One is a OstrongO liquid in which the temperature dependedcelmys the Arrhenius law,
&(T) # exp(E/ T), and is found in molecules with strongly preserved intermolecular networks such
as silica glass. The other type is OfragileO liquid, where the temperature dependence of the viscos-
ity shows super-Arrhenius behavior at low temperatures. Fragile liquids are observed in liquids
with isotropic intermolecular structures, such as o-terphenyl [26]. The Vogel-Fulcher-Tammann
equation can classify those two types of glass-forming liquids more clearly

!
&(T)= exp CTo

T$ To

(1.1)

Here,C the fragility index, where a larg€ is strong and a smal is fragile [27, 28]. Notably,



water exhibits both strong and fragile properties at different temperatures [2].

In addition, dynamics in the supercooled state exhibit a peculiarity called Odynamic hetero-
geneity O [29D33]. In a typical liquid, each molecule moves uncorrelated. As the liquid approaches
the glassy state, the activation energy of the uncorrelated motion increases, and the liquid is nearly
frozen. Instead of uncorrelated motion collective motion dominates in which each molecule is
strongly correlated. Collective motions appear non-uniformly in both space and time dimensions
and are observed as dynamic heterogeneity in supercooled state. This dynamic heterogeneity causes
different behaviors in the mean square displacement (MSD) and self-intermediate scattering func-
tion (Fs(k,t)) than those of the liquid.

MSD is the mean square value of the distahcé) that the numerator has moved during the

timet, and is expressed by the following equation:
MSD(t) = %r?(t)& (1.2)
Fs(k,t) is the following equation obtained by Fourier transfdrngt):
1 N
Fs(k,t) = NO/( exp(ikd ri(t))& (1.3)
i=1

wherek is generally chosen to be the reciprocal of the distance corresponding to the brst neighbor
shell between molecules.Figurelishows the MSD anéks(k,t) from 300 K to 190 K for the
Tip4p/2005 model used in this study.

In the supercooled state (in the case of Figure 1.1, below 240 K), a plateau region appears in the
middle time range. This plateau is called the Ocage effectO, and it appears when the molecules be-
come stuck in the cage formed by the interactions between the surrounding molecules for a certain
period and temporarily lose their motility [26,34]. This cage effectis observed in supercooled states
and high-density colloidal solutions, such as in systems where the interaction between molecules
dominates motility, with both MD simulations and experiments experiments [30,35D37]. The cage

effect is a phenomenon that appears because of dynamic heterogeneity and increases the diffusion



Figure 1.1: MSD andks(k, t) for Tip4p/2005 model from 300 K to 190 K. the system consists 8,000
water molecules and density are bxed at 1.0 §/cm

coefbcient and relaxation time dramatically. Therefore, understanding the cage effect is key to
linking the decrease in mobility (i.e., fragility) with dynamic heterogeneity and understanding the

mobility anomaly in supercooled conditions.

1.3 Anomalies of local structures in supercooled water

Various hypotheses have been proposed to explain the anomalous structural and dynamic properties
of water in a supercooled state. The existence of a liquid-liquid critical phase transition point is
supported by the formation of two pressure dependent amorphous glassy states after quenching
from the supercooled state to a lower temperature, and the fact that various physical properties
diverge around 45" C when water is supercooled [38D42].

The supercooled state we observed is the supercritical state of the metastable liquid phase, and
it is thought that the two layers are mixed in a critical state. In the supercritical state near the crit-
ical point, the critical Ructuation does not disappear immediately, and WidomOs line, which is the
catch line of the phase transition, shows strong behavior of various physical properties as traces
of the phase transition [9, 16, 23]. This hypothesis can explain the divergence of the thermody-
namic properties and the singularity of the dynamical properties of water in the supercooled state.

However, the liquid-liquid phase transition point is located in the extreme undercooling region Ono-



manOs landO and has not yet been observed because the liquid solidiPes in the general experimental
method. Based on the liquid-liquid critical phase transition point, it is assumed that there exists a
mixture of two states with different densities in the undercooled state, which we can observe [40].
To overcome the no-manQOs land problem mentioned above, various measures have been taken in
experiments. The most effective method is to reduce crystall size and prevent coagulation. In the
early days, the method started by Plling a thin capillary tube with water, but it has now reached
the point of targeting the water inside the carbon nanotube. In this context, molecular dynamics
simulation is a very powerful method to reproduce the supercooled state of water, taking advantage
of the fact that water must adopt a tetrahedral structure with very low entropy to crystallize. Nowa-
days, it is possible to observe time scales down tqufiscale and to calculate temperature scales

from room temperature to near the glass transition point.

Recently, it has been suggested that the two states can be debned by H-bonds formed by H-bond.
Saito et al. have shown that the number of structures in which the H-bonds are defect-free up to the
second neighbor shell increases rapidly after crossing WidomOs line at 220 K, and that important
structural changes occur at temperatures where the specibcity of the dynamics and thermodynamic
properties show specibcity [16]. Tanaka et al. also clariPed that the tetrahedral structure of a
system can be classibed into two states with different static structure factors in the supercooled
state, depending on the ordering of the tetrahedral structure by the H-bond network [2]. Thus,
analysis of local structure in supercooled water by molecular simulation has played an important

role in the identibcation of LDL and HDL.

1.4 Local descriptor for water molecules

Under the controversy of the liquid-liquid transition, the local structure in supercooled water has
attracted much attention as an index for separating the layers of the liquid phase. Because the tetra-
hedral structure is dominant in the supercooled state owing to H-bonds, many Olocal descriptorsO

have been proposed to characterize the local structure, and the two states in the liquid phase have



been identibPed according to the discontinuity of the distribution. Local descriptors were used to
characterize the local tetrahedral structure.
To evaluate the degree of ordering of the tetrahedral structure using local descriptors, the orien-

tational order parameteyis debned as follows:

3

o

I

|_\
oolw

( (COS$J|k+ ) (1-4)
j=lk=j+1

where j andk are the indices of the four molecules in proximity to the tagged molecaled $

is the intermolecular angle formed by the oxygen atoms of the water mojeicklp!5, 46]. The
closerqgis to 1, the closer the Pbrst neighbor shell is to a tetrahedral structure, and theqaser

0, the more disordered the structure is. The usgafows us to evaluate the local stability in the
undercooled state; however, in a sufbciently deep undercooled state, the stable H-bond structure
extends to the second neighbor shell [47,48]. Therefore, in addition to the degree of ordering of
the tetrahedral structure, a local descriptor has been developed to evaluate the absence of H-bond
defects in the second neighbor shell.

Both ds and) are descriptors provided to detect molecules entering the brst neighbor shell
from the second neighbor shell. Ttgis the distance from the tagged molecule to the bfth nearest
molecule, ang is the difference between the farthest distance among H-bonded molecules and the
closest distance among non-H-bonded molecules [49, 50].

Sasai et al. further claribed the discontinuity in the supercooled state by debning the local
structure index (LSI) [51]. LSh(i) requires the list of nearest neighbor molecule by the oxygen-
oxygen distance from the tagged molecides follows:ry < rp < aad rpj) < 37A< MnGy+ 1- Here
n(i) is the number of molecules that are closer than criterion®.7.Sl is debned using(i):

1 " $)
= (—( " (s 0 (1.5)

where' (j)= rj+1$ rj and@is the' (j)-average value fon(i).

Many of the local descriptors show a change in the peak position of the distribution function



with decreasing temperature and a double peak near 260-240 K [52]. In addition, the static structure
factors classibed by exhibit peaks in different parts. In addition, the static structure factors
classibed by exhibit peaks in different parts, which is evidence of a two-phase mixture in the

undercooled state [53].

1.5 H-bond dynamics and structural change of H-bond net-
works

H-bonds can provide important information not only in supercooled states, but also in various ma-
terials such as protein stabilization in water. An H-bond is the bond of a hydrogen atom surrounded
by two atoms with high electronegativity (oxygen, nitrogen, Buorine, etc.). The binding energy of
an H-bond is 2-10 kcal/mol, which is much weaker than that of a covalent bond, but stronger than
the van der Waals force [54]. In the case of a water molecule, an H-bond is formed between the
unshared electron pair of an oxygen atom and the hydrogen atom of another water molecule. Al-
though this phenomenon is essentially caused by quantum effects, H-bonds are used as a proxy for
molecular conbguration in molecular dynamics simulations because they are the dominant factor
in the structure and dynamics of large molecular aggregates, such as proteins and biocompatible
polymers [55D63].

In molecular dynamics simulations, the most common dePnition is based on the distance and
angle between two molecules [64D67]. The dePnition of H-bonds is based on the distribution func-
tion of molecules in water. In addition, the breaking process in pure water has been studied [68D71].
In room temperature water, H-bonds are switched to compensate for the excess and debciencies in
the H-bond network in the second-neighbor shell. As the H-bonds switch, the donor molecules of
the H-bonds undergo large rotational motion [69,70]. This process also occurs in the intermolecular
distribution function.

Many properties of water are thought to be caused by H-bonds. In the supercooled state,

the tetrahedral structure of H-bonds becomes prominent and anomalous properties and dynam-



ics arise [72D78]. In addition, it has been reported that the breaking time of H-bonds increases
dramatically in a supercooled state [79]. This kinetic reduction couples with the inverse of the
diffusion coefbcient but decouples with the structural relaxation time obtained from the viscosity
and self-intermediate scattering functions. This is considered to be the origin of the dynamic het-
erogeneity in supercooled water represented by the Stokes-Einstein breakdown [80D82]. Against
this background, the many-body structure and breaking process due to H-bonding in supercooled

water are important issues that are directly related to many mysteries.

1.6 Objective and focus of this dissertation

This study focused on the local structures and dynamics of H-bonds in supercooled water. We
elucidate the mechanism of the increase in the H-bond lifetime in the supercooled state and clarify
the difference from the breakage process at room temperature. We also explain the effect of the
H-bond network on the mobility of the system and link the dramatic reduction in mobility to the

structure. We also use three different theories to model the dynamics of H-bonds in the supercooled
state. In this way, we try to understand the comprehensive nature of H-bonds by supplementing the

parts that each theory can explain.

1.7 Organization of this dissertation

Figure 1.2 shows an outline of the research for each chapter of this study. In the second chapter,
we inspected whether the H-bond dePnition widely used in MD simulations works well in super-

cooled water using transition state theory and visualized the anomalous H-bond breakage on the
two dimensional potential mean force map. Furthermore, the H-bond breakage process allowed us
to identify the pathways that determine the H-bond lifetime by revealing differences in the tran-

sition time scales. Chapter 3 veribes the temperature dependence of the H-bond lifetime in the
all-possible debnition based on the geometric conformations of the water dimer. Furthermore, the

H-bond breakage process allowed us to identify the pathways that determine the H-bond lifetime
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Figure 1.2: Schematic pictures of the research in Chapters 2 through 5.

by revealing differences in the transition time scales. Chapter 4 introduces the cage-jump model
based on the continuous-time random walk model, which characterizes dynamic heterogeneity in
supercooled water. We divided the short-term dynamics for each molecule according to the H-bond
network dynamics and estimated the diffusion coefpcient from the short-term dynamics. Chapter
5 analyzes the H-bond switching event from room temperature to a deeply supercooled state using
the Markov state model. We identibed a new pathway to avoid the loss of H-bond networks in

supercooled water by referring to the H-coupling network up to the second adjacent shell.



Chapter 2

How do hydrogen bonds break in supercooled
water?:. Detecting pathways not going through saddle

point of two-dimensional potential of mean force

2.1 Introduction

Liquid water is a complex material that exhibits many anomalous properties [1]. When liquid water

is supercooled below its melting temperature, such anomalies become remarkable. The controver-
sial concept of a liquid-liquid transition in deeply supercooled states has attracted much attention
from researchers [38D40]. Thus, claribcation of the structures and dynamics in supercooled water
has been increasingly important in recent years. In particular, water molecules in supercooled water
exhibit remarkably slow dynamics similar to that of viscous glass-forming liquids [10D25].

It is generally expected that the hydrogen-bonds (H-bonds) of water molecules play a crucial
role in determining their anomalous properties [1]. A large number of experiments and simulations
have been carried out to investigate the local structure of H-bonds and the network rearrange-
ment [72D78]. The H-bond is generally dePned based on certain structural or energetic criteria
of the water-water conbguration. Various H-bond dePnitions in liquid water have been developed
for molecular dynamics (MD) simulations [64D67]. A widely used criterion for determining the
H-bond is a geometry debnition for a pair of water molecules,a pair of water molecules is con-

sidered H-bonded if the intermolecular distance and angle become less than pre-assigned threshold

10



values. Accordingly, the H-bond correlation function is formulated, allowing quantibcation of the
averaged H-bond lifetimegg [72,83D86]. Its derivative with respect to time, which is related to
the reactive [3ux, characterizes the H-bond breakage rate [84D86]. As an altern&giyertom

the correlation function, the distribution function of the H-bond lifetime has been examined using
the trajectory based analyses [22, 70, 87PB0jthermore, the molecular mechanism of the break-
age and reforming of H-bond was comprehensively investigated considering molecular mobility of
bifurcated H-bonds [91, 92] and molecular reorientational motions [68D71, 93].

The analysis of H-bond dynamics was also applied in MD simulations of supercooled wa-
ter [24,88D90, 93, 94]. The temperature dependence is conventionally analyzed by examining the
Arrhenius plot,%s * exp(Ea/ ksT), whereT is the temperaturesg is the Boltzmann constant,
andEx is the Arrhenius activation energy of H-bond breakage considering reaction rate theory.
The MD studies revealed théfg signibcantly increased with decreasing temperature, showing
non-Arrhenius behavior, whelg&, increased with decreasing the temperature. Collective molec-
ular motions are expected to be a possible scenario by using the analogy with dynamic hetero-
geneities in glassy systems [95]. However, generally speaking, it is difbcult to interpket fufr
supercooled liquids and glasses,, a fragility classibcation for the temperature dependence of the
dynamics [96]. This issue is also relevant with how searching for transition states connecting nu-
merous stable states in the rugged free-energy landscape of complex many-body systems [97, 98].
A study based on this concept was reported using conbguration-space-network analysis for H-bond
rearrangements [99].

Kumaret al. proposed a method to describe the proble for the two-dimensional (2D) potential
of mean force (PMF), which is also referred to as the free-energy surface, from the distribution
function of the intermolecular distance and angle between two water molecules [64]. This 2D PMF
proble enabled the systematic quantibcation of the distance and angle thresholds, which distin-
guishes between H-bond and non H-bond regions in classical MD simulatiori®ef. [64], an
attempt was made to understand the consistency with H-bond dePnition based on an electronic

structure of water dimer. In addition, probles of 2D PMF have been also provided by recent ab

11



initio MD simulations [100, 101]If the chosen intermolecular distance and angle are treated as the
reaction coordinates for the H-bond breakage transition, the dynamics of H-bond breakage is then
predicted by the pathway that goes through the saddle point on the 2D PMF proble.

In general, it is challenging to appropriately describe the transition state in various chemi-
cal processes in many-body systems, including the H-bond breakage in liquid water investigated
here [102D104]. Using a stochastic transition path sampling method for rare events, the kinetic
pathway of the H-bond breakage in liquid water was investigated, but little attention was paid to
the connection with the 2D PMF [105]. The aim of this study is to address the pathway of H-
bond breakage, particularly in supercooled water. In addition, we discuss the mechanism of the
non-Arrhenius behavior of the temperature dependenégmf

This study analyses the impact of the the H-bond breakage dynamics in TIP4P supercooled
water using MD simulationsThe investigated temperatures ranged from 300 K to 190 K at a bxed
volume. Using the geometrical variables between water dimer, we calculated the distance-angle
distribution function and the associated 2D PMF [64]. From the 2D proble, H-bond and non H-
bond regions are distinguished by specifying the saddle point. The H-bond lifetime was quantibed
from the H-bond correlation function. In addition, the transmission coefpcient was calculated based
on transition state theory (TST) from reactive [3ux analysis [106, 107]. and its relationship with the
free-energy barrier of the saddle point on the 2D PMF proble was examined.

The present work also focuses on the characteristic time scales of rotational and translational H-
bond breakages, which were evaluated from the time dependent H-bond breakage populations. To
this aim, the populations in the neighboring regions of the H-bond region were quantibed on the 2D
PMF proble. The physical implication of the transmission coefpcient was examined considering

the relationship between rotational and translational H-bond breakages.

12



2.2 Model and simulations

MD simulations were performed using the TIP4P water model [108Je various properties of

this model have been intensely examined so far. In particular, the comparison with other models
including TIP4P/2005 was carefully performed [109].All the simulations in this work were
performed with the GROMACS package [110, 111]. The simulation system contisiredl, 000
molecules in the cubic box with the periodic boundary conditions. The mass density was bxed at
1 g cm®. Correspondingly, the linear dimension of the system was approximately 3.1 nm. The
investigated temperatures wére= 300, 260, 240, 220, 210, 200, and 190 K. The system was Prst
equilibrated with theNVT ensemble at each temperature for 10 ns. Then, the trajectories for the
calculations of various quantities were produced withNiMEE ensemble for 10 nsI(" 210 K) and

100 ns T ( 200 K). A time step of 1 fs was used. For this model, dynamical quantities such as
intermediate scattering function and mean square displacement have been reported previously [18]
, With which our simulation results were in agreement (data not shown). This indicates that our
computational setups are adequate in turn.

The H-bond was investigated by using distance-angle debnitions between two water molecules
[64]. Specibcally, a pair dR and! was chosen, wherR represents the O-O intermolecular dis-
tance and is the O-OH intermolecular angle. Note that @ ( 180 . The combined distance-
angle distribution functiong(R,! ), was calculated at each temperature [64]. For Bils def-
inition, 2+, R?sin/ g(R,! )dRd' represents the averaged number of O atoms found in the par-
tial spherical shell havinglR andd! at distanceR and angle! from one bxed O atom. Here,

, is the molecular density of the system. The functg{R,! ) results in the PMF debPned by
W(R,!)= $ksTIng(R,!). This 2D PMF can be regarded as the free-energy surface using reac-
tion coordinategR,! ). The saddle point dfV(R, ! ) was numerically determined from the calcu-
lations of the gradient W(R, ! ). Furthermore, the free-energy differedc8? between the global
minimum and saddle point was quantibed.

We calculated the time correlation function of the H-bor{tl) = %(0)h(t) & %(0) & whereh(t)
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denotes the H-bond operator at a titr{@4, 85]. Here, %3 was determined from(t) by btting it

to the exponential function expt/ %g).r Furthermore, we examined the reactive Rux function,
k(t) = $dq(t)/ dt, which quantipes the averaged rate of H-bond breakage [84, 86]. In particular,
k(0) is the so-called TST rate constaktst, which characterizes the escape rate towards the H-
bond broken state at the assumed transition state. We estilaateffom a Pnite difference of

c(t) with "t = 1 fs at each temperature. In contrast, the rate constant for H-bond breakage is
approximated bk = 1/ 9g, which corresponds to the plateau valu@) at longer times. These

two variables are connected by introducing the transmission coefbcient, dePned ldtsrT,
where. is generally less than unity [106, 107The role of the transmission coefbcient has been

also discussed for H-bond kinetics in liquid water [86].

2.3 Results and discussion

2.3.1 2D PMF and H-bond lifetimes

The 2D PMF contour plots are shown in Fig. 2.1 Tor 300 K and 190 K. The H-bond criterion

is given by the geometrical condition between the two water molecules [64]. Two molecules are
considered H-bonded if the distance-angle relationship.24 nm0') ( (R,!) ( (0.34 nm30)
(rectangular area indicated in Fig. 2.1). This criterion is mostly consistent with that reported pre-
viously [64]. At shorter distance less th&= 0.24 nm, the radial distribution functiorgyo(r)
vanishes. The positioR = 0.34 nm corresponds to the Prst minimagefo(r). These threshold

values remain unchanged at any temperature, as seen in Fig. 2.1. Figure 2.1 also shows that the
temperature dependence of saddle point position is negligible. Instead, the roughness of the land-
scape becomes larger with decreasing the temperature and the free-energy diff@&heeveen

the global minimum and saddle point becomes correspondingly larger.

The transition from H-bonded to H-bond breakage states can be generally characterized by the

INote that the stretched exponential functierg$ (t/ %g)’ H8], provided a better btting fa(t) with the exponent
I'yg # 0.7. The obtainedgg decreased by up to 15% from the value obtained Wi = 1. However, the temperature
dependence dfgg was not inBuenced overall.
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saddle point on the free-energy surface. From our calculatig®s! 2) = (0.32 nm39') was
obtained (indicated by the gray dot in Fig. 2.1). The H-bond is expected to be broken by increasing
I',i.e, by exploiting molecular rotational motions. Itis important to note that these 2D plots are not
directly linked withkysT, which is the reactive Rux at= 0 for a barrier-crossing dynamics with a
dividing surface. The introduction d&frst corresponds effectively to adopting a one-dimensional
description of the reaction coordinate. On the other hand, a focus in the present work is to determine
the TST-type expression, ei®' G2 kgT), evaluated by referring to the saddle point on the 2D
PMF proble. Although this expression does not debnitely coincidelwith ' G? can be regarded
as the Arrhenius activation enerda when it is independent of temperature over the dividing
surface for the reactive Rux andis unity. Accordingly, the deviation from the Arrhenius behavior
of k= 1/ 9%g has three sources: (1) the temperature dependeric®%fwhich is concerned with
the entropy of the activation; (2) the dimensionality of the reaction coordinate, which depends on
the choice of reaction coordinate; and (3) the temperature dependenge of, which ref3ects the
detailed dynamics of barrier crossing. These issues are discussed in more detail.

The H-bond correlation functiog(t) and reactive Buk(t) are shown in Fig. 2.2. For compar-
ison, the exponential decay curve €Rp/ %s)/ %s is plotted in Fig. 2.2(b). As mentioned in the
end of Sec. 4.2, the decay kft) at longer times is characterized by the inverse of H-bond life-
time, 1 %93g, at each temperature. These behaviors are consistent with previously reported results
using SPC/E supercooled water [88, 8Bhe temperature dependencelag is plotted in Fig. 2.3,
where%gg increases signibcantly with decreasing temperature. This drastic incrégse jpartic-
ularly at supercooled states, has been recently reported using MD simulations [24]. In particular,
the temperature dependence shows Arrhenius behaviorE Mg T), with differentEa values.
As shown in Fig. 2.3Ea gradually increases with decreasing the temperature.ERhsere 17.9
and 39.6 kJ/mol at the high and low temperature regions, respectively. In contrast, the time scale
%= 1/ kysT associated with the TST rate constant shows the Arrhenius temperature dependence,
%* exp(Es kgT). The estimated Arrhenius activation energy ii@@s 9.7 kJ/mol, as shown in

Fig. 2.3. Similar values of the activation energy have reported in other liquid water models, where
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the average of H-bond persistence lifetime was analyzed [22,88D90]. This persistence lifetime is
relevant with the time scale of TST rate constant [86]. These numerical results are also comparable
with experimental values obtained from depolarized Rayleigh scattering [112,@L8Jobserva-

tions indicate that the transmission coefbcient k/ krst = % %g decreases signibcantly when

the temperature is lowered.

Next, we investigated the relationship betwéggt and’ G2 (note thatkrsT is introduced as
k(0) in this work). Inset of Fig. 2.3 demonstrates the TST-type relationggipexp(C' G*/ kgT))
with the slope about 0.7; the free-energy barrier correspondikgstois underestimated consider-
ing the expected value of TST. We again note that the free-energy barrier of 2D PMF is a different
guantity from that of the TST framework, which may have resulted in this underestimation. An-
other possible explanation is H-bond breakages due to non-trivial environmental effects around the
tagged H-bonded molecules. Indeed, it has been demonstrated that molecular reorientations are oc-
curred collectively [68]. Such collective motions may have decreased the activation barrier lower
than the TST prediction.

From the general expressiok= . krst, the non-Arrhenius behavior ¢fag(= 1/ k) and the
increase irEa with decreasing temperature are attributed to the temperature dependency of trans-
mission coefbcient, which considerably decreases with decreasing temperature (see Fig\r2.3).
analogous non-Arrhenius temperature dependendggphas been demonstrated in TIP4P/2005

supercooled water [24T he physical implication of this is elucidated later.

2.3.2 Temporal development of H-bond distribution function

To reveal the molecular mechanism of H-bond breakage in supercooled water, we examined the
change of the geometric structure of two water molecules that are initially H-bonded. To this
end, we propose the extensionggR, ! ) to the time dependent distribution function. Specibcally,

we introduce the conditional distribution functia(R, ! ;t|HB), which denotes the distance-angle
distribution function of R, ! ) at timet for a pair of water molecules located in the H-bonded region

at an initial timet = 0. Then, the time dependent ratio of the distance-angle distribution function is
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debned as follows,

G(R!;t)= w. 2.1)

This function characterizes the evolution of the spatial correlations of the H-bond over time. Over
longer times, the nonequilibrium distributi@{R, ! ;t = O|HB) initially being inside the H-bond
region Pnally recovers to that of the equilibrium distributg{R, ! ) because of the memory loss.
More precisely, we obsengR, ! ;t|HB) ) (Nus/N)g(R,!)(t) /), whereN is the total number

of molecules in the system amdljg denotes the number of averaged accepted H-bonds calculated

from integratingg(R, ! ) over the H-bond region (denoted as region HB),

% %
NHg = 2+, R?sin! g(R, ! )dRd . (2.2)
HB

Note thatNyg ranged from from 1.7T = 300 K) to 2.0 T = 190 K), which is not close to 4 since
one of the water molecules has the O atom at the origin and acts only as the H-bond donor, while
the H-bond anglé is debPned by considering the other water molecule as the H-bond acceptor.
We also note that the present investigation is analogous to examining structural relaxation of the
selected spectral using the hole-burning technique [114].

Figure 2.4(Multimedia view) shows the time series@(R, ! ;t). At short time scales, the
distribution is prstly elongated towards the angle direction (incredsjnghis observation shows
that the kinetic pathway of the H-bond breakage mainly passes through the saddle point on the
2D PMF proble. However, as the temperature is decreased, the penetration towards the distance
direction (increasingr) becomes more apparent at longer time scales, showing transitions that do
not pass through the saddle point. The random, but highly tetrahedral structures lead to frustrations
in the H-bond networks in supercooled water. It is possible that these frustrations can be relaxed by
collective molecular rearrangements, causing the translational jump motions [33,74,77,115]. Such
collective rearrangements require larger activation energies. Furthermore, the 2D PMF using the
distance-angle combinations of two-molecule geomdfy! ), does not show the saddle points

consistent with the TST-type behavior.
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The translational H-bond breakages are also regarded as the cage effects in glass-forming lig-
uids, suggesting a transient environment around a tagged molecule surrounded by neighboring
molecules [35, 116D120]. As demonstrated in various studies, there exists a plateau at an inter-
mediate time regime in the translational mean square displacement of supercooled water, which is
a manifestation of cage effects [10, 11, 24, 33, 1dh]fact, the decay o€(t) at the time regime
%z is dominated by the diffusion process [89]. Furthermore, the coupling beté¢geand the
translational diffusion constam was suggested from the relationsiig %% in TIP4P/2005

supercooled water [24].

2.3.3 Time scales of rotational and translational H-bond breakages

For the 2D PMF, it is impracticable to calculate the Bux across a dividing surface as the kinetic
pathway is not along a one-dimensional coordinate. As an alternative, the populations of non H-
bond regions adjacent to the H-bonded region were quantibed. For this purpose, we debPne the
rectangular H-bond and H-bond breakage regions, as described in Fig. 2.1. The H-bond breakage
region due to rotational motions (increasing the ariglés debned ag0.24 nm30) ( (R!) (

(0.34 nm60'), where this region is denoted by R. The H-bond breakage region due to translational
motions (increasing the distan&® is also debned a®.34 nm0’) ( (R !) ( (0.47 nm30),

denoted as region T. Note that the area of the H-bond breakage region obtained from the integral

2+R2sin! is same for regions R and T. The population of each region was calculated using:

% %
Ni(t)= 2+, R%sin! g(R ! ;t|HB)dRd , (2.3)
|

wherei represents the symbol of the regiant{ HB, R, T}). Normalization by the number of
averaged accepted H-bondigyg, is debPned aB(t) , Ni(t)/ Nyg. Note thatRyg(t) = Nyg(t)/ Hus

is equivalent to the H-bond correlation functigft) from the debnition. We also note that the sum,
Pug(t) + Pr(t) + Pr(t), is not a conserved quantity; it begins as unityt at 0 (P4g(0) = 1 and

Pr(0) = Pr(0) = 0) and decays to zero as the populations inside the regions R and T atwithe
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spontaneously migrate to other non H-bond states afterwards.

Figure 2.5 shows the time evolution of the normalized populath)(= Ni(t)/ Nyg). Both
Pr(t) andPr(t) started from zero and increases with titnélhis regime indicates that the inRBow
due to the H-bond breakage exceeds the outl3ow towards other non H-bond statd%(t};or
we observed additional peaks at aroulggl! 0.1 ps, which are independent of the temperature,
attributed to libration motion. They eventually decay to zero after a peak time, where the outf3ow
exceeds the inBow for longer time scales. That is, the maximum peaks are determined by the
balance. Thus, the peak times B(t) and Pr(t) (denoted agg and %, respectively) can be
regarded as the characteristic time scales of irreversible H-bond breakages due to rotational and
translational motions, respectively. It should be noted that the pathways going from region R(T)
to T(R) were not detected. In fact, the H-bond breakages for time regimes at #itloer%
are irreversible for a particular pair of water molecules and two water molecules hardly reform
the same H-bond pair. We observed that there existed a population of the translational H-bond
breakage, even at higher temperatures. The peak valBg(Df becomes comparable to that of
Pr(t) with decreasing the temperature. This indicates the increasing number of pathways not going
through the saddle point on the 2D PMF proPble, particularly for supercooled water.

The temperature dependencedgfand % is plotted in Fig. 2.6. It can be seen tHgtis com-
parable with%g at all studied temperature$n contrast, the time scale &g is about one order
of magnitude smaller tha® although the temperature dependencég$hows similar Arrhenius
behaviors. These observations indicate that the H-bond life¥gges dominated by the H-bond
breakages caused by translational motidfisally, this observatios - %g results in the follow-
ing implication for the temperature dependence pf

| "

C G
kg T

1_%s , '
= - %ex
~ T 9% % exp

(2.4)

This relationship is direct evidence that the temperature dependences efused by that of the

time scale of H-bond breakage due to translational motions.
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2.4 Conclusions

We analyzed the H-bond breakage dynamics in the TIP4P supercooled water considering a geo-
metric depPnition of the H-bond. We Prst investigated the temperature dependence of the 2D PMF
obtained from the distance-angle distribution function. It was found that the position of the saddle
point distinguishing H-bond and non H-bond regions remains unchanged at all studies tempera-
tures, while the free-energy barrier of the saddle poi@?, gradually increased with decreasing
temperature. We showed that the Arrhenius activation energgsahcreases with decreasing tem-
perature. In contrast, the TST rate constanyr of the H-bond breakage approximately followed

the Arrhenius temperature dependence. In addition, the TST-type expressi¢@, €RpksT),

was obtained, where the correction fad@owas temperature independent. This suggests a signip-
cant decrease in the transmission coefbciewith decreasing temperature.

To elucidate the molecular mechanism of H-bond breakage, the kinetic pathways of H-bond
breakage were studied. In particular, the time dependence of the conditional distance-angle dis-
tribution function revealed the pathways that did not go through the saddle point when the system
was deeply supercooled, which was attributed to H-bond breakages due to translational motions.
This translational H-bond breakage is thought to be associated with the cage-jump motion, which is
commonly observed in various glass-forming liquids. In addition, it is proposed that the avalanches
of cage-jump motions trigger collective molecular motions, referred to as dynamic heterogeneities.
Our observations indicated that such collective motions involving many molecules were not de-
scribed well by the present 2D PMF using geometric variables debPned by the water dimer.

Furthermore, we quantibed the time dependent populations of the rotational and translational H-
bond breakages. With decreasing temperature, the population of the translational H-bond breakage
became comparable to that of the rotational H-bond breakage passing through the saddle point. In
particular, the time scale of the translational H-bond brealggegecame much longer than that
of the rotational H-bond breakadgg. The temperature dependence of the H-bond lifetige

was comparable to that &%. This suggests that the H-bond lifetinggg is dominated by the
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(a) 300 K (b) 190 K
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Figure 2.1: Contour plots of the potential of mean foMgR, ! ), at a temperature of 300 K (a) and

190 K (b). The value of the color bar is normalizedigyl . The saddle point is shown by the gray
point. The rectangle indicated by the gray line represents the H-bond region. The areas surrounded
by red and blue lines represent the H-bond breakage regions due to rotational and translational
motions, respectively (denoted as regions R and T). The region with unsampled conbgurations is
shown in white.

translational motions. In addition, the transmission coefbcignbm unity were explained by the
temperature dependence%t

Finally, we note that it is important to investigate whether the 2D PMF associated with H-bonds
and their breakages is suitable for supercooled whtdact, Sciortinoet al. demonstrated that the
bifurcated H-bond conbguration promotes H-bond breakages with high mobility [91, 92], which is
apparently OhiddenO in the 2D PMF drawn for a pair of water molecules; a bifurcated bond can be
explicitly described only beyond the pair level. Our observations suggested that there exists another
possible saddle point on the 2D PMF proble that rel3ects the translational H-bond breakage relevant
with the bifurcated bondddence, the proble of the PMF might be appropriately transformed, even
with the same reaction coordinates, by using information regarding the kinetic pathways from the
H-bond to the non H-bond regions. We are currently undertaking further investigations to clarify

this issue.
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Figure 2.2:(a) H-bond correlation functioa(t). (b) Reactive Buk(t) = $ dc(t)/ dt. Dotted curves
represent the exponential function €Rp/ %98)/ % with H-bond lifetime%g.
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Figure 2.3: H-bond lifetimé&gg and inverse TST rate constegt= kT5T$ Lys. inverse temperature
1000 T. The Arrhenius behavio#s * exp(Ea/ kgT) in the high and low temperature ranges are
shown as two straight lines, with activation energies \lth= 17.9 and 39.6 kJ/mol, respectively.
The dashed line shows Arrhenius behavior%t exp(Es/ ksT) with Es= 9.7 kJ/mol. Inset: 184

vs. the free-energy barrier of the saddle pbi6f/ ks T on the 2D PMF proble. The dashed straight
line is the btting oRé* exp(C' G¥ kg T) with a constan€ = 0.7.
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Figure 2.5: Time evolution of the normalized populatidhgt) and Pr(t) for H-bond breakage
regions at temperatures of 300 K (a) and 190 K (b). The H-bond breakage regions (regions R and
T) are depicted in Fig. 2.1. Herég,, %, and% are indicated by arrows.
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Figure 2.6: Temperature dependence of the maximum timBs(in andPr(t), as denoted byg
and %, respectively. Comparisons witihg are also shownThe straight lines represent Arrhenius
behavior expEa/ ks T) in the high and low temperature ranges with activation energieskyith
17.9 and 39.6 kJ/mol, respectively.
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Chapter 3

Consistency of geometrical depnitions of hydrogen
bonds based on the two-dimensional potential of
mean force with respect to the time correlation in

liquid water over a wide range of temperatures

3.1 Introduction

The elucidation of forming and breaking processes of the hydrogen-bond (H-bond) between water
molecules is important to understand the dynamics of liquid water [68, 74, 84D86]. In order to
characterize dynamical processes of H-bond, enormous experiments and simulations have been
carried out so far [73D78].

When analyzing the H-bond dynamics in classical molecular dynamics (MD) simulations, a
geometrical condition is conventionally utilized to debne an H-bond between two water molecules.
The most frequently used debnition focuses on O-O distance and O-OH angle of water dimer
[84D86]. It might argued, though, that physical pictures depend on how the H-bond is dePned,
and thus the consistency among a variety of H-bond dePnitions has been addressed in terms of the
two-dimensional (2D) potential of mean force (PMF) obtained from the distance-angle distribution
function [64]. Note that the specibc temperature at 300 K is typically investigated. The consistency
still needs to be clariPed when water is supercooled and the dynamic features for H-bond breakage

changes [66]. MD is then a method of choice to examine the consistency since it has been proven
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useful to examine the slow dynamics of supercooled water at atomic resolution [10D20, 2225, 90,
122D125].

In the present work, we conduct MD simulations over a wide range of temperatures from the
ambient to supercooled and analyze the H-bond dynamics on the basis of the 2D PMF. We utilize
four combinations of distance and angle to debne an H-bond, while Ref. [124] reported the results
with one of the dePnitions using the O-O distance and O-OH angle. For each H-bond debPnition,
we brst calculate the 2D PMF proble from the distance-angle distribution function. The 2D PMF
divides the conbgurations of a pair of water molecules into the H-bond and non H-bond regions.
In particular, we investigate the temperature dependence of the dividing line of the two regions
from 300 K to 190 K at a constant density Aagn® of TIP4P/2005 model. Next we calculate the
H-bond time correlation function, from which the H-bond lifetifigs is determined. We discuss

the consistency among the four debnitions of H-bond on the basis of the temperature dependence

of %B.

3.2 Model and simulations

MD simulations were performed using the TIP4P/2005 water model [109]. All the simulations in
this work were carried out with the GROMACS2016.4 package [110,111]. The simulation system
containedN = 1,000 molecules in the cubic box with the periodic boundary conditions. The mass
density was chosen at 1 gm. The cell size of the system was approximately 3.1 nm. The
examined temperatures wefe= 300, 260, 240, 220, 210, 200, and 190 K. The system was brst
equilibrated with theNVT ensemble at each temperature for 100 ns. Then, the trajectories were
generated with th&lVE ensemble for 100 ns for each temperature, from which the 2D PMF and
H-bond correlation function were calculated. A time step of 1 fs was used.

The H-bond dePnition was introduced by using geometrical variables between two water molecules
[64]. The geometrical structure representing each variable is shown in Fig. 3.1. In this study, we

adopted four combinations of distance and angle for the H-bond debrtiont-" , r-# andr-$.
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Figure 3.1: Pictorial representation of the distandearidr) and angles!(,"” ,# $) discussed in

the text. Thezdxis is perpendicular to the molecular plane.

R andr are the intermolecular distances O-O and O-H, respectively, arfd # and$ denote
intermolecular angled. is the O-OH angle, whilé represents the angle between the intramolec-
ular O-H vector and the intermolecular O-H vectgis the angle between the intermolecular O-H
vector from the acceptor O site and the bisector of the acceptor HOH} aafkrs to the angle of

the intermolecular O-H with the line that passes the acceptor O and is perpendicular to the HOH
plane.

R-! andr-" debPnitions place the O site of the H-bond donor at the origin of the coordinate.
We thus refer tdR-! andr-" debnitions as donor debnitions. In contrast, the O atom of the H-
bond acceptor is located at the origin fo# andr-$ depbnitions, which are regarded as acceptor
debnitions. The acceptor debnition was introduced to analyze its link with the electronic structure-
based H-bond dePnition [64]. Note that© ! , " ,#< 180 . Furthermore$ usually takes a value
of 0' < $ < 90, butthe rang& 90 < $ < 0" is also examined in this study. The purpose is to
precisely characterize the conbguration of the H atom of the donor molecule relative to the O atom
of the acceptor molecule.

For the donor debnitions:#2 R?sin! g(R,! )dRd' (or 2+, r2sin" g(r, " )drd" ) represents the

averaged number of O atoms found in the partial spherical shelld®lndd! at distanceR

27



and angle (or with dr andd” at distance and angl€e’ ) from one of the H atoms in the donor,
where, is the molecular number density of the system. In contrast, for the acceptor debnitions,
the averaged number of H atoms in the partial spherical shelldvidmdd# (or d$) at distance
and angle# (or $) from the acceptor O at the origin is expressed -asrZ sin#g(r, Adrd#! 2 (or
2+, r’sin$ g(r, $)drd$ ! 2), where the factor of 2 arises due to the presence of two H atoms in one
molecule. Note thag(r,$) becomes ill-dePned & = 0 because that point is apparently singular
due to sir$ = 0. The distribution functiorg results in the 2D PMF debned by = $kgTIng,
which plays a role of the free energy landscape of the H-bond.

We also analyze the time correlation function of the H-baz{d) = %(0)h(t) & %(0)& where
h(t) is the H-bond operator between any pair of water molecules at d {BAe85]. %oa adefiresents
the ensemble average over all the pairs of molecules at initial tim&t).= 1 if the two water
molecules are H-bonded ah¢t) = 0 otherwise. The criterion of the H-bond was based on the 2D
PMF for each debnition, which will be discussed below. The H-bond lifefiigewas determined
from C(t) by btting it to the stretched exponential function €xp' %g)’ .

3.3 Results and discussion

3.3.1 2D PMF probles with donor debnitions

We Prst discuss the results with the donor debnitiBrs,andr-" . Figure 3.2 shows the 2D PMF
contour maps using each distance-angle combinatidr=a800 and 190 K. Remark that the overall
2D PMF proble remains unchanged at the temperatures investigated in this study.

The transition from the H-bonded to the non H-bond state is characterized by the saddle point
on the 2D PMF proble. We detected the saddle pointRat -) = (0.32 nm39) and(r-," ) =
(0.25 nm52'), which are indicated by gray dots in Fig. 3.2. These saddle point positions are also
unchanged with the variation in the temperature.

(Reviewer 1, comment 1) We then bxed the H-bond criteria by identifying the energetically

most stable regions on the 2D PMF probles for the two debnitions; two molecules are consid-
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