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ABSTRACT: In equilibrium and supercooled liquids, poly-
morphism is manifested by thermodynamic regions defined in
the phase diagram, which are predominantly of different short- and
medium-range order (local structure). It is found that on the phase
diagram of the water model, the thermodynamic region
corresponding to the equilibrium liquid phase is divided by a
line of the smooth liquid−liquid crossover. In the case of the water
model TIP4P/2005, this crossover is revealed by various local
order parameters and corresponds to pressures on the order of
3150 ± 350 atm at ambient temperature. In the vicinity of the
crossover, the dynamics of water molecules change significantly,
which is reflected, in particular, in the fact that the self-diffusion
coefficient reaches its maximum values. In addition, changes in the
structure also manifest themselves in changes in the kinetics of hydrogen bonding, which are captured by values of such quantities as
the average lifetime of hydrogen bonding, the average lifetimes of different local coordination numbers, and the frequencies of
changes in different local coordination numbers. An interpretation of the hydrogen bond kinetics in terms of the free energy
landscape concept in the space of possible coordination numbers is proposed.

1. INTRODUCTION
Crystalline solids are characterized by polymorphism: equili-
brium phases with different structures are possible. If in the case
of crystals and quasicrystals the term “structure” implies a certain
regularity in the arrangement of the particles (atoms, molecules,
or ions) that form them, in the case of liquids, the term
“structure” implies a statistically averaged configuration that
characterizes the mutual arrangement of the particles. Thus,
even in the presence of high particle mobility and their
significant displacements relative to each other, typical of
classical equilibrium liquids at finite temperatures, a statistically
averaged configuration remains unchanged. As found for many
single-component liquids,1,2 the thermodynamic region in their
phase diagrams corresponding to both equilibrium and
supercooled liquid phases is divided into subregions of “low-
density liquid” (LDL) and “high-density liquid” (HDL) states.
The structure changes significantly at the transition between
these states, known as the liquid−liquid transition (LLT). This
transition is most evident in atomistic and molecular liquids,
where the interparticle interaction is essentially nonspherical
and/or promotes the formation of network structures. The LLT
is found in the metallic melts of cerium3 and bismuth,4,5 in pure
silicon,6−8 phosphorus,9,10 and sulfur,11 as well as in the melts of
triphenyl phosphite,12,13 germanium oxide,1 and boron oxide.14

In the case of water, a discontinuous LLT, which has features
of a first-order phase transition, appears for supercooled
states.15−19 The LLT line crosses the region of deep super-

cooling, separating the low-density amorphous ice phase from
the high-density amorphous ice phase, a region of moderate
supercooling, separating the LDL and HDL states, and
presumably ends at the so-called second critical point (LLCP)
with the density ρLLT(c) , the temperature TLLT

(c) , and the pressure
pLLT(c) . At present, there is no known exact analytical equation
f(pLLT, TLLT) = 0 analogous to the Clausius−Clapeyron
equation, derived from thermodynamic considerations, that
uniquely defines the transition line and the corresponding
critical point (CP), i.e., values of the pressure pLLT(c) and the
temperature TLLT

(c) . On the other hand, the known experimental
measurements17−19 report different results, which, in turn, differ
from the results of ab initio molecular dynamics simulations.20,21

Classical molecular dynamics simulations with various model
potentials quite expectedly yield unique results for the
LLT.22−25 Thus, at this point, one can speak of a region on
the (p, T) phase diagram of water where the LLT is likely to be
observed.
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The available experimental and simulation results reveal the
following common features (Figure 1):
(i) On the (p, T)-phase diagram, the LLT line is

characterized by a small negative slope relative to the
temperature axis, and this transition in water is induced by
pressure from the range [1000; 3000] atm.26−28

(ii) The LLCP is assumed to be in the temperature region
bounded by the crystallization temperature Tx and the
melting temperature Tm.

(iii) The currently known LLCP values are in the temperature
range T ∈ [180; 247] K and pressure range p ∈ [130;
3400] atm (based on data from refs 20−25,28−42).

(iv) The LLCP is located near the isobar, which contains a
ternary point for hexagonal crystalline ice (ice-Ih),
tetragonal crystalline ice (ice-III), and equilibrium water
phases. Near this isobar, the water-ice coexistence line
changes the slope from negative to positive.

(v) For the local structure of the LDL state, the characteristic
interparticle distances and angles in the triplets of
neighboring molecules correlate with the crystal lattice
constants of tetragonal and rhombohedral ice, indicating a
high degree of tetrahedricity.43 The HDL state arises due
to the densest packing of water molecules, where the
directional bonds, that are typical of water and are
responsible for the formation of the tetrahedral structure,
appear much weaker and practically do not determine the
character of the local order.

In the overcritical region at temperatures T > TLLT
(c) , the

thermodynamic response functions�the isobaric heat capacity
Cp, the isothermal compressibility βT, and the thermal expansion
coefficient αp�reveal extremes that form the corresponding

lines. In the vicinity of the LLCP, these lines merge into the so-
called Widom line and converge to the LLCP.27 In turn,
according to the original definition,49 the Widom line is a line
originating from a CP and defined by the (p, T) points in the
phase diagram at which the correlation length takes maximum
values. Thus, it is assumed that there should be at least two
Widom lines in the phase diagram of water, one referring to the
supercritical fluid and coming from the CP (ρc, pc, and Tc), and
the other referring to the LLT and coming from the LLCP (ρLLT(c) ,
pLLT(c) , and TLLT

(c) ) [see Figure 1].
In addition, in the specific overcritical region at temperatures

T > TLLT
(c) , there are also two types of local structures

corresponding to LDL andHDL states, where the concentration
ratio of these structures with temperature and pressure changes
smoothly. Thus, the phase diagram also exhibits a smooth LL-
crossover line, originating presumably from the LLCP and
continuing to higher temperatures and defining subregions in
this phase diagram where either LDL- or HDL-local structures
predominate. At the crossover, a discontinuous change will be
revealed only for some local structural characteristics, whereas
all macroscopic and thermodynamic parameters will change
smoothly.50,51 In fact, this crossover line is similar to the so-
called Frenkel line, which, in turn, on the phase diagram of a
supercritical fluid divides the regions of predominance of
oscillatory or diffusive dynamics of molecules.52,53

The aim of this study is to clarify how changes in the local
structure associated with the LL-crossover are manifested in the
mobility of water molecules as well as in the kinetics of hydrogen
bond (HB) formation. Using a water model as an example, the
LDL and HDL states are considered for the isotherm
corresponding to ambient temperature, and the key structural,
transport, and kinetic properties for these states are determined.

Figure 1. (Color online) (a) phase diagram of water for the wide range of pressures p and temperatures T. The highlighted rectangular region of
hypothetical LLCPs contains the currently known LLCP values;20−25,28−42 the thick red line denotes the hypothetical LL-crossover line;44 the red
solid circle labeled (CP) denotes the CP where the saturation line ends and from which the Widom lines (blue and green dashed lines) originate.45

Plotted on the basis of data from refs 46 and 47. (b) Fragment of (p,T)-phase diagram containing the hypothetical LL-transition line with LLCP as well
as the Widom lines coming from this point (according to ref 48); Tx is the crystallization temperature, TH is the homogeneous crystal nucleation
temperature, and Tm is the melting temperature. The blue dots on the isotherm T = 293 K denote the states considered in this paper; the red segment
denotes the region of smooth LL-crossover. (c) Ice diagrams for Ih, II, III, V, and VI crystalline phases.
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The main focus is on how the crossover is reflected in such
properties as the average HB lifetime, the average lifetimes of
different local configurations with the coordination numbers

= 1, 2, ..., 6, and the rates of change of these local
configurations. The obtained results allow one to provide
unique information about the changes in the thermodynamics of
HB formation that occur in the vicinity of the LL-crossover.

2. METHODS
2.1. Simulation Details. For the purposes of this study, it is

not necessary that the water model under consideration
reproduce as accurately as possible all of the physical properties
of real water. A necessary condition for choice of a model is the
presence of bonds in the effective interparticle interaction, which
are capable of forming a network of HBs as in water. In addition,
a model should be relatively simple for simulations so that
sufficiently large time scales can be covered and different states
can be considered. The nonpolarizable water models TIP4P-Ew
and TIP4P/2005 reproduce the density over a range of
temperatures, as well as the density maximum ρm(T),

approximating the actual values of temperature T and density
ρm for water.54,55 These models reproduce the features of the
melting line trend of water over a wide range of pressures. In
contrast, the TIP4P/2005 model produces more correct values
for thermal coefficients (isothermal compressibility and
coefficient of thermal expansion) and caloric coefficients (e.g.,
isobaric heat capacity) .54,56 Although this study is concerned
with equilibrium liquid states, it is important to note that the
TIP4P/2005 model produces a large number of intrinsic
crystalline water phases over a wide pressure range.54,57

Furthermore, the TIP4P/2005 model gives a better agreement
with experimental viscosity data in the temperature range from
273 to 293 K compared to other nonpolarizable potentials:
SCP/E, TIP4P, and TIP4P-Ew.58−61 Thus, the TIP4P/2005
model is one of the most accurate classical nonpolarizable liquid
water models.62

The molecular dynamics simulations with the LAMMPS
software GPU package were performed for N = 4096 molecules
enclosed in a cubic box with periodic boundary conditions and
interacted via the TIP4P/2005 potential.54,63−69 The iso-
thermal−isobaric ensemble was realized by means of the

Figure 2. (Color online) structural characteristics calculated for equilibrium states of the water model at the temperature T = 293 K and different
pressures p: (a) radial distribution function gOO(r); (b) density ρ; (c) Wendt-Abraham parameter r ; (d) average HB angle ⟨βOOH⟩; (e) tetrahedral
order parameter ⟨Q⟩; and (f) orientational order parameter ⟨Q6⟩.

The Journal of Physical Chemistry B pubs.acs.org/JPCB Article

https://doi.org/10.1021/acs.jpcb.3c07650
J. Phys. Chem. B 2024, 128, 2337−2346

2339

https://pubs.acs.org/doi/10.1021/acs.jpcb.3c07650?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.3c07650?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.3c07650?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.3c07650?fig=fig2&ref=pdf
pubs.acs.org/JPCB?ref=pdf
https://doi.org/10.1021/acs.jpcb.3c07650?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Nose−́Hoover thermostat and barostat with the relaxation
constants τT = 0.1 ps and τp = 1.0 ps, respectively.70 The cutoff
radii for the Coulomb and Lennard-Jones interactions were
taken as rc,Coul = rc,LJ = 10 Å. The long-range electrostatic
interactions were treated using the Particle−Particle−Particle−
Mesh (PPPM) algorithm with a splitting factor of 0.311 Å−1 and
a grid of 45× 45× 45.71 The bond lengths and angles in the rigid
water molecule were controlled by the SHAKE algorithm.72 The
PPPM and SHAKE tolerances were set to 1.0 × 10−5.
Integration of the equations of motion was performed with a
time step of Δτ = 1.0 fs.
The study covers the thermodynamic states along the

isotherm T = 293 K at pressures from the range p ∈ [1.0;
10,000] atm. All of the states correspond to the equilibrium
liquid phase. Each simulation configuration was initially
equilibrated for the time teq = 1.0 ns. To calculate the physical
properties, molecular dynamics simulations were performed
over the time window t = 9.0 ns.
2.2. Main Characteristics. For each thermodynamic state

considered, the following characteristics are determined.
The radial distribution function g(r) carries information about

a structure of the system under consideration. This function is
associated with the probability of finding two arbitrary particles
at a distance = | |r r from each other and can be defined as
follows

=g r
Vn r
r N

( ) lim
( )

4rd 0 2
pairs (1)

Here, n(r) is the average number of particle pairs located at a
distance between r and r + dr, V is the volume of the system, and
Npairs is the number of unique pairs of particles.73,74 The
pronounced maxima in this function are located at distances,
indicating the most probable distances between the particles.
The center of mass of a water molecule practically coincides with
the center of mass of an oxygen atom of this molecule. So, it is
convenient to characterize the structure of water by means of the
radial distribution function of molecules determined by oxygen
atoms, i.e., gOO(r).
It is convenient to take into account the local structural order

associated with the nearest neighborhood of the particles by
such a scalar quantity as the Wendt-Abraham parameter75

=r g r g r( )/ ( )min max (2)

where rmin and rmax are the positions of the first minimum and
maximum in the radial distribution function g(r), respectively
[see inset in Figure 2c]. The Wendt-Abraham parameter can
take values from the range [0, 1]. In the case of a perfect crystal
lattice, this parameter takes the value r = 0; in the case of a gas,
we have r = 1. Thus, values of the parameter close to zero
indicate a local structure close to crystalline.
For the case of the molecular system with the directional

bonds as in water, the orientational ordering can be
characterized by the average HB angle ⟨βOOH⟩, the tetrahedral
order parameter ⟨Q⟩, and the orientational order parameter
⟨Q6⟩. The HB is defined according to geometric considerations.
It is assumed that a pair of neighboring water molecules forms a
HB if the relative distances ROO and ROH as well as the so-called
HB angle βOOH do not exceed the values ROO

(c) = gOO(rmin), ROH
(c) =

gOH(rmin), and βOOH(c) = 30°, respectively76 [see inset in Figure
2d]. Thus, average HB angle ⟨βOOH⟩ is defined as follows

=
= =NS

1
OOH

i

N

j

S

OOH
i j

1 1

( , )

(3)

where S is the instantaneous number of the HBs in which the ith
molecule participates. The tetrahedral order parameter ⟨Q⟩
evaluates the degree of tetrahedrality in the nearest neighbor-
hood of water molecules and is defined as77

= +
= = +

i
k
jjj y

{
zzzQ 1

3
8

cos
1
3i j i

ij
1

3

1

4 2

(4)

Here, θij is the angle formed by some molecule and its
neighboring molecules i and j. One has ⟨Q⟩ = 1 for a perfect
tetrahedral order, while for a random local arrangement of
molecules, it is ⟨Q⟩ = 0. Angle brackets ⟨...⟩ for this quantity and
others below denote ensemble and time averaging.
The global orientational order parameter can be defined as

follows78−81

=
=

= =
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6

1

2 1/2
b

(5)

where Y6m(θij, ϕij) are the spherical harmonics, θij and ϕij are the
polar and azimuthal angles formed by the radius-vector rij and
some reference system. Then, Nb(i) denotes the number of
nearest neighbors of molecule i that are at a distance | |rij not
exceeding rmin, i.e., | | <r rij min, where rmin corresponds to the first
minimum in the radial distribution function gOO(r). For a fully
disordered system, one has ⟨Q6⟩ → 0, whereas for perfect FCC
and HCP crystalline phases, it takes values of 0.575 and 0.485,
respectively.79

Based on the time-dependent configurations obtained from
molecular dynamics simulations, we can estimate the self-
diffusion coefficient as the slope of the mean-square displace-
ment of a particle with respect to time t82,83

= | |D
d
t

r t
1
6

lim
d

( )
t

s
2

(6)

The average HB lifetime ⟨τHB⟩ can be evaluated with different
definitions.
(a) First, the quantity ⟨τHB⟩ is directly determined from the

simulation results as the average bonding time of pairs of
molecules, which is corrected for possible “false” HBs
existing at times less than 0.2 ps and corresponding to the
librational dynamics of molecules.

(b) If the instantaneous average value of the number ⟨NHB⟩ of
the HBs and the total numberNall of the HBs registered in
the system for a time interval tsim are known, the quantity
⟨τHB⟩ is defined as84

= N
N

tHB
HB

all
sim

(7)

(c) And, finally, the quantity ⟨τHB⟩ appears as a parameter in
the kinetic model for the reaction flux correlation function

=C t
t

C t k n t
d ( )

d
( ) ( )HB

HB
1

HB 2 (8)

Here, k2 is the breaking rate constant, and
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=C t
h t h

h
( )

( ) (0)
HB

(9)

is the HB autocorrelation function. The dynamical variable h(t)
equals unity if a pair of molecules is bonded and is zero
otherwise.76,84,85 Furthermore, n(t) is the HB breaking function
defined as

=n t k t t( ) ( )d
t

in
0 (10)

and

= [ ]
k t

h h t H t
h

( )
(0) 1 ( ) ( )

in
(11)

is the restrictive reactive flux function with

= <l
mooo
noo

H t R t R
( )

1 if ( )

0 otherwise
OO OO

(c)

(12)

Then, the quantity ⟨τHB⟩ is evaluated by fitting the simulation
results for −dCHB(t)/dt by eq 8.
To characterize the kinetics of the HBs, it is necessary to

define the local coordination number of a molecule. It
determines the number of the HBs in which a molecule
participates. Note that the quantity is similar in its physical
meaning to the first coordination number, but it is not the same
since it takes into account only those neighboring molecules that
satisfy the geometric criterion of the HB. The average time for
which a molecule is able to hold bonds and thus maintain a
given value of the local coordination number defines the
average coordination lifetime . The dynamics of the HB
network occurs due to the formation of new HBs at each
molecule and the breaking of existing bonds. Therefore, it seems
reasonable to introduce the average waiting time ⟨τi→j⟩, which
characterizes the average time of continuous stay of a molecule
in a state with = i bonds before that molecule passes into a
state with = j bonds. Then, the quantity i j

1 represents
the frequency with which a molecule changes the ith
coordination number to the jth coordination number. The
values of the quantities , , and ⟨τi→j⟩ are estimated from
direct analysis of the simulation data.86

3. RESULTS AND DISCUSSION
3.1. Liquid−Liquid Crossover. In the LDL state, it is

energetically favorable to form short- and medium-range order
with directed bonds, the energy of which is comparable to the
energy εHB ≃ 0.2 eV of dimers of water molecules.87,88

Consequently, the LL-crossover will occur at pressures that
will bring the energy Ep = pΔV0 into the local environment of
water molecules comparable to the energy (0.1 ÷ 1)εHB since no
rigid bonds between molecules are formed as such. Here, V0 ≃
(4/3)πR0

3 is the volume per molecule, where R0 ≃ 3.0 × 10−10 m
is the distance between the centers of two hydrogen-bonded
water molecules. It is reasonable to take the change in this
volume asΔV0 ≃ 0.1V0, and then one obtainsΔV0 ∼ 1.0× 10−29

m3. From this, one finds that these pressuresmust be of the order
of 103 ÷ 104 atm, i.e., one gets the values that coincide in order
with the actual pressures pLL of the observed LL-crossover [the
thick red line in Figure 1a]. In addition, it becomes clear from
this point why this crossover is not observed at other, higher, or
lower pressures.

Specificity of the LL-crossover in water, related to the
structural change, should certainly be reflected both in the
dynamics of the water molecules and in the kinetics of the
formation of the HBs.Molecular dynamics simulations using the
given intermolecular interaction potential U(r) could be a
suitable tool for this kind of study. All the results given below are
derived from molecular dynamics simulations with the TIP4P/
2005 potential.54

3.1.1. Structure. If one considers the states of equilibrium
liquid water along the isotherm T = 293 K [see Figure 1b], then
in the pressure dependences of local structural characteristics,
the LL-crossover does appear at pressures in the vicinity of pLL ≃
3150 ± 350 atm (see Figure 2). From the radial distribution
function of the oxygen atoms gOO(r), which set the centers of
mass of the water molecules, it follows that the second
coordination sphere shifts to a smaller distance with increasing
pressure and collapses at the pressure pLL onto the first
coordination sphere. It is noteworthy that for a macroscopic
characteristic such as density, no peculiarities are observed over
the entire pressure range covered. This can be seen in Figure 2b,
where the simulation results for the density ρ(p) are compared
with the available experimental data as well as with the results of
the equation of state developed from the experimental data.89,90

On the isotherm T = 293 K, the significant changes of the
average HB angle ⟨βOOH⟩, the tetrahedral order parameter ⟨Q⟩,
the Wendt-Abraham parameter r , and the orientational order
parameter ⟨Q6⟩ are revealed at the pressures associated with the
pressure pLL [see Figure 2c−f)] .77−79 In the crossover region,
the orientational order parameter ⟨Q6⟩ shows a jump in values,
although this jump is insignificant in magnitude. The other
structural parameters behave continuously. This is consistent
with some of the previous results for the LL-crossover obtained
from molecular dynamics simulations.40,50,51

3.1.2. Kinetics of HBs. Significant changes in the dynamics of
water molecules appear in the vicinity of the LL-crossover. In the
case of the LDL states at pressures p < pLL, the mobility of
molecules is greater for states with higher pressures. For water,
as a system with directional intermolecular bonds, this is quite
expected. This is because at higher pressures, the selected
directions in the molecular interaction start to appear weaker,
and the effective intermolecular interaction becomes more
isotropic. As a result, at the pressures corresponding to the LDL
states, the self-diffusion Ds(p) as a function of the pressure p
increases, and the average lifetime ⟨τHB⟩ of the HB with the
pressure p decreases (see Figure 3). In the HDL states, the
anisotropy due to the characteristic water intermolecular
interaction practically does not manifest itself. As a conse-
quence, the physical characteristics as a function of the pressure
should have behavior similar to that observed in simple liquids.
Then, the average lifetime ⟨τHB⟩ of the HB takes the meaning of
the characteristic neighborhood time of a pair of molecules,
which is practically independent of the pressure p. In turn, the
mobility of molecules should decrease as the system becomes
more dense, as is typical for simple liquids. This is manifested
clearly in the self-diffusion coefficient Ds; the values of which
decrease with increasing pressure p. The above conclusions are
completely supported by the results of ultrafast infrared pump−
probe spectroscopy, which indicate that the rotational
anisotropy of water molecules decreases with increasing
pressure in the LDL state and that the rotational anisotropy
almost completely disappears at the LL-crossover [see inset in
Figure 3b] .92
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Since the LL-crossover is caused by changes in the local
structure, it is useful to consider in detail the local coordination
number of molecules and the average coordination lifetime

. By its physical nature, a water molecule is four-
coordinated,93,94 i.e., = 4, where two bonds can belong to
the negative charge concentration region of a molecule and two
bonds can belong to two positively charged regions. In the case
of liquid phase, the number of bonds per molecule varies with
time and may be more or less than four, since each of the charge
regions of an arbitrary molecule forms a field of central forces. In
fact, the local coordination numbers = 3 and = 4 are
realized with equal probability ∼33% in water (see inset in
Figure 4). The numbers = 2 and = 5 occur with equal
probability ∼15%, and the numbers = 1 and = 6 occur
with probability ∼2%. At the same time, these probabilities do
not vary under the LL-crossover.
The average coordination lifetimes of molecules, ⟨τ1⟩, ⟨τ2⟩, ...,

⟨τ6⟩, decrease with increasing the pressure p (see Figure 4), and
at the LL-crossover, the character of dependences of the
quantities on the pressure p changes in a similar way as for
the average HB lifetime ⟨τHB⟩ [Figure 3b]. The most stable local
configurations are those where water molecules have a local
coordination number = 4, and the lifetime ⟨τ4⟩ of such
configurations is the longest. It is noteworthy that high-density
configurations with the local coordination numbers = 5 and

6 turn out to be of higher priority and are characterized by longer
lifetimes than low-density ones with = 3, 2, and 1, that is to
be expected, when a molecular system with directed
intermolecular bonds is in a high-density disordered state.
Here, a regular network of HBs between water molecules is not
formed, as in the case of crystalline ice.
3.2. Free Energy Landscape. It is convenient to provide an

interpretation of the HB kinetics by means of the free energy
landscape E( ) in the abstract space of local coordination
numbers = { }0, 1, 2, ... (see Figure 5). The minima of this
landscape will correspond to certain values of , and the
dynamics of an arbitrary water molecule will correspond to the

Figure 3. (Color online) (a) self-diffusion coefficient Ds for states at
different pressures on the isobar T = 293 K: simulation results and
experimental data.91 (b) Main: average HB lifetime ⟨τHB⟩ calculated
with different definitions: the orange triangles (▲) represent direct
estimates [see definition (a) in section “Methods”]; the red squares (■)
represent results obtained with eq 7; the blue rhombuses (◊)
correspond to the results obtained using eq 8. Inset: experimental
rotational anisotropy time constant as a function of density at the
temperature T = 298 K (ref 92).

Figure 4. (Color online) main: average lifetimes of coordination
numbers = 1, 2, ..., 6 at different pressures at the isotherm T = 293
K. Inset: occurrence probabilities P of the coordination number ,
where = 1, 2, ..., 6, for an arbitrary water molecule.

Figure 5. (Color online) topological surface representing the free
energy landscape E( ), where is a local coordination number taking
values 0, 1, 2, ..., 6. The real dynamics of an arbitrary water molecule
corresponds to the motion along this landscape with falling in the
minima.
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movement along the landscape E( ). Obviously, the shape of
the landscape (depths of different minima, barriers) is
determined by the thermodynamic state of a system. The
more stable the local configuration with a given coordination
number, the deeper the corresponding minimum will be. A
graphical explanation is given in schematic Figure 5. The
transition from oneminimumwith = i to another with = j
is characterized by a certain transition probability and the
average waiting time ⟨τi→j⟩. In turn, the quantities ⟨τi→j⟩ are
related to the average coordination lifetimes as follows

=

=
=

P

i j

i j

, 0, 1, 2, ..., 6

,

i
j

i j i j
0

6

(13)

where Pi→j is the probability of changing the ith coordination
number to the jth one. The times ⟨τi→j⟩ are pressure-dependent:
they decrease linearly with increasing pressure values, showing
changes in the LL-crossover region. Highly coordinated
molecular states with = 4 and 5 appear to be most stable
before transitions to the states with lower coordination numbers

= 3 and 4, respectively [Figure 6a].

The frequencies i j
1 of coordination number changes

obey the following equation95
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Here, Wi→j is the free energy barrier for the transition from the
minimum with = i to the minimum with = j, and the
quantity ⟨ω0⟩ is the average frequency of vibrations of water
molecules, which can be determined through the ratio of the first
two frequency moments of the vibrational density of states f(ω)
of water molecules

=
f

f

( )d

( )d0
(15)

Note that the vibrational density of states f(ω) is defined here
as the spectral density of the velocity autocorrelation function of
the molecules. The obtained results for f(ω) at different
pressures p are shown in Figure S1. The oscillations of an
arbitrary molecule are determined by the size of the region (cell)
formed by neighboring molecules. Therefore, it is quite natural
that the frequency ⟨ω0⟩ grows with density and increases linearly
as a function of pressure

p0 (16)

revealing changes in the LL-crossover region. Thus, one finds α
= 13.5×103 and 8.8×103 m3/(J·s) for the LDL and HDL states,
respectively [inset in Figure 6b].
If one moves along the isotherm and considers equilibrium

thermodynamic states at different pressures, it appears that the
general shape of the free energy landscape E( ) persists. With
increasing pressure, the depths of all minima in this landscape
increase commensurately. Thus, the baric dependences of the
free energy barriers Wi→j(p) are reproduced by linear functions,
and the character of these functions significantly changes at the
LL-crossover [see Figure 6b], obeying the following general
relation

=
l
m
oooo
n
oooo

W p

p

v

v

d ( )

d

, for LDL states

, for HDL states

i j i j

i j

LDL

HDL
(17)

where

| | > | |v vi j i j
LDL HDL

The volume vi→j means the magnitude of the changes in the
short-range order when a molecule changes its coordination
number from = i to = j in the corresponding LDL or
HDL state. Then, the product (p vi→j) has a physical meaning of
work, which is performed by a system, when a molecule changes
its local environment with the coordination number = i to

= j, while (p Δvi→j) indicates the magnitude of the change in
this work with unit pressure change. Positive values of Δvi→j
indicate that the local volume change vi→j will be larger in a
higher pressure state compared with the local volume change in
a lower pressure state. In turn, negative values ofΔvi→j indicate a
decrease in the local volume change vi→j with increasing

Figure 6. (Color online) (a) main: average waiting times ⟨τi→j⟩ for a
molecule to transition from a state with a coordination number = i
to a state with a number = j at different pressures p, where i, j = 2, 3,
4, and 5. Inset: changing coordination number of an arbitrary ith
water molecule over time t. The figure explains how the average waiting
times ⟨τi→j⟩ are determined using the example case of ⟨τ4→5⟩. (b)Main:
change of transition activation energies Wi→j (p) relative to their values
for the state at pressure p1 = 1 atm, i.e., Wi→j (p = 1 atm.). Inset: the
average vibration frequency ⟨ω0⟩ of water molecules for states at
different pressures p.
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pressure. For the isotherm T = 293 K, we have
[ ]v 2.9; 0.6i j

LDL Å3 and [ ]v 0.6; 0.5i j
HDL Å3.

4. CONCLUSIONS
The main results are summarized as follows.

(i) For the water model on the isotherm T = 293 K, the
structural changes are found at the pressures pLL = 3150±
350 atm. The character of these changes in the structure is
similar to that observed at the liquid−liquid first-order
phase transition. However, in contrast to this phase
transition, the observed structural changes occur
smoothly, typical of the liquid−liquid crossover, and are
caused by the broadening of the first coordination shell
due to changes in the second shell.

(ii) The self-diffusion is a nonmonotonic function of pressure
and attains a maximum in the neighborhood of the LL-
crossover. In the region of LDL states, the weakening of
the anisotropy in the interparticle interaction with
pressure has an effect on the increase in the mobility of
molecules and their self-diffusion. For HDL states, the
self-diffusion decreases as the density of the system
increases, which is due to the fact that anisotropy in the
water intermolecular interaction practically does not
manifest itself and that is typical for simple liquids.

(iii) Changes in the structure directly affect the kinetics of HB
network formation. It is found that the average HB
lifetime as well as the average lifetime of different
coordination numbers decreases with increasing pressure,
and the changes are detected at the LL-crossover.
Furthermore, the average lifetimes of the coordination
numbers are fractions of picoseconds that are comparable
to the characteristic time scale of self-diffusion of the
molecules, and the stable long-lived HBs in water are not
formed even in the range of the HDL states.

(iv) The concept of the free energy landscape in the space of
possible coordination numbers is proposed to describe
hydrogen bonding kinetics. As found, with increasing
pressure, the depths of all minima in this landscape
increase commensurately. Free energy barriers for the
transitions between the states with various coordination
numbers as functions of pressure are reproduced by the
linear functions, and the slopes of these functions change
significantly at the LL-crossover.

In addition, the obtained results lead to the following general
conclusions related to the necessary conditions for the existence
of the LDL/HDL transition in the system. The LLT as well as
the LL-crossover are induced by pressure and occur in the
systems with a specific interparticle interaction. It can be an
interaction with pronounced anisotropy, where the non-
sphericity of a potential is due to the presence of selected
directions96 (as, for example, in water) or is due to the presence
of some range of lengths corresponding to possible values of
equilibrium interparticle distances (as, for example, in
polyvalent metal melts97). Alternatively, it could be an isotropic
interparticle interaction reproduced by a spherical-type
potential, which must have a negative curvature region at
distances smaller than the effective equilibrium interparticle
distance. Due to these features of the potential at finite pressures,
there appears a new correlation length characterizing an average
effective particle size in the high-density state.
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