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Abstract
The anomalous behaviour of various properties of liquid water upon cooling
may be explained by approaching the percolation transition of the four-
coordinated water molecules or by approaching the liquid–liquid transition. We
have found these two explanations are intrinsically closely related by locating
the line of the percolation transitions of the four-coordinated water molecules
with respect to the liquid–vapour and liquid–liquid transitions of ST2 water. The
saturated liquid water upon cooling crosses the percolation threshold of the four-
coordinated water molecules, which is close to the binodal (spinodal) of the first
(lowest-density) liquid–liquid transition of water. This finding agrees with the
known close relation between the phase transition and the percolation transition
of physical clusters. The lowest-density amorphous water phase is characterized
by presence of a percolating network of the four-coordinated water molecules.
The line of the percolation transitions of tetrahedrally ordered water molecules
(with arbitrary coordination number) envelops the whole region where liquid–
liquid transitions occur. So, the percolating network of the tetrahedrally ordered
water molecules is absent in the highest-density amorphous water phase.

1. Introduction

The density maximum of saturated liquid water as well as the anomalous behaviour of some
properties of liquid water were qualitatively explained a long time ago by assuming the
existence of the two kinds of water molecules with different local order (see [1] for historical
review). In particular, liquid water was considered as a mixture of ‘ice-like’ component and
‘normal’ liquid. Such ‘ice-like’ species possess a lower entropy and lower density than ‘normal’
water molecules. Upon cooling, the fraction of the ‘ice-like’ species increases, providing a
liquid density maximum at some temperature. This simple mixture model of liquid water,
first proposed by Whiting in 1884 [2], was essentially developed in subsequent studies, and
numerous modifications of the mixture model of water can be found in the literature now.
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The experimental finding of a singular-like behaviour of some properties of liquid water [3]
at about 228 K [4] renewed discussions of a possible origin of the anomalous water properties.
In 1979, Stanley attributed this singular temperature to the percolation transition of the four-
coordinated water molecules [5], which are rather similar to the ‘ice-like’ species in the first
mixture model of water. It was shown that the connectivity of species with definite number
NN of the neighbours in the first coordination shell is far from random [5]. In particular, the
species with NN = 4 have higher probability to have similar neighbours in the first coordination
shell, that results in the formation of extended patches of four-coordinated water molecules.
With increasing population, four-coordinated water molecules can form an infinite network
via correlated-site percolation transition [5]. As the local density of the patches of the four-
coordinated water molecules differs from the density of the rest of the fluid, an increase of
their clustering gives rise to an increase of density fluctuations, which may be responsible
for the thermodynamic anomalies observed experimentally [6, 7]. Computer simulations of
liquid water evidence the existence of an infinite hydrogen-bonded network [8], which includes
clusters of spatially correlated patches of the four-coordinated molecules [9–11]. Varying the
definition of connectivity between two water molecules, a correlated-site percolation transition
of four-coordinated water molecules was confirmed to be consistent with ordinary random-
bond percolation in a three-dimensional lattice [12].

Anomalous behaviour of supercooled water may also be attributed to the existence of a
liquid–liquid phase transition of supercooled water. This idea appeared due to the experimental
observation of the phase transition between low-density (LDA) and high-density (HDA)
amorphous ices [13] and got further support from various experimental and simulation studies
(see [14] for a recent review). The discovery of the third form of amorphous ice, very-high-
density amorphous ice (VHDA) [15], was followed by the observation of multiple liquid–liquid
transitions in computer simulations of various water models [16–18]. Finally, the multiplicity of
the phase transitions between various amorphous water phases was confirmed by experimental
observation of the two-step transformation LDA → HDA → VHDA upon pressurization [19].

Depending on the mutual location of the liquid–vapour and liquid–liquid transitions,
two main scenarios are possible. If some liquid–liquid phase transition meets the liquid–
vapour transition at a triple point, thermodynamic properties of liquid water should diverge
approaching the spinodal of the liquid–liquid transition [16, 17, 20–22]. In the absence of
a triple point, anomalous behaviour of liquid water may be the result of a distant effect of
one [20, 21, 23–26] or several [16–18] liquid–liquid critical points, which are shifted with
respect to the liquid branch of the liquid–vapour coexistence curve in pressure and temperature.
The smooth transition between these two scenarios may be achieved by tuning parameters of
the system [17, 20, 21, 23, 24, 27]. In particular, in the modified van der Waals model [20], the
liquid–liquid critical point shifts from negative to positive pressures with strengthening of the
hydrogen bonds. A similar trend is observed in the ST2 water model due to the account of the
long-range Coulombic interactions [17, 25, 28].

Anomalous behaviour of liquid water may be seen in the models which do not show liquid–
liquid transition [29]. However, even in this singularity-free scenario, anomalous properties
of liquid water may be attributed to the distant effect of the hidden liquid–liquid transition,
which occurs in water with modified molecular parameters [21, 23, 27]. The effect of a hidden
liquid–liquid phase transition is well known for aqueous solutions with a closed-loop phase
diagram. In particular, the closed-loop phase diagrams of aqueous solutions of some pyridines
shrink and disappear due to the substitution of heavy water by normal water [30]. Variation of
the molecular parameters (deuteration of water) has the same effect on the closed-loop phase
diagram as variation of pressure. Liquid–liquid transition in the mixtures of pyridines with
normal water appears with increasing [31] or decreasing [32] pressure. The hidden phase
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transition causes an increase of density (concentration) fluctuations in solutions which do not
show liquid–liquid phase separation [33]. On the other hand, the liquid–liquid transitions may
not necessarily result in liquid density anomalies [34, 35].

Phase transition is closely related to the percolation transition of physical clusters [36].
In particular, line of percolation transition meets the coexistence curve at the critical point. At
sub-critical temperatures, percolation of physical clusters may be expected close to the spinodal
curve, which cannot be defined unambiguously, however, in the case of short-range inter-
particle interaction [37]. The line of the percolation transitions of the hydrogen-bonded water
clusters in aqueous solution was observed close to the liquid–liquid coexistence curve [38].
Due to so close a relation between percolation and phase transition, two explanations of the
anomalous water properties, one based on the idea of the percolation of the four-coordinated
molecules, and another based on the existence of a liquid–liquid transition, may just represent
different views of the same physical phenomenon.

To clarify the relation between percolation transition, anomalous properties of liquid water
and liquid–liquid transitions in supercooled water, we have located lines of the percolation
transitions of the four-coordinated molecules and tetrahedrally ordered molecules with respect
to the liquid–vapour and liquid–liquid phase transitions of the ST2 model of water.

2. Model system and simulation methods

The phase diagram of the ST2 water model [39] was obtained in [16, 17] by direct simulations
of the coexisting phases in the Gibbs ensemble [40] and by simulations of isotherms in
the N PT ensemble with restricted density fluctuations [41, 42]. This water model shows
the closest correspondence with the experimentally observed transitions between various
amorphous ices [19, 43]. There are three liquid–liquid phase transitions of ST2 water in the
supercooled region. The corresponding four phases of the supercooled ST2 water may be
attributed to the experimentally observed LDA, normal-density water, HDA, and VHDA [43].
The lowest-density liquid–liquid phase transition has the critical point at negative pressure and
crosses the liquid–vapour coexistence curve at a triple point at about 270 K, whereas the liquid
density maximum is located at about 310 K.

We have analysed the clustering and percolation of water molecules, which possess some
specific local order. Two main parameters of the local order were used: the number NN of the
neighbours in the first coordination shell and the tetrahedricity measure θ . A water molecule
belongs to the first coordination shell of the reference molecule if the distance between the two
oxygen atoms does not exceed 3.5 Å. To characterize the tetrahedral arrangement of arbitrary
chosen water molecule, we used the tetrahedricity measure θ [44]:

θ = 6� j �=i
(
li − l j

)2

15�i l2
i

, (1)

where li are the lengths of the six edges of the tetrahedron formed by the four nearest
neighbours. For an ideal tetrahedron, θ is equal to zero. Distributions of the tetrahedricity
measure in supercooled water at various densities are shown in figure 1 for T = 200 and 300 K.
A pronounced two-peak structure of these distributions is visible in the wide density range
0.90 < ρ (g cm−3) < 1.40. The left peak represents water molecules with almost perfect
tetrahedral arrangement and it dominates at low densities. The right peak represents water
molecules with an essentially isotropic arrangement of neighbours in the first coordination
shell. All distributions of θ cross roughly at 0.05 < θ < 0.06 at T = 200 K, and at slightly
larger values of θ at T = 300 K. At all studied temperatures, we used the criterion θ < 0.06 to
distinguish water molecules with the tetrahedral arrangement of the four nearest neighbours.
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Figure 1. Distribution of the tetrahedricity measure θ (equation (1)) in liquid water of various
densities in the one-phase region at T = 200 and 300 K.

Percolation analysis was performed for two kinds of water molecules: first, four-
coordinated water molecules with tetrahedral arrangement of the nearest neighbours (four-
coordinated water molecules hereafter); second, water molecules with the tetrahedral
arrangement of the four nearest neighbours and any number NN of neighbours in the first
coordination shell (tetrahedrally ordered water molecules hereafter).

Analysis of water clusters was performed by conventional MC simulations in the NV T
ensemble at various densities and temperatures with 512 water molecules in the simulation
box. From 1 × 105 to 2 × 105 configurations separated by 1000 MC steps (displacements
and rotations) were analysed at each thermodynamic state considered. Percolation transitions
were studied at seven temperatures (from T = 150 to 290 K) for the four-coordinated water
molecules and at five temperatures (from T = 200 to 325 K) for the tetrahedrally ordered water
molecules. At each studied temperature, the cluster analysis was performed at four to nine
average densities. Some of the studied systems were located in liquid–liquid two-phase regions
and, therefore, heterogeneous fluctuations may affect clustering properties in the general case.
However, we did not see this effect, probably due to the low concentration of the considered
species in both coexisting phases.

Two water molecules with the same local order are considered as bonded if one belongs to
the first coordination shell of another one. Water molecules belong to the same cluster if they
are connected via a continuous path of such bonds. The occurrence frequency of water clusters
of various sizes S was described by the cluster size distribution nS . The mean cluster size was
calculated as Smean = �nS S2/�nS S, where the largest cluster was excluded from the sums.
nS S/�nS S is a probability that a given water molecule is member of a finite cluster of size
S. Each configuration was inspected to detect the presence of an ‘infinite’ cluster, which spans
the periodic cubic simulation box at least in one direction. The probability of observing such
a spanning cluster R (spanning probability) was determined at each density studied. We also
analysed the probability distribution of the size Smax of the largest water cluster and its fractal



Percolating networks and liquid–liquid transitions in supercooled water S2251

dimension. At the percolation threshold in the infinite system, the largest cluster should be a
fractal object with a specific fractal dimension df. The statistical self-similarity of an infinite
fractal leads to the following relationship between its mass m(r) and linear size r :

m(r) ∼ rdf . (2)

In our analysis of the largest water cluster, m(r) is the number of water molecules in this cluster,
which are located inside a sphere of a radius r around a randomly chosen water molecule of
the same cluster. The distributions m(r) were averaged over all molecules in the largest cluster.
The fractal dimension df was determined from the fit of m(r) to equation (2) in the range of r
which does not exceed the half of the simulation box.

Various cluster properties show specific behaviour at the percolation threshold. Right
at the percolation threshold, the cluster size distribution nS obeys the universal power law
nS ∼ S−τ [45], with exponents τ ≈ 2.2 [46] in the case of 3D random percolation. The mean
cluster size Smean diverges at the percolation threshold in an infinite system and passes through a
maximum when approaching the threshold in a finite system. Close to the percolation threshold,
the probability distribution of the size of the largest cluster is the widest. The fractal dimension
of the largest cluster at the percolation threshold is lower than the Euclidean dimension of the
system and is equal to d3D

f ≈ 2.53 for 3D systems [45, 46]. Finally, the spanning probability R
is about 50% at the percolation threshold in 3D lattices [47].

3. Results

3.1. Percolation transition of the four-coordinated water molecules

The distribution of tetrahedricity measures θ strongly correlates with the number NN of the
water molecules in the first coordination shell [43]. The distributions of tetrahedricity measure
for the four-coordinated water molecules at various densities and two temperatures are shown
in figure 2. The fraction of the molecules with NN = 4 strongly depends on density and
temperature. Upon heating of liquid water with ρ = 0.90 g cm−3 from T = 200 to 300 K, it
decreases from 67.4% to 40.5%. Increasing density has a more drastic effect: at T = 200 K the
fraction of molecules with NN = 4 is 67.4% and 4.1% at the densities 0.90 and 1.20 g cm−3,
respectively. The distribution of the tetrahedricity measure θ for molecules with a certain NN
value is not sensitive to the fraction of such molecules (see figure 2 for the case NN = 4 and
also [43] for other cases). In particular, at T = 200 K and ρ = 0.90 g cm−3 95% of the
water molecules with NN = 4 possess a tetrahedral arrangement of the nearest neighbours,
whereas at ρ = 1.20 g cm−3 this fraction is about 91%. Thus, the population of the four-
coordinated water molecules considered in the present paper (molecules with NN = 4 and
θ < 0.06) is only slightly less than the population of molecules with NN = 4 and arbitrary
values of θ .

The change of the cluster properties of the four-coordinated water molecules with density
is qualitatively similar at all studied temperatures. The fraction of these molecules continuously
increases with decreasing density and a spanning network of the four-coordinated water
molecules at any studied temperature appears at some threshold density value. The spanning
probability R shows sigmoid dependence on density, typical for the percolation transition in
finite systems (see figure 3). The fit of R(ρ) to the Boltzmann function yields characteristic
density ρR , where the spanning probability R is about 50%. We estimated ρR = 1.032 g cm−3

at T = 250 K. At this density, the fractal dimension of the largest cluster df is about
2.02 (figure 4). It achieves the threshold value d3D

f ≈ 2.53 at essentially lower density
ρ3D ≈ 0.99 g cm−3, where spanning probability R already exceeds 99%.
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Figure 2. Distribution of the tetrahedricity measure θ (equation (1)) for the four-coordinated
molecules in liquid water of various densities in the one-phase region at T = 200 and 300 K.
The vertical dashed line indicates the chosen criterion θ = 0.06, which distinguishes tetrahedral
and non-tetrahedral arrangements of the four nearest neighbours.

Figure 3. Spanning probability R for the clusters of the four-coordinated water molecules as a
function of the average water density at T = 250 K. The fit to the Boltzmann function is shown by
a solid line. Density ρR , where R ≈ 50%, is denoted by dashed lines.

The cluster size distributions nS at T = 250 K are shown in figure 5 for several
densities. At high water densities, nS does not follow a power law behaviour shown by
solid lines in figure 5. With decreasing density and approaching the percolation threshold,
the cluster size distribution becomes closer to the critical power law behaviour nS ∼ S−2.2. At
ρ3D ≈ 0.99 g cm−3, nS follows the critical power law in the widest range of cluster sizes (up
to S ≈ 40). A pronounced hump represents the largest clusters (99% of which are spanning
at ρ3D ≈ 0.99 g cm−3) cut by a finite size of the simulation box. At still lower densities,
the negative deviations of nS from the power law behaviour appear in a wide range of the
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Figure 4. Fractal dimension df of the largest cluster of the four-coordinated water molecules as a
function of the average water density at T = 250 K. The linear fit is shown by a solid line. The
fractal dimension at the 3D percolation threshold d3D

f = 2.53 is shown by a horizontal dashed line.
The location of the percolation threshold ρ3D, where df ≈ 2.53, is denoted by the vertical dotted
line.

Figure 5. Cluster size distribution nS of the four-coordinated water molecules at several water
densities and T = 250 K. The density ρ = 0.991 g cm−3 is the closest to the percolation threshold.
The distributions are shifted consecutively by one order of magnitude each, starting from the bottom.

cluster sizes. The widest probability distribution of the size of the largest cluster is observed at
densities close to ρR , where the spanning probability is about 50%. The maximum of the mean
cluster size Smean is located between ρR and ρ3D. The scatter of data for Smean does not allow
us to locate its maximum accurately.

The analysis of various clustering properties of the four-coordinated water molecules
presented above gives two characteristic values of density at each studied temperature. The
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Table 1. Parameters of the percolation thresholds of water molecules with different local orders
at various temperatures T : ρ3D, water density; C3D, fraction of water molecules with definite local
order; N3D, the average number of water molecules with definite local order in the first coordination
shell. The spanning probability R is about 50% at density ρR . Temperatures are given in K and
densities in g cm−3.

Four-coordinated molecules Tetrahedrally ordered molecules

T ρ3D C3D N3D ρR T ρ3D C3D N3D ρR

150 1.036 0.298 2.04 1.096 200 1.235 0.346 1.80 1.318
200 1.023 0.302 2.04 1.081 235 1.205 0.350 1.75 1.283
250 0.990 0.307 2.05 1.032 275 1.127 0.347 1.75 1.218
260 0.978 0.315 2.06 1.015 300 1.075 0.350 1.75 1.151
270 0.967 0.309 2.05 0.996 325 1.032 0.343 1.75 1.100
280 0.957 0.309 2.08 0.986
290 0.930 0.312 1.94 —

percolation threshold is located at ρ = ρ3D, when the fractal dimension df of the largest
clusters achieves the critical value d3D

f ≈ 2.53 and cluster size distribution nS obeys the
critical power law nS ∼ S−τ in the widest range of cluster sizes. When ρ = ρR , the
spanning probability is about 50% and the largest clusters show the strongest fluctuations of its
size [48–50]. Interestingly, at this density the fractal dimension of the largest cluster is close to
2.0, indicating strongly ramified structure of the largest cluster. The similar two-step formation
of the percolating water network is observed in other aqueous systems: aqueous solution [38]
and supercritical water [51]. Low fractal dimension of the largest water cluster at ρR may
reflect specific chain- or sheet-like structure of the spanning water network at mesoscopic scale,
which exceeds the size of the simulation box. Formation of such rather large hydrogen-bonded
water structures may affect those properties of liquid water which are sensitive to its structure
at mesoscopic level. The density ρ3D corresponds to the true percolation threshold, which
occurs in an infinitely large system of a size essentially exceeding the characteristic size of
the mesoscopic structure of water networks. Namely this threshold has a direct relation to the
phase transition.

Two density values, ρ3D and ρR , estimated for seven temperatures, are shown in table 1.
With increasing temperature from T = 150 to 290 K, the threshold density ρ3D moves from
ρ = 1.036 to 0.93 g cm−3, i.e. it decreases by 10%. Fractions C3D of the four-coordinated
water molecules at the percolation threshold are about 30% and practically do not depend
on temperature (see table 1). Note that at the percolation threshold the average number N3D

of the four-coordinated molecules in the first coordination shell is about 2.05 at all studied
temperatures.

3.2. Percolation transition of the tetrahedrally ordered water molecules

The fraction of the molecules with tetrahedral arrangement of the four nearest neighbours and
arbitrary number NN of neighbours in the first coordination shell decreases with increasing
temperature and density, similarly to the four-coordinated molecules. The fraction of the
tetrahedrally ordered molecules at water density ρ = 0.90 g cm−3 and T = 200 K is about
95%. It decreases to 76% upon isochoric heating to 300 K, whereas it decreases to 26% upon
isothermic compression to ρ = 1.30 g cm−3.

With decreasing density, the spanning probability of the tetrahedrally ordered molecules
increases, qualitatively similarly to the case shown in figure 3, that allows estimation of ρR (see
table 1). The fractal dimension of the largest cluster df achieves the critical value d3D

f = 2.53
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Figure 6. Cluster size distribution nS of tetrahedrally ordered water molecules at densities close to
the percolation threshold at T = 300 K. The distributions are shifted vertically by two orders of
the magnitude each, starting from the bottom. The power law observed at the percolation threshold
ρ3D = 1.072 g cm−3 is shown by solid lines. The dashed line represents the behaviour of nS

expected at the conventional 3D percolation threshold.

at the threshold density ρ3D, which is noticeably lower than ρR . The cluster size distribution nS

shows unusual behaviour close to the percolation threshold (figure 6). When the density is about
ρ3D, nS follows a power law ∼S−τ in the widest range of cluster sizes S, but with exponent
τ ≈ 1.65, which is significantly below the value τ = 2.2 for the conventional random 3D
percolation.

Density ρ3D, fraction C3D of tetrahedral molecules and number N3D of tetrahedrally
ordered neighbours in the first coordination shell at the percolation threshold are shown
in table 1 for the five studied temperatures. Similarly to the case of the four-coordinated
molecules, the values of C3D and N3D are not sensitive to the temperature and are equal to
∼0.35 and 1.75, respectively.

4. Discussion

The line of the percolation transitions of the four-coordinated water molecules is shown in
figure 7 together with the liquid–liquid coexistence regions and the liquid branch of the
liquid–vapour coexistence curve. Evidently, that percolation transition of the four-coordinated
molecules is closely related to the first (lowest density) liquid–liquid phase transition. The
line of the percolation transitions is reasonably close to the first liquid–liquid critical point
and, probably, to the respective spinodal. To the right from this line the four-coordinated
molecules form finite clusters only, whereas at this line an infinite 3D fractal cluster appears.
A similar result was obtained when two state points of model TIP4P water with considerably
different densities were checked for the presence of the percolating network of four-coordinated
molecules [54].
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Figure 7. Location of the percolation transitions of the four-coordinated molecules (solid circles)
and tetrahedrally ordered molecules (solid squares) with respect to the liquid–liquid coexistence
regions (dashed areas) and liquid branch of the liquid–vapour coexistence curve (solid line). The
densities ρR , where spanning probability R ≈ 50%, are shown by respective open symbols.
Locations of the anomalies of high-frequency sound velocity observed in [52] and [53] are shown
by a star and pluses, respectively.

In the aqueous solution, the immiscibility region approximately corresponds to the
concentration interval where both components are above their respective 3D percolation
thresholds [38]. As the line of the percolation transitions of the four-coordinated water
molecules envelops the coexistence region of the first liquid–liquid transition from the higher
density side, we may conclude that the four-coordinated water molecule is the main structural
element of the lowest density water phase with ρ ≈ 0.90 g cm−3. At the percolation threshold
the fraction C of the four-coordinated water molecules achieves about 0.3 (see table 1). At
higher values of C , system becomes unstable with respect to the phase separation at subcritical
temperatures and the lowest density water phase appears via spinodal decomposition. The
fraction of the four-coordinated molecules in the stable lowest-density water phase exceeds
0.6 [43].

The line of the percolation transitions of the four-coordinated water molecules crosses
the liquid–vapour coexistence curve at the triple point at T ≈ 270 K, where water vapour
coexists with two different liquid phases. The temperatures of the liquid density maximum of
real and ST2 water differ by about 35◦ [16, 17]. So, we may expect that a liquid–liquid–
vapour triple point in real water is located at T ≈ 235 K, i.e. surprisingly close to the
homogeneous nucleation temperature TH. The corresponding spinodal of the first liquid–liquid
phase transition [16], as well as the line of the percolation transitions of the four-coordinated
water molecules (figure 7), crosses the liquid branch of the liquid–vapour coexistence curve at
slightly lower temperature, i.e. close to the temperature where real water shows singular-like
behaviour (T ≈ 228 K [3, 4]). Such a mapping assumes the critical point of the first liquid–
liquid transition in real water at TC ≈ 245 K and at slightly negative pressure ∼−0.3 kbar. The
resulting schematic phase diagram of water in the P–T plane is shown in figure 8.

Among four amorphous phases of ST2 water [16, 17], normal-density water is a phase II,
whereas the lowest density phase, an analogue of the LDA, is a phase I [43]. Upon cooling of
the normal-density water below the freezing temperature along the liquid–vapour coexistence
curve (P ≈ 0), it remains metastable with respect to crystallization down to the temperature
of the liquid–liquid–vapour triple point. At this temperature, phase transition from phase II
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Figure 8. Schematic phase diagram of water. Liquid–vapour (P ≈ 0) and liquid–liquid binodals
are shown by solid lines. The line of the percolation transitions of the four-coordinated molecules
and the liquid–liquid spinodal are shown by dashed lines. Characteristic temperatures TS , TH and
TC are indicated by vertical lines. In the region between the liquid–liquid binodal and spinodal, a
percolation network of the four-coordinated molecules exists in phase I.

to phase I occurs. In contrast to phase II, phase I has an analogue among the crystalline ices
(hexagonal ice) with similar structure and density. Therefore, we may suppose that phase I
becomes unstable with respect to crystallization at higher temperatures, then phase II. In such a
case, the homogeneous nucleation of water should occur immediately after the phase transition
from phase II to phase I, i.e. at T = TH (figure 8).

A singular-like behaviour of real water on approaching the temperature TS ≈ 228 K
reflects approaching the spinodal of the first liquid–liquid transition, which in fact coincides
with (or is very close to) the line of the percolation transitions of the four-coordinated
molecules. So, the explanation of the anomalous properties of water, based on the percolation
transition, is intrinsically the same as their explanation based on the liquid–liquid transition.
This conclusion also remains valid when the first liquid–liquid phase transition ends at the
critical point at positive pressures (this is the case for the ST water model with long-range
corrections for Coulombic interaction [25, 16, 17, 26]). The line of the percolation transitions,
which starts from such a critical point, ultimately crosses the liquid–vapour coexistence curve at
a certain temperature. Formation of an infinite network of the four coordinated water molecules
(via crossing the liquid–liquid transition or via crossing the percolation line at supercritical
temperatures) may strongly affect various water properties, including its dynamics [55, 56].
Note that in water models with weaker tetrahedral structure (in some implementations of TIP4P
model or in the SPCE model) the water phase of density ρ ≈ 0.90 g cm−3 exists at strongly
negative pressures only [17], and percolation transition of the four-coordinated molecules may
not affect the properties of the saturated liquid at P ≈ 0.

The density threshold values ρR for the four-coordinated water molecules are shown in
figure 7 by open circles. At these densities, the largest clusters (patches) of the four-coordinated
water molecules contain several dozen water molecules each and their sizes become comparable
with the size of the simulation box (∼25 Å). The appearance of such extended networks of
the four-coordinated water molecules may affect some properties of liquid water, which are
sensitive to the structure on a mesoscopic scale. In particular, development of such mesoscopic
structures may be responsible for the specific increase of the water density fluctuations
measured by x-ray scattering in a certain temperature range [57, 58].
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The obtained line of the percolation transitions of molecules with tetrahedral local
order envelops the whole region where liquid–liquid immiscibility occurs (figure 7). This
demonstrates the crucial role of the tetrahedral arrangement in all liquid–liquid transitions.
There is no infinite network of tetrahedrally ordered water molecules to the right of this
percolation line. The absence of such a network is a characteristic feature of the highest density
water phase, which consists mainly of molecules with highly isotropic angular distribution
of nearest neighbours and has structure similar to the structure of VHDA [43]. Contrary to
the percolation of the four-coordinated water molecules, the cluster size distribution of the
tetrahedrally ordered water molecules at the percolation threshold follows a power law with
a non-universal value of the critical exponent τ ≈ 1.65. The latter value appears in systems
with an intrinsic disorder [59]. In our case, disorder may originate from the rather ambiguous
definition of the local order responsible for the highest density liquid–liquid phase transition.
Alternatively, this disorder may be an intrinsic property of a liquid–liquid phase transition in
one-component isotropic fluids.

Formation of spanning network of tetrahedrally ordered molecules may affect properties
of liquid water at high densities. In fact, an anomaly in the high-frequency sound velocity
is observed experimentally at ambient temperature, when the density is slightly larger than
1.1 g cm−3 [52, 53]. The locations of the thermodynamic points where such an anomaly was
observed are close to the line of percolation transition of tetrahedrally ordered water molecules
seen in simulations (see figure 7).
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