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Liquid water is well-known for its intriguing thermodynamic anomalies in the supercooled state.
The phenomenological two-state models – based on the assumption of the existence of two types of
competing local states (or, structures) in liquid water – have been extremely successful in describing
water’s thermodynamic anomalies. However, the precise structural features of these competing local
states in liquid water still remain elusive. Here, we have employed a geometrical order parameter
free approach to unambiguously identify the two types of competing local states — entropically
and energetically-favored — with significantly different structural and energetic features in the
TIP4P/2005 liquid water. This identification is based on the heterogeneous structural relaxation
of the system in the potential energy landscape (PEL) during the steepest-descent potential energy
minimization. This heterogeneous relaxation is characterized using order parameters inspired by the
spin-glass transition in frustrated magnetic systems. We have further established a direct relation-
ship between the population fluctuation of the two states and the anomalous behavior of the heat
capacity in supercooled water. The composition-dependent spatial distribution of the entropically-
favored local states shows an interesting crossover from a spanning network-like single cluster to
the spatially delocalized clusters in the close vicinity of the Widom line. Additionally, this study
establishes a direct relationship between the topographic features of the PEL and the water’s ther-
modynamic anomalies in the supercooled state and provides alternate markers (in addition to the
locus of maxima of thermodynamic response functions) for the Widom line in the phase plane.

I. INTRODUCTION

Liquid water is well-known for its anomalous thermo-
dynamic behavior in both the normal and the super-
cooled states [1–8]. The anomalous thermodynamic be-
havior of the supercooled water includes the sharp in-
crease of the thermodynamic response functions (such
as, isobaric heat capacity CP , isothermal compressibil-
ity κT ) on isobaric cooling. Over the last five decades,
several theoretical scenarios have been proposed to inter-
pret the anomalous behavior of supercooled water [3, 9–
12]. One popular interpretation posits the existence of
a hypothetical first-order liquid-liquid transition (LLT)
between the two metastable liquid phases – high-density
liquid (HDL) and low-density liquid (LDL) [10]. This
proposed LLT line terminates at a liquid-liquid criti-
cal point (LLCP) in the supercooled region. As at the
critical point, the thermodynamic response functions di-
verge, the observed anomalous behavior (divergence-like
sharp increase) of the thermodynamic response functions
in the supercooled water is attributed to this hypothet-
ical LLCP and the associated Widom line, defined as
the locus of maximum correlation length. Many recent
computer simulation studies on atomistic water models
suggest the existence of the metastable LLT [10, 13–20].
In a recent seminal study, Gartner et al. [21] reported
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the manifestations of the LLCP in the long-range struc-
ture of the TIP4P/2005 water glass at pressures close to
the critical pressure. Direct experimental verification of
the LLT, however, is extremely challenging due to rapid
ice crystallization, although recent state-of-the-art exper-
iments do seem to support the existence of an LLCP in
supercooled water [22, 23].

Recently, two-state (or, two-structure) models have
been employed extensively to understand the water’s
anomalies and provide a molecular basis of the LLT in
supercooled water [24–41]. In a two-state model, the liq-
uid water is considered as structurally heterogeneous that
can be broadly classified as a mixture of two types of
interconvertible local states – energetically-favored LDL-
like and entropically-favored HDL-like. The phenomeno-
logical equations of state based on the two-state models
(usually referred to as two-state/structure equation of
state, or TSEoS) have been extremely successful in de-
scribing the anomalous thermodynamic behavior of the
real water and the water models [20, 28–30, 37, 38] includ-
ing an ab initio deep neural network model of water [42].
The phenomenological TSEoS-based approaches, how-
ever, do not provide molecular level insights into the de-
tailed structural features of the two types of local states,
and in turn, into the microscopic structural origin of the
observed anomalous thermodynamic behavior of super-
cooled water.

To understand the precise structural origin of the
anomalous thermodynamic behavior of the supercooled
water within the framework of a two-state model, first,
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we need to unambiguously identify the two types of com-
peting local states in liquid water. In computer simula-
tion studies, this unambiguous identification requires an
order parameter that would show a pronounced bimodal
distribution in liquid water, especially below the freezing
temperature. Over the years, several order parameters
have been proposed [34, 35, 43–49] to characterize the
local structures of liquid water, and among these the lo-
cal structure index (LSI, usually denoted by I) and the
local translational order parameter (ζ) have been used
extensively to quantify the two types of local states (or,
structures) in liquid water [30, 34, 40, 50–58]. Both the
LSI and the ζ index are sensitive to the translational
order up to the second coordination shell of the central
molecule and provide important insights into the nature
of locally-favored structures in liquid water.

The LSI shows a clear bimodal distribution for energy
minimized configurations or inherent structures (ISs),
suggesting two well-defined local states in the ISs [51, 52].
However, the LSI distributions calculated for the ther-
mally equilibrated (TE) configurations do not show bi-
modal features [44, 54] (show weak bimodality at deeply
supercooled conditions). The ζ index displays a bimodal
distribution only for the TIP5P water [59], and a uni-
modal distribution for the TIP4P/2005 water (model sys-
tem studied in this work) [34, 55, 56, 58]. Thus, although
the LSI distinguishes clearly the two types of local states
in the ISs, both of these parameters (LSI and ζ) fail to un-
ambiguously identify the two types of local states in the
TE configurations. Therefore, the precise microscopic
structural origin of the anomalous thermodynamic be-
havior of supercooled water still remains elusive. The
two-state models of water are also supported by experi-
ments [60–63], however, these experiments again do not
provide detailed information about the local structural
features of the two states in liquid water.

Here, using molecular dynamics simulations of the re-
alistic TIP4P/2005 water [64], we present an alternate
– predetermined structural (or, geometrical) order pa-
rameter free – approach to unambiguously characterize
the two types of competing local states in liquid wa-
ter. The two types of local states are assigned on the
basis of the heterogeneous structural relaxation of the
system in the potential energy landscape (PEL) during
the steepest-descent energy minimization [65]. Addition-
ally, we have established a direct relationship between
the population fluctuation of these competing local states
and the anomalous temperature (T ) dependence of the
heat capacity of the system on isobaric cooling and also
unravelled the signatures of this anomalous behavior en-
coded in the PEL of the system.

The rest of this paper is organized as follows. Section II
details the computational protocol followed for simula-
tions of the TIP4P/2005 water. In Section III A we dis-
cuss the characterization of the two types of local states
in liquid water based on the local structural differences
between the TE configuration and the IS of the same
configuration. The interplay between the local structural

fluctuations and the (anomalous) thermodynamic behav-
ior of the TIP4P/2005 water is discussed in Section III B.
In Section III C, the order parameters to characterize
distinct locally relaxing regions during the energy min-
imization are discussed. A detailed analysis of the lo-
cal energetics and structural features of the two states is
presented in Sections III D & III E, respectively. In Sec-
tion III F, we have discussed the composition-dependent
spatial distribution of the two states, and in Section III G,
we present the phase diagram of TIP4P/2005 water sum-
marizing the additional markers for the Widom line. The
major conclusions from this work are summarized in Sec-
tion IV.

II. SIMULATION PROTOCOL

Molecular dynamics (MD) simulations of TIP4P/2005
water [64] were performed with GROMACS 4.6.5 [66]
for N = 512 and 4000 molecule systems in the isother-
mal isobaric (NPT ) ensemble at pressures 1 bar, 400 bar,
and 1000 bar; and temperatures ranging from 260 K to
190 K. The short-range Lennard-Jones (LJ) part of the
potential was truncated at 0.95 nm, and long-range cor-
rections were applied to the short-range LJ interaction
for both energy and pressure. The electrostatic interac-
tion was truncated at 0.95 nm, and the particle mesh
Ewald was used to compute the long-range contributions
to the electrostatics. In all cases, periodic boundary con-
ditions were applied, and a time step of 2 fs was used to
propagate the trajectories. The linear constraint solver
(LINCS) [67] algorithm was used to handle TIP4P/2005’s
rigid body constraints. To maintain a constant tempera-
ture, we used Nöse-Hoover thermostat [68, 69] with 0.2 ps
relaxation time. Constant pressure was maintained us-
ing Parrinello-Rahman barostat [70] with 2 ps relaxation
time. To ensure equilibration of the system at thermo-
dynamic conditions studied in this work, we performed
simulations varying between 100 ns and 5 µs (> 200τs
at all the temperatures studied in this work. τs is the
characteristic structural relaxation time of the system
defined as the time at which the self intermediate scat-
tering function, Fs(k

∗, t) = 1/e, k∗ is the wavenumber
corresponding to the first peak of structure factor).

III. RESULTS AND DISCUSSION

A. Two types of local states in liquid water

Two distinct types of local states in a TE liquid water
configuration are characterized by mapping the TE con-
figuration onto its IS (local minimum of the PEL) [65].
The IS of a TE configuration is obtained by energy min-
imization of the TE configuration using the steepest-
descent method [71, 72]. During the energy minimiza-
tion, the system evolves on a multidimensional potential



3

(i) (iii)

(iv)
TE       IS

 TE         IS

(ii)
TE       IS

TE         IS
(A)

190 200 210 220 230 240
T (K)

0.2

0.3

0.4

0.5

0.6

0.7

0.8

k
(k

=
,s)

s-state

-state

(B)

P = 1 bar, N = 512
P = 400 bar, N = 512
P = 1000 bar, N = 512
P = 1 bar, N = 4000
P = 1000 bar, N = 4000

200 220 240 260
T (K)

85

100

115

130

C P
(k

J/m
ol

/K
)

FIG. 1. (A) A schematic representation of the different types of possible local structural rearrangements around a central water
molecule during the energy minimization of the system is shown (for the sake of simplicity, only the positions of the oxygen
atoms are used to specify the local structures). (i) A neighboring oxygen atom of the central water molecule in the thermally
equilibrated (TE) configuration is no longer a neighbor of the same molecule in the inherent structure (IS). (ii) An oxygen atom
that was not a neighbor of the central water molecule in the TE configuration is a neighbor in the IS. (iii) The central water
molecule exchanges its one or more neighbors with the surrounding keeping the total number of neighboring water molecules in
the IS exactly the same as in the TE configuration. (iv) The neighbor lists of the central water molecule in the TE configuration
and the IS are exactly the same. (B) The T -dependent fraction of water molecules in the s- and ε-states at pressures 1 bar,
400 bar, and 1000 bar in the TE configurations is shown. Note the 1 : 1 fraction of the s-state and the ε-state molecules at
the temperature of the maximum heat capacity, TCmax

P
(≈ 220 K, 212 K, and 200 K for isobars 1 bar, 400 bar, and 1000 bar,

respectively; see the inset figure).

energy surface, and different water molecules undergo dif-
ferent degrees of local structural rearrangements. Fig-
ure 1A shows a schematic representation of the different
types of possible local structural rearrangements a water
molecule can undergo during the energy minimization
of the system. We define the local structure of a wa-
ter molecule by its neighbor list (list of nearest neighbor
molecules). We have used oxygen-oxygen radial cut-off
distance (rOO) of 3.7 Å to calculate the neighbor list of a
central water molecule. This choice of cut-off distance is
motivated by the recent findings that one must include
the structural information beyond the first shell (3.5 Å)
to get the signatures of the two types of local states in
liquid water [34, 51, 52] (sensitivity of the results on the
choice of rOO is discussed in Section A of the Supple-
mentary Materials). There are three different ways a
central water molecule can change its neighbor list during
the energy minimization: (a) it loses some of its neigh-
boring molecules without gaining any new neighbor(s)
(Fig. 1A(i)), (b) it gains new neighbors without losing
any neighbors (Fig. 1A(ii)), and (c) it exchanges its one
or more neighbors with the surrounding (Fig. 1A(iii)).

To quantify the local structural evolution during the
energy minimization, we define a parameter φ for each
water molecule, such that φi = 0 if molecule i neither
loses nor gains any neighbor(s) during the relaxation in
the PEL (i.e., the same water molecules are neighbors
in both the TE configuration and the IS), and φi = 1
otherwise. This binary classification enables us to unam-
biguously distinguish the two types of local states in the
TE configurations. This approach has recently been used
to study the role of localized defects on the relaxation

dynamics in the PEL of glass-forming liquids [65]. A
water molecule with φ = 1 is assigned as an entropically-
favored local state (or, s-state) in the TE configuration
as it undergoes significant local structural change dur-
ing the energy minimization (see Figs. 1A(i-iii)); and a
water molecule with φ = 0 is assigned as an energetically-
favored local state (or, ε-state) in the TE configura-
tion as it undergoes negligible local structural change
(no change in the neighbor list) on energy minimization
(see Fig. 1A(iv)). The majority of the s-state molecules
(ca. 70% at the temperature where CP shows a maxi-
mum on isobaric cooling, TCmax

P
; see the inset of Fig. 1B)

lose a nearest neighbor water molecule and become tetra-
hedrally coordinated after the energy minimization (see
Fig. S2 in the Supplementary Materials).

Unlike binary mixtures, the fractions of the s- and ε-
states in liquid water are controlled by the thermody-
namic equilibrium between these two states, and hence,
depend strongly on temperature. In Fig. 1B, we show the
ensemble average fraction of the s-state (〈φs〉) and the ε-
state (〈φε〉) water molecules in the TE configurations as
a function of temperature at pressures 1 bar, 400 bar,
and 1000 bar. 〈φs〉 is defined as 〈φs〉 =

〈
1
N

∑
i φi
〉
, and

〈φε〉 = 1 − 〈φs〉; here 〈..〉 denotes the ensemble average.
It is evident from the figure that the s-state population
decreases and the ε-state population increases monoton-
ically with the decrease in temperature. We also note
that the temperature corresponding to the 1 : 1 fraction
of the s- and the ε-state water molecules coincides nearly
perfectly with the TCmax

P
(≈ 220 K, 212 K and 200 K for

1 bar, 400 bar, and 1000 bar pressure, respectively; see
the inset of Fig. 1B). This 1 : 1 population ratio suggests
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FIG. 2. The s-state population fluctuation, χs (A), the heat
capacity at constant pressure, CP (B), and the fluctuation of
the inherent structure energy per molecule (eIS), χeIS (C) on
isobaric cooling at pressures 1 bar, 400 bar, and 1000 bar are
shown. We note that the temperature of the maximum of the
s-state population fluctuation coincides nearly perfectly with
the CP maximum and the χeIS maximum for all the three
isobars studied in this work. In the inset, we have shown the
correlation between the eIS and the s-state population φs at
pressure 1000 bar and temperature 200 K (TCmax

P
for 1000 bar

isobar).

maximal local structural (s- or ε-state) fluctuations in
the close vicinity of the TCmax

P
, or the Widom line (which

is commonly defined as the locus of maximum of CP or
κT on isobaric cooling). A similar 1 : 1 population ratio
of the two states identified on the basis of the LSI and
the ζ index in liquid water has previously been used to
locate the Widom line (more precisely, the locus of κT
maximum line) in the P − T plane. However, the LSI
provides 1 : 1 population ratio only in the ISs [51, 52],
not in the TE configurations. The ζ index distributions
do not display bimodality for the TIP4P/2005 water, and
the population of the two states is obtained by fitting the
unimodal ζ distribution with two Gaussian functions and
estimating the areas of those two Gaussian functions [34].
Thus, the relative population of the two states predicted

on the basis of the ζ index is expected to be delicately
sensitive to the choice of the fitting functions.

B. s-state population fluctuations and the heat
capacity anomaly in supercooled water

The heat capacity CP is related with the system’s en-

tropy (S) fluctuation as CP =
(〈
S2
〉
− 〈S〉2

)
/kB, or

the enthalpy (H) fluctuation as
(〈
H2
〉
− 〈H〉2

)
/kBT

2,

where kB is Boltzmann’s constant. As the enthalpy and
entropy of a system depend strongly on the nature of the
locally-favored structures in the system, it is expected
that the anomalous behavior of the heat capacity (or,
thermodynamic response functions, in general) can be
directly connected with the local structural fluctuations.
To establish this relationship, in Figs. 2A and 2B, we
report the population fluctuation of water molecules in
the s-state (χs) along with the heat capacity CP as a
function of temperature for three different isobars – 1
bar, 400 bar, and 1000 bar. χs is defined in terms of the

population of the s-state water φs as N
(〈
φ2s
〉
− 〈φs〉2

)
,

and CP is calculated from the enthalpy fluctuation of the
system.

We observe a striking similarity in the T -dependent be-
havior of CP and χs for all the three isobars (see Figs. 2A
and 2B). The s-state population susceptibility χs shows
a maximum exactly at the temperature where CP shows
a maximum, TCmax

P
, on isobaric cooling (≈ 220 K, 212 K,

and 200 K for isobars 1 bar, 400 bar, and 1000 bar, re-
spectively). Also, like CP , χs increases more sharply on
isobaric cooling at higher pressures, suggesting a possible
divergence (in the thermodynamic limit) at the LLCP
(ca. 182 K and 1.7 kbar for TIP4P/2005 water [30]).
These observed striking similarities in the T -dependent
behavior of χs and CP suggest that the enhanced pop-
ulation fluctuations of the entropically-favored s-state
molecules on isobaric cooling give rise to the enhanced
entropy fluctuations of the system, which in turn give
rise to the heat capacity anomaly. We also checked the
system size dependence of the observed similarities be-
tween the T -dependent behavior of CP and χs by per-
forming simulations on a larger system size consisting of
N = 4000 water molecules at pressures 1 bar and 1000
bar, and found that the results hold true (see Fig. 2A).

We further explored the signatures of local structural,
or the s-state population fluctuations and the heat ca-
pacity anomaly encoded in the PEL of the system. We
calculated the IS energy per molecule (eIS) fluctuation

(χeIS), defined as χeIS =
〈
e2IS
〉
− 〈eIS〉2 on isobaric cool-

ing (Fig. 2C), and compared the T -dependent behavior
of χeIS with χs and CP . We again note a striking simi-
larity between the T -dependent behavior of χeIS , χs and
CP . The position of the χeIS maximum coincides nearly
perfectly with the maximum of χs and CP for all the
three isobars studied in this work. Also, like χs and CP ,
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χeIS increases more sharply on isobaric cooling at higher
pressures. These observations suggest a direct relation-
ship between the s-state population in a TE configura-
tion and the energy of the corresponding IS basin in the
PEL. The TE configurations with a higher s-state popu-
lation relax to the higher energy basins and with a lower
s-state population relax to the lower energy basins in the
PEL on energy minimization (see the inset of Fig. 2C
and Fig. S3A in the Supplementary Materials). That is,
the behavior of the (thermal) system at higher tempera-
tures, T > TCmax

P
, with higher population of the s-state

molecules, is strongly influenced by the higher poten-
tial energy basins in the underlying PEL, and vice-versa.
Near the TCmax

P
, the enhanced IS energy fluctuations sug-

gest that both the higher and the lower energy basins
in the PEL influence the system’s behavior, giving rise
to the enhanced s-state population fluctuations, and in
turn, the heat capacity anomaly. Thus, the information
about the anomalous temperature dependence of CP is
encoded in the change in the topography of the accessible
regions of the underlying PEL on isobaric cooling. Fur-
thermore, χeIS can also be used as an alternate marker
for the locus of the heat capacity maxima, or the Widom
line, in the phase plane.

C. Order parameters to characterize the
heterogeneous relaxation in the PEL

As discussed in Section III A, during the energy mini-
mization, different water molecules in a TE configuration
undergo different degrees of local structural rearrange-
ments, suggesting heterogeneous structural relaxation in
the PEL. To further characterize this heterogeneous lo-
cal relaxation in the PEL, here, we have used the trans-
lation overlap between the two replicas – TE configura-
tion and the corresponding IS – as an order parameter.
The translational overlap parameter (qt) for molecule i
is defined as qt(i) = w

(
|rTE(i)− rIS(i)|

)
, where rTE(i)

corresponds to the coordinate of the oxygen of molecule
i in the TE configuration, and rIS(i) corresponds to the
same in the IS. w(x) is a window function, which is 1 if
x < 0.2σ (σ is the diameter of the water molecule esti-
mated from the position of the first peak of the radial
distribution function, 2.75 Å) and zero otherwise. The
structures of a TE configuration and the corresponding IS
are similar (translationally) if q̄t =

∑
i qt(i)/N ≈ 1, and

unrelated otherwise when molecules have moved > 0.2σ
during the energy minimization. The particle average qt
for the k-state (with k = s or ε) molecules is given as
q̄t
k =

∑
i∈k qt(i)/Nk, where Nk is the number of water

molecules in state k.
In Fig. 3A, we show the distribution of q̄t for the s-

state and the ε-state molecules (P (q̄t
k) with k = s and

ε, respectively) at the TCmax
P

for 1 bar and 1000 bar iso-
bars along with the dependence of the ensemble average
q̄t for the s- and ε-state molecules (indicated by 〈q̄ts〉
and 〈q̄tε〉, respectively) on temperature. We note that
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FIG. 3. (A) The distribution of the particle average transla-
tional overlap parameter q̄t for the s- and ε-state molecules
(P (q̄t

k), k = s or ε) at the TCmax
P

(220 K and 200 K for 1
bar and 1000 bar isobars, respectively); and the T -dependent
ensemble average q̄t for the s- and ε-state molecules (〈q̄tk〉,
k = s or ε) at pressures 1 bar and 1000 bar for N = 4000
are shown. (B) We show the same for the local orientational
overlap parameter, q̄o. We note the complete separation of
the overlap parameter (translational and orientational) dis-
tributions at the TCmax

P
, and distinctly different values of the

ensemble average overlap parameters for the s- and ε states.
These observations suggest the presence of two distinct lo-
cally relaxing environments during the steepest-descent en-
ergy minimization of the system.

the 〈q̄t〉 values for the ε-state are higher than the s-state
water molecules at all the temperatures. Also, the dis-
tribution of q̄t for the s-state is shifted towards the lower
q̄t values and is well-separated from the ε-state distri-
bution at the TCmax

P
(Fig. 3A, left). These observations

again suggest two distinct types of locally relaxing en-
vironments – the molecules in the ε-state undergo neg-
ligible or lesser translational rearrangements compared
to the s-state molecules during the energy minimization
of the system. This further suggests that the ε-state
molecules are structurally locally rigid compared to the
s-state molecules.

Next, we measured the local structural (or, hydrogen-
bond network) rigidity around a central water molecule
in the TE configurations by introducing a local orien-
tational overlap parameter (qo) – defined as the over-
lap between the net dipole moment unit vector of
the water molecules participating in the local struc-
ture in the TE configuration (eTE

ld ) and in the cor-
responding IS (eISld). This definition of qo is moti-
vated by the Edwards-Anderson spin-glass order pa-
rameter [73], and is mathematically defined as qo(i) =
eTE
ld (i).eISld(i). Here eld represents the resultant local

unit dipole moment vector of all the nearest neighbor
water molecules surrounding the central water molecule
i (water molecules with rOO < 3.7 Å from the cen-
tral molecule), including the central water, and is given
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for isobars 1 bar (top panel) and 1000 bar (bottom panel) and at temperatures in the close vicinity of their respective TCmax

P

– 220 K and 200 K. (right) The number of nearest neighbors distribution (P (Nnb)) for the s-state and the ε-state molecules
is shown at the same thermodynamic conditions. It is evident from the figure that the ε-state molecules have fewer nearest
neighbors than the s-state, suggesting that s-state molecules have higher local density than the ε-state molecules. The system
consists of N = 4000 water molecules.

as eld(i) =
∑Nb(i)
j=0 ed(j)/

√∑Nb(i)
j=0 ed(j).

∑Nb(i)
j=0 ed(j);

ed(j) is dipole moment unit vector of the jth molecule
(j = 0 stands for the central water molecule, i). qo is
defined in such a way that it has a maximum value of
1 for local structures undergoing no change during the
relaxation in the PEL, and < 1 otherwise. In Fig. 3B, we
show the distribution of the particle average orientational
overlap parameter, q̄o for the s- and ε-state molecules
(denoted as P (q̄o

k) with k = s and ε, respectively) at
the TCmax

P
for 1 bar and 1000 bar isobars along with the

dependence of the ensemble average orientational overlap
parameter 〈q̄ok〉 on temperature. As evident from the fig-
ure, the local structure around an s-state molecule under-
goes significantly more orientational rearrangement com-
pared to the ε-state water molecules during the energy
minimization, and hence, strengthens our earlier argu-
ments that ε-states are energetically-favored locally rigid
(ice-like) structures, and s-states are entropically-favored
locally flexible structures in the TE configurations.

D. Energetic features and local density of the s-
and ε-states

To gain a deeper understanding of the energetic sta-
bility of the s- and ε-state water molecules in the TE
configurations, in Fig. 4 (left), we show the local poten-
tial energy per neighbor (enb) distribution (P (enb)) for
the system and for the molecules in the s- and ε-states
for 1 bar and 1000 bar isobars and at temperatures in
the close vicinity of their respective TCmax

P
. The enb for

molecule i is defined as enb(i) =
∑Nnb

j=1 eij/Nnb, where
eij is interaction energy between the molecule i and its
neighbor j, and Nnb is the number of nearest neighbors of
molecule i. The P (enb) exhibits bimodal characteristics
in the close vicinity of the TCmax

P
, with the peak positions

coinciding with the peak position for the distribution of
the s- and the ε-state molecules. This bimodality sug-

gests a two-well nature of the local free energy surface,
defined as Fl(enb) = −kBT ln [P (enb)] (see Fig. S4 in the
Supplementary Materials) at the TCmax

P
, and establishes

distinct energetic features of the s- and ε-state molecules
in liquid water. This bimodality further suggests that
enb can also be used as an order parameter to identify
the two types of local states in liquid water. On lowering
(increasing) temperature, the bimodality gradually dis-
appears due to the dominance of the ε(s)-state molecules
in the system. We also note that the local energy dis-
tribution for the ε-state molecules is shifted towards the
lower energy, suggesting that the ε-state molecules are lo-
cally stabilized by stronger interactions than the s-state
molecules.

As stronger (hydrogen-bond) interactions usually favor
low-density-like local structures in water, one would ex-
pect to observe a direct relationship between the strength
of the local interactions and the local density around a
central water molecule. The local density around a wa-
ter molecule can be defined in terms of the number of
neighbors Nnb with rOO < 3.7 Å. In Fig. 4 (right), we
show the number of neighbors distribution (P (Nnb)) for
the s-state and the ε-state molecules at different temper-
atures in the close vicinity of the TCmax

P
. The number of

neighbors (or, the local density) of the water molecules
in the s-state is higher than the ε-state giving rise to
higher bulk density for the configurations with higher
s-state population (see Fig. S3B in the Supplementary
Materials). The distribution for water molecules in the
ε-state is peaked at Nnb = 4 for all the temperatures re-
ported – suggesting a locally tetrahedral structure with
well-separated first and second shells for the majority
of the ε-state molecules. P (Nnb) for the s-state water
molecules exhibits a maximum at Nnb = 5, suggesting
either the presence of an additional water molecule in
between the first and second shells, or a distorted first
shell with more than 4 molecules (a detailed analysis of
the structural features of the ε- and s-states is provided
in the next section). With the increase of temperature
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FIG. 5. (left) The LSI (I) distribution and (right) the translational order parameter (ζ) distribution for the system and for the
molecules in the s- and ε-states for isobars 1 bar (top panel) and 1000 bar (bottom panel) and at temperatures in the close
vicinity of their respective TCmax

P
– 220 K and 200 K. The system consists of N = 4000 water molecules.

the number of molecules with Nnb = 5 increases due to an
increase in the entropically-favored local structural exci-
tations in the PEL. The above results also suggest that
the ε-state can be considered as LDL-like and the s-state
as HDL-like water molecules.

E. Structural features of the s- and ε-states

To probe the structural similarities between the two
types of local states (s and ε) identified in this work and
the ones identified previously on the basis of the LSI [52,
54, 74] and the ζ index [34], we calculated the LSI and ζ
index distributions for both the s- and ε-state molecules.
The LSI of a molecule i is obtained by sorting the oxygen-
oxygen nearest neighbor distances between the central
molecule i and its jth nearest neighbor (denoted as rj)

in ascending order; r1 < r2 < ... rj .... < rn(i) < 3.7 Å <
rn(i)+1. Then, the LSI is defined as [44]

I(i) =
1

n(i)

n(i)∑
j=1

[
∆(j; i)− ∆̄(i)

]2
, (1)

where ∆(j; i) = rj+1− rj and ∆̄ is the average of ∆(j; i)
over all the nearest neighbors j of molecule i. The LSI
is a measure of inhomogeneity in between the first and
second coordination shells and thus is sensitive to the
translational order up to the second shell of the cen-
tral molecule. The ζ index of a molecule i is defined
as the difference between the distance dji of the closest
neighbor molecule j not hydrogen-bonded to molecule i,
and the distance dki of the farthest neighbor molecule k
hydrogen-bonded to molecule i, ζ(i) = dji−dki [34]. Two
water molecules are considered to be hydrogen-bonded
only when the oxygen-oxygen distance is less than 3.5 Å,
and the H −O...O angle is less than 30◦ [75]. Similar to
the LSI, the ζ index also probes the translational order
up to the second coordination shell.

Figure 5 (left) shows the LSI distribution for the sys-
tem, along with the s- and ε-state molecules, for isobars 1

bar and 1000 bar and at temperatures in the close vicin-
ity of their respective TCmax

P
. The LSI distribution for

the s-state water molecules shows a peak at the low LSI
value resembling HDL-like water molecules. However, we
observe a (weak) bimodality in the distribution of the ε-
state water molecules, especially at T ≥ TCmax

P
. This

suggests that the ε-state water molecules have structural
characteristics similar to both the LDL- and HDL-like
water molecules assigned on the basis of the LSI, and
thus, the two types of local states assigned on the basis
of LSI in the TE configurations [54, 74] are not the same
as the two states (s and ε) assigned in this work. In ad-
dition, we also calculated the LSI distribution for the s-
and ε-state molecules in the ISs to probe the structural
similarities between the two types of local states identi-
fied in this work and the ones identified on the basis of
the LSI in the PEL [52]. We found a bimodal distribu-
tion for both the states (See Fig. S5 in the Supplementary
Materials), suggesting that the structural features of the
ε- and s-state molecules again resemble only partially the
LDL- and HDL-like molecules, respectively, assigned us-
ing the LSI [52] in the ISs.

Figure 5 (right) shows the ζ index distribution for the
system, along with the s-state and the ε-state molecules.
The s-state molecules have lower ζ index than the ε-
state molecules, and also, the peaks of the distributions
for these two states are well separated. This suggests
a well-separated first and second shells for the ε-state
and a collapsed/distorted second shell (giving rise to the
presence of the fifth neighbor in between the first and
second shells) for the s-state molecules (the two-body
oxygen-oxygen correlation functions for the s- and ε-state
molecules shown in Fig. S6 of the Supplementary Materi-
als also support the aforementioned structural features of
the two states). This is in qualitative agreement with the
structural features of the two states of liquid water as-
signed on the basis of ζ index in a recent study by Russo
and Tanaka [34]. However, quantitatively, the two types
of local states assigned in this work are not the same as
the ones predicted by Russo and Tanaka [34] from the ζ
index distribution, as they obtained a 1 : 1 fraction of
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the two states (based on the assumption that the ζ dis-
tribution for each state follows a Gaussian distribution)
near the temperature of maximum compressibility, Tκmax

T

not at the TCmax
P

(this work, Fig. 1B) on isobaric cooling.

F. Spatial distribution of the s- and ε-states

After unambiguously assigning the two distinct types
of local states on the basis of the heterogeneous system’s
relaxation in the PEL, it is desirable to probe the temper-
ature (or, composition) dependent spatial distribution of
the ε- and s-states by employing clustering analysis. An
s-cluster of size n is defined as n s-state water molecules
connected by the neighborhood (within a cut-off distance
of 3.5 Å). To measure the spatial localization of the s-
state molecules, we divided the average fraction of the
s-state molecules 〈φs〉 in the system into two parts – the
fraction of molecules that are part of the largest cluster
(
〈
φls
〉
) and the fraction of molecules that are not part

of the largest cluster, 〈φd〉 = 〈φs〉 −
〈
φls
〉
. The size of

the largest cluster is a measure of the localization of the
s-state molecules in the system. For example, in the
case where all the s-state molecules are assembled to-
gether and part of the same inter-connected network, the
largest cluster will accommodate all the s-state molecules
and 〈φd〉 = 0. Thus, the non-zero value of 〈φd〉 suggests
that all the s-state molecules are not connected by the
neighborhood and hence spatially not localized.

Figure 6A shows the T -dependent 〈φs〉 and
〈
φls
〉

at
pressures 1 bar and 1000 bar. The shaded region in the
figure indicates the “anomalous region” defined as the
region bounded by the Tκmax

T
on the higher temperature

side (≈ 230 K and 205 K at 1 bar and 1000 bar, re-
spectively [30]) and the TCmax

P
on the lower temperature

side (≈ 220 K and 200 K at 1 bar and 1000 bar, re-
spectively). As evident from Fig. 6A, almost all the s-
state molecules are part of the largest s-cluster at higher
temperatures (〈φd〉 ∼ 0), and the ε-state molecules are
delocalized inside the spanning network of the s-state
molecules (see Fig. 6B). On (isobaric) cooling, both 〈φs〉
and

〈
φls
〉

decrease as a consequence of the conversion of
the s-state molecules to the ε-state. Interestingly, in-
side the “anomalous region”, TCmax

P
< T < Tκmax

T
, both

the ε- and s-state molecules form an interpenetrating
spanning dynamical network, and on further lowering
the temperature (T < TCmax

P
), the s-state molecules get

delocalized in the form of smaller clusters inside a rela-
tively rigid spanning network of the ε-state molecules (see
Fig. 6B). Thus, the anomalous behavior of the thermo-
dynamic response functions in the supercooled water is
a direct consequence of the composition fluctuation and
composition-dependent spatial organization of the s- (or,
ε) state molecules. At this point, it is also worth not-
ing that the observed fragile-to-strong dynamical transi-
tion (often referred to as “dynamical crossover”) in liq-
uid water on cooling below the TCmax

P
[76, 77] could be a

consequence of the formation of the relatively rigid span-

200 220 240 260
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0.00
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0.75

1.00

l s
/
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P = 1 bar
l
s

s

200 220 240
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P = 1000 bar
l
s

s

(A)

FIG. 6. (A) The T -dependent fraction of the s-state wa-
ter molecules, 〈φs〉, along with the fraction of the s-state
molecules that are part of the largest s-cluster,

〈
φls

〉
, for 1 bar

and 1000 bar isobars are shown. The shaded region indicates
the “anomalous region” defined as the region bounded by the
Tκmax

T
on the higher temperature side (≈ 230 K and 205 K for

1 bar and 1000 bar isobars, respectively [30]) and the TCmax
P

on the lower temperature side (≈ 220 K and 200 K for 1 bar
and 1000 bar isobars, respectively). (B) The representative
snapshots showing the temperature (or, composition) depen-
dent spatial distribution of the s- and ε-state molecules in a
TE configuration at 1 bar pressure and for N = 4000. Red
and blue spheres represent the water molecules in the s- and
ε-states, respectively. We note an interesting crossover from
the spatially delocalized ε-clusters to the spatially delocalized
s-clusters on isobaric cooling below the TCmax

P
.

ning network of the ε-state molecules. This observation,
however, needs a more careful quantitative validation to
unambiguously establish an intimate connection between
the anomalous thermodynamic and dynamic behavior of
supercooled water.

G. Phase behavior of TIP4P/2005 water

In Fig. 7, we present a phase diagram summarizing
the thermodynamic behavior of supercooled TIP4P/2005
water in the P − T plane predicted by the phenomeno-
logical TSEoS [78], along with the heat capacity maxi-
mum Cmax

P , maximum of the s-state population fluctua-
tion χmax

s , the maximum of the IS energy per molecule
fluctuation χmax

eIS , and the 1 : 1 population ratio of the
s-state and the ε-state water molecules (〈φs〉 = 0.5) cal-
culated in this work using the TE configurations at pres-
sures 1 bar, 400 bar, and 1000 bar. The Cmax

P , χmax
s ,

χmax
eIS , and 〈φs〉 = 0.5 points fall in the close vicinity of

the Cmax
P predicted by the TSEoS for all the three isobars
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FIG. 7. The phase diagram of supercooled TIP4P/2005. The
locus of maxima of heat capacity Cmax

P , isothermal compress-
ibility κmax

T , the Widom line, the LLT line, and the LLCP
predicted by the TSEoS [78] along with the Cmax

P , maxi-
mum of the s-state population fluctuation χmax

s , the maxi-
mum of the IS energy per molecule fluctuation χmax

eIS , and the
1 : 1 population ratio of the s-state and the ε-state molecules
(〈φs〉 = 0.5) calculated using the TE configurations for iso-
bars 1 bar, 400 bar, and 1000 bar are shown. We note that
the χmax

s , χmax
eIS , and 1 : 1 population ratio of the s-state and

the ε-state (〈φs〉 = 0.5) fall in the close vicinity of the Cmax
P

line predicted by the TSEoS.

studied in this work (Fig. 7). Thus, this phase diagram
also summarizes the intricate relationship between the
(anomalous) temperature dependence of CP , the s-state
(or, ε-state) population fluctuation in the TE configura-
tions, and the χmax

eIS . The χmax
s , χmax

eIS and 〈φs〉 = 0.5 can
also be used as alternate markers for the heat capacity
anomaly line or the Widom line in the phase plane (see
also Fig. 1B and Fig. 2).

IV. CONCLUSIONS

In this study, we have employed a predefined struc-
tural order parameter free approach to unambigu-
ously identify the two types of interconvertible local
states — entropically-favored s-state (or, HDL-like) and
energetically-favored ε-state (or, LDL-like) — with sig-
nificantly different structural and energetic features in
liquid water. This identification is based on the het-
erogeneous relaxation of the system in the PEL during
the steepest-descent energy minimization. The s-state
molecules undergo more local structural changes com-
pared to the ε-state molecules during the energy min-
imization. This heterogeneous relaxation in the PEL
is characterized by using order parameters inspired by
the Edwards-Anderson order parameter [73] for the spin-
glass transition in frustrated magnetic systems. The s-

and ε-states share only partial resemblance with the two
types of local states, HDL- and LDL-like, respectively,
assigned on the basis of the LSI [52] and ζ [34] order
parameters. We have also shown a 1 : 1 composition
of the two states at the TCmax

P
(or, the Widom line). We

have further established a direct relationship between the
s-state population fluctuation χs, and the heat capacity
CP anomaly in the supercooled state. We have also stud-
ied the composition-dependent spatial distribution of the
s-state water molecules in the system by employing clus-
tering analysis, and found an interesting crossover from
a spanning network-like single s-cluster to the spatially
delocalized s-clusters in the close vicinity of the Widom
line on isobaric cooling.

Although this study does not directly invoke the ex-
istence of the LLCP, the results presented here are fully
consistent with the thermodynamic interpretation of the
supercooled water’s anomalies based on the existence of
the LLCP and the associated Widom line, which is un-
ambiguously established for the model system studied
here (TIP4P/2005) [15]. This study also provides al-
ternate markers (in addition to the locus of maxima of
thermodynamic response functions) for the Widom line,
and unravels the signatures of the anomalous tempera-
ture dependence of CP encoded in the PEL of the system.
Thus, this study establishes a direct relationship between
the topography of the underlying PEL, the nature of the
locally-favored structures in the TE configurations, and
the anomalous thermodynamic behavior of the system.

The prevailing approaches to understand the micro-
scopic origin of bulk phase behavior often involve anal-
ysis of either the TE configurations (structures in the
free energy landscape) or the ISs (structures in the
PEL) [79, 80]. The findings in this work bridge the gap
between these two approaches by suggesting that the mi-
croscopic relaxation mechanism of the TE configurations
in the PEL can provide deeper insights into the nature
of locally-favored structures and its relationship with the
bulk phase behavior. It is also worth noting that the ap-
proach discussed here does not provide a parameter-free
metric to identify the two types of local states, but it de-
pends on a cut-off radius to define the local environment
around a central molecule. This parameter can be inter-
preted as the length scale associated with the local struc-
tural excitations in the PEL, and needs to be carefully
chosen to capture the non-trivial relationship between
the local structural fluctuations and bulk phase behavior.
This parameter also brings in additional generality to the
approach (unlike the approaches based on structural or-
der parameters which are mathematically formulated to
capture predefined local structures) which can be applied
to different model systems, not necessarily molecular, to
provide the precise microscopic structural origin of bulk
liquid properties.
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Supplementary Materials

A. Sensitivity of the s- and ε-state populations and their fluctuations on the choice of rOO

To probe the sensitivity of the s (or, ε)-state population and its fluctuation (results presented in Fig. 1 and Fig. 2A
of the main text) on the choice of the oxygen-oxygen cut-off distance, rOO, used to define the local environment (list
of neighboring water molecules) around a central water molecule, we calculated the T -dependent population of the
s- and ε-state molecules (〈φk〉, k = s, and ε) for three different cut-off values, rOO = 3.3 Å , 3.7 Å and 4.1 Å. The
rOO = 3.3 Å includes strictly the first shell water molecules. The cut-off distances rOO = 3.7 Å and 4.1 Å also include
water molecules from the second shell, and hence, enable us to probe the local structural changes involving partly the
second shell molecules (see Fig. S1A) during the steepest-descent energy minimization. The two (s and ε) states in
liquid water are identified following the protocol outlined in Section III A of the main text. The Figs. S1B and S1C
show the sensitivity of the T -dependent s-state population (along with the ε-state population, 〈φε〉 = 1 − 〈φs〉) and
its fluctuation, χs to the choice of rOO value at 1 bar pressure in the TE configurations. We note that the 1 : 1
fraction of the s- and ε-state molecules are obtained near the TCmax

P
(220 K) only for rOO = 3.7 Å. Also, χs shows

a maximum near to the TCmax
P

only for rOO = 3.7 Å. For rOO = 3.3 Å, χs decreases monotonically on lowering the
temperature, suggesting that the local (tetrahedral) geometry involving the first shell molecules gradually gets more
stable at lower temperatures. For rOO = 4.1 Å, χs is almost insensitive to the change in temperature.

B. Distinct types of entropically-favored local (s-state) configurations

In Fig. S2, we show the relative fraction of the different types of entropically-favored s-state water molecules at
pressures 1 bar and 1000 bar and at temperatures 220 K and 200 K, respectively (TCmax

P
for 1 bar and 1000 bar

isobars, respectively). On potential energy minimization, the majority of the s-state molecules (ca. 70%) lose a
nearest neighbor (water molecule with rOO < 3.7 Å from the central molecule) and become tetrahedrally coordinated
(referred to as type (i)), ca. 20% s-state molecules gain a neighbor (type (ii)), and ca. 10% molecules exchange a
neighbor with the surrounding (type (iii)).

https://doi.org/10.1103/PhysRevLett.76.928
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FIG. S1. (A) The oxygen-oxygen pair distribution function (gOO(r)) of the TIP4P/2005 water at pressure 1 bar and at
temperatures 220 K and 240 K. Three different oxygen-oxygen radial cut-off distances, rOO, used to define the local environment
(list of neighboring water molecules) – 3.3 Å (strictly the first shell), 3.7 Å (partly includes the second shell water molecules),
and 4.1 Å (closer to the second shell maximum) – are shown with orange, purple and green dotted lines, respectively. (B)
The T -dependent average fraction of the two types of local states in the TE configurations (〈φk〉, k = s, and ε) for different
rOO values at pressure 1 bar. The dotted black line indicates 〈φs〉 = 〈φε〉 = 0.5 line. (C) The T -dependent s-state population
fluctuation χs in the TE configurations for different rOO values is shown. We note the non-monotonic temperature dependence
of χs for rOO = 3.7 Å, and monotonic for 3.7 Å and 4.1 Å cut-off distances.
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FIG. S2. The fraction of the different types of entropically-favored s-state water molecules at pressures 1 bar and 1000 bar and
at temperatures 220 K and 200 K, respectively (TCmax

P
for 1 bar and 1000 bar isobars, respectively)

C. Correlation between the inherent structure (IS) energy, the s-state population, and the density of the
system

In order to understand the correlation between the s-state population in a TE configuration and the (potential)
energy of the corresponding IS basin in the PEL, we calculated the Pearson’s correlation coefficient (rp) between
the potential energy per molecule of the IS, eIS, and the fraction of the s-state molecules, φs in the corresponding
TE configuration. Pearson’s correlation is defined in such a way that the value is always between −1 and 1, −1
being strong negative correlation and 1 being strong positive correlation. Fig. S3A shows a strong positive correlation
between eIS and φs at 1 bar and 1000 bar pressures and at temperatures 220 K and 200 K, respectively (TCmax

P
for

1 bar and 1000 bar isobars, respectively). As the pressure increases, the correlation (the value of rp) also increases.
In Fig. S3B, we show the correlation between the mass density ρ and φs at the conditions reported above. We again
note a strong positive correlation for both the isobars at their respective TCmax

P
.
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FIG. S3. The correlation between (A) the fraction of the s-state molecules in a TE configuration (φs) and the (potential)
energy per molecule of the corresponding IS (eIS), and (B) the mass density (ρ) and φs at 1 bar and 1000 bar pressures and at
temperatures 220 K and 200 K, respectively (TCmax

P
for 1 bar and 1000 bar isobars, respectively). rp indicates the Pearson’s

correlation coefficient. We note a strong positive correlation between φs and eIS as well as between φs and ρ for both the isobars
at their respective TCmax

P
. We also note that the correlation (rp value) increases on increasing the pressure of the system.
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FIG. S4. The T -dependent scaled local free energy surface (βFl(enb)) for 1 bar and 1000 bar isobars and at temperatures in the
close vicinity of their respective TCmax

P
, 220 K and 200 K. The scaled local free energy is defined as, βFl(enb) = − ln [P (enb)],

β = 1/kBT . We note a two-well feature of Fl(enb) at the TCmax
P

.

D. Local free energy surface

The bimodal distribution of the potential energy per neighbor, enb (see Section III D of the main text) in the close
vicinity of the TCmax

P
suggests a two-well nature of the underlying local free energy surface, defined as, Fl(enb) =

−kBT ln [P (enb)], where P (enb) is the local interaction energy per neighbor distribution function. In Fig. S4, we
show the T -dependent evolution of the scaled local free energy surface, βFl(enb) (β = 1/kBT ) at pressures 1 bar and
1000 bar. As expected, βFl(enb) shows a two-well feature at the TCmax

P
(or, near the Widom line). This observation

suggests that the s-state and the ε-state molecules share distinct energetic features and enb can also be used as an
order parameter to identify the two types of local states in liquid water.
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FIG. S5. The LSI distribution for the s-state (red dashed line), the ε-state (blue dotted line), and for all the water molecules
(solid blue line) in the ISs at 1 bar and 1000 bar pressures and at temperatures 220 K and 200 K, respectively (TCmax

P
for 1

bar and 1000 bar isobars, respectively). We note a bimodal distribution for both the states, suggesting that the s- and ε-state
molecules share only partial resemblance with the LDL- and HDL-like molecules assigned on the basis of the LSI in the PEL
of the system.
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FIG. S6. The two-body oxygen-oxygen correlation function (gOO) for the s-state and the ε-state water molecules at 1 bar and
1000 bar pressures and at temperatures 220 K and 200 K, respectively (TCmax

P
for 1 bar and 1000 bar isobars, respectively). We

note a near-complete separation of the first and second coordination shells for the case of ε-state molecules, and the presence
of interstitial water molecules in between the first and second shells for the case of s-state molecules.

E. LSI distribution for the s- and the ε-state water molecules in the IS

The two types of local states in liquid water have often been assigned using the LSI order parameter which shows a
pronounced bimodality for the ISs (see, for example, Refs. [51, 52]). The bimodal LSI distribution gives us a unique
order parameter cut-off value to unambiguously identify the two types of local states in the ISs (or, in the PEL of the
system). In Fig. S5, we show the LSI distribution for the s-state, the ε-state, and for all the molecules in the ISs to
check whether the LDL- and HDL-like local states assigned on the basis of the LSI share the same structural features
as the ε- and s-states, respectively, in the PEL. We note, however, a bimodal LSI distribution for both the states at
the TCmax

P
, suggesting that the ε- and s-state molecules share only partial resemblance with the LDL- and HDL-like

molecules, respectively, assigned on the basis of the LSI in the PEL of the system.

F. Two-body correlation function for the s- and ε-state water molecules

In Fig. S6, we show the two-body oxygen-oxygen correlation function (gOO) for the s- and ε-state molecules at 1
bar and 1000 bar pressures and at temperatures 220 K and 200 K, respectively (TCmax

P
for 1 bar and 1000 bar isobars,



5

respectively). We note a near-complete separation of the first and second shells for the case of ε-state molecules, and
the presence of interstitial water molecules in between the first and second shells for the case of s-state molecules. This
suggests that the networks of the s-state and the ε-state water molecules show distinct (local) structural features. It
is also remarkable to note that these distinct local structural features are captured here without using any predefined
structural order parameter that is mathematically formulated to capture these two types of structural features (such
as, LSI [44] or ζ index [34]).
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