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The existence of two structural forms in liquid water has been a point of discussion for a long
time. A phase transition between these two forms of liquid water has been proposed based on
evidence from molecular simulations, and experiments have also been very recently able to track
the proposed transition of the low-density liquid (LDL) form to the high-density liquid form. We
propose to use the average angle an oxygen atom makes with its neighbors to describe the structural
environment of a water molecule. The distribution of this order parameter is observed to have two
peaks, with one peak at ∼ 109.5°, corresponding to the internal angle of a regular tetrahedron,
indicating tetrahedral arrangement. The other peak corresponds to an environment with a tighter
arrangement of neighboring molecules. The distribution of O-O-O angles is decomposed into two
skewed distributions to estimate the fractions of the two liquid forms in water. A good similarity is
observed between the temperature and pressure trends of fractions of locally favoured tetrahedral
structure (LFTS) form estimated using the new order parameter and the reports in the literature,
over a range of temperatures and pressures. We also compare the structural environments indicated
by different order parameters and find that the order parameter proposed in this work captures the
structure of first solvation shell of LFTS accurately.

I. INTRODUCTION

Water’s anomalous properties are important to many
fields of human interests, placing it at the center of hu-
man curiosity for a long time. The two-state theory pro-
poses that water’s anomalies are exhibited in a funnel
shaped region on the phase diagram where there are fluc-
tuations between two structural forms [1–6]. This region
is hence often described as the funnel of life [5]. Even
though the idea of modelling water as two liquid forms
is quite old [7, 8], it gained more attention in the recent
times because of its potential to explain the anomalies of
water at ambient and super-cooled conditions [9–16]. Dif-
ferent authors have contested and debated the two-state
model for water, including Tanaka [1, 3, 4], Anisimov
[13, 17–19], Stanley [16, 20–22], Limmer and Chandler
[23–25], and Nilsson and Pettersson [5, 26–30], to name
a few.

The two structural forms of liquid water have been
linked to the two forms of amorphous ice - the high den-
sity and the low density amorphous ice (HDA and LDA,
respectively), which have been observed to have a first-
order-like phase transition between them [31]. Transi-
tion temperatures between the glassy solids HDA and
LDA to high density liquid (HDL) and low density liquid
(LDL) respectively have also been reported in the liter-
ature [32, 33]. Even though these experimental works
pointed to the existence of two structural environments
in water, the phase transition between LDL and HDL
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has been observed only recently. Nilsson et al. were able
to follow the transition of LDL to HDL at deeply super-
cooled temperature of -163 °C using a combination of
experimental techniques [28, 30]. This work provided ex-
perimental evidence to the existence of the two hypoth-
esised forms of liquid water and the transition between
the two.

It is of interest to note that the first evidence of the
liquid-liquid critical point in water was from molecular
simulations. In a seminal work, Poole et al. used molec-
ular simulations of the ST2 water model, which suggested
that the anomalous behaviour of water in the super-
cooled regime could be the result of the presence of a
second (liquid-liquid) critical point [20]. The aim of this
study was to test the extent to which molecular simula-
tions would be able to cope with the ‘Speedy limit con-
jecture’ [34]. But their results suggested a different phase
diagram with the existence of a liquid-liquid critical point
(LLCP). These results were challenged by Chandler and
Limmer [23], who argued that the observations which
were attributed to a liquid-liquid transition were in fact
associated with a liquid-crystal transition. The heated
discussion [25, 35, 36] came to a conclusion only recently,
when a conceptual error in the model of Chandler and
Limmer was uncovered [37, 38]. Debenedetti et al. very
recently explored the existence of second critical point
using simulations [39] and observed significant fluctua-
tions in density between two average values. They also
estimated the critical points for the TIP4P/2005 and
TIP4P/Ice water models, supporting the existence of the
proposed LLCP at positive pressures for water.

After it was shown that the existence of LLCP cannot
be excluded, the relevance of estimation of structure and
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properties using the two-state picture has grown. Many
research groups have studied the two-state picture of wa-
ter, not just in terms of exploring the LLCP and liquid-
liquid phase transition (LLPT), but also validating and
characterising the existence of two forms of liquids in dif-
ferent conditions including the ambient [14, 29, 40]. Dif-
ferent methods have been proposed to distinguish and
study the two states of water in molecular simulations of
different water models.

A notable effort in characterising the two structural
forms of water was by Pettersson et al. [40], who re-
ported the Local Structure Index (LSI) [41] using molec-
ular simulations. The inherent structure [40, 42] showed
a bi-modal distribution of LSI indicating two characteris-
tic types of ordering in water. Tanaka et al. [14] used the
TIP4P/2005 and TIP5P water models to look at the dis-
tribution of LDL and HDL in liquid water in a wide range
of temperatures, using a structural descriptor [6]. They
proposed that locally favoured structures are formed in
a sea of ‘normal liquid’. Shi and Tanaka have reported a
comparative study on the structures described by some
of the currently existing order parameters, using molecu-
lar simulations [43]. Structural heterogeneities in liquid
water have also been studied in molecular simulations
by characterizing density fluctuations with empty voids
with diverse morphology [44]. These voids were charac-
terized for the identification of low density patches using
the concept of Voronoi S-Network [45, 46]. Very recently,
Shi and Tanaka [47] showed that the bimodailty in the
coordination number and the structure factor in molec-
ular simulations of liquid water supports the two- state
theory of water. They argued that presence of the first
sharp diffraction peak is indicative of tetrahedral environ-
ments in water. Even though different parameters that
quantify structuring of water molecules are able to show
two distinct structures in water indicated by a bi-modal
distributions of order parameters, they cannot distinctly
demarcate the two structures because of the overlap in
distributions. This is an indication of environments with
mixed character [27]. The degree of heterogeneity and
the boundaries of the fluctuating structures in water are
still open questions.

In this work, we use the angles that oxygen atoms make
with its nearest neighbors to characterize the tetrahedral
environment of water. Even though the distributions of
angles formed by oxygen atoms have been studied a pri-
ori for different purposes [48–57], it has not been utilized
yet to estimate the fractions of the two structural forms
in water, to the best of our knowledge. We demonstrate
that the bi-modal distribution of the O-O-O angles may
be decomposed to two Gaussian components correspond-
ing to the two locally favoured structural forms in water.
This is then used for estimating the fraction of locally
favoured tetrahedral structures (LFTS) [58] in water (the
term LDL is also often used in the literature by some au-
thors [27, 59]) and studying the structural characteristics
of the low density form of water.

Urbic and Dill [60] proposed a model of a ‘cagey wa-

ter’ assuming that liquid water has an underlying hexag-
onal ice structure, and the disordered liquid structure is
a perturbation to the tetrahedral structure. They also
demonstrated the ability of this model to calculate the
properties of bulk water. We also show that this assump-
tion of existence of tetrahedral structure of ice Ih is true
in liquid water, by comparing the scatter of different or-
der parameters in water and ice Ih. We also report the
probabilities that any given water molecule belongs to
a tetrahedral environment, provided we know the aver-
age angle it makes with its neighbors. To comment on
the two structural forms of water, we also compare the
structural environments indicated by other order param-
eters, with the tetrahedral environment indicated by the
O-O-O angles.

II. METHODS

A. Molecular simulations

Molecular simulations were performed using the po-
larizable iAMOEBA water model [61], which reproduces
properties like density, dielectric constant, self-diffusion
coefficient and vapor-liquid equilibrium curve [59, 62–
64]. In extensive review articles, the iAMOEBA model
was found to perform excellent in comparison to many
widely used water models in capturing the bulk, critical,
vapor-liquid equilibria and thermodynamic properties of
liquid water [62, 64]. NPT simulations were performed
(with 2094 molecules), generating trajectories ranging
from 10 ns to 100 ns, using OpenMM 7.5 [65]. Longer
simulation lengths were used for analysis at lower tem-
peratures. Time step integration was performed using
Langevin leap-frog integrator [66], with a time step of 1
fs. Pressure coupling was done using Monte Carlo baro-
stat [67, 68], with a coupling time of 2.5 ps. Simulation
trajectory was written out at every 10 ps. The MDAnal-
ysis library [69] was used to read the simulation trajec-
tories, and compute the properties of interest from the
trajectory.

B. Gaussian mixture decomposition

The first shell neighbors of a molecule are identified by
a cut-off of 3.7 Å [41]. The distribution of the average
angle formed by oxygen atoms with neighbors (P (θ)) was
observed to be decomposable to two skewed Gaussian
distributions (see Fig. 1a) as shown in equation 1.

P (θ) =s ∗Gskew(θ;µs, σs, αs)

+ (1− s) ∗Gskew(θ;µρ, σρ, αρ)
(1)

where s is the weight of the skewed Gaussian distribu-
tion corresponding to the s-form (tetrahedrally struc-
tured) and 1−s is the fraction of ρ-form (non-tetrahedral
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form). The individual skewed distributions [70] are given
by equation 2.

Gskew(θ;µ, σ, α) =
1

σ
√
2π

exp

(
−θ − µ

2σ2

)
×
[
1 + erf

(
α(θ − µ)

σ
√
2

)] (2)

where µ, σ and α are parameters of the skewed Gaussian
distribution, and erf(x) is given by

erf (x) =
2√
π

∫ x

0

e−t2dt (3)

We estimate the parameters of equation 1 by minimis-
ing the square of deviation between distribution of θ es-
timated from simulations and the sum of the Gaussian
components as calculated by equation 1.

III. RESULTS AND DISCUSSIONS

A. Estimating the fraction of LFTS

In a tetrahedral local environment in water, oxygen
atoms form an angle of ∼ 109.5o with all its neighbors.
An oxygen atom makes

(
n
2

)
angles with its n nearest

neighbors. For example, a molecule having four neigh-
bors can form

(
4
2

)
= 6 angles with its neighbors. Even

though the tetrahedrality can be well captured by look-
ing at distribution of all the

(
n
2

)
angles (See section S1 in

supplemental material [71] for a brief discussion), the av-
erage angle an oxygen atom makes with all its neighbors
can be beneficial, defined as

θavg =

∑n

i=1

∑n

j=i+1 θij(
n
2

) (4)

where θij is the angle a given oxygen atom makes with
its ith and jth neighbors. This assigns one single value of
θavg to an oxygen atom. When an oxygen atom belongs
to a tetrahedral environment, all the angles it makes with
its neighbors lie around ∼ 109.5o, leading to an average
not very different from the individual angles. However, in
a non-tetrahedral environment, an oxygen atom is likely
to form smaller angles (forming tighter orientations) with
two or more of its neighbors. This would lead to a re-
duction in the average angle compared to that of a struc-
tured tetrahedral environment. Here, we would like to
emphasize that the method of using O-O-O angles to
characterise tetrahedral environments is based on the ge-
ometric structure of tetrahedra, and not on the underly-
ing potential of the water model. Therefore, in principle
the method described in this work would be transferable
to any other water model which captures the structure
and ordering in liquid water. To demonstrate this to the
readers, we have added results from simulations of the

TIP4P/2005 water model (see section S2 of supplemen-
tal material [71] for details). Fig. 1b shows the distri-
bution of average angles an oxygen atom forms with its
neighbors.

The fraction of tetrahedral structural forms in water
was estimated by the weights of individual Gaussian com-
ponents (see Methods and section S3 in the supplemental
material [71] for the discussion and the estimated values
of the parameters of equation 1 at all the conditions re-
ported in the study.), and is shown in Fig. 2a. The
nature of the curves are in line with those predicted from
molecular simulations [6, 59] and two-state thermody-
namic models [13, 72]. The fraction of tetrahedral liquid
form is observed to increase when the temperature is re-
duced, with a sharper change in a temperature range of
210-230 K. Another similar approach reported by Russo
and Tanaka [6] utilized ζ parameter as a structural de-
scriptor (see equation 1 in supplemental material [71])
to identify locally favored structures. A comparison of
the LFTS fractions estimated using θavg and the values
reported by Russo and Tanaka (using ζ) was done and
a (qualitatively) similar temperature-trend was observed
(See Fig. S3b and the associated text in the supplemental
material [71] for details).

We also compared the fraction of LFTS molecules es-
timated by θavg with the fraction of tetrahedral environ-
ments indicated by hydrogen bond formation. In a recent
work [73], we used Potential of Mean Force (PMF) land-
scapes to distinguish ‘ice-like’ hydrogen bonds in liquid
water. Two molecules are defined to be hydrogen bonded
if the oxygen-hydrogen (O–H) distance and the oxygen–
hydrogen-oxygen (O-H–O) angle lie in the statistically
favourable region on the distance-angle plane, defined
by PMF ≤ 0 kT. We also reported that a vast major-
ity of hydrogen bonds formed in the ice Ih crystal lie in
a smaller sub-region on the PMF landscape, defined by
PMF ≤ -2 kT [73]. We used these PMF based definitions
of hydrogen bonds to compare the tetrahedrally hydrogen
bonded fraction of liquid water with the LFTS fractions
estimated from other methods. The fraction of tetrahe-
drally hydrogen bonded water molecules (green dotted
lines in Fig. 3) is observed to over-predict the fraction of
LFTS environments in liquid water, when compared to
the LFTS fractions estimated by other methods. How-
ever, it is interesting to note that the fraction of molecules
forming four ‘ice-like’ hydrogen bonds closely follows the
trend of tetrahedral liquid fraction estimated by other
methods. This suggests that the structural environments
indicated by formation of four ‘ice-like’ hydrogen bonds
possibly correlates with the structure of tetrahedral en-
vironments in liquid water. But it should be noted that
this characterization of a tetrahedral environment based
on four ice-like hydrogen bonds can sharply distinguish a
molecule to belong to LFTS or not. On the other hand,
as explained in the following paragraphs, we can only
predict a probability that any given molecule belongs to
LFTS based on its θavg value.

Fig. 1a indicates that in the region of lower values
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FIG. 1. (a) Decomposing the distribution of the average angles oxygen atoms make with its neighbors (θavg) to two skewed
Gaussian components. The figure demonstrated here corresponds to T= 230 K and P = 1 bar for the iAMOEBA water model.
(b) Distribution of average angle an oxygen atom makes with its neighbors (θavg) at different temperatures and 1 bar. A peak
at 109.5°indicates locally tetrahedral environments in liquid water.
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FIG. 2. Fraction of LFTS molecules estimated from the dis-
tribution of θavg values of the iAMOEBA water model.

of θavg (θavg ≤ 106°), the Gaussian component corre-
sponding to tetrahedral structure (blue dotted line in
Fig. 1a) is zero, and the entire contribution comes from
the non-tetrahedral component (Green dotted line in Fig.
1a). This implies that we can ascertain with full confi-
dence that a water molecule with θavg ≤ 106°is not a
part of tetrahedral environment. However, in the region
106°≤ θavg ≤ 111°, Gaussian components corresponding
to both tetrahedral and non-tetrahedral components co-
exist. Therefore, it is difficult to sharply distinguish a
given molecule to belong to the tetrahedral form or not
when they have values of θavg in this range. In the re-
gion where 106°≤ θavg ≤ 111°, where both the Gaussian
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FIG. 3. Fraction of LFTS calculated (P = 1 bar) from O-O-
O angles (red) compared to the fraction of molecules forming
four ‘ice-like’ hydrogen bonds (blue), fraction of molecules
forming 4 hydrogen bonds (green).

components co-exist, molecules can only be classified to
belong to LFTS with a finite probability. We use Baye’s
theorem to calculate the probability with which we can
categorise a given molecule to belong to LFTS (equation
5).

P (LFTS|θavg) =
P (θavg|LFTS)× P (LFTS)

[P (θavg|LFTS)P (LFTS)] + [P (θavg|LFTS′)P (LFTS′)]
(5)

where P (LFTS|θavg) is the probability that a molecule
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FIG. 4. The probability of any given molecule belonging to LFTS environment, provided we know its θavg value. The closer
the value of θavg to 109.5°, the higher the probability that it belongs to LFTS. Also, we find that the certainty of classifying a
molecule to LFTS based on its θavg is higher at lower temperatures.

belongs to LFTS, provided we know its θavg value.
P (θavg|LFTS) and P (θavg|LFTS′) are the probabilities
that a molecule with a given value of θavg is a part of the
LFTS or not, respectively. They are essentially the prob-
ability densities of the individual Gaussian components
corresponding to tetrahedral (Gskew (θavg;µs, σs, αs))
and non-tetrahedral (Gskew (θavg;µρ, σρ, αρ)) environ-
ments respectively, as described in equations 1 and 2.
P (LFTS) and P (LFTS′) are the estimated fractions of
LFTS and non-LFTS molecules. The results are shown
in Fig. 4. The two most striking observations from the
analysis are (1) the closer the value of θavg to 109.5°, the
higher the certainty with which they can be classified as
LFTS, irrespective of the temperature and pressure of the
system, (2) there is no value of θavg for which the prob-
ability is 1, indicating that a sharp distinction between
LFTS and non-LFTS molecules is not possible.

In general, as the temperature of the system is in-
creased, the probability of belonging to LFTS is lower.
This interesting observation indicates that with an in-
crease in temperature, along with the reduction in the
fraction of LFTS (as shown in 2a), the magnitude of fluc-
tuations to non-tetrahedral form gets higher, even for
molecules with θavg close to 109.5°. The difference be-
tween high-temperature isotherms is more pronounced at
lower pressures, indicating that fluctuations into low den-
sity environments in liquid water at higher temperatures
are less temperature-dependent at higher pressures. On
the other hand, at deeply super-cooled temperatures, the
differences between the isotherms are more pronounced

at lower pressures.

B. Characterisation of the tetrahedral environment

It is of interest to study the structural characteristics of
the LFTS which have been estimated using the methods
described in this work. One important order parameter
reported in the literature is the Local Structure Index
(LSI) [41]. Shiratani and Sasai [41] showed that the dis-
tribution of LSI in liquid water can be decomposed to
individual distributions corresponding to structured and
de-structured environments. Wikefeldt, Nilsson and Pet-
tersson demonstrated that this parameter is capable of
capturing the bi-modality of the inherent structure in
molecular simulations [40]. LSI is defined by equations 6
and 7.

LSI(k, t) =
1

n(k, t)

n(k,t)∑
i=1

[
∆(i : k, t)− ∆̄(k, t)

]2
(6)

where,

∆̄(k, t) =
1

n(k, t)

n(k,t)∑
i=1

∆(i; k, t) (7)

where ∆(i; k, t) is ri+1 − ri and ri is the distance of
molecule i from the central molecule k when they are
arranged in the ascending order of distances from k. The
number of neighbors of molecule k at time t (n(k, t)) is
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chosen such that rn(k,t) < 3.7Å < rn(k,t)+1. A higher LSI
value indicates a local tetrahedral environment, with the
neighbors positioned further from the central molecule,
resulting in a low density environment, and a lower LSI
value indicates that the neighbors are positioned closer
to the central molecule, forming a high density environ-
ment.

We compared the distribution of LSI parameters for
4 strongly hydrogen bonded water molecules [73] to the
structured component of LSI as reported by Shiratani
and Sasai. We find that the distribution of structured
component of LSI is similar to the distribution of LSI
parameters for four strongly hydrogen bonded water
molecules as shown in Fig. 5a. This shows that the struc-
tured component of the LSI distribution as described by
Shiratani and Sasai [41] points to tetrahedrally hydro-
gen bonded environments in water. The distribution of
LSI of water molecules against the corresponding θavg in
liquid water and ice Ih is shown in Fig. 5b. Ice Ih, be-
cause of its structure, provides a reference state for the
LSI values in a tetrahedral environment. The LSI values
of ice Ih crystal ranges from 0 to ∼ 0.5, spanning almost
entirely through the range of values of liquid water. This
is also evident from a huge overlap between the distribu-
tion of structured and de-structured components of LSI
reported by Shiratani and Sasai. The distribution of θavg
of ice Ih on the other hand is limited to a narrower range
compared to that of the liquid water as seen in Fig. 5b.
This enables using θavg to distinguish tetrahedral envi-
ronments in the real structure of water. Two distinct
clusters are also visible Fig. 5b, one cluster ranging over
values similar to θavg values of ice Ih indicating tetra-
hedral environment, and another cluster ranging smaller
values corresponding to de-structured environment. The
cluster at the right (with θavg around 109.5 °) in Fig. 5b
can be observed to have a similar scatter of LSI and θavg
values when compared to ice. This shows that there are
water molecules with tetrahedral structure which resem-
ble the structure of ice Ih in liquid water, and validates
the assumptions reported by Urbic and Dill [60] in their
model of ‘cagey water’- like the existence of ice-like struc-
tures in liquid water.

To further characterize the structural environments in-
dicated by O-O-O angles, we also report different struc-
tural order parameters of molecules against their θavg
values at different temperatures and 1 bar. The num-
ber of first shell neighbors, and the average number of
hydrogen bonds against the corresponding values of θavg
are shown in Fig. 6a. It is observed that molecules hav-
ing θavg values close to 109.5°have almost four neighbors
in the first shell. At lower values of θavg (90 ≤ θavg),
molecules have higher number of neighbors in the first
shell indicating a denser structural environment. It is
also interesting to note that the average number of hy-
drogen bonds and average number of neighbors approach
each other as the value of θavg is close to 109.5°. This
indicates that for a molecule in the tetrahedral environ-
ment, the number of neighbors is reduced by forming

hydrogen bonds with all (or most) of its neighbors. This
indicates the role of hydrogen bond formation in minimis-
ing the number of neighbors, when a molecule is a part
of a tetrahedral environment. We find that the fraction
of molecules forming four hydrogen bonds is maximised
in the region where θavg is close to 109.5°(Fig. 6c). We
also find that the number of ice-like hydrogen bonds are
maximised for molecules with θavg close to 109.5°(Fig.
6b). Interestingly, a molecule in a tetrahedral environ-
ment does not necessarily form ‘ice-like’ hydrogen bonds
with all of its neighbors. Fig. 6d indicates that the prob-
ability of forming four ice-like hydrogen bonds is higher
for molecules forming θavg around 109.5.
We also studied the variation of other structural or-

der parameters that have been used to characterise the
tetrahedrality, with θavg in liquid water. LSI parameter
[41] has been used by Wikfeldt et al. [40] to identify spa-
tially inhomogeneous low density environments in liquid
water. Wikfeldt et al. [40] categorised molecules based
on their LSI values to belong to a high-LSI value class or
a low-LSI value class. They observed that the high-LSI
species exhibited LDL-like characteristics. The variation
of LSI with θavg at different temperatures is shown in
Fig. 6e, and shows that molecules which have θavg corre-
sponding to tetrahedral order have also high LSI values.
This indicates a similarity in the structural environments
characterised by high LSI and θavg close to 109.5°. There
is a decline in the LSI values, as temperature is increased.
Molecules with same value of θavg have lower values of
LSI at higher temperatures. This is in line with obser-
vations by Shi and Tanaka [43] who also suggest that
at higher temperatures where the magnitude of thermal
fluctuations is severe, LSI is not very efficient in captur-
ing the tetrahedrality of water. On the other hand, θavg
appears to be better in capturing the local tetrahedral
environments as indicated by Fig. 6a. The number of
neighbors and number of hydrogen bonds remain ∼ 4 for
molecules with θavg close to 109.5 °, irrespective of the
temperature.
Another order parameter that is used to study ordering

in water is the tetrahedral order parameter (q) [74, 75].
This parameter is a widely used [76] orientational order
parameter, defined by equation 8.

q = 1− 3

8

3∑
j=1

4∑
k=j+1

(
cosψjk +

1

3

)2

(8)

where ψjk is the angle formed by a molecule with its jth

and kth neighbors. Based on the local structure, this
order parameter can assume values from 0 (for an ideal
gas) to 1 (for a regular tetrahedron) [75]. A higher value
of this order parameter indicates a more tetrahedrally
oriented environment. The distribution of the tetrahe-
dral order parameter (q) [74, 75] against θavg was also
studied (Fig. 6f). We observe that molecules in tetra-
hedral environments as indicated by the θavg parameter
have highest values of tetrahedral order parameter, at all
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FIG. 5. (a) Distribution of LSI of structured (green dotted) and de-structured (red dotted) environments in water reported by
Shiratani and Sasai [41] compared with distribution of LSI values of water molecules forming 4 ‘ice-like’ hydrogen bonds (green
continuous) and other molecules (red continuous), calculated using the iAMOEBA water model (T= 300 K, P= 1 bar). The
‘ice-like’ structures are calculated based on the definition by us [73]. (b) Scatter plot of LSI values and average angle oxygen
atom forms with its neighbors (θavg) in liquid water (blue dots) and ice Ih (red dots), from simulations of iAMOEBA water at
230 K and 1 bar.

temperatures. As described previously, ψjk mentioned in
equation 8 is the O-O-O angle made by a given molecule
with its jth and kth neighbors, and therefore, molecules
having θavg close to 109.5°exhibiting high value of q can
be expected, as is shown in Fig. 6f. The temperature
dependency of q can also be seen from Fig. 6f. As the
temperature is increased, it is observed that the value of
q is lower. Even for molecules with θavg close to 109.5°,
the value of q is observed to be lower at higher temper-
atures, indicating fluctuations into non-tetrahedral envi-
ronments. This observation also indicates the effect of
thermal fluctuations on the capability of tetrahedral or-
der parameter (q) in characterizing the structural forms
of water, as suggested by Shi and Tanaka [43].

Even though the methods described here have been
demonstrated to be useful in characterizing the two struc-
tural forms underlying LLPT in water, commenting on
the nature of the phase transition requires further anal-
ysis. The time scale over which phase-transition is re-
ported to happen [39] is much longer than the lengths
of the simulations we have analysed. However, since the
method can characterise the underlying structure of the
different local environments, it may be potentially used
in a future work to explore the nature of phase transition.

IV. CONCLUSIONS

We use the angles that an oxygen atom makes with
its neighbors to characterise the structural environments
in liquid water. Instead of using the distribution of all
angles an oxygen atom makes with its neighbors, we use
the average angle (θavg) it makes with its neighbors, be-

cause it is more beneficial in characterising the low den-
sity environments in water. The distribution of θavg has
two peaks- one close to 109.5°- corresponding to low den-
sity tetrahedral environments and one at lower angles -
corresponding to non-tetrahedral high density environ-
ments. We observe that the magnitude of the peak at
109.5°decreases when the temperature of the system is
increased, indicating a decline in the tetrahedral form
in water. The distribution is decomposed into two con-
stituent skewed Gaussian components,- one correspond-
ing to each structural form in water. By decomposing the
distribution of θavg into two constituent components, we
estimate the fraction of LFTS environments in water over
a wide range of temperatures and pressures, and try to
gain insights into the structure of low density environ-
ments in water. We find a qualitative similarity between
the LFTS fractions reported in this work and the trends
in literature [6].

An important question that we tried to address is the
physical boundary of the two structural forms. The con-
stituent components of the distribution are found to over-
lap, there-by suggesting that a sharp distinction between
the two structural forms is not possible using θavg. This
means that we cannot identify sharp physical boundaries
separating the two structural forms using θavg. However,
we quantified the certainty with which we may say if a
given molecule belongs to LFTS, provided we know the
average angle it makes with its neighboring molecules.

We also studied the structural properties of tetrahedral
liquid water, and find that the tetrahedral environments
identified by our method has similarities with structural
environments that are described by other order parame-
ters like the LSI, number of first shell neighbors, number
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FIG. 6. Characterisation of tetrahedral environments indicated by θavg at various temperatures and 1 bar. The average property
of water molecules is plotted on the y-axis against its corresponding θavg. (a) Comparison of number of first shell neighbors,
and number of hydrogen bonds, (b) comparison of number of first shell neighbors and the number of ice-like hydrogen bonds
(c) fraction of molecules forming four hydrogen bonds. (d) fraction of molecules forming four ice-like hydrogen bonds (e) LSI
order parameter and (f) tetrahedral order parameter (q).

of hydrogen bonds and tetrahedral order parameter (q).
We find that the molecules with θavg close to 109.5°, are
the molecules that have high LSI and q values. The tetra-
hedral liquid identified by θavg is also found to minimise
the number of their first shell neighbors and forms hydro-
gen bonds with almost all of their neighbors. An inter-
sting observation is that the fraction of LFTS molecules
identified using this method is very similar to the frac-
tion of molecules forming 4 ‘ice-like’ hydrogen bonds in
water. The results of our study introduce a new param-
eter to identify low density liquid fraction in water, and
indicate the similarities between different order parame-
ters that have been reported in literature. The analysis
also gives insights into the role of hydrogen bond forma-
tion in forming low density liquid environments in water.
By extending the methods proposed by us to characterise
the two structural forms in water, it may also be able to

characterise the nature of phase transition between the
two structural forms.

ACKNOWLEDGMENTS

The authors thank the Scientific Research and Tech-
nology Development Project of RIPED, PetroChina
(Grant/Award Number: YGJ2019-11-01), and the De-
partment of Chemical and Biochemical Engineering,
Technical University of Denmark, for funding the project.
Georgios M. Kontogeorgis wishes to thank the European
Research Council (ERC) for funding this research un-
der the European Union’s Horizon 2020 research and in-
novation program (grant agreement No. 832460), ERC
Advanced Grant Project “New Paradigm in Electrolyte
Thermodynamics”.



9

[1] H. Tanaka, J. Chem. Phys. 112, 799 (2000).
[2] H. Tanaka, Physical Review E 62, 6968 (2000).
[3] H. Tanaka, Phys. Rev. B 66, 064202 (2002).
[4] H. Tanaka, Eur. Phys. J. E 35, 1 (2012).
[5] L. G. M. Pettersson, Int. Conf. Phys. Liq. Matter: Mod-

ern Problems , 3 (2018).
[6] J. Russo and H. Tanaka, Nat. Commun. 5, 1 (2014).
[7] H. Whiting, Proc. Am. Acad. Arts Sci. 19, 353 (1883).
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