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ABSTRACT: We model, via large-scale molecular dynamics simulations, the isothermal
compression of low-density amorphous ice (LDA) to generate high-density amorphous ice
(HDA) and the corresponding decompression extending to negative pressures to recover
the low-density amorphous phase (LDAHDA). Both LDA and HDA are nearly
hyperuniform and are characterized by a dynamical HBN, showing that amorphous ices
are nonstatic materials and implying that nearly hyperuniformity can be accommodated in
dynamical networks. In correspondence with both the LDA-to-HDA and the HDA-to-
LDAHDA phase transitions, the (partial) activation of rotational degrees of freedom
activates a cascade effect that induces a drastic change in the connectivity and a pervasive
reorganization of the HBN topology which, ultimately, break the samples’ hyperuniform
character. Key to this effect is the rapid rate at which changes occur, and not their
magnitude. The inspection of structural properties from the short- to the long-range shows
that signatures of metastability are present at all length-scales, hence providing further solid
evidence in support of the liquid−liquid critical point scenario. LDA and LDAHDA differ in terms of HBN and structural properties,
implying that they are distinct low-density glasses. Our work unveils the role of molecular rotations in the phase transitions between
amorphous ices and shows how the unfreezing of rotational degrees of freedom generates a cascade effect that propagates over
multiple length-scales. Our findings greatly improve our basic understanding of water and amorphous ices and can potentially impact
the field of molecular network-forming materials at large.

■ INTRODUCTION
The simple molecular structure of water hides a remarkably
wide list of anomalous behaviors that stretch over the most
complex phase diagram of any pure substance1 and whose
origin has been associated with a metastable critical point
located at low temperatures and low pressures.2−6

At deeply supercooled conditions, water exhibits polya-
morphism; i.e., it can exist in more than one glassy state.
Indeed, the most common forms of glassy solid water are the
low-density (LDA) and high-density amorphous (HDA)
ices,7−16 which are structurally connected to their liquid
counterparts at equilibrium conditions.17 The complex
behavior of glassy solid water is reflected in the fact that
LDA and HDA seem to encompass a larger set of subfamilies
characterized by different structural properties, such as LDA-I
and LDA-II,18 a more ordered low-density phase obtained
upon heating ice VIII,19 expanded (e)HDA,20 and a very high
density (v)HDA.21,22 In this work, we classify our amorphous
ices in terms of LDA and HDA unless otherwise specified.
LDA and HDA are drastically different, with HDA being

more than 20% denser than LDA, and can be interconverted

by, e.g., isothermal compression/decompression, via an
apparent first-order-like phase transition,7,23−26 or by isobaric
heating at different pressures.27 At small length scales, LDA is
reminiscent of hexagonal ice Ih, with water molecules forming
four hydrogen bonds (HBs) with their (four) nearest
neighbors and a hydrogen bond network (HBN) that is
tetrahedrally coordinated. Indeed, LDA and Ih are charac-
terized by comparable spectroscopic signals.1 As for the case of
Ih, and in contrast with the case of HDA, in LDA the first and
the second shells of neighbors are well separated. The higher
density of HDA is due to the presence of water molecules in
the region between the first and the second shell of neighbors,
thus acquiring distorted local configurations that strongly
deviate from a perfect tetrahedral network. Despite such
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marked differences in density, both amorphous ices are
endowed with the surprising capability of partially suppressing
long-range density fluctuations and are, therefore, nearly
hyperuniform.28,29

Broadly speaking, the network topology in disordered
materials is an important descriptor for understanding the
nature of the disorder that is usually hidden in pairwise
correlations. Recently, it has been shown that the structural
and dynamical properties of liquid water are related to the
HBN topology in both bulk,30,31 as well as under confine-
ment,32−35 and that water’s anomalous behaviors are intimately
linked to it.31,36 As shown in ref 31, the topology of the HBN
and its dynamics can not be considered as separated entities, as
they both define and affect large-scale properties.31 Similarly,
the network of bonds dictates the degree of hyperuniformity in
several other materials.37−40

In this article, we show how the activation of molecular
rotations triggers a cascade effect that propagates over multiple
length scales, ultimately breaking the samples’ hyperuniform
character. We simulate the isobaric freezing of liquid water
from ambient temperature to T = 80 K, and the isothermal
LDA-to-HDA compression and the corresponding HDA-to-
LDAHDA decompression at four working temperatures, namely
T = 80 K, T = 100 K, T = 120 K, and T = 140 K. For each
thermodynamic condition, we inspect the short-range order,
the large-scale properties, and the topology of the HBN as well
as its dynamics.
The article is organized as follows. The computational

details are presented in Computational Details. In Results, we
describe the results of our investigations. Finally, in
Conclusions, we present our conclusions.

■ COMPUTATIONAL DETAILS
Numerical Setup. Our study is based on classical

molecular dynamics (MD) simulations of a system composed
of N = 50000 rigid water molecules described by the TIP4P/
2005 interaction potential41 in the isobaric (NPT) ensemble.
This water model is able to reproduce relatively well the
structures of LDA and HDA at low temperatures.42 We
perform extensive out-of-equilibrium simulations using the
GROMACS 2018.1 software package43 with GPU acceleration.
Coulombic and Lennard-Jones interactions are calculated with
a cutoff distance of 1.1 nm and long-range electrostatic
interactions are treated using the Particle-Mesh Ewald (PME)
algorithm. Temperatures and pressures are controlled using a
Nose−́Hoover thermostat44,45 and a Berendsen barostat.46 For
the Nose−́Hoover thermostat, the period of the kinetic energy
oscillations between the system and the reservoir is set to 1 ps;
the time constant for the Berendsen barostat is set to 1 ps.
We prepare LDA by cooling the equilibrium liquid from T =

300 K to T = 80 K using a cooling rate of qc = 1 K/ns. In order
to prepare HDA, we compress the so-formed LDA from
ambient pressure to P = 2.0 GPa at four different temperatures,
namely T = 140 K, T = 120 K, T = 100 K, and T = 80 K with a
compression rate of qp = 0.01 GPa/ns. We then model the
corresponding isothermal decompression of HDA to −0.5 GPa
with a decompression rate equal to qp. The results reported in
this work are the average of 5 independent simulations.

Tetrahedral Order Parameter. We quantify the local
tetrahedrality by using the local order metric (LOM) and the
score function F defined in ref 47. Briefly, the score function
measures the degree of overlap between the neighborhood
(called pattern) of a given water molecule j and the reference

structure of a perfect solid. In this work we have analyzed the
degree of tetrahedrality; i.e., we have adopted as a reference
structure a perfect tetrahedron, and we have analyzed how
close to such structure the first shell of neighbors of each water
molecule in the system is.
For a given orientation of the reference structure and a given

permutation of the pattern indices, we define a local order
metric F(j) as the maximum overlap between pattern and
reference structure in the j neighborhood by
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where θ, ϕ, and ψ are Euler angles, Pi
j and Ri

j are the pattern
and the reference position vectors in the laboratory frame of
the M neighbors of site j, respectively, and Aj is an arbitrary
rotation matrix about the pattern centroid. The parameter σ
controls the spread of the Gaussian functions (σ = d/4 in this
work, where d is the characteristic length of the local pattern).
The LOM satisfies the inequalities 0 ≤ F(j) ≤ 1. The two
limits correspond, respectively, to a local pattern with
randomly distributed points (F(j) → 0) and to an ordered
local pattern matching perfectly the reference (F(j) → 1). We
also define a global order parameters based on F(j), as the
average score function F:

=
=

F
N

F j1
( )

j

N
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The details of the numerical algorithm can be found in ref 47.
The local order metric and the score function are sensitive and
versatile metrics.25,31,35,36,47,48,48−52 In the case of amorphous
ices, they have helped in uncovering a link between HDA and
the metastable high-pressure ice IV.25

Network Topology. We investigate the topology of the
HBN as a function of the temperature and pressure using the
ring statistics, a theoretical tool that has been instrumental in
understanding the properties of water at different thermody-
namic conditions,2,25,30,31,36,50,53−56 water under confine-
ment,32,33,35 aqueous solutions,57−60 amorphous systems,61,62

clathrate hydrates,63 and phase-change materials51,64 and is
essential to characterize continuous random networks.65−72

In order to compute the ring statistics, it is necessary to
define the link between atoms/molecules. Possible definitions
can be based on the formation of bonds, interaction energies,
geometric distances, etc. The second step is the definition of
ring and the corresponding counting scheme. This task is of
particular relevance in directional networks, like water or silica,
where the donor/acceptor nature of the bonds breaks the
symmetry in the linker search path. Several definitions of rings
and counting schemes have been reported in the liter-
ature.61,62,73−77

Depending on how links are constructed and ring counted,
different topologies are explored carrying complementary
information.54 In this work, we adopt the following counting
scheme which has been shown to carry the most information
about the HBN54 and to directly connect its topology with
properties of water such as translational diffusion, rotational
dynamics, and short- and intermediate-range order:30 starting
from a water molecule, we construct rings recursively
traversing the HBN until the starting point is reached again
or the path exceeds the maximal ring size considered (12 water
molecules in our case). We consider primitive rings only, i.e.,
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rings that can not be reduced to smaller ones. In this study, we
do not discern among the acceptor/donor character of the
starting water molecule.54

The definition of hydrogen bond (HB) follows ref 78. In this
regard, any quantitative measure of HBs in liquid water is
somewhat ambiguous, since the notion of an HB itself is not
uniquely defined. However, a qualitative agreement between
many proposed definitions has been deemed satisfactory over a
wide range of thermodynamic conditions.79,80

Hyperuniformity, Long-Range Density Fluctuations,
and Multiscale Metric τ. Central to the concept of
hyperuniformity81 is the structure factor S(k). In the
thermodynamic limit,

= +S hk k( ) 1 ( ) (3)

where h̃(k) is the Fourier transform of the total correlation
function (pair correlation function minus one) and k is the
wavevector. The vanishing of normalized long-range density
fluctuations in hyperuniform systems implies that S(k) → 0 for
k → 0, where k = |k| is the wavenumber and S(k) is the
structure factor S(k) averaged over all directions at wavevector
k. A useful practical measure of the degree of hyperuniformity
in a system is provided by the hyperuniformity index

H
S

S k
(0)

( )peak (4)

where kpeak is the wavenumber k at which S(k) has its maximal
peak value. Systems in which H ∼ 10−3 or smaller are deemed
to be nearly or effectively hyperuniform.82 The reference state
that is used in the definition of H, i.e., the normalization of
S(0) with respect to S(kpeak), derives from how the scattering
intensity evolves as density increases from a low-density phase
to a perfectly hyperuniform state. At very low densities, the
scattering pattern is very uniform because the particles are
spatially uncorrelated, but as the density increases, there is
increasingly less scattering around the origin, and increasingly a
dominant higher-intensity concentric ring emerges around the
origin located in the vicinity of wavenumber kpeak. Thus, the
value S(kpeak) is an important reference state to be compared to
S(0).
The volume integral of the square of the radial distribution

function (and, therefore, of the structure factor in the Fourier
space, using the Parseval theorem) provides a useful metric τ
that captures the degree of translation order/disorder across all
length scales, including positive and negative correlations.83

The order metric τ is defined as

[ ]g r r1
( ) 1 dd OO

2
d (5)

where ρ is the number density and d the dimension of the
Euclidean space (d = 3 in this work). In the thermodynamic
limit, τ diverges for perfect crystals while it vanishes identically
for spatially uncorrelated systems. Thus, a deviation of τ from
zero, which can only be positive, measures the degree of
translational order relative to the fully uncorrelated case.

■ RESULTS
In this section, we report the main results of our study
describing the isothermal interconversion between amorphous
ices.

Density Profiles. We start our investigation by inspecting
the density profile during the compression/decompression

cycles. Our results, reported in Figure 1, show a clear hysteresis
with a pronounced jump during the compression (black) and a

smoother profile during the decompression (red). In panel a,
we report the cycle at T = 80 K, in panel b, at T = 100 K, in
panel c, at T = 120 K, and in panel d, the cycle at T = 140 K.
The presence of hysteresis in the compression/decompression
cycles supports the hypothesis that LDA and HDA are
separated by a first-order phase transition. In Figure 1, we
emphasize with cyan circles, the inflection points during the
phase transitions. It is possible to observe that the cycles shrink
upon increasing the working temperature, as is clearly visually
appreciable looking at the loci of the inflection points. The
reduction between the inflection points observed upon
increasing the temperature suggests a convergence at
thermodynamic conditions which might correspond to the
liquid−liquid critical point. In order to test this hypothesis, in
Figure 2, we report the inflection points, as a function of the
temperature. The dashed lines are obtained upon fitting the
four points during the compression (black line) and the
decompression (red line). The fitted values merge at the
thermodynamic point T ∼ 180 K and P ∼ 0.27 GPa, not far

Figure 1. Density profiles for the compression (black solid line) and
decompression (red solid line) cycles at the four temperatures
explored in this work. Panel a reports the cycle at T = 80 K, panel b at
T = 100 K, panel c at T = 120 K, and panel d at T = 140 K. The
arrows represent the direction of the compression/decompression.
The circles represent the loci of the inflection points.

Figure 2. Inflection points of the densities (cyan symbols) computed
during our simulations. The dashed lines represent the profile of the
inflection points obtained by fitting the available data. The blue
symbol represents the liquid−liquid critical point located at Tc = 172
± 1 K and Pc = 0.1861 ± 0.009 GPa for this model of water.4
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from the reported thermodynamic point at which this model of
water shows a liquid−liquid critical point. i.e., Tc = 172 ± 1 K
and Pc = 0.1861 ± 0.009 GPa4 (blue symbol in the figure).

Short-Range Order. In Figure 3, we report the evolution
of the degree of short-range order quantified via the score

function Fth (eq 2) obtained using, as a reference structure, a
perfect tetrahedron. At all temperatures, LDA is characterized
by a value of tetrahedrality as high as Fth ∼ 0.9, expressing the
highly tetrahedral order of the first shell of neighbors which is
comparable to, but not equal to, hexagonal ice. The value of Fth
drops in correspondence with the phase transition to HDA;
the (well-known) reduction of the tetrahedral character in
HDA is caused by the approaching of water molecules from
the second shell of neighbors to the first shell of neighbors.
Thermal energy facilitates molecular rearrangements, and as a
result, the transition to HDA occurs at progressively lower
pressures upon increasing the temperature of the sample, in
agreement with ref 27. Upon further increasing the pressure
exerted on the sample of HDA, we observe a continuous
reduction in the value of Fth indicating that the first shell of
neighbors becomes progressively more and more distorted due
to the increasing number of water molecules populating the
space between the first and the second shell of neighbors.
Upon decompressing the sample of HDA, we observe that
LDA is recovered only at low or negative pressures, as reported
by the value of Fth, which increases back to values characteristic
of a highly tetrahedral first shell of neighbors. In the case of T
= 80 K, Fth shows a significant increase only at negative
pressures while at higher temperatures, the increase occurs
closer to ambient pressure. Interestingly, the samples of
LDAHDA are characterized by lower values of Fth compared to
the samples of LDA at the same temperature. Therefore, the
two low-density amorphous ices are structurally different but
belong to the same family of LDA.
The presence of hysteresis in the compression/decom-

pression cycles supports the hypothesis that LDA and HDA are
separated by a first-order phase transition. It is possible to
appreciate how the distance, in terms of pressure, between the
inflection points in Fth during the compression/decompression
cycles (blue circles in the figure) tends to decrease upon
increasing the temperature, suggesting a convergence at
thermodynamic conditions which might correspond to the

liquid−liquid critical point. In order to test this hypothesis, in
Figure 4 we report the inflection points of Fth (cyan circles)

shown in Figure 3, as a function of the temperature. The
dashed lines are obtained upon fitting the four points during
the compression (black line) and the decompression (red
line). The fitted values merge at the thermodynamic point T =
167 K and P = 0.22 GPa, not far from the reported
thermodynamic point at which this model of water shows a
liquid−liquid critical point, i.e., Tc = 172 ± 1 K and Pc =
0.1861 ± 0.009 GPa4 (blue symbol in the figure). Therefore,
manifestations of metastable criticality are embedded at the
level of short-range order.

Isothermal Compression of LDA. Panel a in Figure 5
reports the two-body pair correlation function gOO(r)

computed among oxygen atoms only, for LDA at different
pressures and at T = 80 K. Similar results hold for all the other
temperatures here simulated and are therefore not shown. At
low pressures, LDA is characterized by well-separated first and
second hydration shells, with well-defined shells of neighbors
at larger distances. The overall structure of LDA is fairly
insensitive to the applied pressure: upon increasing the

Figure 3. Global tetrahedral order parameter Fth for the compression
(black solid line) and decompression (red solid line) cycles at the four
temperatures explored in this work. Panel a reports the cycle at T = 80
K, panel b at T = 100 K, panel c at T = 120 K, and panel d at T = 140
K. The arrows represent the direction of the compression/
decompression. The circles represent the loci of the inflection points.

Figure 4. Inflection points of Fth (cyan symbols) obtained during our
simulations. The dashed lines represent the profile of the inflection
points obtained by fitting the available data. The blue symbol
represents the liquid−liquid critical point located at Tc = 172 ± 1 K
and Pc = 0.1861 ± 0.009 GPa for this model of water.4

Figure 5. Panel a: two-body pair correlation functions computed
among water’s oxygen atoms only for LDA at different pressures and
T = 80 K. The black solid line reports the gOO(r) for P = 0.1 GPa, the
red line for P = 0.5 GPa, the green line for P = 0.7 GPa, and the blue
line for P = 0.8 GPa, roughly corresponding to the onset of the phase
transition at this temperature. Panel b: normalized probability
distribution P(n) of having a ring of length n in the samples reported
on panel a.
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pressure from P = 0.1 GPa to P = 0.5 GPa and P = 0.7 GPa the
first and the second peak remain well separated with only a
slight decrease in the intensity of the second and higher peaks
that slightly shifts closer to the first peak. Upon further
increasing the pressure to P = 0.8 GPa (blue line), roughly
corresponding to the onset of the phase transition at T = 80
K,25,28 the space between the first and the second peak starts to
be populated and the second peak reports a relevant decrease
in intensity. Nonetheless, higher peaks are still well-defined.
Panel b in Figure 5 shows the topologies of the HBN for the

thermodynamic states reported in the panel a. In particular, we
here report P(n), the normalized probability of having a ring of
length n. At low pressures, LDA is characterized by a
distribution P(n) peaked at n = 6 which represents hexagonal
rings. At these thermodynamic conditions, n = 6 represents
∼40% of the overall topology. Other relevant geometries
present in the network are pentagons (n = 5, accounting for
∼20% of the total configurations), heptagons (n = 7,
accounting for ∼30%), and octagons (n = 8, accounting for
∼10%). Shorter and longer rings mostly do not contribute. As
for the two-body pair correlation function, P(n) is mostly
unaffected by the increasing pressure. In correspondence with
the onset of the phase transition, at P = 0.8 GPa, we observe a
small change in the P(n) characterized by a decrease in
hexagons and heptagons and an increase in longer rings (in
particular n = 9 which accounts for ∼5% of the overall
topology) and which accounts for the increase in the sample
density. Interestingly, we can observe that the contribution of n
= 12 is almost null even at the highest pressures, indicating
water molecules do not arrange in rings longer than n = 12. As
a matter of fact, for this model of water configurations with n >
12 disappear in liquid water at ambient pressure and T < 240
K.31

Upon further increasing the pressure, the sample undergoes
a phase transition characterized by an abrupt change in the
structural properties and in the network topology. In panel a of
Figure 6, we report the gOO(r) computed among water’s
oxygen atoms in the pressure window P ∈ [0.8−1.1] GPa,
corresponding to the window in which LDA transforms to
HDA at T = 80 K. We can observe that increasing the pressure
from P = 0.80 GPa (black line) to P = 0.85 GPa (red line) a
left shoulder on the second peak starts appearing. This

shoulder indicates that water molecules on the second
hydration shell start to approach the first hydration shell,
further increasing the density of the sample. The shoulder
becomes more pronounced upon increasing the pressure to P
= 0.90 GPa (green line), at which the fourth and fifth peaks are
no longer defined. At P = 1.0 GPa (blue line), the shoulder and
the main second peak become equally intense, and the
shoulder becomes more intense at P = 1.1 GPa (orange line).
Interestingly, at this pressure, we can observe the formation of
another shoulder in between the second and third hydration
shells, emphasized by the arrow in the figure.
The structural changes occurring in correspondence with the

LDA-to-HDA phase transition reported in panel (b) of Figure
6 can occur because water molecules can change their
connectivity via a pervasive rearrangement of the HBN, as
shown in panel (b) of Figure 6 where we report the
distribution P(n). We can observe that moving from P = 0.8
GPa to P = 0.85 GPa the network topology drastically changes.
Hexagonal and heptagonal rings decrease in favor of longer
rings. This tendency continues upon increasing the pressure,
with the flattening of P(n) and, eventually, at P = 1.1 GPa
(orange line) the sample mostly hosts an equal amount of n =
6, n = 7, and n = 8 (∼20%) as well as n = 5 and n = 9 (∼15%)
and longer rings such as n = 10 and n = 11.
In Figure 7, panel a, we report the structural properties as a

function of the pressure for HDA up to P = 2.0 GPa. We can

observe that, upon increasing the pressure, the intensity of the
interstitial peak increases while the intensity of the shoulder
decreases. In particular, we observe that the bimodality
disappears at P = 1.3 GPa (blue line) in the region r ∈ (0.3,
0.45). Interestingly, the region between r = 0.45 nm and r =
0.55 nm becomes increasingly more defined. The network
topology corresponding to the phases just described is
reported in panel b of Figure 7. At variance with LDA, for
which the HBN topology is mostly independent of the
pressure exerted on the sample, the HBN topology of HDA
keeps changing with the pressure. Upon increasing the
pressure we observe a systematic decrease in rings shorter
than n = 8 and a corresponding increase in the longer rings. At
the highest pressure here simulated, P = 2.0 GPa, the sample
mostly hosts n = 8 and n = 9 configurations. which together

Figure 6. Panel a: two-bodies pair correlation functions computed
among water’s oxygen atoms only in correspondence with the phase
transition at T = 80 K. The black solid line reports the gOO(r) for P =
0.8 GPa, the red line for P = 0.9 GPa, the green line for P = 1.0 GPa
and the blue line for P = 1.1 GPa. Panel b: normalized probability
distribution P(n) of having a ring of length n in the samples reported
on panel a.

Figure 7. Panel a: two-bodies pair correlation functions computed
among water’s oxygen atoms as a function of the pressure. Panel b:
normalized probability distribution P(n) of having a ring of length n
in the samples reported on panel a. Arrows indicate the direction of
increasing pressure.
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account for ∼40% of the overall topology. The configuration n
= 7 accounts for ∼17%, while n = 6 and n = 5 decrease lo less
than 15% each. It is worth mentioning, at this point, that rings
n > 12 are still not present in any of the HDA samples
simulated in this work. Considering that the second shell of
neighbors collapses toward the first shell of neighbors, one may
ask the question of whether a given water molecule is bonded
to the interstitial molecules in HDA. As a matter of fact, we
find that in HDA a given water molecule never binds to the
interstitial neighbors. This can be seen in Figure 8, reporting a

representative snapshot of water molecules in HDA at P = 2.0
GPa. The blue molecule is the central water molecule that is
donating two HBs (blue dashed lines) and is accepting two
HBs (red dashed lines). These bonds occur in correspondence
with the nearest neighbors. The interstitial molecules (green
spheres) belong to a different network of bonds (green dashed
lines). This observation is in agreement with recent
observations on the network of bonds in supercooled liquid
water at high pressures.84

The rearrangement in the HBN occurring in correspond-
ence with the phase transition from LDA to HDA is favored by
partial activation of the rotational degrees of freedom which, in
LDA, are otherwise frozen. In Figure 9, we report the
rotational autocorrelation function Crot(t) for the isothermal
compression of LDA at T = 80 K (upper panel) and at T = 140
K (lower panel) in the pressure ranges close to the LDA-to-
HDA phase transitions. It is possible to observe how, in both
cases, the rotational degrees of freedom partially unfreeze in
correspondence with the phase transition (continuous line).
Our findings support the experimental observation that
molecular rotations drive the phase transition between LDA
and HDA,85 and go beyond showing how molecular rotations
allow for a pervasive rearrangement of the HBN.

Isothermal Decompression of HDA. In Figure 10, panel
a, we report the structural evolution of the HDA undergoing
isothermal decompression at T = 80 K down to negative

pressures in terms of gOO(r). We can observe that, upon
decompressing HDA from high pressures to P = 0.01 GPa, the
interstitial peak initially located at ∼0.31 nm decreases in
intensity, shifts to larger distances, and spreads to values in the
range 0.34−0.43 nm, indicating that the water molecules
populating the space between the first and the second shell of
neighbors now tend to move farther away from the first shell
and start rebuilding a second shell of neighbors characteristic
of more ordered phases. Upon further decreasing the pressure,
and reaching the negative pressure regime, we observe a
gradual recovery of the gOO(r) characteristic of LDA with a
shift of the third shell of neighbors toward larger distances.
Therefore, at T = 80 K LDA is recovered only at negative
pressures, namely between P = −0.3 GPa and P = −0.5 GPa.
From Figure 10, panel b, we can observe that the

decompression from P = 1.9 GPa to P = 1.0 GPa does not
modify substantially modify the topology of the HBN which
maintains all the feature of HDA, i.e., a network dominated by
long rings to account for the high density of the sample.
Decreasing the pressure to P = 0.1 GPa to P = 0.01 GPa, the
topology of the HBN undergoes a rearrangement but is still
dominated by heptagonal rings and longer rings are present in

Figure 8. Representative snapshot of water molecules extracted in
HDA at P = 2 GPa. The oxygen of the central water molecule is
emphasized in blue; the oxygens of the four nearest neighbors are
reported in red, while the interstitial water molecules are emphasized
in green. The red dashed lines represent the HBs accepted by the
central molecule, while the blue dashed lines represent the HBs
donated by the central molecule. It is possible to observe how the
interstitial molecules are not bonded to the central molecule.

Figure 9. Rotational autocorrelation function Crot(t) for the
isothermal compression of LDA at T = 80 K (upper panel) and at
T = 140 K (lower panel). Continuous lines refer to the gradual
unfreezing of molecular rotations, while dashed lines to the gradual
freezing. Arrows indicate the direction of increasing pressure.

Figure 10. Panel a: two-body pair correlation functions computed
among water’s oxygen atoms as a function of the pressure during the
isothermal decompression and at T = 80 K. Panel b: normalized
probability distribution P(n) of having a ring of length n in the
samples reported on panel a. Arrows indicate the direction of
decreasing pressure.
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considerable amounts. Upon further decompressing the
sample, the HBN recovers LDA-like distributions only at P =
−0.3 GPa and P = −0.5 GPa, in agreement with the behavior
of the gOO(r). It is worth emphasizing that the network
topology of LDAHDA never fully recovers that of LDA at
ambient pressure (Figure 5, panel b), as its P(n), contains ∼5%
less hexagonal rings, but similar networks are obtained when
the decompression reaches the negative pressure P ∼ −0.3
GPa. Therefore, LDAHDA and LDA are two distinct glasses
with distinct HBNs and structural properties (Figure 3). In
particular, LDAHDA is more disordered than LDA, hence
implying that the decompression of HDA does not lead to any
crystallization.86

In Figure 11, panel a, we report the evolution of the gOO(r)
as a function of the pressure for T = 140 K. Qualitatively

speaking, the gOO(r)s acquire a similar profile as at T = 80 K
(Figure 5). We can observe a gradual decrease of the interstitial
peak and a corresponding development of the second peak, a
shift toward larger distances of the third peak, and an increase
in the intensity of the first peak. The gOO(r) of LDA is
recovered at P = −0.1 GPa, i.e., at higher pressures with
respect to the case of T = 80 K. Intermediate temperatures,
namely T = 100 K and T = 120 K, fall in between, indicating
that the recovery of LDA is effectively a thermally induced
process.
Panel b of Figure 11 reports the evolution of P(n) as a

function of the pressure for the decompression of HDA at T =
140 K. We can observe that, at high pressures, the HBN hosts
longer rings to accommodate the high density of the sample. In
particular, from P = 1.9 GPa to P = 0.5 GPa the network is
mostly dominated by rings of lengths n = 8, n = 9, and n = 7
and fairly independent of the pressure, reflecting the
independence of the short-range order Fth in this pressure
window (Figure 3d). Upon further decompressing the sample
to P = 0.1 GPa, we recover the P(n) typical of HDA obtained
just after the phase transition from LDA to HDA (triangular
symbols). This distribution is characterized by an almost equal
contribution of n = 6, n = 7, and n = 8, a lower, roughly equal
contribution of n = 5 and n = 9, and a lower contribution of
lower rings. Moving to lower pressures, we observe a quite
drastic change in the topology of the HBN from P = 0.1 GPa

to P = 0.01 GPa. The contribution of n = 8 and n = 9 reduces
mostly in favor of n = 6 and n = 7 indicating that the hexagonal
network characteristic of low-density phases is being recovered.
On the other hand, as for T = 80 K, the network still hosts a
considerable percentage of longer rings, and therefore, LDA
and LDAHDA are distinct glasses.
In order to understand if the rearrangements of the HBN are

triggered by molecular rotations as in the phase transition from
LDA to HDA, in Figure 12 we report the rotational

autocorrelation function Crot(t) for the decompression of
HDA. The upper panel reports Crot(t) for the decompression
of HDA at T = 80 K and P ∈ [0.0, −0.5] GPa, corresponding
to the pressure window in which we observe the trans-
formation to LDAHDA. Upon decreasing the pressure from P =
0.0 GPa to P = −0.3 GPa (continuous lines), we observe a
gradual unfreezing of molecular rotations, followed by a
refreezing at lower pressures (dashed lines). Similarly, a partial
unfreezing of molecular rotations occurs at T = 140ZK (lower
panel): the unfreezing takes place upon decompressing the
sample from P = 1.0 GPa to P = 0.1 GPa. Therefore, we can
state that the transformations between LDA, HDA, and
LDAHDA occur thanks to a partial unfreezing of molecular
rotations which, ultimately, allow the HBN to explore a wider
topological space acquiring different configurations. As we will
see in the following discussion, the unfreezing of molecular
rotations and the changes in the HBN topology affects the
large-scale properties of amorphous ices.

Hyperuniformity during the Compression/Decom-
pression Cycles. In this section, we extend previous
investigations28 exploring large-scale structures up to T =
140 K and during the compression/decompression cycles. The
investigation of long-range density fluctuations encompasses
important clues about the basic nature of water,28,29 as well as
other disordered materials,87 biological systems88,89 and prime
numbers.90 Both LDA and HDA samples at T = 80 K are
endowed with the property of suppressing (up to some extent)
long-range density fluctuations and are, therefore, nearly
hyperuniform.28

In Figure 13, we report the profile of the hyperuniformity
index H (eq 4) during the compression/decompression cycles
simulated in this work. The upper panel refers to T = 80 K, the
middle panels to T = 100 K and T = 120 K, respectively, and

Figure 11. Panel a: two-bodies pair correlation functions computed
among water’s oxygen atoms as a function of the pressure during the
isothermal decompression and at T = 140 K. Panel b: normalized
probability distribution P(n) of having a ring of length n in the
samples reported on panel a. Arrows indicate the direction of
decreasing pressure.

Figure 12. Rotational autocorrelation function Crot(t) for the
isothermal decompression of HDA at T = 80 K (upper panel) and
at T = 140 K (lower panel). Continuous lines refer to the gradual
unfreezing of molecular rotations, while dashed lines refer to the
gradual freezing. Arrows indicate the direction of increasing pressure.
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the lower panel to T = 140 K. As previously reported, we can
observe that both amorphous ices are endowed with the
property of suppressing long-range density fluctuations more
than the liquid phase. At all pressures, in correspondence with
the LDA-to-HDA phase transitions, we observe a significant
increase in the value of H indicating a loss of hyperuniformity
and the appearance of long-range density fluctuations. Such
fluctuations are induced by the partial activation of rotational
degrees of freedom and the consequent rearrangement of the
HBN previously described, and wear off upon further
increasing the pressure, entering the domain of HDA. Upon
decompressing the samples, we observe that H does not
change appreciably until the pressure window of recovery of
LDA, which is characterized by a further increase in the value
of H. Therefore, the appearance of long-range density
fluctuations in correspondence with the phase transitions is
related to the rearrangement of the HBN which, as shown in
panel a of Figures 6 and 10 undergoes a pervasive
rearrangement in correspondence with both the LDA-to-
HDA and the HDA-to-LDA phase transitions. In Figure 14, we
report the loci of the maxima of H (cyan circles) shown in
Figure 13. The black and red dashed lines represent the curve
obtained upon fitting the values of the maxima of H at each

thermodynamic point. We can observe that the maxima tend to
converge to a point (T ∼ 165 K and P ∼ 0.29 GPa) not far
from the liquid−liquid critical point reported in ref 4.
Molecular rotations induce changes in the connectivity, i.e.,

in the neighbors of each water molecule. In Figure 15, we

report C, the variation of connectivity between consecutive
snapshots and averaged over 1 ns as a function of the applied
pressure for the four temperatures here investigated. Panel a
reports C as a function of the pressure for T = 80 K, panel b for
T = 100 K, panel c for T = 120 K, and panel d for T = 140 K.
The four compression/decompression cycles follow the
directions of the arrow shown only in panel a.
From Figure 15a, we can observe that the percentage of

water molecules changing neighbor(s) in LDA is on the order
of 0.1%, implying that the HBN topology is stable and changes
are minor and localized. In correspondence with the
transformation pressure, we observe a jump in the value of C
to values as high as ∼2%. This observation is a further
confirmation that the LDA-to-HDA phase transition mostly
occurs at the level of the HBN. As we have previously seen, in
correspondence with the phase transitions, hyperuniformity is
lost and the system is pervaded by long-range density
fluctuations. We can now ascribe the loss of hyperuniformity
to the sudden enhancement in the percentage of water
molecules rearranging their connectivity. We stress here that
the key is the celerity that accompanies the increase in C and
not the value of C itself. As a matter of fact, upon increasing
the pressure we observe that the value of C slowly increases,
but HDA has recovered near hyperuniformity.28 Overall, the
percentage of water molecules that change their bonded
neighbor(s) increases from ∼2% right after the phase
transition to ∼4% at P = 2 GPa. Therefore, we can conclude
that near hyperuniformity does not require a static network but
can be accommodated also when the HBN is dynamic and part
of the water molecules keeps changing their connectivity, in
agreement with ref 31.
At higher temperatures, we observe that the value of C in

LDA fluctuates around C = 6%, much higher than for the case
of T = 80 K. This striking difference gains even more weight if
we observe that it occurs moving from T = 80 K to T = 100 K
and then stays constant at other temperatures. This suggests
that the near hyperuniformity achieved upon cooling the liquid

Figure 13. Profile of the H index for the compression (black line) and
decompression (red line) of amorphous ices at T = 80 K (panel a), at
T = 100 K (panel b), at T = 120 K (panel c) and at T = 140 K (panel
d). The directions of the arrow report the direction of the
compression/decompression cycles for the four temperatures.

Figure 14. Loci of the maxima of H (cyan symbols) obtained during
our simulations. The dashed lines represent the profile of the
inflection points obtained by fitting the available data. The blue
symbol represents the liquid−liquid critical point located at Tc = 172
± 1 K and Pc = 0.1861 ± 0.009 GPa for this model of water.4

Figure 15. Percentage C of water molecules involved in one or more
bond changes as a function of the applied pressure for T = 80 K in
panel a, T = 100 K in panel b, T = 120 K in panel c, and T = 140 K in
panel d. The black lines report C during the compression while the
red lines report C during the decompression. The direction of the
arrows in panel a indicates the compression/decompression cycles for
all temperatures.
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at T = 80 K should not be taken for granted at higher
temperatures. While the topology of the HBN for LDA at
ambient pressure does not change while increasing the
temperature from T = 80 K to T = 140 K, for T ≥ 100 K
the thermal noise might be high enough to prevent the HBN
from dissipating long-range density fluctuations.
In correspondence with the transition pressure, we observe a

sudden increase in C and such increment becomes larger at
higher temperatures. At the highest pressure, ∼9% of water
molecules change neighbor(s) at T = 100 K (panel b), ∼ 11%
at T = 120 K (panel b), and ∼15% at T = 140 K (panel c).
Upon decreasing the pressure, the value of C stays roughly

constant at all temperatures until when LDA is recovered.
Interestingly, we observe a reduction in the percentage of water
molecules that change their neighbor(s).

Translational Multiscale Order. So far, we have
inspected the properties of amorphous ices at disjointed
length scales. We have probed the short-range order via the
local tetrahedrality, the intermediate order via the topology of
the HBN, and the long-range order via the hyperuniformity
index H. Each length scale provides useful information about
the molecular processes involved during the compression/
decompression cycles. We now turn our attention to the order
metric τ (eq 5), which captures the degree of order/disorder at
all length scales.
In Figure 16, we report the profile of the order metric τ

computed via eq 5 for the compression/decompression cycles.

Panel a refers to T = 80 K, panel b to T = 100 K, panel c to T =
120 K, and panel d to T = 140 K, respectively. We can observe
that the LDA samples at the four temperatures here inspected
markedly differ in terms of metric τ, with higher values in
correspondence with lower temperatures. We remark here that,
in the thermodynamic limit, the metric τ diverges for perfect
crystals while it vanishes identically for spatially uncorrelated
systems. Therefore, higher values of τ occurring at lower
temperatures indicate the presence of higher degree of order
compared to higher temperatures. On the other hand, the LDA
samples are mostly indistinguishable at the level of all other
order metrics (they are, e.g., very similar in terms of local
tetrahedrality as shown in Figure 3 and of large-scale structures

as shown in Figure 13). Upon scanning all length scales,
therefore, the metric τ is able to capture the effects of thermal
noise that are, otherwise, too feeble to be quantified at
disjointed length scales.
Upon increasing the pressure, we observe that τ slightly

increases at all temperatures before dropping in correspond-
ence with the phase transition (insets for T = 80 K and T =
140 K). On the other hand, the short-range order (Figure 3),
the network topology (Figure 5), and the H parameter (Figure
13) are mostly insensitive to the applied pressure in these
pressure windows. We posit that the increase in τ may be
indicative of the tendency of the system exposed to external
pressure to rearrange in some crystalline structures, but the
local constraints induced by the network of bonds counteract
this effect (the loss in configurational entropy would be too
high). As expected, the LDA-to-HDA phase transitions are
captured by the metric τ at all temperatures with a sudden
drop; the resulting HDA samples are characterized by values of
τ which are independent of the working temperature,
suggesting that the degree of disorder induced by the pressure
overcomes the degree of disorder induced by the thermal
noise.
The profile of τ differs from the profile of other metrics also

upon decompressing the samples. At variance with the short-
range order and the H parameter, during the decompression τ
shows a negative drift; i.e., it slightly decreases upon decreasing
the pressure, before increasing again in the proximity of the
recovery of LDA. We hypothesize that the difference in these
behaviors is caused by the dilation of the simulation box:
locally, water molecules can recover a higher degree of
tetrahedrality (Figure 3) because the packing decreases, but at
larger scales, the system does not have the time to rearrange in
correspondingly more ordered configurations. The increase of
local tetrahedrality stabilizes the hydrogen bond network
which undergoes fewer variations, as shown by the reduction of
the percentage of changed bonds (Figure 15). The network
becomes more tetrahedral and slightly less dynamical; the
reduction in the changes implies that the network can not
acquire configurations able to absorb long-range density
fluctuations, and as a result, the system loses hyperuniformity.
Upon further decreasing the pressure, the hyperuniform
character of the recovered LDA increases as the percentage
of changes in the network increase. On the other hand, at the
intermediate scale, the system does not have the time to relax
and readjust to configurations with lower energies. We posit
that this may be related to the fact that the HBN of LDAHDA
hosts a slightly larger amount of longer rings than the LDA.
That τ metric is able to pick up this residual disorder
counterbalancing the increased order at the short and at the
long-range.

■ CONCLUSIONS
We have performed large-scale numerical simulations to
investigate the LDA-to-HDA, and the HDA-to-LDAHDA
compression/decompression cycles at four temperatures,
from T = 80 K to T = 140 K. Our study pushes the boundary
of computational studies in glassy water increasing the number
of water molecules commonly adopted in literature by 1 order
of magnitude. Such an increase in the number of water
molecules is necessary to properly assess the topology of the
HBN which is sensitive to finite size effects,30 and the large-
scale properties.

Figure 16. Profile of the translational order metric τ for the
compression (black)/decompression (red) cycles at T = 80 K in panel
a, at T = 100 K in panel b, at T = 120 K in panel c, and at T = 140 K
in panel d. The orange arrows define the compression/decompression
cycles. The insets report a zoom of the profile of τ at low pressures
during the compression.
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The compression/decompression cycles are characterized by
evident hysteresis cycles that become wider decreasing the
temperatures. This observation is consistent with the recent
finding that the TIP4P/2005 model of water has a liquid−
liquid critical point.4 The hysteresis obtained inspecting the
density and the short-range and the long-range order converge
to the proximity of the liquid−liquid critical point reported in
ref 4. Our approach, therefore, shows that the correlation
between structural order and metastable criticality recently
explored in the proximity of the liquid−liquid critical point17,91
extends into the glassy domain and that signatures of
metastability are present in glasses at multiple levels of order.
At all temperatures, at pressures away from the phase

transitions, we observe that amorphous ices are nearly
hyperuniform and are characterized by a dynamical HBN.
Therefore, we can state that nearly hyperuniformity can be
hosted in dynamic networks.
In correspondence with the phase transitions, a partial

unfreezing of molecular rotations activates a cascade effect that
propagates at different length scales: localized molecular
rotations induce sudden changes in the connectivity that
cause a pervasive rewiring of the HBN, ultimately introducing
long-range density fluctuations that affect the large-scale
properties breaking the hyperuniform character of the samples.
In this regard, the fast rate at which changes in connectivity
occur (rather than its absolute value) is the key to introducing
long-range density fluctuations: in correspondence with the
phase transitions, the samples undergo a smaller (larger)
amount of changes in connectivity with respect to HDA
(LDAHDA), but such changes occur rapidly and the samples are
not able to relax, hence undergoing pervasive network
rewirings that are otherwise minimal in HDA (LDAHDA).
Finally, we have shown that the translational order metric τ,

which captures order at all length scales, is a useful metric to
quantify effects that are otherwise too feeble to detect if
considered at disjoint scales. Upon decompression, both the
short- and the long-range order are capture phase trans-
formations which, on the other hand, are mostly left unseen by
the τ metric. This effect should not be attributed to a lack of
sensitivity of the τ metric, but rather to the nature of the metric
itself: capturing order at the short-, intermediate-, and long-
range, the profile acquired by the τ metric indicates that some
degree of disorder pervades the samples which counterbalance
the increased order at the short- and at the long-range. We
intend to further investigate these effects in the future.
Our results provide a detailed understanding of the role (and

the effects) of molecular rotations during the glass transition
between amorphous ices previously experimentally observed85

and can help in rationalizing other transformations triggered by
the activation of molecular rotations in materials such as, e.g.,
hexagonal ice,92 clathrates,93 various phases of high-pressure
ices,94−98 and molecular network-forming materials at large.
Nonetheless, our study shows that transformations occurring
in amorphous ices occur at multiple, correlated length scales.
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