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ABSTRACT
We perform classical molecular dynamics (MD) and path-integral MD (PIMD) simulations of H2O and D2O using the q-TIP4P/F model
over a wide range of temperatures and pressures to study the nuclear quantum effects (NQEs) on (i) the vitrification of liquid water upon
isobaric cooling at different pressures and (ii) pressure-induced transformations at constant temperature between low-density amorphous and
high-density amorphous ice (LDA and HDA) and hexagonal ice Ih and HDA. Upon isobaric cooling, classical and quantum H2O and D2O
vitrify into a continuum of intermediate amorphous ices (IA), with densities in-between those of LDA and HDA (depending on pressure).
Importantly, the density of the IA varies considerably if NQEs are included (similar conclusions hold for ice Ih at all pressures studied). While
the structure of the IA is not very sensitive to NQE, the geometry of the hydrogen-bond (HB) is. NQE leads to longer and less linear HB
in LDA, HDA, and ice Ih than found in the classical case. Interestingly, the delocalization of the H/D atoms is non-negligible and identical
in LDA, HDA, and ice Ih at all pressures studied. Our isothermal compression/decompression MD/PIMD simulations show that classical
and quantum H2O and D2O all exhibit LDA–HDA and ice Ih-HDA transformations, consistent with experiments. The inclusion of NQE
leads to a softer HB-network, which lowers slightly the LDA/ice Ih-to-HDA transformation pressures. Interestingly, the HB in HDA is longer
and less linear than in LDA, which is counterintuitive given that HDA is ≈25% denser than LDA. Overall, our results show that, while
classical computer simulations provide the correct qualitative phenomenology of ice and glassy water, NQEs are necessary for a quantitative
description.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0238823

I. INTRODUCTION

Water is one of the most complex substances on Earth, with its
unique properties playing a fundamental role in numerous scientific
and engineering applications.1–3 For example, the phase diagram of
water is particularly rich, with more than 19 crystalline forms.4–8

At low temperatures, in the supercooled liquid state, water can
exist in two different liquid states,9,10 low-density and high-density

liquid water (LDL and HDL). In the P–T plane, LDL and HDL are
separated by a first-order liquid–liquid phase transition (LLPT) line
that ends at a liquid–liquid critical point (LLCP) at approximately
Pc = 50 – 250 MPa and Tc ≈ 170 – 220 K.11–16 Relevant to this work
is the complex phase behavior of glassy water (or amorphous ice). At
approximately T < 140 K and P < 1000 MPa, water can exist in two
different glassy states, low-density and high-density amorphous ice
(LDA and HDA).8,17–23 LDA can be formed by rapidly quenching
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liquid water at atmospheric pressure14,24 or by vapor deposition on
a cold substrate.25–32 Similarly, HDA can be obtained by cooling
liquid water at high pressures33 or by isothermal-compression of
LDA18,34–36 and hexagonal ice.17,35,37–40 Numerous experiments
indicate that LDA and HDA can be interconverted by isothermal
compression–decompression at T = 130–140 K and isobaric
heating at different pressures (see Refs. 14, 19, 35, 36, 39, and
41–43). The pressure-induced isothermal LDA–HDA transitions at
T ≈ 130–140 K are sharp and resemble a first-order phase transition
with significant changes in the thermodynamic and structural
properties (e.g., the difference in density between LDA and HDA
is ∼20%–25%). Indeed, in the LLPT scenario, LDA and HDA are
the glassy counterparts of LDL and HDL. While other scenarios
have been proposed to explain the anomalous behavior of
liquid and glassy water, the LLPT scenario is currently the
best explanation, supported by numerous computational,44–55

experimental,9,10,12,14,56–59 and theoretical studies.15,60–65

Numerous experimental and computational/theoretical stud-
ies have shed light on our understanding of the puzzling properties
of LDA and HDA and their relationship to LDL and HDL.4,9,10

Most computational studies of glassy water are based on classical
molecular dynamics (MD) simulations employing rigid water
models, such as ST2,66–70 SPC/E,71 and TIP4P/2005.72–75 Recently,
MD simulations of flexible water models76 as well as coarse-grained
water-like models77,78 have also been applied to study glassy water.
While these studies qualitatively reproduce the structural properties
of LDA and HDA, as well as the transformation between LDA
and HDA, they neglect the inclusion of atomic delocalization due
to nuclear quantum effects (NQEs). We note that while classical
rigid/flexible water models have been parameterized tomatch exper-
imental properties, thereby incorporating NQE implicitly, they
neglect atomic delocalization. Consequently, these models cannot
be used in path-integral molecular dynamics (PIMD) simulations,
as they would overestimate quantum effects since PIMD already
includes NQE explicitly.79 By the same token, classical MD sim-
ulations, based on any given water model, cannot be used to
study isotope substitution effects, including the different behavior
of H2O and D2O. This is important since experiments show that
the physical and mechanical properties of H2O and D2O differ. For
example, the glass transition temperature (T g) of D2O and H2O
differ by ∼5 K, and the corresponding temperature of maximum
density (TMD) differs by about 8 K. We note that the vibrational
frequency of the O–H stretching mode in H2O is higher than
the O–D stretching mode in D2O, implying that the hydrogen
atom oscillates faster than the deuterium atom. These faster oscil-
lations can disrupt the hydrogen bond network of water, suggesting
that D2O forms stronger hydrogen bonds than H2O. While some
thermodynamic properties, such as the melting temperature of ice
Ih, support the idea that D2O forms stronger hydrogen bonds
than H2O, this may not hold true for all working conditions (e.g.,
temperatures and pressures).

Computer simulations show that NQEs are relevant in super-
cooled water, ice, and amorphous ice. NQEs affect the location
of water’s LLCP, as well as the thermodynamic properties of ice
and LDA at normal pressure.80–82 While the relevance of NQE in
water at very high-pressures is well-supported by experiments,83,84

the role of NQE on the phase behavior of glassy water and its
relationship with ice remains poorly understood. In this work,

we extend our previous path-integral molecular dynamics (PIMD)
simulation study of LDA and ice Ih at P = 0.1 MPa80 using
the flexible q-TIP4P/F model. The q-TIP4P/F model incorporates
intramolecular flexibility by modeling the O–H covalent bond
with a quartic expansion of the Morse potential and a simple
harmonic potential to model the potential energy of the HOH
angle.85 Additionally, the q-TIP4P/F model has been optimized for
PIMD simulations and reproduces remarkably well the properties
of liquid water,44,85,86 ice Ih,80,87,88 and LDA76,80,81 at P = 0.1 MPa.
We use the q-TIP4P/F model to investigate (i) the thermodynamic
and structural properties of different amorphous ices produced by
isobaric cooling at different pressures (vitrification) and (ii) the
pressure induced LDA–HDA and ice Ih-HDA transformation at
different temperatures. The aim of this study is to determine the
role of NQE, due to the atoms delocalization in water, particularly
the H/D atoms, on the thermodynamic and structural proper-
ties of LDA, ice Ih, and HDA. In addition, we also explore the
effect of isotope substitution (H2O→ D2O) on the pressure-induced
LDA–HDA and ice Ih-HDA transformations at T = 80 K. To our
knowledge, this is the first time that the thermodynamic and struc-
tural properties of glassy water for D2O are studied computationally
using PIMD.

This work is organized as follows. In Sec. II, we present the
computer simulation details. The results are presented in Sec. III and
a summary is included in Sec. IV.

II. COMPUTER SIMULATIONS DETAILS
We perform out-of-equilibrium classical MD and PIMD

simulations of H2O and D2O in the liquid, ice, and glassy state
over a wide range of temperatures and pressures. Specifically, we
focus on (i) isobaric cooling runs at different pressures to study
the vitrification of liquid water under pressure, and (ii) isothermal
compression/decompression runs at different temperatures to study
the pressure-induced LDA–HDA and ice Ih-HDA transformations.
(i) Isobaric cooling runs are performed at P = 0.1, 100, 200, 400,
600, 800, and 1000 MPa to generate amorphous ice that is directly
related to the liquid state under pressure. As shown in Ref. 76 using
classical MD simulations of q-TIP4P/F water, isobaric cooling of
liquid water performed at P = 0.1MPa generates LDA, while isobaric
cooling of liquid water at high pressures P ≥ 400 MPa produces
HDA-like states. In these cooling MD/PIMD simulations, the liquid
is equilibrated at T = 240 K and target P is cooled down to T = 35 K;
the thermostat temperature is reduced linearly with time, using a
cooling rate of qT = 10 K/ns. We note that this cooling rate is ≈3
orders of magnitude faster than the experimental rate ≈0.01 K/ns24,89
used to vitrify liquid water at P = 0.1 MPa. Nonetheless, the amor-
phous ices obtained at rate qT = 10 K/ns are qualitatively similar to
those found in experiments.70,72,73,76–78,90–92

(ii) In order to study the pressure induced LDA–HDA trans-
formations at a given temperature T, we first compress the LDA
obtained in (i) at P = 0.1 MPa and target T while keeping the
thermostat temperature constant. During the isothermal compres-
sion, the barostat pressure is increased using a constant rate of
qP = 100MPa/ns. This procedure transforms LDA into HDA at high
pressures. The so obtained HDA is then decompressed at the same
rate and temperature until the system fractures at very negative
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pressure (tension). Compression/decompressions of LDA/HDA are
performed at T = 40, 60, 80, 100, and 120 K. Similar MD/PIMD
simulations of H2O and D2O are performed starting from equi-
librated hexagonal ice Ih configurations at T = 50, 80, 150, and
200 K (and qP = 100 MPa/ns). Compression of ice Ih also produces
HDA.17,37

For comparison, we also perform equilibrium PIMD simula-
tions of ice Ih for a system composed of N = 1024 molecules. These
computer simulations are run over a wide range of temperatures,
25 ≤ T ≤ 300 K, and pressures, −1000 ≤ P ≤ 1000 MPa. At a given T
and P, the system is equilibrated for 0.5 ns, followed by a production
run of 1.5 ns.

All our MD/PIMD simulations are based on the q-TIP4P/F
model.85 Isobaric cooling runs are for a system composed of
N = 512 watermolecules; compression/decompression runs to study
the LDA–HDA and ice Ih-HDA transformation are for systems
with N = 512 and N = 1024 water molecules, respectively. In our
MD/PIMD simulations, the temperature is controlled using a
stochastic (local) path-integral Langevin equation (PILE) thermo-
stat,93 while the pressure is maintained using a Monte Carlo (MC)
barostat.94,95 To control the temperature, the thermostat collision
frequency parameter is set to γ = 0.1 ps−1. To control the pressure,
the frequency of the MC barostat is set to 25 simulation steps. In
the PIMD simulations, the time step is dt = 0.25 fs and the number
of beads per ring-polymer/atom is set to nb = 128. As shown in
Ref. 80, this value of nb is large enough to obtain converged values for
thermodynamic and structural properties of q-TIP4P/F water in the
glass and ice Ih states at P = 0.1 MPa. Short-range (Lennard-Jones
pair potential) interactions are calculated using a cutoff of
rc = 1.0 nm, and the long-range electrostatic interactions are
computed using the reaction-field technique96 with the same cutoff
rc. In the reaction-field calculation, the dielectric constant (relative
permittivity) of the continuum medium beyond the cutoff radius
rc is set to 78.3. Classical MD simulations of ice Ih and LDA/HDA

are also performed by setting nb = 1 in the PIMD simulations. The
same computational details described earlier hold for the classical
MD simulations except that the time step is increased to dt = 0.5 fs.
All of ourMD/PIMD simulations are performed using the OpenMM
(version 7.4.0) software package97 and are based on a orthorhombic
and cubic system for ice Ih and LDA/HDA, respectively, with
periodic boundary conditions.

III. RESULTS
The results are presented as follows. In Sec. III A, we discuss

the thermodynamic and structural properties of q-TIP4P/F water
(H2O) upon cooling at different pressures, from the liquid to the
glass state, in the presence/absence of NQE. For comparison, we
also discuss the properties of ice Ih at different pressures and tem-
peratures. We show that isobaric cooling under pressure produces
a continuum of amorphous ices and discuss the role of NQE
on the density, radial distribution functions, hydrogen-bonding
properties, and atom delocalization of glassy water. In Sec. III B,
we discuss the role of NQE on the (i) pressure-induced LDA–HDA
transformations and the (ii) compression-induced ice Ih-to-HDA
transformation of water at different temperatures. Here, we focus
on both H2O and D2O studied using PIMD and MD simulations
and explore how the inclusion of NQE affects the hydrogen-bond
network of H2O/D2O. An overview of the transformations between
the glassy states of water and ice Ih for H2O is summarized in Sec. IV,
where an out-of-equilibrium phase diagram is included.

A. Nuclear quantum effects on amorphous ices
produced by isobaric cooling under pressure
1. A continuum of amorphous ices

Figure 1(a) shows the density of q-TIP4P/F water (H2O) during
isobaric cooling at P = 0.1, 100, 200, 400, 600, 800, and 1000 MPa

FIG. 1. (a) Density of q-TIP4P/F water as a function of temperature during vitrification at P = 0.1, 100, 200, 400, 600, 800, and 1000 MPa (bottom-to-top). Solid and dashed
lines represent the results from PIMD and classical MD simulations during the isobaric cooling, respectively. For clarity, we also plot solid circles and squares at every 25 K
interval from the isobaric cooling, corresponding to the PIMD and classical MD simulations, respectively. Liquid water is first equilibrated at T = 240 K, and then it is cooled
at constant pressure with a rate qT = 10 K/ns; glassy water forms at approximately T ≈ 150–180 K. Open circles and squares indicate the densities of equilibrium liquid
water at T ≥ 200 K obtained from PIMD and classical MD simulations, respectively. At all pressures studied, classical MD simulations predict that the density of glassy water
increases linearly with T upon cooling while, instead, PIMD simulations (NQE included) show that the density of glassy remains constant or shows a very mild maxima upon
cooling. (b) Density of q-TIP4P/F ice Ih as a function of temperature for the same pressures included in (a). Symbols and colors are the same as in (a) and (b), except in (b)
the solid and dashed lines serve as a guide for the eye. NQE in ice Ih are pronounced at all pressures and temperatures; including NQE leads to lower densities, relative to
the classical case, and a density maximum in ice Ih at low pressures (classical MD simulations show an increase in the density of ice Ih upon cooling).
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from both classical MD (solid squares) and PIMD simulations (solid
circles). At each pressure, the liquid is first equilibrated at T = 240 K,
and then it is cooled down to T ≈ 35 K into the glassy state using a
cooling rate qT = 10 K/ns. In addition, included in Fig. 1(a) are the
equilibrium liquid densities of water at T ≥ 200 K, obtained from
classical MD (open squares) and PIMD simulations (open circles).
In the classical case (MD simulations), the density of the liquid
during the cooling process (solid squares) overlaps with the corre-
sponding density of the equilibrated classical liquid (open squares).
This holds down to T′ = 200 K at high pressures (P ≥ 200 MPa) and
T′ = 200–230 K at low pressures (P = 0.1, 100MPa). Accordingly, T′

indicates approximately the temperature at which the liquid departs
from equilibrium during the cooling process. The same physical
scenario holds if NQE are included (PIMD simulations; solid and
empty circles). At most pressures considered, the values of T′

obtained from classical MD and PIMD simulations are practically
identical. Differences in T′ occur at P = 100 MPa, close to the LLCP
pressure of q-TIP4P/F water (see below).

Interestingly, NQE do not play a relevant role in the equilib-
rium liquid state at T > T′. At most of the pressures considered,
the density of water at T > T′ obtained from classical MD and
PIMD simulations practically overlap. Deviations between classical
MD and PIMD simulations are observable at P = 100 MPa and
T = 200–230 K (blue empty circles and squares). This is because, as
discussed in detail in Ref. 44, the LLCP of q-TIP4P/F water (using
the Reaction Field technique to treat the electrostatic interactions;
this work) is located at Pc ≈ 135 MPa and Tc ≈ 180 K.98 As shown
in Ref. 44, introducing NQEs shifts the location of the LLCP in the
P–T plane and, hence, NQE can affect the thermodynamic proper-
ties of water (e.g., density) at thermodynamic conditions close to the
LLCP.

One of the main points of Fig. 1(a) is that NQE play an impor-
tant role in the description of glassy water (at, safely, T < 150 K80).
Specifically, except for the cooling run at P = 100 MPa, the densities
of glassy water obtained from classical MD simulations are larger
than those obtained from PIMD simulations by ≈0.02 − 0.05 g/cm3

at T = 80 K. The case of P = 100 MPa is complicated by the fact
that this pressure is very close to the LLCP pressure of q-TIP4P/F
water, and the location of the LLCP within the P–T plane varies
slightly with the inclusion/exclusion of NQE. Hence, the critical
fluctuations induced by the LLCP at P = 100 MPa may affect the
classical/quantum q-TIP4P/F water to a different degree. As shown
in Ref. 76, the critical density fluctuations induced by the LLCP
in the liquid also produce dispersion in the density of the glass
obtained upon cooling in independent runs (particularly for small
systems composed of N ≈ 500 as the system studied in this work).
We also note that classical MD simulations predict that the density
of glassy water increases upon cooling while, instead, PIMD
simulations (NQE) show that the density of glassy water either
saturates or exhibits a very mild maximum at low temperatures [see
Ref. 80 for the detailed discussion of NQE on glassy water (LDA)
at 0.1 MPa].

For comparison, we include in Fig. 1(b) the equilibrium
densities of q-TIP4P/F ice Ih obtained from classical MD/PIMD
simulations as a function of temperature and for the same pressures
included in Fig. 1(a). As for the case of glassy water, classical MD
simulations predict that the density of ice Ih increases upon cooling
while, instead, PIMD simulations (NQE included) show that the

density of ice Ih varies very weakly with temperature. At low
pressures (approximately P < 350 MPa; see the supplementary
material), the inclusion of NQE leads to a maximum in the density
of ice Ih at low temperatures.80–82,99–101 Including NQE (PIMD
simulations) reduces the density of ice Ih by ∼0.02–0.06 g/cm3 at
T = 80 K, relative to the classical case, which is similar to the differ-
ences seen in the glasses [see Fig. 1(a)]. Note that the experimental
densities of ice Ih and glassy water (LDA) at P = 0.1 MPa are in
agreement with our results based on PIMD simulations, indicating
that NQE are necessary to study ice at low temperatures.80–82,99,100

As we will discuss below, while NQE are important to repro-
duce quantitatively the thermodynamic properties of glassy water,80
both classical MD and PIMD simulations provide the same qualita-
tive phase behavior of amorphous ice. In this regard, the results in
Fig. 1 are particularly important. Consistent with Ref. 76, Fig. 1(a)
shows that by appropriately selecting the pressure to vitrify water,
it is possible to generate a continuum of amorphous ices with
densities that lay in between the densities of LDA and HDA
(ρLDA ≈ 0.94 g/cm3 and ρHDA ≈ 1.13–1.17 g/cm3 at T = 80 K);
we will refer to the amorphous ices with intermediate densities
(ρLDA < ρ < ρHDA) as intermediate amorphous ices (IA).76 While
both classical MD and PIMD both show that a continuum of IA can
be produced by isobaric cooling at different pressures, the specific IA
obtained in each case (at a given pressure) differ from one another.
We note that Fig. 1(a) seems to suggest that there is a gap in the
densities of the IA, between 1.05 and 1.15 g/cm3. This is because
Fig. 1(a) includes results from PIMD simulations at a few pressures,
P = 0.1, 100, 200, 400, 600, 800, and 1000 MPa. As shown in Ref. 76,
when more pressures are included, the density of the corresponding
IA increases continuously with increasing cooling pressure.

In Ref. 76, it is shown that the density and structure of the
IA obtained in classical MD simulations by isobaric cooling at
P = 125MPa is remarkably similar to the density and structure of the
recently discovered medium-density amorphous (MDA);4 similar
results were found in Ref. 78 for a machine-learning coarse grained
water-like model. For example, the density of the so obtained
IA at T = 80 K is ρ = 1.07 g/cm3, while the density of MDA is
(ρMDA = 1.06 g/cm3).4 In the case of PIMD simulations, the struc-
ture and density of MDA are remarkably similar to the structure
and density of the IA produced at P = 100 MPa (ρIA = 1.06 g/cm

3 at
T = 80 K). As shown in Fig. S2 of the supplementary material, the
structure of the IA obtained from PIMD simulations at P = 100MPa
is very similar to the structure of MDA. We note that the cooling
pressure at which the IA matches the structure and density of
MDA in classical MD and PIMD simulations (P = 125 MPa and
P = 100 MPa, respectively) differ by ΔP = 25 MPa. This value of ΔP
is close to the difference in the corresponding LLCP pressure Pc of
classical and quantum q-TIP4P/F water,98 ΔPc ≈ 15 MPa.

2. Structure of LDA, IA, and HDA
To further understand the role of NQE on the amorphous ices

generated by isobaric cooling under pressure, we also calculated the
radial distribution function and the local order of the amorphous
ices generated at P = 0.1, 400, and 1000 MPa. At these pressures,
water vitrifies into LDA, IA, and HDA forms, respectively.

The oxygen–oxygen (OO), oxygen–hydrogen (OH), and
hydrogen–hydrogen (HH) radial distribution functions (RDFs)
of q-TIP4P/F water (H2O) at P = 0.1, 400, and 1000 MPa and
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FIG. 2. (a) Oxygen–oxygen (OO), (b) oxygen–hydrogen (OH), and (c) hydrogen–hydrogen RDF of amorphous ice at P = 0.1 MPa (black line, LDA), P = 400 MPa (red line,
IA), and P = 1000 MPa (green line, HDA). Dashed and solid lines are obtained from classical MD and PIMD simulations, respectively; T = 80 K. (d) OO, (e) OH, and (f)
HH RDF of ice Ih at T = 80 K obtained from PIMD and classical MD simulations. Line colors and styles are the same used in (a)–(c). Insets are magnifications of the main
panels. The inclusion of NQE reduces the height of the OO/OH/HH RDF extrema, leading to a less structured amorphous ice and ice Ih.

T = 80 K are shown in Figs. 2(a)–2(c). Included are the RDFs
obtained from classical MD (dashed lines) and PIMD (solid
lines) simulations. The RDFs obtained from classical and quantum
q-TIP4P/F are qualitatively similar to each other, with the RDF
maxima located at the same positions. The main difference between
MD/PIMD simulations is that including NQE leads to smoother
maxima and minima in the RDFs, which is a known effect due to
the atom delocalizations.80,85,86 This is an indication that including
NQE leads to less structured environments in amorphous ices. For
comparison, we include in Figs. 2(d) and 2(e) the OO, OH, and
HH RDFs of ice Ih for the same pressures and temperature of the
amorphous ices shown in Figs. 2(a)–2(c). The observed NQE on
LDA, IA, and HDA [Figs. 2(a)–2(c)] are not limited to the glass state
but are also found in ice Ih [Figs. 2(d) and 2(e)].

Figure 2(a) is particularly important since it clearly depicts
the effect of increasing the pressure on the structure of the amor-
phous ices generated by isobaric cooling, including/excluding NQE.
Briefly, both MD and PIMD simulations show that, as the pressure
increases, the second maximum located at r = 4.5 Å decreases while
the first minimum of the OO RDF located at r ≈ 3.2 Å increases.
This implies that the main effect of increasing the cooling pressure
is to displace the neighboring water molecules of a central water
molecule from its second hydration shell to the first interstitial space
(see also Sec. III of the supplementary material for the discussion
of the local order of the amorphous ices and ice Ih obtained at
P = 0.1, 400, and 1000 MPa).

Overall, the structural changes seen for IA at T = 80 K are
consistent with previous computational studies of glassy water.76

Importantly, the OO-RDF of the IA obtained at P = 100 MPa is
remarkably similar to the corresponding RDF of MDA reported
in Ref. 4 (see Fig. S2 of the supplementary material). As shown in
Ref. 76, the OO RDF of IA evolves continuously from the OO RDF
of LDA to that of HDA as the pressure (and density) increase from
P ≈ 0.1 MPa to P ≈ 1000 MPa. These conclusions are not affected by
the inclusion of NQE.

3. Hydrogen-bonds in LDA, IA, and HDA
The observed NQEs on the RDFs of the amorphous ices

obtained by isobaric cooling under pressure suggest that NQE
may also affect the geometry of the hydrogen-bonds (HBs) in
glassy water. Next, we characterized the hydrogen-bonds (HBs)
between water molecules in the LDA, IA, and HDA shown in
Figs. 2(a)–2(c); for comparison, we also studied the HB geometry
of ice Ih [Figs. 2(d)–2(f)]. To do so, we consider pairs of hydrogen-
bonded molecules and focus on the corresponding OO distance
dHBOO(T) andHOO angle θHBHOO(T). Briefly, two water molecules form
a HB if the corresponding OO distance is dHBOO < 3.5 Å and the HOO
angle is θHBHOO < 30○ (see Refs. 80 and 102).

Figures 3(a) and 3(b) show dHBOO(T) and θHBHOO(T) averaged over
all pairs of hydrogen-bonded molecules in the system, ⟨dHBOO(T)⟩
and ⟨θHBHOO(T)⟩, for the LDA, IA, and HDA obtained at P = 0.1,
400, and 1000 MPa and T = 80 K. At all pressures, PIMD and
classical MD provide the same qualitative picture, with ⟨dHBOO(T)⟩
and ⟨θHBHOO(T)⟩ decreasing upon isobaric cooling. This means that
the HBs become shorter (smaller ⟨dHBOO(T)⟩) and more linear
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FIG. 3. Average OO distance,
⟨dHB

OO(T)⟩, and HOO angle, ⟨θHB
HOO(T)⟩,

between pairs of hydrogen-bonded water
molecules. (a) and (b) Results for water
during the vitrification (isobaric cooling)
into LDA (P = 0.1 MPa, black line),
IA (P = 400 MPa, red line), and HDA
(P = 1000 MPa, green line). Solid and
dashed lines are results from PIMD and
classical MD simulations, respectively.
(c) and (d) Same lines as (a) and (b)
for ice Ih. In all cases, including NQE
(PIMD simulations) leads to longer
(larger ⟨dHB

OO(T)⟩) and less linear (larger
⟨θHB

HOO(T)⟩) HB than found in the
classical case (MD simulations). Blue
squares in (a) are experimental data
from Ref. 103.

(smaller ⟨θHBHOO(T)⟩) upon cooling, as expected. Interestingly,
MD/PIMD simulations both show that the HB length is pressure
independent [Fig. 3(a)], while the HOO angle is not [Fig. 3(b)]. In
other words, as the cooling pressure increases along the sequence
LDA → IA → HDA, one finds that the HB have similar lengths but
become increasingly less linear.

At the quantitative level, NQEs on the geometry of the HB are
important. Briefly, the delocalization of the O and, particularly, H
atoms leads toHB that are (i) longer and (ii) less linear than observed
in the classical case. (i) PIMD simulations predict HB that are longer
by ≈0.03 Å than observed in classical MD simulations [Fig. 3(a)].
As shown in Fig. 3(a), the experimental HB OO distance in LDA
at T ≈ 125 K [blue squares]103 is in excellent agreement with the
PIMD simulations, stressing the relevance of including NQE. Sim-
ilarly, (ii) NQEs affect the HOO angle considerably. For example,
at T = 80 K, including NQE leads to HOO angles that are ∼4○–6○
larger, depending on the pressure, than predicted by classical MD
simulations [Fig. 3(b)]. Hence, the inclusion of NQE leads to less
linear HB, which indicates that the HB network is softer than
predicted in classical MD simulations (see also Sec. III B 3).

For comparison, we show in Figs. 3(c) and 3(d) the ⟨dHBOO(T)⟩
and ⟨θHBHOO(T)⟩ of ice Ih at P = 0.1, 400, and 1000 MPa. As for the
case of the amorphous ices, classical MD and PIMD simulations
show that the HBs become shorter and more linear upon cooling.
Again, including NQE leads to a weaker HB network characterized
by longer and less linear HB than found in classical MD. For
example, at T = 80 K, the values obtained for ⟨dHBOO(T)⟩ from PIMD
simulations are ≈0.03 − 0.04 Å longer than the corresponding values
obtained in MD simulations. At the same temperature, the values

of ⟨θHBOO(T)⟩ obtained from PIMD simulations are ≈5 − 6○ larger
than the corresponding values obtained in classical MD simulations.
Increasing the pressure at a given temperature affects mainly the
length of the HB in ice Ih; ⟨dHBOO(T)⟩ decreases with increasing
pressure. Our results are consistent with MD/PIMD computer sim-
ulations of density functional theory (DFT)-based machine-learned
potentials of liquid water and ice Ih in Ref. 104, where NQE were
found to broaden the HB length distribution. Additionally, our
results also align with Refs. 105 and 106, which indicates that
increasing the O–O distances between water molecules leads to
weaker HB when NQE are included.

Onemay wonder how theHBs in glassy water compare with the
HB of ice Ih. A close comparison of Figs. 3(a) and 3(b) with Figs. 3(c)
and 3(d) indicates that (i) the HBs of LDA/IA/HDA are slightly
longer (δ⟨dHBOO(T)⟩ ≈ 0.01 − 0.06 Å at T = 80 K) and (ii) less linear
(δ⟨θHBHOO(T)⟩ ≈ 1 − 4○ at T = 80 K) than found in ice Ih. These obser-
vations hold independently of whether NQE are included/excluded
(MD and PIMD simulations) and are consistent with the view that
the HB network in glassy water is more distorted than in ice.

4. Atoms delocalization in LDA, IA, HDA
In order to quantify the delocalization of the O and H of water

in both glassy water and ice Ih, we calculated the average radius of
gyration of the corresponding ring-polymers, Rg , from our PIMD
simulations. Rg quantifies how extended the ring-polymers are and
is given by

Rg = ⟨
1
nb

nb
∑
k=1
(rc − rk)2⟩. (1)
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FIG. 4. Radius of gyration Rg(T) of the ring-polymers associated to the O and H atoms obtained from PIMD simulations of q-TIP4P/F water. (a) Rg(T) during the isobaric
cooling of liquid water into the glass state at P = 0.1 MPa (black lines, LDA), 400 MPa (red lines, IA), and P = 1000 MPa (green lines, HDA). (b) Same as (a) for the case
of ice, Ih. At all pressures studied, the delocalization of the O and H atoms increases monotonically upon cooling, and it is larger for the H atoms (as expected). The O/H
delocalization is independent of the water structure (LDA, IA, HDA, ice Ih) and pressure and depends solely on the temperature of the system.

Here, rc is the center of mass of a given ring-polymer and rk is the
position of the corresponding bead; ⟨. . .⟩ indicates an average over
time and over all ring-polymers in the system (of the same kind, i.e.,
associated to O or H atoms). For a given atom, Rg quantifies the
corresponding delocalization due to NQE.

Figure 4(a) shows the values of Rg(T) for the O and H atoms
of q-TIP4P/F water during its vitrification (isobaric cooling) into
LDA, IA, and HDA at P = 0.1, 400, and 1000 MPa, respectively. In
all cases, Rg(T) increases monotonically upon cooling, in agreement
with previous simulations.80,107 Moreover, at a given pressure and
temperature, the H atoms are more delocalized than the O atoms (as
expected). Interestingly, we find that the values of Rg(T) for LDA,
IA, and HDA practically overlap. This implies that the delocaliza-
tion of the O/H atoms is independent of pressure and, particularly,
of the local environment of the specific amorphous ice consid-
ered. This is in agreement with previous studies of water-like model
liquids that show a very weak dependence of Rg with pressure.108,109

The delocalization of the O and H atoms in ice Ih is included in
Fig. 4(b). A comparison of Figs. 4(a) and 4(b) shows that the delo-
calization of the O/H atoms is practically identical in ice Ih and
LDA/IA/HDA. Briefly, the delocalization of the O/H atoms due to
NQE depends solely on the temperature of the system; it is indepen-
dent of the pressure applied and, particularly, of the local structure
of water (LDA, IA, HDA, ice Ih). We stress that the delocalization
of the H atoms in LDA/IA/HDA/ice Ih is non-negligible. Specifi-
cally, at T = 80 K, Rg ≈ 0.22 Å for H, implying that the ring-polymer
beads associated to the H atoms form a cloud of ≈0.44 Å, i.e.,
approximately half the length of the OH covalent bond of a water
molecule (≈1 Å).

B. Pressure-induced amorphization of ice Ih
and LDA–HDA transformations

In this section, we discuss the isothermal compression-
induced ice Ih-to-HDA and LDA-to-HDA transformations in H2O
and D2O using the q-TIP4P/F water model; the corresponding
decompression-induced HDA-to-LDA transformations are also
studied. LDA is prepared by isobaric cooling liquid water
from T = 240 K to T = 35 K at P = 0.1 MPa using a cooling rate of

qT = 10 K/ns (for both H2O and D2O). The LDA configuration
obtained at T = 80 K is then isothermally compressed using a com-
pression rate qP = 100 MPa/ns from P = 0.1–3000 MPa, resulting
in HDA. The HDA configurations are then isothermally decom-
pressed (using the same rate qP = 100 MPa/ns) from P = 2000 MPa
down to negative pressures until the amorphous ice fractures (at
approximately P < −600 MPa). The computational details for these
out-of-equilibrium simulations of glassy water have become stan-
dard; see Refs. 70, 73, 75–77, and 110 for additional details.

1. Density
Figure 5(a) shows the density of H2O and D2O as a function

of pressure, ρ(P), during the pressure-induced LDA–HDA trans-
formations at T = 80 K from PIMD simulations (red and green
lines). For comparison, also included is the ρ(P) during the
LDA–HDA transformation in H2O obtained from classical MD
(blue lines) simulations. In all cases, upon compression, the density
of LDA shows a rapid increase in ρ(P) at P ≈ 800–1200 MPa,
indicating the transformation to HDA, consistent with previ-
ous classical MD simulations of rigid/flexible water models66,73,76

and particularly, experiments.18,19 The transformation of HDA
during decompression is irreversible at P ≥ 0 MPa, as found in
experiments19,41 (T = 80 K). As observed in previous computational
studies,66,70,73,76,77,90,91 HDA transforms rather smoothly to an
LDA-like state just before it fractures at P < −600 MPa.

The ρ(P) of H2O and D2O during the compression-induced
ice Ih-to-HDA transformation and subsequent decompression of
HDA at T = 80 K is included in Fig. 5(b). The transformation of
ice Ih to HDA is sharp and occurs at P ≈ 1400–1800 MPa;66,73,91,111

upon decompression, the so obtained HDA also transforms
rather smoothly to an LDA-like state just before it fractures at
P < −600 MPa.

A few important points follow from Figs. 5(a) and 5(b). (i)
Including NQE in H2O (PIMD simulations; red line) does not
change qualitatively the results from classical MD simulations (blue
lines), both showing clear transformations among ice Ih, LDA,
and HDA upon isothermal compression/decompression. (ii) PIMD
simulations also reproduce the transformations among ice Ih, LDA,
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FIG. 5. (a) Density as a function of pressure ρ(P) during the compression-induced LDA-to-HDA transformation at T = 80 K and subsequent decompression of HDA. Results
are for H2O (PIMD simulations, red lines; classical MD simulations, blue lines) and D2O (PIMD simulations, green lines). The LDA configurations are obtained by isobaric
cooling the equilibrium liquid from T = 240 to 80 K at P = 0.1 MPa using a cooling rate of qT = 10 K/ns. The compression/decompression rate is qP = 100 MPa/ns. The
sudden density increase during compression at P ≈ 800–1000 MPa signals the transformation of LDA to HDA. During decompression, HDA transforms smoothly to an
LDA-like state before it fractures at P < −600 MPa. (b) ρ(P) during the compression-induced ice Ih-to-HDA transformation at T = 80 K and subsequent decompression
of HDA (qP = 100 MPa/ns). Results are for H2O (PIMD simulations, red lines; classical MD simulations, blue lines) and D2O (PIMD simulations, green lines). The sudden
density increase during compression at P ≈ 1400–1800 MPa signals the transformation of ice Ih to HDA; during decompression, HDA transforms smoothly to an LDA-like
state before it fractures.

and HDA in D2O, consistent with experiments (green lines).35,112

(iii) To remove the effects of the different molecular masses m
of H2O and D2O, we also include in the insets of Figs. 5(a) and
5(b) the number density ρn(P) ≡ ρ(P)/m obtained from the ρ(P)
shown in the corresponding main panels. The behavior of ρn(P)
during the transformations among ice Ih, LDA, and HDA in H2O
and D2O are remarkably close to one another. This suggests that,
at the molecular level, the same structural changes occur in H2O,
with and without NQE included, and in D2O. This strongly indi-
cates that the LDA-to-HDA and ice Ih-to-HDA are accompanied
by a similar collapse of the hydrogen-bond (HB) network in H2O
and D2O (see discussion below). (iv) The inset of Fig. 5(b) shows
that the specific Ih-to-HDA transition in H2O, with and without
NQE included, occurs at different pressures, PIh–to–HDA. Specifically,
PIh–to–HDA ≈ 1400 MPa in PIMD simulations (red lines), while
PIh–to–HDA ≈ 1800 in classical MD simulations (blue lines). This
decrease in PIh–to–HDA by ∼≈400 MPa when NQE are included
strongly indicates that the inclusion of NQE weakens the HB of
H2O, facilitating the collapse of the HB network at lower pres-
sures during the compression process. Similar conclusions seem
to follow from the inset of Fig. 5(a) during the LDA-to-HDA
transformation H2O. In this case, the LDA-to-HDA transition pres-
sure of H2O decreases by ≈100 MPa when NQE are included,
although the ρn(P) in Fig. 5(a) is noisy. The results obtained dur-
ing the decompression of HDA in H2O from PIMD and classical
MD simulations are also consistent with NQE weakening the HB
in H2O. The insets of Figs. 5(a) and 5(b) show that including
NQE decreases the magnitude of the HDA-to-LDA transformation
pressure (red and blue lines) by ≈100 − 200 MPa. This means that
during decompression, HDA transforms earlier (lower tension) to
an LDA-like state.

The behavior of ρn(P) for D2O during the ice-to-HDA and
LDA-to-HDA transformations falls in between the corresponding
ρn(P) obtained for H2O in PIMD and classical MD simula-
tions. Hence, the HB and associated HB network increase in

strength along the sequence “quantum H2O (PIMD simulations)
→ D2O→ classical H2O (MD simulations).”

2. Molecular structure of LDA and HDA
To characterize the structure of LDA and HDA, we focus on

two properties, the oxygen–oxygen radial distribution function (OO
RDF) and the local order parameter dsf introduced in Ref. 113.
The OO RDF of LDA and HDA at P = 0.1 MPa and T = 80 K for
both H2O and D2O are shown in Fig. 6(a). The LDA and HDA
forms are obtained during the compression/decompression cycles
shown in Fig. 5(a). The OO RDF obtained in our classical/MD
simulations for H2O are both in good agreement with the experi-
mental RDF reported in Refs. 38 and 114. Including NQE (PIMD
simulations) reduces slightly the maxima of the OO RDF of LDA
and HDA, improving slightly the RDF relative to the experiments.
It follows that including NQE makes H2O slightly less structured,
supporting the view that including NQE weakens the HB network
of water (see Sec. III B 1 and Fig. 5). For comparison, we include in
Fig. 6(b) theOORDF of ice Ih andHDA at P = 0.1MPa andT = 80 K
obtained during the ice Ih-HDA compression/decompression cycles
shown in Fig. 5(b). A comparison of Figs. 6(a) and 6(b) shows
that while the RDF of LDA and ice Ih are clearly different, the OO
RDF of HDA produced by compressing LDA and ice Ih are barely
indistinguishable from one another.

The order parameter d fs is defined in Ref. 113 and was used
previously to characterize the local structure of q-TIP4P/F water
from classical MD and PIMD simulations (see Ref. 80). Briefly, for
molecule i, d fs,i is the difference between (i) the distance from the
given molecule to its fifth nearest neighbor and (ii) the distance
from the given molecule to its fourth nearest neighbor. Hence, d fs,i
quantifies the distance between the first and second hydration shells
of molecule i (see also Sec. III of the supplementary material for the
definition of d fs).

Figures 7(a) and 7(b) show the average order parameter ⟨d f s⟩
as a function of pressure during the LDA–HDA and ice Ih-HDA
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FIG. 6. (a) Comparison of the OO radial distribution function of LDA and HDA at P = 0.1 MPa and T = 80 K from experiments and from our classical MD and PIMD simulations
using the q-TIP4P/F water model. LDA was obtained by isobaric cooling at P = 0.1 MPa, and the HDA was obtained by the isothermal compression–decompression cycle
shown in Fig. 5(a). (b) Comparison of the OO RDF of ice Ih and HDA obtained from computer simulations with experiments at P = 0.1 MPa and T = 80 K. The HDA was
obtained from the isothermal compression–decompression cycle shown in Fig. 5(b). The black and gray lines in (a) correspond to the experimental OO RDF of LDA and HDA
from Refs. 114 and 38, respectively. Similarly, the black and gray lines in (b) correspond to the experimental OO RDF of ice Ih and HDA from Refs. 38, 114, and 115. Red,
blue, and green are the RDFs obtained from classical MD and PIMD simulations of H2O and D2O (same colors as in Fig. 5).

FIG. 7. Average local order parameter
⟨d f s⟩ as a function of pressure dur-
ing the (a) LDA–HDA compression/
decompression cycle shown in Fig. 5(a)
and (b) ice Ih-HDA compression/
decompression cycle shown in Fig. 5(b)
(T = 80 K and qP = 100 MPa/ns).
Results are from classical MD and PIMD
simulations of H2O and D2O; colors are
the same as in Fig. 5.

compression/decompression cycles shown in Figs. 5(a) and 5(b)
(T = 80 K and qP = 100 MPa/ns). The same qualitative behavior for
⟨d f s⟩ follows from classical/quantum H2O and D2O. For example,
Fig. 7(a) shows that, during compression, ⟨d f s⟩ suddenly decreases
from ≈0.8 − 0.9 Å (LDA) to ≈0.3 Å (HDA). Similarly, Fig. 7(b)
shows that, during compression, ⟨d f s⟩ suddenly decreases from
≈1.4 − 0.9 Å (ice Ih) to ≈0.3 Å (HDA). Interestingly, both trans-
formations to HDA occur when ⟨d f s⟩ ≈ 0.8 − 0.9 Å. This suggests
that the collapse of the HB network of LDA and ice Ih occurs when
the same level of local disorder is achieved during the compression
process, independently of the starting state of water (LDA or ice Ih);
see also Ref. 73. Figures 7(a) and 7(b) also show that, during the
decompression of HDA, ⟨d f s⟩ increases smoothly with decreasing
pressure.

The similarities in the behavior of ρ(P) in Figs. 5(a) and 5(b)
and ⟨d f s⟩ in Figs. 7(a) and 7(b) are self-evident. It follows that during
the compression of LDA/ice Ih to HDA, the second hydration shell
of water collapses and a water molecule moves from the second
hydration shell toward the first interstitial shell, in agreement with
Figs. 6(a) and 6(b) and previous studies.66,73,76 The important point
from Fig. 7 is that this molecular-level picture underlying the
ice Ih-HDA and LDA–HDA transformations holds independently

of whether NQE are included and applies to both H2O and D2O.
Consistent with Fig. 5, the sudden decrease of ⟨d f s⟩ during the
ice Ih-to-HDA and LDA-to-HDA transformations occurs at slightly
different pressures when NQE are included/excluded. The corre-
sponding ice Ih/LDA-to-HDA transition pressures increase along
the sequence “quantum H2O → D2O → classical H2O,” again
suggesting that the HB network of water becomes softer as NQE are
included.

3. Hydrogen-bonding in LDA and HDA
Figures 8(a) and 8(b) show ⟨dHBOO⟩ and ⟨θHBHOO⟩ during the com-

pression/decompression LDA–HDA cycles included in Figs. 5(a)
and 5(b). In all cases, classical/quantum H2O and D2O, ⟨dHBOO⟩
decreases monotonically up to P ≈ 800 MPa, where LDA trans-
forms to HDA. In addition, ⟨θHBHOO⟩ remains practically constant.
Hence, during the compression of LDA, the HB becomes shorter,
but the linearity of the HB remains unaffected. The average HB
length in LDA decreases by ≈0.03 Å (P = 0.1–800MPa), which is not
negligible. The LDA-to-HDA transformation is accompanied by an
increase in ⟨dHBOO⟩ of ≈0.02 − 0.04 Å and an increase in ⟨θHBHOO⟩ of
≈2 − 3○. In other words, during the LDA-to-HDA transformation,
the HB in classical/quantum H2O and D2O becomes longer
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FIG. 8. Average OO distance ⟨dHB
OO⟩ and

HOO angle ⟨θHB
HOO⟩ between pairs of

water molecules forming a HB. (a) ⟨dHB
OO⟩

and ⟨θHB
HOO⟩ as a function of pressure

during the compression/decompression-
induced LDA–HDA transformations at
T = 80 K (qP = 100 MPa/ns); see
Fig. 5(a). (c) and (d) Same as (a)
and (b) during the ice compression/
decompression-induced Ih-HDA trans-
formations; see Fig. 5(b). Results are
from classical and quantum H2O as
well as D2O; color lines are the same
as in Fig. 5. Counterintuitively, during
the LDA-to-HDA and ice Ih-to-HDA tran-
sitions, ⟨dHB

OO⟩ increases, even when
the system becomes denser (see text).
The inclusion of NQE leads to longer
(larger ⟨dHB

OO⟩) and less linear HB (larger
⟨θHB

HOO⟩) in ice Ih, LDA, and HDA than
predicted by classical MD simulations at
all pressures studied. The black squares
in (a) and (c) correspond to the experi-
mental data for the HB OO distance for
HDA from Ref. 103.

and less linear. Similar changes in the HB geometry are found
during the compression-induced ice Ih-to-HDA transition; see
Figs. 8(c) and 8(d).

The observed changes in the HB geometry are counterintuitive
since, during both the LDA-to-HDA and ice Ih-to-HDA transfor-
mations, the density increases considerably (by ≈25 − 35%) (see
Fig. 5), but the molecules get further apart on average (Figs. 6
and 7). The following counterintuitive picture is as follows. Dur-
ing the compression of LDA and ice Ih, the fifth nearest neighbor
of a given water molecule moves from the corresponding second
hydration shell (r2 ≈ 4.5 Å, Fig. 6) toward its first hydration shell
(r1 ≈ 2.8 Å, Fig. 6), populating the associated first interstitial shell
(r∗ ≈ 3.2 Å, Fig. 6). This fifth nearest neighbor (of the given
molecule) does not form a HB with the given water molecule (a
given water molecule only forms ≈4 HB with its four nearest water
molecules located in the first hydration shell). Therefore, as the fifth
nearest neighbor gets closer to the given molecule, the correspond-
ing ≈4 hydrogen-bonded nearest neighbors move further away (in
average), and the HB becomes less linear (distorted), giving room to
the incoming water molecule. As a result, the whole process leads to
more compact local environments.

During the decompression of HDA, ⟨dHBOO⟩ increases monoton-
ically with decreasing pressure [Figs. 8(a) and 8(b)], i.e., the HB
becomes longer, while ⟨θHBHOO⟩ remains constant or decreases slightly
(by ≈1○ at very negative pressures) [Figs. 8(c) and 8(d)].

While the overall picture described earlier holds for classical
and quantum H2O, as well as D2O, the inclusion of NQE plays a
relevant role on the properties of the HB. Specifically, including
NQE in H2O increases ⟨dHBOO⟩ by ≈0.03 − 0.04 Å at all pressures
studied during the LDA–HDA compression/decompression cycle

[the red lines in Fig. 8(a) practically overlap with the blue lines if
shifted by ≈ − 0.03 Å along the y axis]. Similarly, including NQE
increases ⟨θHBHOO⟩ by ≈4 − 6○ at all pressures studied during the
LDA–HDA compression/decompression cycle [see the red and blue
lines in Fig. 8(b)]. The same conclusions apply to the HB of H2O
during the ice Ih-HDA compression/decompression cycle [Figs. 8(c)
and 8(d)]. Briefly, relative to the classical case, including NQE leads
to longer and less linear HB in ice Ih, LDA, and HDA at T = 80 K
and for all pressures studied. These NQEs on the geometry of the
HB in ice/glassy water are consistent with the view where the HB
network of water becomes softer. We note that the experimental
values of ⟨dHBOO⟩ for LDA and HDA at P = 0.1 MPa are closer to the
results obtained from PIMD simulations than MD simulations; see
Figs. 3(a), 8(a), and 8(c), respectively. This stresses the relevance of
NQE for a quantitative description of ice and glassy water.

4. Atoms delocalization in LDA and HDA
The results discussed earlier show that, in the case of LDA,

HDA, and ice Ih, the structural and thermodynamic properties
obtained from classical MD (no NQE) and PIMD (NQE included)
are different. Not surprisingly, the different results obtained from
PIMD and classical MD simulations are due to the delocalization of
the H/D atoms. Here, we quantify the atom delocalization in water
during the pressure-induced LDA–HDA and ice Ih–HDA transfor-
mations studied.We calculate the pressure-dependence of the radius
of gyration Rg(P) of the ring-polymers associated to the O and H/D
atoms of H2O and D2O.

Figure 9(a) shows the Rg(P) of O and H/D during the
pressure-induced LDA–HDA transformations shown in Fig. 5(a).
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FIG. 9. Radius of gyration Rg(P) of the ring-polymers associated to the O and H/D atoms as a function of pressure during the pressure-induced (a) LDA–HDA and (b)
ice Ih-HDA transformation at T = 80 K and qP = 100 MPa/ns. Blue and red lines are the values of Rg(P) for the O and H atoms of H2O. Magenta and green lines
correspond to the values of Rg(P) for the O and D atoms of D2O. The delocalization of the O and H atoms in H2O is identical during the LDA–HDA and ice Ih-HDA
transformations; similarly, the delocalization of the O and D atoms of D2O is identical during the LDA–HDA and ice Ih-HDA transformations. During the compression of
LDA (and ice Ih), the H and D atoms show a small but noticeable sudden increase during the transformation to HDA, similar to results obtained from PIMD simulations
using a water-like model.107 (c) Snapshot of an H2O molecule in LDA, ice Ih, and HDA obtained from PIMD simulations at P = 0.1 MPa and T = 80 K. The ring-polymer
beads associated to the O and H atoms are represented by white and red spheres, respectively (ring-polymers are composed of nb = 128 beads); the same length scale
is used in all snapshots (bar corresponds to 0.1 Å). The delocalization of the H atoms is preferentially along the directions perpendicular to the corresponding OH covalent
bond.

Our PIMD simulations indicate that the O atoms of H2O and D2O
are barely delocalized, Rg(P) ≈ 0.08–0.09 Å, and are barely affected
by pressure. It follows that the ring-polymers associated with the
O atoms spread over a distance of ≈0.16 − 0.18 Å (≈15 − 20%
of the O–H covalent bond length). Not surprisingly, the delocal-
ization of the H/D atoms is larger than observed in the case of
the O atoms. Figure 9(a) shows that Rg(P) ≈ 0.21–0.22 Å and
Rg(P) ≈ 0.17–0.18 Å for the H and D atoms, respectively, cor-
responding to ring-polymers of diameter ≈0.42 − 0.44 Å and
≈0.34 − 0.36 Å. This implies that the delocalization of the H and D
atoms in ice Ih/LDA/HDA corresponds, respectively, to ≈35% and
45% of the OH covalent bond length (T = 80 K).

Interestingly, the delocalization of the O atoms during the
LDA–HDA cycle is reversible, while the delocalization of the H/D
atoms is not. Figure 9(a) shows that the Rg(P) associated with
the O atoms overlaps during the compression and decompression
processes. Instead, the Rg(P) associated to the H/D atoms increases
suddenly during the LDA-to-HDA transformation, at P ≈ 800 MPa,
and remains practically constant during the decompression of HDA.
Strictly speaking, this implies that the delocalization of the H/D
atoms is greater in HDA than in LDA, while the delocalization of
the O atoms is the same as in LDA and HDA. Yet, the changes

in the delocalization of H/D in LDA and HDA are very small.
From a conceptual point of view, our results indicate that the glass
polyamorphism in water imprints a signature in glassy water at the
quantum mechanical level, i.e., in the delocalization of the H/D
atoms as the system evolves between LDA and HDA. A similar but
more pronounced effect was observed in the atom delocalization of
a water-like monoatomic system that also exhibits an LDA–HDA
transformation.107

For comparison, included in Fig. 9(b) are the Rg(P) of the
O and H/D atoms during the pressure-induced ice Ih-HDA trans-
formation shown in Fig. 5(b). The same conclusions based on the
LDA–HDA transition cycle [Fig. 9(a)] apply to the ice Ih-HDA
transformation [Fig. 9(b)]. Figure 9(c) shows a snapshot of a
single H2O molecule in the LDA, ice Ih, and HDA states obtained
from the compression of LDA at P = 0.1 MPa and T = 80 K.
Consistent with Figs. 9(a) and 9(b), the delocalization of the O
and H atoms is practically the same for all different states. We
note that the delocalization of the H atoms in either the LDA/ice
Ih/HDA state is preferentially perpendicular to the OH covalent
bond, consistent with Ref. 80. In Fig. 10, we include a snapshot
of H2O in the LDA, HDA, and ice Ih states at P = 0.1 MPa and
T = 80 K.
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FIG. 10. Snapshot of LDA, HDA, and ice Ih at P = 0.1 MPa and T = 80 K obtained
from PIMD simulations. (a) LDA and (b) HDA formed during the LDA–HDA com-
pression/decompression cycle shown in Fig. 5(a). (c) Ice Ih and (d) HDA formed
during the ice Ih-HDA compression/decompression cycle shown in Fig. 5(b). The
system in (a) and (b) is composed of N = 512 water molecules; N = 1024 in (c)
and (d). The ring-polymer beads associated with the O and H atoms are shown
by red and white spheres, respectively. In all cases, the ring-polymers are com-
posed of nb = 128 and the snapshots are based on the same length scale (bars
correspond to 10 Å).

IV. SUMMARY AND DISCUSSION
In this work, we performed classical MD and PIMD simu-

lations of H2O and D2O to study the NQE on amorphous ice
under pressure. We focused on (A) the vitrification of water
during isobaric cooling at different pressures and (B) the ice
Ih-HDA and LDA–HDA transformations induced by compres-
sion/decompression at cryogenic temperatures.

Our MD/PIMD simulations show that the vitrification (iso-
baric cooling) of H2O and D2O leads to a continuum of amorphous
ices [intermediate amorphous ices (IA)] (see Fig. 1). By tuning the
cooling pressure, one can generate IA with densities in between
those of LDA and HDA. Our results for H2O, including NQE, are
qualitatively similar to those reported in our previous study76 based
on classical MD simulations of q-TIP4P/F water. As discussed there,
by carefully choosing the cooling pressure, it is possible to generate
IAs that are structurally identical to the recently discovered
medium-density amorphous ice (MDA).4

It is also found that for all pressures considered in this work,
the densities of the amorphous ices (LDA, IA, and HDA) are very
sensitive to the inclusion/exclusion of NQE. Results from classical
MD and PIMD simulations lead to very different ρ(T) for glassy
water as well as ice Ih (Fig. 1); see also Refs. 80, 82, and 116.
Interestingly, the structure of the amorphous ices (LDA, IA, and
HDA) atT = 80 K is weakly affected by the inclusion of NQE (Fig. 2).

Yet, including NQE leads to longer (≈0.05 Å) and less linear HB
(≈6○) in LDA, IA, and HDA (as well as in ice Ih) (Fig. 3). The differ-
ences in the properties of amorphous ice and ice Ih clearly originate
in the delocalization of the O and H/D atoms, particularly the later.
Interestingly, at a given temperature, the delocalization of the O and
H/D atoms in the amorphous ices generated by isobaric cooling is
practically independent of the cooling pressure and hence of the
local environment of the water molecules (LDA-, IA-, of HDA-like)
(Fig. 4).

Our results indicate that the inclusion of NQE does not change
qualitatively the out-of-equilibrium phase diagram of amorphous ice
that has been reported in previous classical MD simulations.66,67,73

However, including NQE leads to a better quantitative agreement
with available experimental data. To highlight the quantitative
impact of NQE in glassy water, we summarize our results in the
“phase diagrams” for glassy water (included in Fig. 11; similar
phase diagrams have been reported from classical MD simula-
tions of ST2, TIP4P/2005, and TIP4P/Ice66,67,73,91). Included are
the pressure-induced transformations studied in this work, specif-
ically, (i) the pressures at which LDA transform to HDA during
isothermal compression [right green triangles; from Fig. 5(a) and
Figs. S4(a) and S4(c) in the supplementary material]; (ii) the
pressures at which ice Ih transform to HDA during isothermal
compression [right magenta triangles; from Fig. 5(b) and Figs. S4(b)
and S4(d) in the supplementarymaterial]; (iii) the pressures at which
HDA transforms to an LDA-like state during isothermal decompres-
sion [left blue triangles; from Fig. 5(a) and Figs. S4(a) and S4(c) in
the supplementary material]; and (iv) the pressures at which such an
LDA-like form fractures during further isothermal decompression
[left maroon triangles; from Fig. 5(a) and Figs. S4(a) and S4(c) in
the supplementary material]. For comparison, also included are (i′)
the LLCP and LLPT line for q-TIP4P/F water estimated using the
two-state-equation-of-state (TSEOS) in Refs. 44, 46, 50, 60, 61, 64,
and 98 (red star and solid black line), as well as the (ii′) liquid-
to-vapor spinodal (black squares).117 As shown in previous MD
simulations,66,67,72,73 the LDA-to-HDA (right green triangles) and
HDA-to-LDA (left blue triangles) approach the LLCP with increas-
ing temperature. For comparison, also included in Fig. 11 are the
estimated limits of the stability of ice Ih (orange and brown squares).
Specifically, we perform numerous 2 ns-longMD/PIMD simulations
of ice Ih at different temperatures and pressures and identify those
states at which ice Ih melts (orange squares) or sublimates/fractures
(brown squares).

Interestingly, the estimated limit of stability of ice Ih to the
liquid state (orange squares) merges with the (compression-
induced) ice Ih-to-HDA transformation pressure line (magenta right
triangles) at the studied compression rates.73 Experiments show that
the melting line of ice Ih (orange line) and the ice Ih-to-HDA trans-
formation line (magenta line) are shifted in pressure relative to
one another and connect smoothly at the glass transition temper-
ature of HDA.118 Within the noise of our data, it remains unclear
whether our MD/PIMD simulations reproduce this finding (see also
Ref. 73). Interestingly, our data suggest that the melting line
of ice Ih (orange line) intersects the sublimation line (brown
line) of ice Ih at the intersection of the liquid-to-vapor spin-
odal line (black line). For comparison, we include in Fig. 11(c)
both phase diagrams from Figs. 11(a) and 11(b). Including NQE
leads to a small shift in the pressure-induced transformation lines
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FIG. 11. Phase diagram of glassy water obtained from (a) PIMD and (b) classical MD simulations using the q-TIP4P/F model. The compression (right-triangles) and
decompression (left-triangles) transformation pressures are obtained using a rate of qP = 100 MPa/ns. The green and magenta triangles represent the compression-
induced LDA-to-HDA and ice Ih-to-HDA transformations, respectively. The blue and maroon triangles correspond, respectively, to the decompression-induced HDA-to-LDA
and fracture of LDA upon further decompression [the HDA-to-LDA transformation pressure (blue triangles) can be detected clearly only in the case of classical MD, and
hence they are not included in (a)]. The black squares represent the liquid-to-vapor spinodal of q-TIP4P/F water reported in Ref. 117. The orange and brown squares are
estimates for the limit of stability of ice Ih relative to the liquid and gas states, respectively (see text). The red star is the LLCP obtained from the two-state-equation-of-state.
(c) Phase diagram of glassy water obtained from (a) PIMD and (b) classical MD simulations. NQEs due to atom delocalization shift the magnitude of the pressured-induced
transformation lines of q-TIP4P/F glassy water to lower values.

(by ≈100 − 300 MPa) as well as a small shift in the location of the
LLPT and LLCP.

SUPPLEMENTARY MATERIAL

In the supplementary material, we include additional results
from PIMD and classical MD simulations using the q-TIP4P/F
model, where we show the (i) density maxima of ice Ih at dif-
ferent pressures, (ii) compare the OO RDF of IA obtained using
a cooling pressure of 100 MPa with MDA, (iii) discuss the local
order metric (⟨d f s⟩) of ice Ih and amorphous ices obtained from
isobaric cooling, and (iv) show the LDA-to-HDA and ice Ih-
to-HDA compression/decompression cycles obtained at different
temperatures.
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