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The molecular origins of water’s anomalous properties have long been a subject of
scientific inquiry. The liquid-liquid phase transition hypothesis, which posits the
existence of distinct low-density and high-density liquid states separated by a first-order
phase transition terminating at a critical point, has gained increasing experimental and
computational support and offers a thermodynamically consistent framework for many
of water’s anomalies. However, experimental challenges in avoiding crystallization
near the postulated liquid-liquid critical point have focused attention to water’s
canonical glassy states: low-density and high-density amorphous ice. Here, we use
two Deep Potential machine-learning models, trained on the Strongly Constrained
and Appropriately Normed density functional and the highly accurate Many-Body
Polarizable potential, to conduct an investigation of water’s glassy phenomenology
based on quantum mechanical calculations. Despite not being explicitly trained on
amorphous ices, both models accurately capture the structure and transformation
of the water glasses, including their interconversion along different thermodynamic
paths. Isobaric quenching of liquid water at various pressures generates a continuum of
intermediate amorphous ices and density fluctuations increase near the liquid—liquid
critical pressure. The glass transition temperatures of the amorphous ices produced
at different pressures exhibit two distinct branches, corresponding to low-density and
high-density amorphous ice behaviors, consistent with experiment and the liquid—
liquid transition hypothesis. Extrapolating transformation pressures from isothermal
compressions to experimental compression rates brings our simulations into excellent
agreement with data. Our findings demonstrate that machine-learning potentials
trained on equilibrium phases can effectively model nonequilibrium glassy behavior and
pave the way for studying long-timescale, out-of-equilibrium processes with quantum
mechanical accuracy.

water | molecular dynamics | machine-learning | Deep Potential | glasses

Water, an essential and extensively studied substance, continues to interest scientists on
account of its distinctive behavior (1). Its numerous anomalous properties, such as the
density maximum at 4 °C at ambient pressure and the sharp increases in compressibility
and heat capacity upon cooling, have attracted the interest of researchers for decades
(2—4). Efforts to uncover the molecular origins of these anomalies have produced several
theoretical frameworks, including the stability-limit conjecture (5), the singularity-free
scenario (6), and the liquid-liquid phase transition (LLPT) hypothesis (7). Among these,
the LLPT hypothesis has garnered substantial computational (8-12) and experimental
(13-18) support. It posits that supercooled water at low temperatures and moderate
superatmospheric pressures can exist in two distinct liquid states: a low-density liquid
(LDL) and a high-density liquid (HDL), separated by a first-order phase transition line
that terminates at a liquid-liquid critical point (LLCP) (7, 19).

The definitive experimental validation of the LLPT has proven challenging because
water rapidly crystallizes in the deeply supercooled regime, complicating the direct
observation of the hypothesized LLCP (20). This challenge has motivated significant
focus on water’s glassy states. Mishima et al. first demonstrated that water could exist in at
least two amorphous forms: low-density amorphous (LDA) and high-density amorphous
(HDA) ice (21, 22). These glassy states are hypothesized to be the amorphous solid
analogs of LDL and HDL (20). In 2001, Loerting et al. demonstrated that by heating
HDA at high pressures (11 to 19 kbar), an ~9% more dense amorphous state called
very high-density amorphous ice (vHDA), could be generated (23). More recently,
Rosu-Finsen et al. found a new amorphous state, medium density amorphous ice

(MDA), formed by ball milling ice Ih at 77 K (24). In this work, we do not consider
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shear-generated glasses. An increasingly rich literature exists on
the structural and dynamic properties of the various amorphous
states, although computational characterization has been largely
limited to LDA and HDA. Thus we restrict our focus to only
these two glasses in this work.

Experimentally, LDA can be produced by condensation of
water vapor onto cold substrates (25) or by hyperquenching
liquid water at atmospheric pressure with cooling rates of at least
10° K/s (10~3 K/ns), which are required to bypass crystallization
(26, 27). HDA can be generated in a variety of manners,
most commonly by isothermal compression of hexagonal ice
(21, 28). Hyperquenching the liquid under pressure (5 kbar)
also produces HDA (29). Notably, LDA and HDA can be
interconverted via isothermal compression or decompression,
exhibiting characteristics that one can associate with a metastable
first-order phase transition (21, 30, 31).

The connection between amorphous ices (LDA/HDA) and the
LLPT hypothesis is rooted in the concept that these glassy states
are the arrested, nonequilibrium analogs of their corresponding
supercooled liquid counterparts (LDL/HDL). When rapidly
cooled below their glass transition temperatures, these liquid
phases are hypothesized to transform into their respective
amorphous solid forms, preserving key structural signatures.
This relationship has long suggested that studying the transitions
between LDA and HDA can provide evidence for the existence
of an LLPT in the otherwise experimentally difficult to sample
deeply supercooled liquid regime. These glassy states thus provide
an important experimental link to the LLPT hypothesis, bridging
theory and observation and offering a unique window into water’s
anomalous behavior (32, 33).

Molecular simulations have proven invaluable for investigating
the glassy landscape. Extensive studies using classical atomistic
models such as ST2 (34—36), TIP4P/2005 (37-39), and SPC/E
(40); as well as a machine-learned coarse-grained model, ML-
BOP (41-44), have shed light on the relationship between
LDA and HDA. While these models qualitatively reproduce
various structural and thermodynamic properties of LDA and
HDA, their predictions can vary depending on the presence(or
lack thereof) of an accessible LLCP. Giovambattista et al.
demonstrated that for the ST2 model, which exhibits an LLCP,
the glass transition temperatures 7, () strongly depend on the
glass preparation path (45). In contrast, for the SPC/E model,
which lacks an accessible LLCP, the 7 (P) values for different
glassy states collapse onto a single curve regardless of their prepa-
ration history (45). These path-dependent behaviors in ST2 are
consistent with experimental observations (46). Recent studies
with TIP4P/2005 by Gartner et al. revealed complementary
evidence through observing an increase in long-range density
fluctuations in the glasses formed near the critical pressure. Such
features are absent in mW water, which lacks an LLCP despite
showing both positively and negatively slopped 7,(P) behavior
(47). Despite these valuable insights from classical models, they
remain limited by their empirical parameterizations, highlighting
the need for more fundamental approaches to understanding
water’s complex glassy behavior.

Ab initio molecular dynamics (AIMD), in which the electronic
structure and interatomic forces are calculated with quantum
accuracy at each step in the simulation, offers a more rigorous
framework for studying molecular systems, but is often limited
by its high computational cost (48, 49). Although advances
in computational hardware have enabled calculations involving
larger systems and longer time scales, the characteristic times
required to probe glassy behavior and polyamorphic transitions
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between deeply supercooled or glassy phases remain largely
beyond the reach for AIMD. Recent, important progress involv-
ing machine-learning potentials (MLPs) has bridged this gap,
combining the accuracy of quantum mechanical calculations
with the efficiency required for extensive molecular dynamics
simulations (50-52). This approach has ushered in a new era
of exploration of water’s complex low-temperature, metastable
behavior (53).

In this work, we use one such MLP simulation method,
Deep Potential Molecular Dynamics (DPMD), to conduct an
investigation of water’s glassy phenomenology based on density
functional theory (DFT) and quantum mechanical calculations
(51, 54). The Deep Potential (DP) method uses neural networks
to learn the mapping between atomic environments and potential
energy, preserving essential symmetries while efficiently repre-
senting the complex many-body physics of the underlying system
(55). To represent the DFT potential energy surface, we use
the Strongly Constrained and Appropriately Normed (SCAN)
exchange correlation functional (56). SCAN has been shown to
accurately represent several of water’s properties (57, 58) and
SCAN based DP models have been used to investigate water
phase-equilibria (59—62) and autoionization (63).

To efficiently sample the SCAN-based potential energy sur-
face, we use a previously trained DP model, referred to here as
DP_SCAN, which accurately reproduces key features of water’s
complex phase diagram from ambient conditions to approxi-
mately 2000 K and 500 kbar (64). Additionally, we use a second
DP model trained on the Many-Body Polarizable (MBpol) water
model (65-67), referred to here as DP_MBpol. MBpol is widely
recognized as the most accurate model of water’s condensed
phases available to date. This DP_MBpol model was trained
to reproduce the low-pressure region of water’s phase diagram
(up to 10 kbar), successfully capturing the stability regions of
ice Ih, II, 111, V, and VI polymorphs in quantitative agreement
with experiment (68). However, a critical question remains: Can
MLPs trained primarily on equilibrium liquid and crystalline
phases accurately represent complex, out-of-equilibrium states
like amorphous ices? Addressing this question has implications
not only for our understanding of water’s complex behavior
but also for the broader application of MLPs to materials
science.

By using MLPs trained on DFT (SCAN) and MBpol, we
explore the glassy landscape of water and test the validity of
these models beyond their original training datasets. Our findings
demonstrate that these models accurately capture the physics of
glassy water, consistent with the LLPT scenario, while validating
prior studies based on classical models. These results not only re-
inforce the LLPT/LLCP picture as a cornerstone for understand-
ing water’s anomalies but also establish that carefully constructed
MLPs can successfully extrapolate to predict complex, nonequi-
librium phenomena even when trained primarily on equilibrium
states.

Results

Hyperquenching Liquid Water at 1 bar Generates LDA. Low-
density amorphous ice can be experimentally generated by rapidly
quenching liquid water at ambient pressure (26, 27). To replicate
this process computationally, isobaric quenching simulations
were performed with a constant cooling rate of g, = 1 K/ns
at P = 1 bar using the DP_SCAN and DP_MBpol models.
This cooling rate is approximately 2 orders of magnitude faster
than the fastest experimental quenching rates of 0.01 K/ns used
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Fig. 1. Average density (A) and tetrahedral order parameter (g) (B) versus
temperature, at atmospheric pressure, relative to each model’'s melting point
(T — Tm). Quenching data are from isobaric simulations at P = 1 bar with a
cooling rate of gc = 1 K/ns [squares in (A), lines in (B)] while circles and
crosses correspond to equilibrium liquid and ice Ih, respectively. Quenching
data are averages of three independent runs. Purple and orange data
represent DP_SCAN and DP_MBpol potentials, respectively. Gray symbols
present experimental results for ice Ih (crosses) and LDA (square) at T = 80 K
(T —Tm = —193.1 K) (70, 71).

to prepare LDA (69), but represents the slowest rate feasible for
the DPMD simulations given the computational cost. Previous
computational studies have demonstrated that the structural
and thermodynamic properties of simulated water glasses are
relatively insensitive to varying cooling rates (37, 41). Wong
et al. (37) showed that reducing the cooling rate from 1K/ns
to 0.1 K/ns in TIP4P/2005 simulations produced only minor
density differences (<0.01 g/cm3) in the resulting LDA. S/
Appendix, Fig. S4 demonstrates that results obtained at cooling
rates of 1 K/ns and 10 K/ns show only slight density variation
in the DPMD generated LDA, supporting the reliability of
the simulated glasses despite the necessarily accelerated cooling
process.

Fig. 1 provides a thermodynamic and structural characteriza-
tion of these quenches and compares the results to equilibrium
simulations of liquid water. Equilibrium simulations of ice Th
are also shown. Fig. 14 confirms the well-known fact that both
models exhibit a density maximum slightly above their respective
melting temperatures, followed by a rapid decrease in density
as temperature decreases. This sharp decline in density matches
the equilibrium liquid simulations and culminates at a density
minimum whereafter the liquid falls out of equilibrium and
forms a glassy phase. Low-temperature configurations where the
density increases linearly with decreasing temperature correspond
to LDA.

Notable differences emerge between the two models at low
temperatures. Cryoflotation experiments reveal that the density
of LDA (0.937 g/cm?) is slightly greater than that of ice Th (0.932
g/cm3) at 7' =80K (70, 71). Fig. 14 shows that the DP_SCAN
model incorrectly predicts this relationship, where the density
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of ice Th is greater than that of LDA (21, 46). Conversely, the
DP_MBpol model predicts the correct qualitative relationship,
but overestimates the magnitude of the density difference
compared to the experiments. These density differences may
be addressed by including nuclear quantum effects (NQEs), as
recent work by Eltareb and coworkers shows that the inclusion
of NQEs for a classical water model can lower the LDA density
by ~0.04 g/cm® and correctly predict the change in slope of the
temperature dependence of ice Ih upon cooling (72, 73).

Fig. 1B examines the structural basis of these density differ-
ences through the average tetrahedral order parameter (74, 75),
(9), as a function of temperature. The ice Th phases produced
by both models show nearly identical local tetrahedral structures,
as evidenced by consistent (g) values (crosses). While the LDA
generated by the DP_SCAN model exhibits slightly enhanced
tetrahedrality with respect to DP_MBpol, the differences are
minimal, suggesting comparable local environments. This indi-
cates that the density discrepancies between ice Th and LDA
cannot be attributed to variations in local tetrahedrality.

Near ambient temperatures, both models correctly predict
that liquid water is denser than ice Ih, though the DP_SCAN
model predicts a smaller density difference (4% for DP_SCAN
versus &11% for DP_MBpol at the temperature of maximum
density) whereas the experimental difference is approximately
~10% (76). The SCAN functional is known to overestimate
hydrogen bond strength in the condensed phase, which explains
the higher predicted densities relative to experiments (58).
While past studies with DFT-based MLPs comparing ice and
liquid water have focused on the vicinity of the melting point
(59, 60), our work reveals that at supercooled temperatures, this
overestimation of hydrogen bond strength leads to qualitatively
incorrect behavior such that LDA becomes less dense than ice
Ih. This observation warrants further study into the impact
of hydrogen bond strength on density upon supercooling,
particularly within the context of DFT functionals and MLPs.

Fig. 2 demonstrates the structural fidelity of simulated LDA
from both models compared to experimental data (77, 78).
While the oxygen—oxygen radial distribution functions (RDFs)

2 —
0 A B ©3®s®%a®5%a%s
| Py B0y y®
g0 q®e ¥y ®y
151 .. -
A o Sl S
L \/L/;:‘O‘.".Q‘C
= LDA [l
= 10 — DP_SCAN c '
o DP_MBpol 2} .
— Exp
’2 i
5t =3 N
wn 1F i / ~
\Y/,
Ih v T
0 J
M 1 M 1 M 1 M 1 0 - 1 M 1 M
0 2 4 6 8 0 2 4 6

Distance [A] k [A]

Fig. 2. Structural characterization of LDA generated using the DP_SCAN
(purple) and DP_MBpol (orange) models compared with experimental data
(black) (77, 78). (A) Oxygen-oxygen radial distribution functions, (B) repre-
sentative snapshots of the atomic configurations generated by the DP_SCAN
model for ice Ih (Left) and LDA (Right) at T = 80 K, and (C) Oxygen-oxygen
structure factors.
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Fig. 3. Density versus pressure isotherms for the ice Ih to HDA compres-
sion (circles) and corresponding HDA decompression (squares) to ambient
pressure. The Top and Bottom panels present results for the DP_SCAN
and DP_MBpol models, respectively. All simulations employ a compres-
sion/decompression rate of gp = 3,000 bar/ns. Recovered HDA densities

at ambient pressure and T = 80K (1.28 g/cm3 for DP_SCAN and 1.22 g/cm3
for DP_MBpol) are compared to the experimental value (1.15 g/cm3) (22,71),
shown as blue and black stars, respectively. Data represent averages over
three independent simulations while translucent and solid symbols are used
only for visual purposes.

show overstructuring relative to experiment (black curves), this
deviation is largely due to missing nuclear quantum effects
(72). Both models successfully capture the distinctive structural
signatures of LDA and ice Th, with DP_SCAN exhibiting RDF
maxima at slightly shorter distances than DP_MBpol, consistent
with the observed density differences. The long-range order, as
characterized by the small % behavior of the oxygen—oxygen
static structure factor shown in Fig. 2C is well reproduced,
with DP_MBpol achieving near-quantitative agreement with
experimental measurements.

Despite the qualitative error in the DP_SCAN model re-
garding the ice lh density relative to LDA, both models
generate accurate representations of the LDA glasses them-
selves. The structural characteristics of the simulated glasses
closely align with experimental observations, with densities
within 4% of the experimental LDA density of 0.94 g/cm?
(22, 46). This is particularly significant given that neither
model was trained on LDA structures, indicating that these
DP MLPs can reliably capture the essential physics of the LDA
state.

Isothermal Compressions of Ice Ih and LDA Generate HDA.
High-density amorphous ice (HDA) is commonly generated
through isothermal compression of either ice Ih or LDA
(21, 28, 30). We first focus on the compression of ice Th to
HDA, followed by decompression to recovered HDA at ambient
pressure (1 bar).

Fig. 3 presents the density isotherms for both the DP_SCAN
and DP_MBpol models under a compression and decompression
rate of g, = 3,000 bar/ns. This rate is approximately 10 orders
of magnitude faster than the experimental compression rate used
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to study water glasses (21, 31), however the rates employed
here are consistent with previously used computational rates
(34, 40, 45). Moreover, rates similar to those used here and other
computational water glass studies can be achieved experimentally
(79) and these fast compression rates have been used to study
the freezing of water under compression (80, 81). The ice to
HDA transitions are notably sharp, consistent with prior results
from both classical models (37, 38, 40) and experimental studies
(19, 22, 30). However, the transition pressures are significantly
higher than those observed experimentally, due to the much faster
compression rates used in simulations compared to experiments
(simulations using slower compression/decompression rates and
extrapolation to experimental rates are discussed below).

However, rate effects alone may not be able to fully explain the
discrepancy. Our simulations employed pristine monocrystalline
ice Th, which lacks the grain boundaries and defects present in
experimental samples. Recent computational studies demonstrate
that polycrystalline ice amorphizes at pressures up to 40% lower
than monocrystalline ice due to heterogeneous nucleation at
grain boundaries (41), providing a mechanistic explanation for
the higher transition pressures observed in our simulations.
Additionally, Eltareb and coworkers demonstrated that the
inclusion of NQE:s also reduced the ice Ih to HDA transition
pressure (73).

Recovered HDA densities at ambient pressure and 77 =
80K (1.28 g/cm3 for DP_SCAN and 1.22 g/cm3 for
DP_MBpol) overestimate the corresponding experimental den-
sity (1.15 g/cm3) (22, 71), with DP_SCAN producing a denser
HDA compared to DP_MBpol. We note, however, that the
density of recovered HDA at 1 bar can vary slightly with the
pressure of HDA before decompression (e.g., the density of HDA
recovered from P = 1,500 MPa may be slightly lower (at 1 bar)
than the corresponding density of HDA recovered from 2,000
MPa) (40).

Fig. 4 presents the corresponding isotherms for the LDA to
HDA transition, under a compression and decompression rate of
gp = 3,000 bar/ns. Panels (4 and C) illustrate the compression
of LDA to HDA at temperatures ranging from 60 K to 200 K for
the DP_SCAN and DP_MBpol models, respectively. Consistent
with classical models and experimental observations, the LDA to
HDA transition occurs at lower pressures relative to the Ih to
HDA transition (34, 38, 82). The transition is again quite sharp
and it occurs at lower pressures as the temperature increases,
suggestive of an underlying first-order phase transition (83),
supporting the hypothesis that LDA and HDA are the glass
counterparts to LDL and HDL.

Inset panels (Fig. 4 B and D) highlight the behavior of HDA
upon decompression to negative pressures. The density decreases
monotonically as the pressure becomes more negative, reflecting
the instability of HDA and transition to LDA. Notably, the
DP_SCAN model (Fig. 4B) shows a clear transition back to LDA
before the amorphous ice fractures (at very negative pressures),
as evidenced by a distinct change in the slope of the density-
pressure curve. This change in slope allows for an estimate of
the HDA to LDA transition pressure (see S/ Appendix, Fig. S3
for details). This transition is less apparent in the DP_MBpol
model (Fig. 4D), where the density smoothly shifts from HDA-
like to LDA-like without a sharp transition, thus preventing an
estimate of the HDA to LDA transition pressure. As alluded to
previously, the decompression rates employed in this study are
orders of magnitude larger than those used in experiments—so
these results may be sensitive to the compression rate used. As
demonstrated in S/ Appendix, Fig. S5, these differences between
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Fig. 4. Density versus pressure isotherms for the compression of LDA to
HDA and corresponding decompression to negative pressures. All simu-
lations employ a compression/decompression rate of gp = 3,000 bar/ns.
Panels A (full compression and decompression) and B (detailed view of
decompression and eventual fracture of the glasses) present results for
the DP_SCAN model. Panels C and D present the corresponding results
for the DP_MBpol model. Data represent averages over three independent
simulations while translucent and solid symbols are used only for visual
purposes.

the behavior of the two models investigated here persist under an
order of magnitude slower decompression rate g, = 300 bar/ns.

Fig. 5 shows that the RDFs for HDA predicted by the
DP_SCAN and DP_MBpol models are remarkably similar, with
the primary difference being a slight shift of the DP_SCAN
RDFs toward shorter pair distances, (e.g., the position of the
oxygen—oxygen RDF maxima in DP_MBpol and DP_SCAN
water differ by Ar &~ 0.03 A) This shift is consistent with
the higher density of DP_SCAN simulations. When compared
to experimental RDFs, the oxygen-hydrogen and hydrogen—
hydrogen distributions show good agreement, highlighting the
ability of both models to capture the short-range structural
features of HDA accurately. However, discrepancies emerge in
the oxygen—oxygen RDF, particularly in the 3 to 5 A region,
where the models fail to reproduce the broad second maximum of
the experimental RDF. This feature corresponds to a fifth water
model protruding from the second solvation shell toward the
first. This mismatch persists across all studied water models and
suggests a limitation in capturing this aspect of HDA structure
(34, 37, 40). It is plausible that the inclusion of nuclear quantum
effects could refine the structure and resolve these discrepancies.
Additional model refinement to include HDA structures in
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the training data may also be needed. Moreover, a better
understanding of the structural details along the LDA/HDA
transition could provide further insight in developing models
with enhanced structural fidelity (83-85).

More subtly, our analysis reveals that the recovered HDA
RDFs shown in Fig. 54 more closely resemble experimental
vHDA than HDA. The recovered HDA densities at 1 bar
and 7 = 80 K (1.28 g/cm® for DP_SCAN, 1.22 g/cm?®
for DP_MBpol) align closely with experimental vHDA (1.25
g/cm3) rather than HDA (1.15 g/cm3) (77, 86). Coordination
number analysis supports this interpretation: Both models exhibit
approximately 5.6 to 5.8 neighbors within 3.3 A at 1 bar,
consistent with vHHDA’s characteristic 442 coordination (four
neighbors in the first shell plus two interstitials) rather than
HDA’s 441 coordination (77).

This apparent discrepancy arises from kinetic effects inherent
to simulations. The fast compression and decompression rates
used in our simulations (orders of magnitude faster than
experimental rates) limit structural relaxation during the pressure
cycling process. Consequently, the HDA to LDA transition
shifts to progressively more negative pressures than observed
experimentally, meaning the system remains in a highly dense
state longer during decompression. This kinetic trapping results
in correspondingly higher recovered HDA densities at ambient
pressure that structurally resemble vHDA rather than the
equilibrium HDA observed in experiments. S/ Appendix, Fig. S8
compares the structure of recovered HDA at 1 bar to both
experimental HDA and vHDA and also shows the structure of
simulated HDA at the negative pressure where its density matches
the experimental value of 1.15 g/cm®. When this experimental
density is reproduced in simulation along the decompression
branch, the resulting RDF and coordination number closely
match those of experimental HDA.

Fig. 5 B and C compare the oxygen—oxygen RDFs and
structure factors of HDA at 7 = 80 K and P = 33 kbar,
generated via compression of ice Th and LDA. Notably, the RDFs
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Fig. 5. Structural characterization of HDA. (A) Radial distribution functions
for oxygen-oxygen, oxygen-hydrogen, and hydrogen-hydrogen pairs, com-
paring recovered HDA at T = 80 K and ambient pressure generated using
the DP_SCAN and DP_MBpol models with experimental data (black line)
(77, 78). (B) Comparison of oxygen-oxygen RDFs for HDAT = 80 Kand P =
33 kbar, generated via compression of hexagonal ice (line) and of LDA (open
circles). (C) Comparison of oxygen-oxygen structure factors for HDA at T =
80 K and P = 33 kbar, generated via compression of hexagonal ice (line) and
of LDA (open circles). Throughout the figure, purple and orange correspond
to DP_SCAN and DP_MBpol, respectively.
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Fig. 6. Characterization of the intermediate ices formed via isobaric quenches. Panels (A and B) present density versus temperature during isobaric cooling for
the DP_SCAN and DP_MBpol models, respectively, at pressures P = —1,000, —500, 1, 500, 1,000, 1,500, 2,000, 2,500, 3,000, 4,000, 5,000, 6,000, 7,000, 8,000 bar
(Bottom to Top) at a cooling rate of gc = 10 K/ns. The circles indicate the glass transition temperatures calculated from a global fit of the enthalpy during cooling
and the black stars present the previously reported critical points (61, 91). Panels (C and D) characterize the glasses as a function of pressure for the DP_SCAN
and DP_MBpol model, respectively. The black circles show the average density of the amorphous ices included in (A and B) at T = 80 K while the colored lines
quantify the normalized variance in glass density, 0’5/65; max across six independent simulations, where 0'3; max is defined as the maximum density variance

observed across all pressures.

and structure factors are nearly identical regardless of the initial
phase, indicating that the HDA phase retains no memory of the
initial state, further supporting the robustness of the DP_SCAN
and DP_MBpol models in describing the physics of glassy water.
Importantly, this agreement is achieved despite neither model
being explicitly trained on glassy water states.

A Continuum of Amorphous Ices. Recent experiments by Rosu-
Finsen et al. produced an apparently new amorphous phase
of ice, called medium-density amorphous ice (MDA), by ball-
milling ice Th at 77K (24). The recovered MDA density is
1.06 £ 0.06 g/cm® and the relationship of this new glassy
form to other amorphous ices and its place within the LLPT
scenario is not fully understood. Computational studies by
Ribeiro et al., which employed the classical atomistic TIP4P/Ice
(87) and the machine-learned coarse-grained ML-BOP (88)
water models, demonstrated that MDA can be understood as
a nonequilibrium steady-state shear-driven amorphous phase,
revealing that increasing shear rates at ambient pressure can
produce glasses with densities spanning the entire range from
LDA to HDA (42). Their simulations further showed that
the glasses produced at low shear rates closely resemble glasses
obtained by quenching of ambient liquid water. Separately,
it has been demonstrated that isobaric quenches at various
external pressures with the q-TIP4P/F water model (89) produce
a continuum of intermediate amorphous ices (IA), ranging in
density from LDA to HDA, passing through the experimentally
observed MDA density (90).

6 of 10 https://doi.org/10.1073/pnas.2509609122

We perform isobaric quenches of liquid water at pressures
ranging from P = —1,000 bar to 8,000 bar to investigate the
nature of the IAs produced with the DP_SCAN and DP_MBpol
models, respectively. Fig. 6 A and B present density-temperature
curves for both models obtained with a cooling rate of ¢, =
10 K/ns, while ST Appendix, Fig S6 provides analogous results
for a cooling rate of g4, = 1 K/ns, showing very similar trends.
The isobars show that by varying the external pressure at
which the quench is performed, it is possible to generate IAs
with densities ranging from prpa to pHpa. Moreover, two
distinct regimes of behavior are observed. At low pressures,
the liquid proceeds through a density maximum, while at
high pressures, the density curves increase monotonically upon
cooling.

Fig. 6 C and D quantitatively capture the differences in
the TA obtained by isobaric cooling through two metrics: the
IA density at 7 = 80 K (black curves) and the normalized
variance, 63/0'3; max> 10 this density across six independent
simulations (colored curves). The density shows a clear sig-
moidal shape, with a transition region centered near 3,000
bar for DP_SCAN and 1,000 bar for DP_MBpol, and a
pronounced maximum in glass density variance at these same
pressures.

We examine these density variations in the context of water’s
density maximum anomaly and the LLCP location (92). At
ambient pressure, liquid water exhibits a density maximum at
Tvmp = 4 °C. This maximum density exists up to a certain
pressure, denoted here as Ppp, above which the density increases
continuously upon cooling. Pyvp is slightly larger that the liquid—
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liquid critical pressure, P, (as the density maxima line goes around
the LLCP in the P— 7 plane). Recently, the location of the LLCP
for both the DP_SCAN model ([7;, ;] = [242 K, 2,950 bar])
and DP_MBpol model ([7;, P,] = [188 K, 1,053 bar]) has
been calculated (11, 61, 91). Fig. 6 shows that pressures below
P, ~ Pyp, the density proceeds through a maximum before
falling out of equilibrium and the difference between the pmax
and ppmin increases as pressure increases. Conversely, at pressures
above P, & Pyp, the density increases monotonically upon
cooling. Due to the spacing between pressures simulated, the
density maximum disappears for all pressures P > P,. The glass
densities increase linearly upon cooling for all pressures.

Interestingly, both models present a maximum in density
variance in the vicinity of the critical pressure, P ~ P,. This
reflects enhanced density fluctuations close to criticality, and,
together with related observations for the classical TIP4P/2005
and g-TIP4P/F models (47, 90) suggests the experimental study
of glasses quenched isobarically across a range of pressures as
an interesting avenue for investigating metastable criticality in
water. It should, however, be borne in mind when interpreting
results such as those shown in Fig. 6 C and D, that a number
of confluent complexities at present stand in the way of simple
physical pictures. Such complexities include finite-size effects,
glassy dynamics, critical slowing down, and metastability, to
name but a few of the factors at play in this region of the phase
diagram.

We also calculate the glass transition temperature upon
cooling, T,(P) for each isobar from the enthalpy data, shown
as circles Fig. 6 A and B. The SI outlines a global hyperbolic
fitting procedure adapted from Patrone et al. (93) to determine
T, without researcher bias, removing the ambiguity typically
introduced by manual selection of linear regions. Clearly, there
are two branches of 7}, with differing slopes. Below P, 7,
values decrease with increasing pressure, while above P, they
increase with increasing pressure. This bifurcation in 7}, behavior
provides clear evidence for two distinct amorphous states: LDA-
like below P, and HDA-like above P.. This matches experimental
observations, supporting the LLPT hypothesis and suggesting
that the IAs generated without ball milling represent mixtures of
LDA and HDA.

Phase Diagrams. Combining our results, we construct out-of-
equilibrium “phase diagrams” in the 7" — P plane. (Fig. 7). We
estimate the Th to HDA, LDA to HDA, and HDA to LDA
transition pressures from the compression/decompression runs,
as explained above. We use filled symbols for fast compression
rate (g, = 3,000 bar/ns) and open symbols for slower compression
rate (g, = 300 bar/ns) simulations. The transitions shown in
Fig. 7 should be considered as spinodals (i.e., stability limits)
of the corresponding state (LDA, HDA). The ice Th to HDA
transition remains relatively insensitive to changes in compression
rate, while the LDA/HDA transition lines demonstrate a more
pronounced rate dependence.

Within the LLPT framework, LDL/HDL spinodal lines (not
shown) extend from the LLCP into the glass domain and intersect
with the LDA/HDA spinodals at the glass transition temperature
(4, 7, 20, 38). Gartner et al. rigorously calculated the location
of the DP_SCAN LLCP (purple diamond) and binodal curve
(black line) (61), while more recently Sciortino et. al reported
the DP_MBpol LLCP (orange diamond) and binodal curve
(black curve), which we include in Fig. 7B (91). For slower
compression rates, the LDA to HDA (up-triangles) and HDA to
LDA (down triangles) transformation lines approach each other
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Fig. 7. Nonequilibrium T — P “phase diagrams” of glassy water for the
DP_SCAN and DP_MBpol models. Green diamonds indicate pressure induced
Ih to HDA transformations; red up- and down-triangles indicate pressure-
induced LDA to HDA and HDA to LDA transformations, respectively. Solid
and empty symbols correspond to compression/decompression rates of
gp = 3,000 and 300 bar/ns, respectively. The blue circles present Tg calculated
fromisobaric quenches with a cooling rate of gc = 10 K/ns. Colored diamonds
and the black line show the LLCP and corresponding binodals (61, 91).

and would eventually converge numerically to define the region of
LDA/HDA stability. These spinodals would also then terminate
at the LLCP, (7, P,).

The features of the DP_SCAN and DP_MBpol phase diagram
are qualitatively similar. One marked difference is the absence
of HDA to LDA transition temperatures for the DP_MBpol
model. This does not indicate that the model lacks this transition.
In Fig. 4, the density-pressure curves clearly show a transition
from high to low density upon decompression, signifying an
HDA to LDA transformation. However, this transition appears
smooth at the compression rates we employed, preventing us from
estimating a definitive HDA to LDA transition pressure. Further
investigation with slower compression rates and/or alternative
definitions of the transition temperature would complete this
phase diagram.

In Fig. 7, we superimpose the 7} values calculated for each
model onto the corresponding phase diagram to compare their
positions relative to the critical point and the LDA/HDA
spinodals. For the cooling and compression rates employed
here, the 7, curve lies well below the critical point for the
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DP_SCAN model, while it sits only slightly below the LLCP
for the DP_MBpol model. In the T-P plane, we again clearly
observe two distinct branches of 7, that transition near the
critical pressure, further supporting the viewpoint that the
liquid falls out of equilibrium into two different glassy states
depending on whether cooling occurs above or below the critical
pressure.

Last, we investigate how the compression rate affects the
transition pressures. Fig. 8 shows the transition pressures for the
pressure-induced Th to HDA (filled circles) and LDA to HDA
(open squares) transition across three orders of magnitude of
compression rates, for both models.

The LDA to HDA transition pressures (orange and purple
squares) follow a power law relationship with inverse compression
rate (Imset), Tp = A- 1, . This fit is used to extrapolate the LDA
to HDA transition pressures to the much slower experimental
compression rates, originally reported by Mishima et al. (22).
The DP_MBpol model extrapolates within 700 bar of the
experimental pressure, while the DP_SCAN model overestimates
the transition pressure at experimental compression rates by about
2,000 bar. This analysis strongly supports the conclusion that
many of the differences between simulation and experimental re-
sults stem from the large gap in accessible compression rates. The
power law extrapolation demonstrates that both these models can
accurately capture experimentally observed behavior when rate
effects are accounted for. Notably, Loerting et al. (31) reported
that the LDA to HDA transition pressure shows minimal depen-
dence on compression rate over a range spanning 107% t0 1077
bar/ns at 7 = 125 K. This suggests that the transition pressure
converges toward the intrinsic stability limit (i.e., the spinodal) at
sufficiently slow rates, within experimental uncertainty, whereas
the fast simulated rates are significantly away from this limiting
behavior.

The rate dependence of the Th to HDA transition is more
difficult to assess. As shown in Fig. 8, it is less pronounced than for
the LDA to HDA transition. Furthermore, the negative curvature
of the data prevents a reliable extrapolation to experimentally
attainable compression rates at this time. However, it is evident
that reducing the compression rate will also bring the transition
pressure closer to experimental values.
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Fig. 8. Compression rate dependence of the calculated transition pressure
from Ih to HDA (solid circles) and LDA to HDA (open squares) for isothermal
compression simulations at T = 80 K. The black symbols indicate the
experimental transition pressures (21, 22). The dotted lines correspond to a
power law fit, Tp = A- q;“, over the three simulated compression rates, gp =
3,000, 300, and 30 bar/ns, extrapolated to the experimental compression rate
(21, 22).
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Conclusions. We have employed state-of-the-art Deep Potential
MLPs to conduct an investigation of water’s glassy phenomenol-
ogy based on DFT and quantum mechanical calculations
using the DP_SCAN and DP_MBpol models. The use of
DPMD simulations enabled these investigations, as both DFT-
SCAN AIMD and direct simulations with MBpol would be
computationally prohibitive for the long timescales necessary to
study water’s glassy states. Despite not being explicitly trained
on glassy configurations, both models accurately reproduce the
structures and transformations of LDA and HDA, demonstrating
that MLPs trained on equilibrium states can effectively model
nonequilibrium phenomena.

The comprehensive nonequilibrium “phase diagrams” unify
the glassy and liquid domains, revealing how pressure induced
glass—glass transformations connect to liquid-liquid spinodals
at low temperatures. Our extrapolation across ten orders of
magnitude in compression rates brings simulation results into
close agreement with experimental transformation pressures. The
isobaric quenching simulations across a wide pressure range
reveal a connection between metastable criticality and glassy
behavior, with enhanced density fluctuations manifesting as
maximal variance in glass density near the critical pressure. While
further investigation into these results as a function of system size
and cooling rates are necessary, they suggest promising experi-
mental approaches for probing liquid-liquid criticality through
systematic studies of glasses obtained via quenches near P,.

The observed bifurcation in glass transition temperature
behavior—decreasing with pressure below P, and increasing
above P.—provides compelling evidence for two distinct amor-
phous states corresponding to LDA-like and HDA-like behaviors,
directly connecting to the underlying liquid-liquid phase tran-
sition and supporting the LLPT hypothesis from quantum me-
chanically derived interaction potentials. Most significantly, our
study demonstrates that deep learning approaches preserve the
underlying physics of complex water behavior across equilibrium
and nonequilibrium regimes without empirical parameterization.
Future refinements should address nuclear quantum effects (73)
and potentially expand training data to include glassy structures,
although our results suggest that rate effects dominate over
training set limitations. In summary, this work establishes a
comprehensive framework for investigating water’s complex
polyamorphism with quantum mechanical accuracy, suggests
new experiments to probe water’s glassy metastability and
criticality, and opens broad research avenues for computational
investigation with MLPs of metastable molecular states across
unprecedented spatiotemporal scales.

Materials and Methods

We performed all MD simulations with both SCAN- and MBpol-based Deep
Potential models with the LAMMPS simulation software, version 2 August 2023
(94) patched with the DPMD-kit, version 3.0.0 (51, 54). The DP_SCAN model
was previously trained on DFT calculations with the SCAN functional (64), while
the DP_MBpol model was trained on the Many-Body Polarizable water model
(68). All NPT simulations were done with either 432 (Ih) or 500 (liquid) water
molecules. Initial configurations for ice Ih were generated with proton disorder
using the Genlce2 (95) package, while liquid configurations were generated
by the Gromacs version 2019.6 (96) insert-molecules tool before subsequent
equilibration. Temperature and pressure were maintained using the LAMMPS
Nosé-Hoover thermostat and barostat with a relaxation time of 0.5 ps. To aid in
the computational effort, we used a hydrogen mass of 2 atomic mass units which
enabled a simulation time step of 0.5 fs, but we employed a molar mass of 18
g/molforanalysis. To demonstrate this method's efficacy, we provide simulation
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results in S/ Appendix, Fig. S7 which employed a hydrogen mass of 1 amu and
atime step of 0.25 fs.

Data, Materials, and Software Availability. Simulation data, analysis scripts,
and code to generate figures have been deposited in and available for download
at Princeton Data Commons (https://datacommons.princeton.edu/discovery/
catalog/doi-10-34770-a0v3-ye51) (97).
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