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Recent experiments revealed a new amorphous ice phase, medium-density amorphous
ice (MDA), formed by ball-milling ice 7, at 77 K [Rosu-Finsen et al., Science 379,
474478 (2023)]. MDA has density between that of low-density amorphous (LDA) and
high-density amorphous (HDA) ices, adding to the complexity of water’s phase diagram,
known for its glass polyamorphism and two-state thermodynamics. The nature of MDA
and its relation to other amorphous ices and liquid water remain unsolved. Here, we
use molecular simulations under controlled pressure and shear rate at 77 K to produce
and investigate MDA. We find that MDA formed at constant shear rate is a steady-state
nonequilibrium shear-driven amorphous ice (SDA), that can be produced by shearing
ice I, LDA, or HDA. Our results suggest that MDA could be obtained by ball-milling
water glasses without crystallization interference. Increasing the shear rate at ambient
pressure produces SDAs with densities ranging from LDA to HDA, revealing shear
rate as a new thermodynamic variable in the nonequilibrium phase diagram of water.
Indeed, shearing provides access to amorphous states inaccessible by controlling pressure
and temperature alone. SDAs produced with shearing rates as high as 10° s™' sample
the same region of the potential energy landscape than hyperquenched glasses with
identical density, pressure, and temperature. Intriguingly, SDAs obtained by shearing
at ~10° s™" have density, enthalpy, and structure indistinguishable from those of water
“instantaneously” quenched from room temperature to 77 K over 10 ps, making them
good approximants for the “true glass” of ambient liquid water.
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Recently, Rosu-Finsen et al. ball-milled ice 7, at 77 K, producing a new amorphous phase
with a density of 1.06 + 0.06 g cm™ upon recovery at 0.1 MPa (1). This new phase has
been designated as medium-density amorphous ice (MDA) because its density falls
between the 0.94 + 0.02 g cm™ of low-density amorphous ice (LDA) and 1.16 + 0.03 g
cm of high-density amorphous ice (HDA) relaxed to atmospheric pressure (2—6). This
finding adds to the intricacy of water’s phase diagram (7-9), which is renowned for its
glass polyamorphism (3, 10-13), and two-state thermodynamics (14-16) characterized
by the possibility of coexistence between low-density (LDL) and high-density (HDL)
liquid phases (17). It has been conjectured that MDA could be the genuine glassy state
of ambient liquid water, a heavily sheared crystalline material, or an amorphous state more
stable than LDA and HDA in some range of temperatures and pressures (1). To date, the
true nature of MDA and its relationship with other amorphous water states remain elusive.

During the ball-milling process, ice is compressed and sheared in an uncontrolled man-
ner. Rosu-Finsen et al. showed that molecular simulations with TIP4P/Ice that subject ice
1, to a sequence of random layer displacements followed by energy minimization produce
an amorphous solid with density 0.97 g cm™ and peaks in the structure factor close to
those of MDA in the experiments (1). However, the pathway of amorphization in those
simulations is unphysical, and could not address how MDA forms on ball-milling nor
how its properties depend on pressure and shear rate. Here, we use molecular simulations
with the TIP4P/Ice (18) and ML-BOP (19) water models at controlled temperature,
pressure, and shear rate (S Appendix, sections I and II) to investigate the formation and
properties of MDA, and its relationship to the liquid and amorphous solid states of water.

Results and Discussion

MDA Is a Shear-Driven Amorphous (SDA) State. Ball-milling involves both shearing and
compression. We simulate the ball-milling of ice by subjecting polycrystalline ice 7, at 77
K to shear deformation at 0.1 and 250 MPa. We shear polycrystalline cells with %2 million
ML-BOP water molecules partitioned in five ~15 nm ice grains (Fig. 14) or five hundred
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~3 nm ice grains (Fig. 1B) at a shear rate y = 10% s7'. While this
7 is likely higher than the typically 10 to 10° s™(20) estimated to
be accessible through ball-milling, it enables the computational
study of ice amorphization using large-scale simulations. Shearing
of the cell with ~15 nm grains at both 0.1 and 250 MPa results
in amorphization of ¥5 of the ice, while almost % of the 3 nm ice
grains are amorphized upon shearing (Table 1 and S7 Appendix,
Fig. S1). The latter is comparable to the 69 + 5% amorphization
reported from the experiments (1). The extent of amorphization
in the simulations seems to plateau upon shearing (SI Appendix,
Fig. S1), consistent with the experiments (1) and the #* growth of
the width of the disordered layer in mechanical amorphization (21).

The simulations reveal that the pathway of amorphization
involves both grain-boundary sliding (25) (GBS) and the breaking
of crystallites. The latter is only observed for the ~15 nm crystals,
increasing the number of ice grains with time (S/ Appendix,
Fig. $2). However, the nanoscopic size of the initial crystallites in
our simulations makes GBS the main mechanism of plastic defor-
mation, and the exclusive one for the cell with ~3 nm grains. We
anticipate that amorphization due to dislocation-induced struc-
tural changes dominates in the early stages of ball-milling of mac-
roscopic ice crystals and GBS in the later stages of plastic
deformation of ice to produce MDA.

A initial - 5 grains

7% amorphous

B initial - 500 grains
33 % amorphous

The density of the amorphous state produced by shearing
increases with the shearing pressure and is independent of the
initial size of the ice grains (Table 1). Most importantly, the amor-
phous region has density 0.99 + 0.01 g cm ™ when shearing at 0.1
MPa and 1.10 + 0.02 g cm ™ at 250 MPa, intermediate between
the ones of HDA and LDA. The latter is the most stable amor-
phous ice for ML-BOP for pressures below 410 MPa at 77 K (26).
The density of the amorphous states produced in the shearing
simulations at 0.1 and 250 MPa agree with the lower and upper
estimates for MDA from the experiments 1.06 + 0.06 g cm™ (1)
(Table 1). We conclude that MDA is a truly distinct nonequilib-
rium SDA state of water, distinct from LDA and HDA.

MDA Can Be Obtained by Shearing LDA or HDA. The presence of
ice crystallites poses a challenge to the characterization of MDA.
A minimum of 30% crystallinity persists after 80 cycles of ball-
milling in the experiments (1), raising the question of whether
MDA could be synthesized through ball-milling of amorphous
samples, eliminating ice contributions to the measurements.

We subject HDA and LDA modeled with ML-BOP and
TIP4P/Ice to shear deformation at 77 K while applying different
pressures and shear rates (S/ Appendix, section 11I) and perform
GBS amorphization of ice with the TIP4P/Ice model at the same

100% strain - 15 grains
34% amorphous

shear-rate

—S

100% strain - 200 grains
72 % amorphous
shear-rate
10857

Fig. 1. MD simulation snapshots of polycrystalline ice samples. We start with (A) five ice grains, each about 15 nm in size or (B) with approximately 500 ice grains,
with an average size of 3 nm. These grains are represented by different colors, indicating their orientations, while the gray spheres denote disordered regions. To
identify the ice grains, we use the grain segmentation algorithm implemented in Ovito (22, 23). The total amount of amorphous and ice are identified by CHILL+
(24). Subsequently, we reach the configuration equivalent to a strain of y = 1, at which the density has become stationary. We definey = L, /L,, where L, is the
change in length along the shearing direction and L, is the initial length of the box. The shear deformation is imposed at a constant shear rate of 7 =108 s~".

See S/ Appendix, sections | and Il for details.
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conditions (87 Appendix, section IV). While recrystallization under
shear hinders the complete amorphization of ice I, we do not
detect ice formation upon shearing of glasses at 77 K (8] Appendix,
Table S1), even for ML-BOP that readily crystallizes in cooling
simulations (19, 26, 27) (8] Appendix, Table S1). Fig. 2 shows that
the density of MDA obtained by shearing ice 7, (blue squares),
LDA (cyan triangles), and HDA (red circles) at y = 108 s 1are
identical. That is also the case for the fraction of four-coordinated
molecules f; (SI Appendix, Figs. S6 and S7) and the energy
(81 Appendix, Figs. S8 and S9) of the SDA states. Despite the high
shear rates, there are no signs of anisotropy in the structure of the
SDAs (S Appendix, Fig. S6). We conclude that the properties of
the SDA state depend on temperature, pressure, and shear rate
but are independent from the parent state.

'The lack of memory of the initial state in the properties of MDA
is consistent with the recovery of time translation invariance for
glasses under constant shear (30, 31). SDA obtained under con-
stant shear are nonequilibrium stationary states (NESS) charac-
terized by the intensive variables that define the equilibrium state
of the one component systems, p and 7, plus the shear-rate y that
keeps the system out of equilibrium (Fig. 3). Because the SDAs
are NESS, they can be considered thermodynamically well-defined
nonequilibrium phases. Consistent with the stationary nature of
the SDAs, SI Appendix, section VIII shows that SDAs with same
p> T and y obtained by isochoric or isobaric shearing are identical.
The recovery of time invariance under constant shear makes the
SDA distinct from LDA, HDA, and hyperquenched glasses
(HQGs), which are history-dependent, nonstationary states. In
what follows, we characterize the SDA phases obtained by steady
shearing of ML-BOP and TIP4P/Ice glasses at 77 K, the temper-
ature of the ball-milling experiment, and their relation to LDA,
HDA, and liquid water.

Density of MDA Spans All the Range from LDA to HDA. We
characterize the properties of the sheared-driven amorphous phases
produced with shear rates encompassing 8 orders of magnitude,
from 7 = 10° t0 1012571, at 77 K and pressures from 0.1 to 700
MPa. Fig. 2 A and C reveal that the density of the SDA increases
with the shear rate, spanning all the range from LDA to HDA.
The density range of the shear-driven phase is broadest at 0.1
MPa, and decreases with pressure, becoming almost independent
of 7 at 700 MPa (Fig. 2C). On the contrary, the energy and
enthalpy of the sheared phase monotonously increase with 7
(SI Appendix, Fig. S11 Band D), even at the highest pressures for
which the density is insensitive to shearing. We conclude that
having a “medium density” is not the defining characteristic of
the shear-driven phases. In what follows, we use indistinctly SDA
or MDA to refer to the sheared nonequilibrium amorphous phase.
The densities of SDAs prepared at the lowest shear, 7 = 10° 57!
in our simulations, approach those of the most stable amorphous
state: LDA at low pressures and HDA at high ones (Fig. 24), as

expected from the 7-p-y phase diagram sketched in Fig. 3. Notably,
p(p) of the SDA produced at y = 10% s~ ! (red crosses in Fig. 24)
follows the “S-shaped” curve of glasses produced by isobaric cooling
(purple line in Fig. 24). The S-shaped p(p) of these steady-state
SDAs reveals signatures of the liquid-liquid transition (LLT) of the
water model (26), albeit as a continuous transformation.

In contrast, the p(p) curves of SDAs produced at higher shear
rates show no inflection point (see red circles and red diamonds
in Fig. 24 for y = 108 and 10" s7) signaling that all remnants
of aliquid-liquid transformation disappear under strong shearing
as the liquid adopts a uniformly higher density across all pressures.
Based on the energetics of SDA discussed below, we interpret that
increasing the shear rate results in sampling of regions of the
potential energy landscape increasingly higher above the megab-
asins of LDA and HDA, where the distinction between the two
phases disappears.

MDA Is Never More Stable than Both LDA and HDA. To
understand the energetics of the SDA phases, we first determine
the enthalpy of crystallization AH, , of MDA recovered in the
experiment, dividing the experimental enthalply of crystallization
of the ball-milled ice, -1.21 + 0.15 kJ mol™ by the 69 + 5%
amorphous fraction of the sample (1). The resulting AH, of
recovered MDA is -1.75 + 0.13 k] mol ™, intermediate between
AH.,. of LDA (-1.35 £ 0.15 kJ mol ") and HDA (-2.01 + 0.15
kJ mol™") (34-36). We conclude that not only the density, but also
the enthalpy of MDA obtained in the experiment is intermediate
between the ones of the high- and low-density water glasses. In
what follows, we use simulations to address how does the enthalpy
of MDA evolve with the shear rate and pressure at 77 K.

The enthalpy of the SDA phases decreases with lowering shear
rate, asymptotically approaching the enthalpy of the more stable
glass at the corresponding pressure, LDA, or HDA (87 Appendix,
Fig. S11D). Indeed, there is no pressure for which SDA has lower
enthalpy than both LDA and HDA (Fig. 2D), supporting that
amorphous phases of intermediate density are always less stable
than low- and high-density amorphous ices (37).

Shearing of glasses typically results in rejuvenation (38-40), i.e.
an increase in potential energy through plastic deformation,
because both enthalpy and energy increase with the shear rate
(SI Appendix, Fig. S11). However, Fig. 2D evinces a range of SDAs
with enthalpy intermediate between LDA and HDA. The forma-
tion of those SDAs from the least stable amorphous ice proceeds
with decrease in energy, akin to aging of the glass. Aging through
plastic deformation has been previously reported only upon cyclic
shearing (39, 40). The polyamorphism of water enables aging
through steady shear of the least stable amorphous ice.

SDA produced at 77 K and 7 = 108 57! has enthalpy ~6 kJ
mol ™" lower than the liquid at 7}, (Fig. 2D), despite having the
same density (Fig. 3 A and B). Interestingly, at all pressures from
0.1 to 700 MPa the enthalpy of SDA prepared at 7 = 108 s71 (red
circles in Fig. 2D) is the same as that of HDA, despite the large

Table 1. Density measurements at T = 77 K for different pressures, where p,,,,, is the total density and p,,,, is the

density of the amorphous region
Load pressure (MPa)

Initial average grain size (nm)

% amorphous  pypa(g cm™)

-3
Protal (8 CM7)

Exp. ref. 1 unknown (recovered at 0.1) macroscopic
MD 250 3
MD 250 15
MD 0.1 15

1.02+0.03 69+5 1.06 £ 0.06
1.05+0.01 72 1.09 £ 0.01
1.01 £0.01 34 1.11 +£0.01
0.96 + 0.01 33 0.99 £ 0.01

The volume occupied by MDA was estimated using Vypa = (Viotar — NiceVice)/Na, Where ng is the amorphous fraction. We use CHILL+ to identify ice (24). S/ Appendix, Fig. S1C shows the

evolution of the density of the amorphous region during the shearing process.
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Fig. 2. Density of and enthalpy of the SDA ices prepared at 77 K at constant shear rate and pressure. Panels (A) and (B) present the density as a function of
pressure for amorphous phases of ML-BOP and TIP4P/Ice at 77 K. The densities of SDAs produced by shearing at a constant shear rate of y = 10857 ice are
shown with blue squares, by shearing LDA with green triangles, and by shearing HDA with red circles. The green dotted line is the density of the liquid obtained
along the melting line T, without applied shear (27, 28). The dashed magenta line in (A) indicates the density of the liquid at the TMD under no shear. The cyan
diamonds in (A), (B), and (D) indicate the density and absolute enthalpy of the glass produced by instantaneous quenching of liquid water from 280 K to 77 K at 0.1
MPa. The gray region in (A) encompass all SDAs made by shearing at 7 from 10°s™ to 10'?s™' (S/ Appendix, Figs. $10 and S$11): the red crosses and red diamonds
show the data at the slowest and fastest shear rates at the lower and upper boundaries, respectively. The red circles indicate the densities at y = 108s=". The
purple dashed line in (4) represents the density of the hyperquenched glass (HQG) after isobarically cooling the liquid at 10 K ns™" (29). The black lines correspond
to the compression-induced LDA-to-HDA transformation and decompression of HDA, all at 77 K'in the absence of shear. The empty teal circles in panel (B) show
the density upon instantaneous decompression of high-pressure SDAs to which they are connected by dashed orange arrows. (C) Density of SDAs of ML-BOP
as a function of shear rate at various pressures. (D) Enthalpy of the SDAs obtained by shearing ML-BOP. The gray area represents all the range of enthalpies of
SDAs sheared at rates 10°s™' to 10'?s™", the SDAs produced by shearing at 108 s™" (red circles) have the same enthalpy as HDA (thin black line). The enthalpy
of LDA is shown with a thick black line, the enthalpy of the liquid at the melting line with a green dashed line, and the enthalpy of the hyperquenched glasses
produced by isobaric cooling of the liquid at 10 K ns™' by a dashed purple line. We find that the enthalpy of HQG is quite similar to that of the most stable LDA
and HDA states, indicating that hyperquenching can produce more stable glasses compared to compression/expansion at 77 K. The simulation details are
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presented in S/ Appendix, sections II, lll, and IV.

difference in density between those amorphous states (Fig. 2 4
and B). We conclude that shear-driven phases have distinct
energy-density relations than previously known amorphous ices.

While the density of SDAs is essentially bound by those of LDA
and HDA, SDAs produced at high shearing rates have higher
enthalpy than both LDA and HDA (Fig. 2D). As we discuss in
next section, these high energy states can only be accessed through
shearing.

Shearing Provides Access to Amorphous States That Cannot Be
Reached by Hyperquenching. In the absence of shear, supercooled
ML-BOP and TIP4P/Ice exhibit a LLT with a critical point around
170 MPa and 180 K (Fig. 3) (26, 33, 41). Fig. 4 presents a sketch of
the amorphous p—p phase diagram at 77 K of water or a water model
that has a LLT. The figure presents the p(p) of the hypothetical
equilibrium LDL and HDL phases at 77 K and their first-order
transition (dashed black lines), as well as the p(p) of the SDA
produced with three distinct shear rates (thin black lines) to illustrate
the smoothing and disappearance of all signatures of the LLT with

https://doi.org/10.1073/pnas.2414444121

increased shearing rate. The different colors in the figure illustrate
the regions of amorphous states accessible by either hyperquenching
or shearing (blue area), exclusively through shearing (magenta area),
and only through hyperquenching (gray area). In what follows, we
discuss what sets the boundaries of these regions.

The existence of a maximum density in liquid water provides
an upper bound p,. (p) for the density of hyperquenched glasses
in the LDL side of the phase diagram. p, ., (») is almost indistin-
guishable from the densities of SDAs prepared by shearing at
7 =108 s for both ML-BOP and TIP4P/Ice (Fig. 2 A and B).
The implication is that amorphous phases prepared by shearin
these water models, and presumably also water, at rates below 10
s”" have the same density of glasses obtained by hyperquenching
(blue region in Fig. 4), while amorphous phases with p(p) > p,,...(»)
can only be accessed by shearing. In next section, we address
whether the hyperquenched and sheared glasses with same p, 7,
pand p < p_. (p) are indistinguishable.

Cooling and shearing rates have opposite impacts on the den-
sity of the amorphous phases at pressures on the HDL side of

pnas.org
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Fig. 3. Sketch of the T-p-y amorphous phase diagram of ML-BOP and
TIP4P/Ice which have a LLT line at y =0 (blue to red colored line). p and T
determine the phase behavior of the one component system in equilibrium.
The application of a constant shear rate adds a new dimension to the phase
diagram, producing distinct SDA nonequilibrium stationary states that may not
be accessed through changes in temperature and pressure. The dashed black
lines represent the glass transition temperatures Ty(p), which have opposite
slope for LDA and MDA in the models (26, 32) and experiments (7), and above
which fast ice formation hinders the study of the LLT in water. The shaded
magenta region represents the p, y area at 77 K, well below T,(p), investigated
in this study. The sketch is based on data of the LLT of ML-BOP, which ends at
a critical point located at 170 £ 10 MPa and 181 + 3 K (26, 33). The equilibrium
between LDL and HDL has been extrapolated to occur at p,, =410 MPa at 77
K for ML-BOP (26). Similarly, the LLT of TIP4P/Ice has a critical point at 173.9
+ 0.6 MPa and 188.6 + 1 MPa (34). Fig. 2 presents the density of the shear-
driven phases at 77 K as a function of p and y. The question mark stresses
the unknown impact of shear on the metastable LLT.

the phase diagram. The equilibrium density of HDL, py;p; (p), is
approached from above by slower shearing (Fig. 2C) and from
below by slower cooling (because the density of the liquid monot-
onously increases on cooling for pressures beyond the extremum
of the line of maximum density, p,,, (p,n..)> which for water occurs
at ~150 MPa (42) and for ML-BOP at p, . = 430 MPa
(SI Appendix, Fig. S12). These opposing trends of water density
on cooling and shearing at high pressure result in disjoint regions
for HQG and SDA (gray and magenta areas, respectively, in
Fig. 4). The almost coincidence of the red cross and red diamond
at 700 MPa in Fig. 24 indicates that the gap between the
shear-driven and hyperquenching accessible regions in high pres-
sure ML-BOP is negligible. This closeness originates in the high
mobility of HDL in ML-BOP compared to water (26), and its
resistance to crystallization into the high pressure ice polymorphs
(27). We anticipate a larger gap between the regions accessible
by shearing and hyperquenching of water in high-pressure exper-
iments. We conclude that shearing can produce distinct nonequi-
librium amorphous states of water that cannot be accessed by
controlling only temperature and pressure.

Are SDA Phases Identical to Hyperquenched Glasses with Same
p. T, »? The existence of a p(p) region accessible to both SDA and
HQG at 77 K (cyan area in Fig. 4) elicits the question of how
similar are sheared and hyperquenched glasses that have identical
p> I, and p. To address this, we first compare the SDA and HQG
of ML-BOP prepared at 77 K and 300 MPa, both with a density
of 1.109 g cm ™. The SDA is made by shearing at 7 = 10°s~1, and
the HQG by cooling the liquid at 25 K ns™". Despite the different
methods used to obtain these amorphous phases, they exhibit
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Fig. 4. Sketch of the density regions of the amorphous phases produced at
77 Kunder varying pressure and shear rates. The black dashed line refers to
the hypothetical LDL and HDL at 77 K if these liquids could be equilibrated and
ice crystallization could be avoided; the vertical dashed line indicates the first-
order transition between these two phases. The blue area indicates the density
region accessible via both shearing and cooling methods. We conjecture that
the blue region may be fully reachable with slower shear rates and cooling
rates. Conversely, the magenta region is exclusively accessible with high shear
rates, as cooling the liquid is constrained by its maximum density (indicated
by the yellow line). The density of HQG and SDA phases approach the density
of the stable liquid, LDL, or HDL, when the cooling or shear rates are very
slow (Fig. 2C), may be approaching the inverse of the relaxation time at 77 K.
The thin black lines illustrate p(p) of the SDA at three different shear rates.
The liquid-liquid coexistence temperature T, for water at 77 Kin the absence
of shear is expected to occur at p;, = 250 MPa (7), although it has also been
proposed to occur at pressures below p.. (42). For ML-BOP at 77 K, p, is
extrapolated to be at 410 MPa (26). Also in the absence of shear, the maximum
(extremum) in the TMD to the newest equation of state of supercooled water
(42)iS pax = 1.08 g cm ™ at prpae = 151 MPa and 177 K, while for ML-BOP p ,.,.=
1.185 g cm ™ at pae = 430 MPa and 128 K (S/ Appendix, Fig. S12). At pressures
above p,,., the liquid does not display a density anomaly, and consequently
the most stable state can be only reached by slower cooling rates. The white
dotted line indicates the possible relaxation for MDA obtained in ball-milling
experiments at high pressures to the experimentally recovered MDA with
density 1.07 + 0.02 g cm™. Fig. 2C indicates that to reach such density at
ambient pressure the shear rate should be ~10" 57", well above the rates
reached by ball-milling.

identical structure factors S(q) (Fig. 5), enthalpies (S Appendix,
Fig. S13B), and have inherent structures with identical energies
and densities (S Appendix, Table S2).

Not only are the enthalpy and structure factors of these SDA
and HQG samples identical at the same p, 7, and p but so are
their responses to compression and heating without any applied
shear, as seen in ST Appendix, Figs. S13 A and B and S14A4. Given
that the heating and compression rates in these simulations may
be too steep to enable significant aging, we further examine the
evolution of the density and energy of these states as they age at
77 Kand 300 MPa over 200 ns. SI Appendix, Fig. S13 C—F reveals
less than 0.2% differences in the evolution of the glasses created
by shearing and hyperquenching. The identical evolution of the
glasses made by shearing and hyperquenching is consistent with
them having the same inherent structures (S/ Appendix, Table S2).

The results discussed above indicate that HQG and SDA pro-
duced with ML-BOP at 77 K and 300 MPa by cooling at 25 K
ns”' and shearing at 10° s, respectively, are practically indistin-
guishable because they sample the same region of the potential
energy landscape. This is unexpected, as p, 7, and p do not gen-
erally suffice to fully determine the state of hyperquenched glasses
(43-45). However, our finding that SDA prepared with
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7 =10°s"" and HQG obtained at 25 K ns™' sample the same
regions of the PEL is consistent with previous reports indicating
that SPC/E glass obtained by cooling at 30 K ns™ also samples
the PEL of the corresponding liquid (45). Hence, the PEL sampled
by these shear-driven and hyperquenched nonequilibrium amor-
phous solids would correspond to the one of the liquid at a
well-defined higher fictive temperature (46, 47), enabling a
description of the state of system with p, 7, and p (48, 49).

Vitrification of liquid water during the HDL to LDL transfor-
mation on cooling results in long-range structural correlations in
the glass (26, 50). This is the case for the HQG produced by
cooling ML-BOP to 77 K at 25 K ns™' and 300 MPa. The
long-range correlations in the S(g) of the HQG are exactly repli-
cated in the MDA created by shearing HDA at y = 10%s™!
(Fig. 5). It is worth noting that the long-range correlations are
absent in the parent HDA, they develop during shearing
(SI Appendix, Fig. S14B). We interpret that the long-range corre-
lations are a signature of the inflection region between low- and
high-density SDAs at y = 106571 (Fig. 2C), akin to those that
occur around the Widom line in the absence of shear.

The most surprising prediction of Fig. 4 is that glasses prepared
by hyperquenching water from the temperature of maximum den-
sity (TMD) to 77 K at infinite cooling rate would have the same
p(p) of SDA prepared at the same conditions with a shear rate of
about 7 = 108571 To test this prediction, we prepare glasses of
ML-BOP and TIP4P/Ice by instantaneously changing the target
temperature of the corresponding liquids from 280 K to 77 K at 1
bar. ST Appendix, Figs. S20C and S21C show that the density
increases suddenly as the target temperature is set to 77 K, settling
after a few picoseconds. We define the glass obtained after 10 ps as
the “instantaneously quenched glass.” We then produce SDA with
the density of the instantaneously quenched glass by shearing LDA
at 77 Kand 0.1 MPa at rates of y = 2 X 103571 for ML-BOP
and y = 108 s~ for TIP4P/Ice. Table 2 confirms the prediction of
Fig. 4 and further demonstrates that not only the density but also

0.08 v T T T T
{ T=77K, p=300MPa, p=1.109g/cm’

0.06 |

0.04 |

S(q

0.02
MDA 7 =105
: HQG ¢.=25K/ns
0.00 iy L L L
0.0 0.3 0.6 0.9 1.2
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Fig. 5. Structure factor S(q) at T=77 K, p =300 MPa, and p = 1.109 g cm > glass
made by isobaric cooling a simulation cell with 64,000 ML-BOP molecules at
25 K ns ' (blue squares) and MDA made by shearing a cell of HDA with the
same number of molecules at constant shear rate y = 10°s=" (red circles).
The lines represent a fit of a parabola to the data, from which we obtain
5(0) =0.076 for MDA and 5(0) = 0.069 for the HQG. The black dotted line indicates
4 /L, where L =7 nm is the box length. The Inset shows that S(g) of the sheared
and hyperquenched amorphous states agree over a larger range of g values.
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Table 2. Comparison of the density and potential energy
of ML-BOP and TIP4P/Ice glasses produced by instanta-
neous hyperquenching from the liquid at 280 K to 77 K
at 0.1 MPa and by shearing LDA at 77 K and 0.1 MPa at a
rate of 10® s™ for TIP4P/Ice 2 x 10° s™" for ML-BOP

Model State  p(gcm>)  E(kmol™) E(kfmol™)
ML-BOP HQG 1.010+0.005 -39.3+0.1 -40.30+0.10
MDA 1.010+0.005 -39.3+0.1 -41.10+0.01
TIP4P/Ice HQG 1.015+0.001 -62.0+0.1 -62.53+0.23
MDA 1.016 +0.003 -62.0+0.1 -63.58+0.16

Simulation details are provided in S/ Appendix, section Ill. The error bars in p and E or
HQG were based on the average of 10 independent runs. See also S/ Appendix, Tables S2
and S3.

the potential energy of the corresponding instantaneously quenched
glass and SDA are indistinguishable. S/ Appendix, Figs. S15 and
S16 show that this is also the case for their radial distribution func-
tions and response to compression.

Are these very far from equilibrium SDA and HQG also indis-
tinguishable if they have the same p, 7, and p? While the density
of these glasses evolves quite similarly upon aging at constant p
and 7 (see ST Appendix, Fig. S15B for ML-BOP and SI Appendix,
Fig. S17A for TIP4P/Ice), the potential energies E of the glasses
produced by shearing at ~10® s~ and instantaneous cooling relax
differently (S7 Appendix, Figs. S15C and S17B). In all cases, £(z)
decays logarithmically at long times, as previously reported for
aging of Lennard-Jones glasses and interpreted to originate from
a random walk between increasingly deeper basins in the PEL
(51). The short-term evolution of £(#) is essentially flat for ~20
ps for the glasses prepared by shearing while it continuously
decreases for those prepared by instant quenching for both the
ML-BOP and TIP4P/Ice water models (57 Appendix, Figs. S15C,
S17B, S20D, and S21D). The longer lag time of the previously
sheared glasses suggests larger barriers between minima in the PEL
which and is consistent with the lower energy of the inherent
structures Eyg of the MDA sheared at ~10° s~ compared to Ejg
the glasses prepared by instantaneous quenching (Table 2).
SI Appendix, section X provides an analysis of the energies, den-
sities, and structure of the inherent structures of MDA, HQG,
and liquid. We conclude that these very far from equilibrium
amorphous states with same density, temperature, and pressure
produced by instantaneous hyperquenching and very high shear
rates that do not sample the same region of the PEL: Shearing
provides access to states deeper in the potential energy landscape
of water.

The agreement in the energy, density, and response to compres-
sion of the SDA obtained at ~10° s™" and instantaneously quenched
glasses of ML-BOP and TIP4P/Ice supports that while these
glasses are not identical, they are very close despite the extreme
conditions at which they were produced. We conclude that the
amorphous phase obtained by shearing ice /,, LDA, or HDA at
0.1 MPa and 77 K at a rate of about 10* s would be a good
approximation to the glass that would be achieved by instantane-
ous quenching of ambient liquid water.

MDA Recovered from the Experiments Originated in an Amor-
phous State That Cannot Be Accessed through Hyperquenching
of the Liquid. MDA in the ball-milling experiments was created at
uncontrolled and unknown pressures and shear rates, and recovered
and analyzed at 0.1 MPa (1). To assess whether MDA recovered
from the ball-milling experiment could have originated in the
p(p) region only accessible through shearing or have an analog
accessible by isobaric hyperquenching (Fig. 4), we first assess the
impact of decompression on the density of the sheared phase, and
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Table 3. Comparison of the enthalpies of MDA and HDA at 77 K in experiments and our simulations with TIP4P/ice

Amorphous state p(gcm™) H-Hypa (k) mol™)
Experiments HDA decompressed to 0.1 MPa" 1.17 0
MDA recovered at 0.1 MPa’ 1.06 £ 0.06 -0.26 £ 0.20
TIP4P/ice HDA decompressed to 0.1 MPa* 1.17 0
MDA prepared at 0.1 MPa and 108 5™ 1.00 0
MDA prepared at 1,000 MPa and 108 s™", 1.13 -0.2
then decompressed to 0.1 MPa
MDA prepared at 300 MPa and 10857, 1.09 -0.3
then decompressed to 0.1 MPa
Simulation details are provided in S/ Appendix, section Ill.
“AH 1oasicer = =2.01 £ 0.15 k) mol ™", computed as the sum of AHpa.0x = =0.66 + 0.01 k mol™ (35) and AH, pa.ice1 = —1.35 % 0.15 k) mol ™" (34, 36).

Obtained from differential scanning calorimetry (1).
*Obtained from the decompression curve of HDA shown in Fig. 2B.

then consider the experimental density of MDA in relation to the
extremum of p_ . (p) of the line of density maximum predicted
by the most recent equation of state (EOS) for supercooled water
(42).

Fig. 2B shows that the density of MDAs generated at high
pressures and instantly decompressed to 0.1 MPa decreases signif-
icantly but remains higher than for MDA created at the same
shear rate at ambient pressure: The decompressed sheared amor-
phous phase retains significant plastic deformation. We expect the
same for MDA prepared by ball-milling in the laboratory.

'The position ¢, of the first strong peak (FSP) of the structure factor
S(g) of the recovered MDA is in a position intermediate between that
of LDA and HDA (1) The simulations uncover an almost linear
relationship between ¢; and the density of the amorphous phases
generated at 7 up to 10 s (ST Appendix, Fig. S11E). As ¢, of LDA
and HDA in ML-BOP are in quantitative agreement with the exper-
iments (S Appendix, Fig. S18), we use ¢,(p) of the model to deduce
that for the 1.93 A™" of the FSP of the MDA recovered in the exper-
iments, the density is p%DA =1.07+0.02¢g cm™3
of the 1.06 + 0.06 g cm ™ value reported in ref. 1.

Considering that MDA prepared from TIP4P/Ice at 77 K at
300 and 1,000 MPa relaxes 0.05 and 0.14 g cm™, respectively,
over a few nanoseconds (orange arrows in Fig. 2B), and that the
relaxation of MDA in experiments occurs over several orders of
magnitude longer times, we deduce that the recovered MDA with
density 1.07 + 0.02 g cm™ originated on a sheared state with
density no smaller than ~1.12 g cm™. Fig. 4 supports that such
density cannot correspond to a shear-driven phase with a density
accessible also by hyperquenching, because 1.12 g cm™ is above
the highest prediction for the maximum density p,,, (P, = 1.08
gcm™ at p. = 151 MPa along the line of density anomaly of
water, according to the latest equations of state based on experi-
mental data (42). We conclude that MDA recovered from the
ball-milling experiments is the relaxed form of an amorphous state
of water that can only be accessed by shearing.

Theshearratesrequiredtoreachp’P4 = 1.07 £ 0.02gem™  at
ambient pressure are ~10"¢7! (Fig. 2C), several orders of magni-
tude larger than those reached during ball-milling (20). The latter
is also the case for the larger than 10° s™" rates needed to access
SDAs with density above the line of density maximum of the
liquid. We conclude that high pressure, and not extremely high
shear rates, is responsible for the high density of the recovered
amorphous phase. The white dotted line in Fig. 4 sketches that
decompression scenario.

Table 3 shows that MDA produced at 300 and 1,000 MPa with
TIP4P/Ice and recovered ambient pressure is 0.2 and 0.3 k] mol™
more stable than HDA, consistent with the 0.26 + 0.20 k] mol™!
we deduced for MDA recovered in the experiments. The agree-
ment in the enthalpies further supports that MDA of ref. 1.

, at the center
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originated from decompression of an amorphous phase produced
by shearing—probably at moderate rates—at pressures where
HDA would be the most stable amorphous state. We conclude
that there is no relation between the MDA produced by
ball-milling and the glass that would be produced by instantane-
ous quenching of ambient liquid water to 77 K.

Conclusions and Outlook

The discovery of medium-density amorphous ice puzzled the water
research community, raising questions about its nature and rela-
tionship to LDA, HDA, and the liquid state. Our simulations of
shearing of ice 7, reveal that MDA is not a nanocrystalline state
or a mixture of LDA and HDA, but a distinct SDA phase.

SDA prepared at constant shear rate is a nonequilibrium
steady-state characterized by time-invariant properties determined
only by pressure, temperature, and shear rate. Our simulations
support that the nonequilibrium sheared amorphous phases can
be prepared directly from LDA, HDA, or any other water glass
through ball-milling, effectively eliminating the ice contributions
to the measurements.

Modulation of the shear rate results in SDAs with densities that
span the entire range from LDA to HDA. The rich phase behavior
of solid amorphous water under shear does not conflict with the
known polyamorphism of water, but it originates in the extension
of the nonequilibrium phase diagram by addition of the shear rate
as a new variable. As the shear rate decreases, the properties of the
SDA approach those of more stable glasses at the corresponding
pressure.

The energy and enthalpy of amorphous solid water increases
monotonously with the shear rate, pushing the glass further away
from equilibrium. We demonstrate that at pressures above the high-
est pressure p, . =151 MPa at which water has a density maximum
(42) (or 430 MPa for the ML-BOP water model) the density p(p, 7)
of amorphous phases accessible through shearing does not overlap
with the ones accessible by hyperquenching, irrespective of the shear
rate. This lack of overlap in the density of HQG and SDA at high
pressures originates on the opposite dependence of the density to
shear and cooling rates for water at pressures without a TMD. The
implication is that any MDA obtained by ball-milling at pressures
above ~150 MPa would be a distinct material without an analog
accessible by isobaric hyperquenching of liquid water.

Hyperquenched glasses (HQG) and SDAs prepared at p < p,...
can have the same p(p, 7) below the line of density maxima p,, (p).
‘The simulations reveal that SDA produced with shear rates as high
as 10°s ™ and the HQG with identical p(p, 7) have indistinguishable
structure (including long-range correlations), energy, response to
compression and heating, as well as same inherent structure energies
that result in almost indistinguishable evolution of density and
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energy upon aging. These results suggest that these SDA and HQG
sample regions of the potential energy landscape accessible to the
liquid in equilibrium and have well-defined fictive temperatures.

The 51mulat10ns unveil that even very far from equilibrium SDA
sheared at ~10% s™" and the ultrafast cooled glass with identical
p(p,T) have indistinguishable enthalpy, structure, and response to
compression, and even the same evolution of density on aging.
However, they have different inherent structure energies: Simulations
with both the ML-BOP and TIP4P/Ice models indicate that the
sheared-driven phases are deeper in the potential energy landscape
than glasses with same density made by instantaneous quenching.
That difference results in slower evolution of the energy of the pre-
viously sheared glasses as they age. Considering that the inherent
structures of the MDA sheared at rates as high as 10°s™" are indis-
tinguishable from those of the HQG with same p(p,7), further
studies on the potential energy landscape of SDA as a function of
the shear-rate would be highly valuable for understanding the effect
of shear deformation on energy barriers and basins.

A corollary of the existence of a line of density maxima, is that
the HQG obtained by infinitely fast isobaric cooling of liquid water
from the TMD would have the same p(p, 7) than an SDA produced
at a finite shear rate. The simulations uncover that such rate is
around 10° s™" for both the all-atom TIP4P/Ice and coarse-grained
ML-BOP models of water. It is interesting to note that the inverse
shear rate 1/y corresponds to a time scale of a few nanoseconds,
which is comparable to the one found to signal the transition from
diffusive to landscape-dominated dynamics in liquids (52).

The similarity in the properties and response to stlmuh of the
amorphous phase produced by shearing the glasses at 10°s™" and
the glass obtained by instantaneously quenching the liquid from
the line of maximum density to 77 K, implies that SDA formed
at such rates at 0.1 MPa is a close approximation to the “true”
glass state of ambient liquid water made by instantaneous hyper-
quenchin ng. { Ultrafast shear acoustic waves that reach shear rates
about 10” s (53) could be used to create these far from equilib-
rium SDAs in the laboratory.

We interpret the MDA obtained by ball-milling in ref. 1 was
generated at pressures above ~150 MPa and is a phase accessible
only through shearing. Our analysis is based on the density of the
recovered MDA in the experiment, which we narrow to 1.07 +
0.02 g cm™, and the maximum p,,,, = 1.08 g cm ™ along the line
of density extrema of water, predicted to occur at p,, = 151 MPa
by the most recent equations of state (42). Our analysis of the
enthalpy of the amorphous sample recovered at 0.1 MPa, which
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we show to be intermediate between the ones of LDA and HDA,
supports our interpretation that MDA produced by ball-milling
is not related to ambient liquid water.

The existence of a LLT in water remains a focal point for under-
standing its anomalous behavior (17). Simulations with models such
as ML-BOP and TIP4P/Ice that have an LLT are promising to elu-
cidate the fate of this metastable phase transition upon shearing and
its interplay with ice crystallization. The contrasting range of densities
of SDAs sheared at low and high pressures emphasizes the coupling
between density and energy within the two-state thermodynamics
model of water, which represents amorphous water phases as a non-
ideal mixture of high-density/high-energy and low-density/low-energy
motifs (14). However, this study reveals shear-rate dependent
density-energy relations in SDA ices distinct from those in LDA and
HDA, as well as the smearing of the LI'T into a continuous trans-
formation at moderate shear rates and its disappearance upon strong
shearing. These findings call for an extension of the formalism of
two-state thermodynamics of water to encompass these nonequilib-
rium stationary states and to elucidate how shearing impacts the LLT
and its competition with ice crystallization as the temperature is
increased toward and above the glass transition line.
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