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Reversible structural transition in nanoconfined ice
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The report on square ice sandwiched between two graphene layers by Algara-Siller et al. [Nature (London)
519, 443 (2015)] has generated a large interest in this system. By applying high lateral pressure on nanoconfined
water, we found that monolayer ice is transformed to bilayer ice when the two graphene layers are separated by
H = 6,7 Å. It was also found that three layers of a denser phase of ice with smaller lattice constant are formed
if we start from bilayer ice and apply a lateral pressure of about 0.7 GPa with H = 8,9 Å. The lattice constant
(2.5–2.6 Å) in both transitions is found to be smaller than those typical for the known phases of ice and water,
i.e., 2.8 Å. We validate these results using ab initio calculations and find good agreement between ab initio O-O
distance and those obtained from classical molecular dynamics simulations. The reversibility of the mentioned
transitions is confirmed by decompressing the systems.

DOI: 10.1103/PhysRevB.95.064105

I. INTRODUCTION

Graphene, the two-dimensional allotrope of carbon [1], has
been used recently to confine water into two-dimensional
layers [2]. Algara-Siller et al. claimed that they detected
monolayer, bilayer, and trilayer ice using transmission electron
microscopy (TEM). The water molecules were found to be
ordered into a square lattice. The lateral pressure for confining
water between two sheets of graphene can be estimated to be 1
GPa using the van der Waals (vdW) adhesive energy between
two layers, which is typically around 20 meV Å−2 [2–4].
Molecular dynamics (MD) simulations, using a nanocapillary
setup, predicted that by increasing pressure up to 1 GPa (1.35
GPa), bilayer square ice (trilayer ice) with a lattice constant of
2.83 Å is formed between two graphene layers that are sepa-
rated by H = 9 Å (11.5 Å), which was found to be in agreement
with electron energy loss spectra [2]. The confinement width
needed for the formation of a stable monolayer of ice was
found to be H � 5–7 Å [2,5,6]. Later, Zhou et al. argued that
the above-mentioned experiment can be better explained as
due to salt (for example, NaCl) contaminants precipitating as
nanocrystals between the graphene layers [7].

Notwithstanding the existing MD-based theoretical studies
of the past few years, there are still challenging questions, such
as how important the boundary condition is in common MD
simulations and its consequence on the structural properties
of nanoconfined water [8–10]. Most of the water phases, e.g.,
liquid water, ice structures, and confined ice, have a lattice con-
stant around 2.8 Å. Therefore, the next question is as follows:
Can we find a dense ice phase with smaller lattice constant
using common simulation methods? One naturally expects that
by increasing the lateral pressure, the O-O distance becomes
shorter, resulting in a denser structure for confined ice.
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Here we show that the particular boundary conditions will
change the structural properties of confined water. To clarify
this, we use two different MD classical force fields (i.e.,
TIP4P(2005) [11] and ReaxFF [12]) and ab initio calculations.
The ReaxFF potential is used to estimate the H-bonding energy
and to show that by increasing pressure, independent of the
number of layers, the H-bonding energy decreases nonlinearly.
We found reasonable agreement between ab initio and MD
force-field calculations for the O-O distance between the water
molecules (2.45–2.6 Å). The reversibility of the monolayer ice
to bilayer and the bilayer ice to trilayer transitions is confirmed
by expanding and decompressing the system. We also studied
the effects of channel size.

II. METHOD AND MODEL

A. Model

Our system is comprised of three elements (see Fig. 1):
(i) two rigid graphene layers (with dimensions 10 × 10 nm2)
which are fixed at H = 8,9 Å (6,7 Å) distance. The graphene
layers are in x-z plane and are considered for studying the
transition from bilayer (monolayer) to trilayer (bilayer), (ii)
two walls for controlling the lateral pressure, and (iii) NW

water molecules which are randomly distributed inside the
chamber (NW varies between 1000 and 1800 depending on
the chosen H). Our setup is different from the one used by
Algara-Silleret et al. [2] in that we use two rigid walls for
applying pressure. The dimension of the moving wall is 10
nm × H. We employed molecular dynamics (MD) simulations
in the well-known large-scale atomic/molecular massively
parallel simulator (LAMMPS) [13]. We kept the temperature
fixed at 298 K using Nosé-Hoover thermostats as implemented
in LAMMPS. Before starting the compression, we relaxed the
system for 1 ns and found monolayer and bilayer ice for
systems with H = 6 and 9 Å, respectively. The obtained
structures for bilayer ice after the first equilibration step
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FIG. 1. Schematic setup of confined water between two graphene
layers held at a distance H from each other.

were AB stacking, relevant to the previous reports [2]. For
long-range interactions, we use a cutoff of 10 Å.

Since the external pressure in a real experiment can be
controlled, e.g., by injecting gas around the system, the lateral
walls move, resulting in a compression confined water yielding
bilayer (monolayer) ice when H = 8,9 Å (6,7 Å; see Fig. 1).
By moving the walls further or, equivalently, by increasing
the pressure beyond 6 GPa, trilayer ice (or bilayer) is formed
(see Fig. 2). The used walls can be considered as a model
for the observed “terraces” with sharp steps in graphene in
the real experiment [2]. In our calculations, periodic boundary
conditions are applied in the y direction.

B. TIP4P model

To model the water-water interaction, we used the four-site
interaction potential TIP4P(2005). In TIP4P(2005) [11], the
electrostatic interaction is modeled by using Coulomb’s law
and the dispersion and repulsion forces by using the Lennard-
Jones (LJ) potential. The nonbonded potential energy between
the water molecules in the TIP4P model is given by

Enb =
∑
i,j �=i

kqiqj

rij

+
∑
i,j �=i

∑
m=1,2

4ε(−1)m
(

σ

rij

)6m

, (1)

where k = 332.1 Å kcal/mol, and qi and qj are the partial
charges over the ith and j th atoms which are separated by
rij . In Eq. (1), σ and ε are commonly used LJ parameters
which are set to εOO = 0.185 kcal/mol, σOO = 3.1589 Å,
and εCC = 0.056 kcal/mol, σCC = 3.4 Å for TIP4P(2005).
Force-field parameters of carbon and water interaction are
adopted from Ref. [14]. Though Eq. (1) is a very simple model
to simulate water, it has been shown that it captures most of
the physics of water and many studies have been published
that explain various physical properties of water using the
aforementioned classical models [15–17]. In the TIP4P(2005)
model, the charge over the O atoms and M sites is −1.1128e

and on the H atoms is 0.5564e, which is fixed during the
simulations. The distance between the O and M site is 0.1564
Å, where M is the dummy atom in the TIP4P model.

Notice that in the original paper of TIP4P(2005) [11], there
are many test simulations for the validation of this force field,
including phase diagram, equation of state at high pressure, and
melting of water. The calculated properties include a number
of thermodynamic properties of the solid and liquid phases, as
well as several other properties of the liquid. From the point of
view of the thermodynamic conditions, the results of Ref. [11]
covered a temperature range from 123 to 573 K, and pressures
up to 4 GPa. Therefore, this force field is expected to be suitable
for our purposes where GPa pressures are applied on water.

FIG. 2. (a) The variation of calculated pressure with MD sim-
ulation time in nanoconfined water, which is initially monolayer
(bilayer) ice and ended at bilayer (trilayer) ice. The legends refer
to different channel sizes. (b) The different energy contributions (i.e.,
vdW, Coulomb, and total energy) of nanoconfined water as a function
of lateral pressure for monolayer (bilayer) ice transformed to bilayer
(trilayer) ice calculated using TIP4P. Here H = 6, 9 Å for monolayer
(bilayer) to bilayer (trilayer) transitions, respectively.

C. Reactive force-field potential

In order to provide an independent check on the results,
we also used the reactive force field (ReaxFF) that allows for
a larger flexibility of the interaction potential [9,10,18]. The
reactive force field divides the system energy up into various
partial energy contributions, such as the self-energy which
captures the difference in energy of the various charge states
of an atom, the Coulomb term, which captures the electrostatic
interactions, the terms for nonbonded interactions through the
van der Waals energy, and the bond-order terms which are
corrected for overcoordination to allow for the long-range
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FIG. 3. (a) Side and (b) top view of a snapshot of our molecular dynamics simulation for bilayer ice at T = 298 K. We obtain trilayer ice at
about 0.7 GPa where we show a (c) side and (d) top view. We show only the oxygen atoms, where different colors refer to the different layers.

bond order necessary for accurate reaction barriers. ReaxFF
also explicitly includes energy contributions related to valence
and torsion angle distortion energy contribution related to
three-body and four-body conjugation, a weak hydrogen bond
term to properly describe X-H-X nonbonded interactions in
polar molecules, energy terms related to the number of valence
electrons around an atom, etc. [12].

One of the main advantages of ReaxFF is that it calculates
the polarization of charge within the molecules, which is
achieved by using electronegativity and hardness parameters
based on the electronegativity equalization method and charge
equilibration (QEq) methods. Furthermore, the ReaxFF poten-
tial allows bond extension/contraction in water as well as angle
bending, and it allows charge relaxation over each atom. In
fact, the electrostatic energy is minimized with the equilibrium
charge distribution under the total charge constraints. Charges
are updated at every step, which is the most computational
part of the ReaxFF energy calculations. In this study, we
use ReaxFF to find H-bonding energy that is estimated
to be in good agreement with DFT results, i.e., −0.11,

− 0.16 eV/water [9,10,19].

D. Ab initio model

All of our density functional theory (DFT) calculations
were carried out within the generalized gradient approxima-
tions (GGA) for the exchange-correlation energy term using
QUANTUM ESPRESSO [20]. The double numerical plus polar-
ization (DNP) basis set and Perdew-Burke-Ernzerhof (PBE)
functional [21] were adopted. Because the weak interactions
are not well described by the standard PBE functional, we
adopted a PBE-D approach (D stands for dispersion) with
the Grimme vdW correction [22]. This approach is a hybrid
semiempirical solution that introduces damped atom-pairwise
dispersion correction of C6 R−6 form in the DFT formalism.
The accuracy of the DNP basis set is comparable to that
of the 6-31G** basis set. The Brillouin-zone integration
was performed using 4 × 4 × 2 Monkhorst-Pack k-point
sampling [23]. The structure optimization was symmetry
unrestricted and was carried out using the conjugate-gradient
algorithm. The convergence criterion of our self-consistent

calculations for energy is chosen as 10−5 eV between two
consecutive steps. We use periodic boundary conditions within
the supercell geometry, and the vacuum spacing between
graphene layers in adjacent supercells is 25 Å. For partial
occupancies, the Gaussian smearing method is used. We
distributed the water molecules between the graphene layers
randomly with four different initial configurations.

III. RESULTS

A. MD simulations

We start to compress water between two graphene layers,
which are separated by distance of 8 and 9 Å (in the case of

FIG. 4. Reversibility of the response of confined ice to the applied
lateral pressure. The vdW energy of ice and total vdW energy as a
function of the lateral pressure. The inset shows the change in the
number of H bonds during compression (until 1 ns) and expansion
(beyond 1 ns). Here H = 6, 9 Å for monolayer (bilayer) to bilayer
(trilayer) transitions, respectively.
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FIG. 5. The H-bonding energy per water molecule as a function of
pressure using ReaxFF potentials. The inset indicates the H-bonding
energy with time during compression.

monolayer to bilayer transition, we set H = 6,7 Å) by moving
the lateral walls with velocity of 0.0036 Å/ps such that the
system stays in quasiequilibrium. In both cases, after a few
ns of compression, bilayer (monolayer) ice is transformed
into trilayer (bilayer) ice with H = 8,9 Å (H = 6,7 Å). By
compressing the initial layers further, denser structures are
formed (see below).

In Fig. 2(a), we show the variation of the pressure with
MD simulation time for the transformation of monolayer ice
to bilayer ice (for H = 6,7 Å) and bilayer ice to trilayer ice (for
H = 8,9 Å). It is seen that the denser water transits in smaller
pressures.

In Fig. 2(b), we show the variation of the corresponding
different energy contributions (vdW and Coulomb, and the
sum of them) when H = 6,9 Å with simulation time. As we
see in Fig. 2(a), e.g., around P ≈ 19 GPa (7 GPa), bilayer
(trilayer) ice with quasi AB-stacking structure appears (ABC
stacking)—not square lattice, but rather rhombic lattice—in
agreement with the MD results reported by Algara-Siller
et al. [2].

The obtained high lateral pressures are due to the available
space and possible stacking of formed ice for a given H
distance. For instance, it is well known that a monolayer
ice is formed within a channel with H = 6.5 Å [9], hence
H = 6.0 Å is small for monolayer ice formation, and surely,
much smaller for bilayer ice. Therefore, a very large pressure
of about 19 GPa is needed for transition from monolayer
to bilayer. Consequently, for H = 7 Å the transition pressure
decreases to 6 GPa. For H = 8,9 Å in the ordinary conditions
bilayer ice is formed with AB stacking [2,9]. By applying large
pressures instead of obtaining ABA stacking we found ABC
stacking leading to the transition pressures in about 6, 9 GPa
for H = 9 Å and 8 Å respectively (see discussion below).

FIG. 6. The radial distribution function of the O-O distance, (a)
in each of the layers in bilayer ice at T = 298 K and (b) trilayer
ice. In each panel, the insets indicate the y-axis density profile. Here
H = 6, 9 Å for monolayer (bilayer) to bilayer (trilayer) transitions,
respectively. The insets show the density profiles perpendicular to the
layers.

In most of the cases (except for H = 7 Å), the transition
occurs where the curvature of the curves change in Figs. 2(a)
and 2(b). Beyond this critical point, we observe a more rapid
variation in all of the energy terms. However, note that because
we compress the system by external walls, in our study a larger
lateral pressure is used for creating layered ice as compared
to the work of Algara-Siller et al. [2]. It is interesting to
note that the total energy and vdW energy increase with
increasing pressure, while the Coulomb energy decreases
when the system becomes denser. The latter indicates that
the H bonds become stronger with increasing pressure. In
Figs. 3(a) and 3(b), we show snapshots of our MD results for
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FIG. 7. (a) The optimized structure of 12 water molecules
between two graphene layers and (b) the corresponding structure
of single-layer water.

bilayer ice formed at T = 298 K under a lateral pressure of
P = 19 GPa for H = 6 Å. In Figs. 3(c) and 3(d), MD results
are shown for trilayer ice formed at T = 298 K under a lateral
pressure of P = 7 GPa for H = 9 Å.

We also checked the reversibility of the transition process
and found that the formation of multilayers is a reversible
process by decreasing the pressure back to its initial value.
The energy profiles vary symmetrically when we decrease
the pressure for H = 6,9 Å (see Fig. 4). These simulations
were done by moving the walls back to their initial position
(expanding the system). In the inset of Fig. 4, we show that the
number of H bonds increases with time during the compression
(until 10 ns) and decreases during expansion (beyond 10 ns). In
both cases, the transition shows up as two shoulders showed by
arrows. Therefore, the transition from monolayer ice (bilayer
ice) to bilayer ice (trilayer ice) is a reversible process. The vdW
energy of ice and the total vdW energy are shown in Fig. 4. It
is seen that either in the compression stage or in the expansion
stage, the vdW energy of ice is lower than the total vdW
energy beyond the transition point, which is a consequence of
the smaller O-C distance such that the strong repulsive zone
of the vdW energy profile is reached.

In order to find the energy contribution from the hydro-
gen bonds, we performed MD simulations using reactive
force-field (ReaxFF) potentials [12]. This method takes into
account the charge polarization within each molecule, us-
ing electronegativity and hardness parameters based on the
electronegativity equalization and charge equilibration (QEq)
methods. The variation of the total energy with pressure
calculated using the ReaxFF potential is shown in Fig. 5.
In the inset of Fig. 5, the H-bonding energy is shown as a
function of simulation time. Here, the measurement is started
at an initial configuration of bilayer ice and the pressure is
slowly (0.05 Å/ps) increased until trilayer ice is formed at
0.5 ns. Our starting configuration has a H-bonding energy of
−0.11 eV/atom. We find that trilayered ice has a H-bonding
energy per water molecule equal to −0.33 ± 0.002 eV (or
−28.0 kJ mol−1), which is in the upper range when comparing
to the H-bonding energy of ordinary (hexagonal) ice [19],
i.e., −13–32 kJ mol−1. When gradually applying pressure,

FIG. 8. (a) The optimized structure of 32 water molecules
between two graphene layers and (b),(c) the corresponding structure
of each layer of formed bilayer water.

we find that the absolute value of the H-bonding energy
gradually increases, which is a result of the decrease in
the distance between O–H–O-H–O bonds. By increasing the
pressure, the H bonding increases, which is due to smaller
H-bonding distance and stronger Coulomb interaction between
neighbor water molecules. Increasing the H-bond energy with
increasing pressure makes the water denser, i.e., the density of
confined water can be higher than 1 g/cm3. The latter causes
a complex rearrangement of the H-bond network and unex-
pected water flow, slip length, and viscosity of confined water
[10,24,25].

We turn back to the TIP4P results. The radial distribution
function (RDF) of formed bilayer ice is (for H = 6 Å) shown
in Fig. 6(a) which indicates that the O-O distances are around
2.55 Å. In Fig. 6(b), we show the RDFs of the trilayer ice and
the total RDF (for H = 9 Å). The O-O distance in trilayer
ice is about 2.45 Å and the distance between the ice layers
is found to be 2 Å [see insets of Figs. 6(a) and 6(b)]. The
insets in each panel shows the density profile perpendicular
to the layers indicating the well defined layering of the water
molecules. The distance between layers of trilayer (bilayer)
found to be 2 Å (1.4 Å) which explain the large lateral
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FIG. 9. Four different initial configurations for monolayer (A1,A2,A3,A4) and bilayer (B1,B2,B3,B4) ice of 12 and 32 water molecules
confined between graphene layers, and the top and side views of the corresponding final optimized structures Am and Bm (shown in Figs. 7
and 8).

pressure for transiting from bilayer (monolayer) to trilayer
(bilayer).

It is worthwhile to mention that we performed several
additional MD simulations with different initial configura-
tions (using TIP4P) for monolayer ice confined between
two graphene layers which are separated by H = 6 Å. By
increasing the pressure, we found the monolayer to bilayer
ice transition (the results are not presented here). We also
changed the initial randomness of the simulation which creates
many different initial random velocities and repeated the
simulations and found the same results. That is because
when we equilibrate the system, all of the water molecules
arrange themselves inside the capillary in the same way and
form monolayer or bilayer ice, depending on the H value.
The reversibility of the results is independent of the initial
random velocity. We found that the high pressure increases
the coordination number of water molecules.

B. Ab initio results

In order to investigate the density effects on the O-O
distance, we performed two sets of ab initio calculations. In
the first (second) case, we added 12 (32) water molecules
in our computational unit cell between two graphene layers
and applied periodic boundary conditions in the x-y plane.
In Figs. 7 and 8, we show the optimized structures for the
two examined systems. The graphene-graphene distance is
found to be 6.11 and 9.0 Å, respectively. The final optimized
structures indicate that the density of water in the first system
is around 2.0 g cm−3 and in the second one is 2.1 g cm−3. The
O-O distance in both cases is shown in Figs. 7(b), 8(b),

and 8(c), respectively. It is seen that in the first system—
12 water molecules—the O-O distance varies between 2.7–
2.9 Å, which is in agreement with previous water simulation
results [2,9]. However, for the higher density case, with 32
water molecules, the shorter O-O radial distance is found
to be around 2.6 Å; see Figs. 8(b) and 8(c). In another ab
initio calculation, we found that by increasing the density of
water, the O-O distance can be shorter, e.g., 2.5 Å found for
2.2 g cm−3 (the results are not shown here). It is interesting
to note that our ab initio results for the lattice structure
of monolayer ice—shown in Fig. 7—are in agreement with
the ReaxFF results [9]. The results are also consistent with
recently published ab initio results [26,27], while the recently
published papers did not report the effects of density on the
O-O distance change. We emphasize that ab initio calculations
for ice subjected to high pressure require more studies, which
is beyond the scope of this work.

Finally in order to test the independency of the results to
the initial configurations in ab initio calculations, we repeated
all of the above-mentioned calculations by considering four
different initial configurations with different geometries for
the monolayer (named A1, A2, A3, A4) and bilayer (named
B1, B2, B3, B4) ice between bilayer graphene, as shown in
Fig. 9. We obtained almost the same final optimized structure
(Am and Bm) after optimization (full relaxation) for all
structures (for monolayer ice and bilayer ice). Therefore, the
DFT relaxations from different starting points are independent
of the initial starting configurations. The distances between
graphene layers in Am and Bm were found to be 6.11 and
9.0 Å, respectively.
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IV. DISCUSSION AND CONCLUSIONS

In this study, we did not focus on the details of the atomic
structure of bilayer and trilayer ice (which was already studied
extensively by various groups). Since the publication of the ice
square study of Algara-Siller et al. [2], many studies have been
done on confined water under high pressures (see [9,26–28]
and reference therein). However, the observation of square
ice was challenged later [7]. Most of the theoretical papers
studied the structural properties of confined water under
high compressions and proposed a phase diagram of the
confined water. For instance, Corsetti et al. [27] studied the
phase diagram of nanoconfined monolayer ice (with possible
square and hexagonal network) using DFT with a nonlocal
vdW exchange-correlation functional. They also found that
while DFT and other force-field models are able to produce
semisquare monolayer ice, obtaining the square bilayer using
both DFT and TIP4P(2005) is doubtful and was found to be
unstable with respect to the high-density phases [26]. The latter
is also in agreement with our previous findings [9].

Here we do not focus on the structure, instead we find the
irreversibility in the compression-expansion processes as well
as shorter O-O distances in highly condensed ice. From the
technical point of view, the structural transitions depend on
the parameters of the force fields, especially vdW parameters
which control the distance of ice and the graphene layers. We
employed one of the dependable water models [TIP4P(2005)]
which has already been validated for different phases of
ice [11]. Our results for shorter O-O distance and stronger
H bonding under high pressure are in agreement with those re-
ported by Zhang et al. [29], where they investigated structural
changes, phase diagram, and vibrational properties of hydro-
gen hydrate in the filled-ice phase (for pressures up to 60 GPa
and O-O distances about 2.44 Å) C2 by using a first-principles
molecular dynamics simulation. The structure of compressed
ice, as shown in Figs. 3(b) and 3(d) in our study, is rhombic
lattices with AB stacking for bilayer and ABC stacking for
trilayer, which are in agreement with previous results [2].

Moreover, in this work, we observed an ABC-hexagonal
trilayer ice structure; although previous work [30] has exten-
sively investigated trilayer structures, this particular conforma-
tion was not observed. The high compression that we achieved
in this work has allowed us to observe an ABC structure
rather than an ABA structure [30]. Despite the difference
in stacking, the hexagonal structure is still seen in both
stacking configurations. The AB stacking that we predicted
for a bilayer has been witnessed previously [31], but for larger
separations than the 7 and 6 Å used here. As this system has
been compressed much more than previous simulations, we
managed to observe an O-O distance of 2.45 Å from a classical
molecular dynamics force field. Although we do not observe
the square ice structure obtained by Algara-Siller et al. [2],

we have observed different stacking configurations and much
smaller O-O separations than previously.

In the presence of a high lateral external pressure, especially
when water is confined between two graphene layers, the
absolute values of the vdW, Coulomb energy, and number of
hydrogen bonds become larger. We found that there is a thresh-
old in the lateral pressure beyond which the O-O distance is no
longer equal to 2.8 Å, but instead is 2.5 Å, and water becomes
denser. Consequently, a reversible transition from monolayer
(bilayer) ice to bilayer (trilayer) ice occurs. We showed that by
increasing the lateral pressure, the lattice constant shortens for
confinement width H = 9 Å for trilayer ice. This is promising
because by fixing the confinement size and tuning the lateral
pressure, we can control the interlayer distance (and number
of layers) between the ice layers. We further justified the short
O-O distance by performing ab initio calculations of two high
densities of water encapsulated by graphene.

Finally, we discuss the possibility of a shorter O-O distance
from both an experimental and theoretical point of view. There
are approximately 16 different ice structures that have been
confirmed using various techniques that include neutron scat-
tering, infrared spectroscopy, and Raman spectroscopy [32]. At
a temperature of 300 K and with pressures of >1 GPa, there are
three potential bulk water structures, VI, VII, and X. Assuming
that confinement does not change the fundamental physics of
the water molecules, the trend and O-O separations should be
similar between bulk and 2D confined systems. Under very
high pressures—where we are most likely to expect our model
to break down—we should look at the structures in the VII and
X cases. At low pressures, a H atom is localized (or bonded)
more to one O atom than to the other, so there is an asymmetric
potential when H sits between two O atoms. At higher pres-
sures, in the VII structure, the H atom sits closer to one O atom
than the other, but there is a symmetric potential between the
two O atoms so it is possible for the H atom to hop between the
two O atoms [33]. In this structure, the separation between the
O atoms is 2.4 Å [33–35], based on ab initio calculations [33]
and infrared experiments [35]. When the VII structure is
compressed further, the H atom potential between two O
atoms is perfectly symmetric with one potential well; the O-O
distance is then expected to be compressed down to 2rO−H ,
where rO−H is the O-H bond distance [33]. It may be possible
to get an O-O distance less than 2.5 Å, and arguably lower
separations are possible in confined water, which have not been
confirmed yet experimentally. We conclude that the shorter
O-O distance is possible, as we found in our simulations.
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