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The structure of confined water is governed by a delicate interplay between water-substrate and
water-water interactions. Motivated by recent experimental studies on water in graphene nanocapil-
laries, two-dimensional water layers have been addressed by first-principles electronic structure cal-
culations. In order to identify the structure-determining factors, first calculations for free-standing
water layers have been performed. We demonstrate that two-dimensional water structures con-
sisting of square bilayers, rhombic bilayers, truncated-square bilayers or secondary-prism bilayers
are energetically more favorable than the traditionally considered hexagonal bilayer. These 2D wa-
ter structures are stabilized by a compromise between high coordination and optimum tetrahedral
bonding geometry. The identified structure determining factors responsible for the polymorphism
of water in two dimensions will be operative in any confined water structure. The graphene-water
interaction associated with the confinement of water within graphene sheets has an additional, but
rather weak influence on the structural stability of water layers.

Water in a confined geometry at surfaces plays an enor-
mously important role in many fields of natural sciences
such a biology, (electro-)chemistry, materials science and
earth science [1]. A basic understanding of the factors
influencing the structure of the water layers is crucial
for comprehending the function of water at interfaces, as
interfacial water often exhibits properties that are dis-
tinctively different from those of bulk water [2-4]. The
structure of the water layers directly at the solid-liquid
interface is governed by an interplay between the water-
water and the water-substrate interactions [5, 6]. Usually
it is assumed that water at flat surfaces tends to form
hexagonal ice-like layers [7], and only through the corru-
gation of the underlying substrate some other geometry
might be imposed on the water layer [6, 8, 9].

Hence the recent high-resolution electron microscopy
observation of square ice confined between two graphene
sheets [10] was rather surprising as the water-graphene
interaction exhibits only a weak dependence on the posi-
tion and orientation of the water molecule [11, 12]. There
is an ongoing discussion whether or not the transmission
electron microscopy images [10] should be attributed to
a film of square water or to accumulated salt sandwiched
between graphene sheets [13, 14]. Still, this experimen-
tal study has raised interest in the fundamental question
whether under ambient conditions two-dimensional wa-
ter layers can realize geometries that are not feasible for
bulk ice [15].

All experimentally observed two-dimensional water
structures are subject to water-substrate interactions
that influence their shape. On the other hand, theo-
retical studies allow to address two-dimensional water
structures which are only subject to the water-water in-
teractions. This allows to disentangle the influence of the
water-water interaction from the water-substrate interac-
tion [16-18]. Therefore we have performed a systematic
study of the stability of free-standing water structures us-
ing first-principles electronic structure calculations based
on density functional theory (DFT). In the DFT calcu-
lations we have employed the RPBE functional [19] to-

gether with dispersion corrections [20] which is known to
give a reliable description of water properties [21] and
the water-surface interaction [22]. This allows us to rank
the stabilities of two-dimensional water structures to a
high level of accuracy. An unbiased search for lowest-
energy configurations based on seven different structural
motifs has been performed. Sweeping across area densi-
ties, we can establish connections between different two-
dimensional water structures, and gain insight into tran-
sitions to multilayer water. Additionally, water sheets
with hexagonal, square and truncated-square motifs con-
fined within graphene sheets have been studied in order
to simulate realistic environments needed for the com-
parison with the experiment [10].

One- and two-layer-thick free-standing water struc-
tures were selected based on the simplest planar motifs —
space-filling tilings of triangles, squares, rhombuses, rect-
angles, hexagons and octagons. The optimum area den-
sity of a given water layer was firstly estimated based on
typical water-water distances and a probable structure
that maximizes the ice rules [23]. Water molecules on
these lattices were given random orientations, and then
relaxed using conjugate gradient optimization. Up to
2048 initial configurations were used per motif in order
to determine the arrangement of water molecules that
minimizes energy. All water molecules were allowed to
relax freely except for the triangular structure, in which
the oxygen atoms had to be partially constrained in or-
der to retain the triangular arrangement. All the water
sheets shown in Fig. 1, with the exception of rh(I), pos-
sess bilayer structure, i.e. not all atoms of one water layer
are at the same height.

Starting with isolated clusters, the cyclic form of a wa-
ter tetramer shown in Fig. 1a was found to be the most
stable structure, in agreement with the current consen-
sus in scientific literature [24-27]. Each water molecule is
both a donor and an acceptor of a hydrogen bond in this
structural isomer. In contrast, in the bilateral-symmetric
(H20)4 isomer (Fig. 1b) a water molecule is either donat-
ing, or accepting, two hydrogen bonds. There are two
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FIG. 1. TIllustration of the motifs employed in the search
for stable two-dimensional water structures. Water tetramers
[tet]: (a) cyclic (up-down-up-down), (b) bilateral symmetric.
Water sheets, where water molecules are ordered in an array of
(c) regular hexagons, otherwise known as a hexagonal bilayer
[hex], (d) rhombus, planar (with interior angles of 104.5°)
[rh(I)], (e) squares [sq], (f) rhombic bilayer [rh(II)], (g) tri-
angles [tri], (h) I secondary-prism bilayer [sp], (i) truncated-
square bilayers [tsq], (j) two-layer square [sq 2L], (k) herring-
bone [hb], (1) squares (side view) and (m) truncated-square
bilayers (side view). Blue/red coloring of oxygen atoms is
used as an aid for visualizing corrugation (c-i) and distin-
guishing the two water layers (j,k). The sheets are shown at
their optimum area densities, except for truncated-square bi-
layer (tsq) and the secondary-prism bilayer (sp) sheets, which
are shown here at a density of ~12.3 molecules/nm?.

types of water molecules in this structure, based on their
orientation: molecules which are flat-lying with respect
to the tetramer plane, and molecules whose planes are
normal to the tetramer plane.

Two-dimensional water structures based on hexagons,
rhombuses, squares and triangles are illustrated in
Figs. 1c-j. Figure 1h shows a bilayer water structure
that projects onto a motif of irregular hexagons, resem-
bling the {1120} /secondary-prism face of ice I,. We
hence name this two-dimensional water structure the
secondary-prism water bilayer. In a competitive-growth
method where the more stable face edges out the less

stable, it was found that the secondary-prism face dom-
inates at the ice-water interface [28]. Bilayer analogues
of water sheets are lower in energy compared with their
completely planar counterparts, regardless of the motif
(see Supplementary information).

The truncated-square bilayer (Fig. 1i) is a hydrogen-
bonded network of water tetramers. In contrast to the
hexagonal bilayer, truncated-square bilayers do not have
a net dipole moment along the direction normal to the
water layer. Our calculations show that truncated-square
bilayers consisting of bilateral-symmetric tetramers are
energetically favored over truncated-square bilayers con-
sisting of up-down-up-down or up-up-down-down cyclic
tetramers.

The relative stabilities of one- and two-layer sheets of
water measured in energy per molecule, plotted against
area density are shown in Fig. 2 to illustrate how these
ordered water structures may change as water is com-
pressed laterally. In order to see this more clearly, we
have defined area density as the total number of water
molecules per unit area, regardless of how many layers
of water comprise the sheet, or how corrugated a given
water layer is. Motifs of most stable structures are illus-
trated at the bottom of the figure. Up to a density of
15.4 molecules/nm?, one-layer (1L) structures are most
stable whereas for higher densities two-layer (2L) struc-
tures become most stable.

Figure 2 demonstrates that the free-standing single
hexagonal bilayer is not the structure of lowest total en-
ergy. At their respective optimum area densities, single-
layer sq and rh(II) are more stable layers compared to
the hex structure. Free-standing truncated-square bi-
layers and secondary-prism bilayers of water do not have
an optimum area density, as compression readily leads
to the formation of two-layer water sheets. These two
water structures are, however, also lower in energy than
the hexagonal bilayer. At the same time we point out
that an infinite stacking of truncated-square bilayers is a
metastable 3D water structure (Fig. 2) which can recon-
struct into the more stable bulk I},, consistent with what
we expect from nature. The regular hexagon lattice has
been the default structure assigned to water adsorbed
on solid surfaces, most especially on hexagonal closed-
packed metal surfaces [7]. Our results show that in fact
a sufficiently strong coupling to a surface with hexagonal
symmetry is required to form a single hexagonal water
layer.

At area densities below 6.6 molecules/nm?, water
sheets comprised of interacting water tetramers were
found to be most stable. This low-density region can
be assigned to interacting clusters of water in gen-
eral, which may not have a clear periodic structure.
From 6.6 molecules/nm? onwards water forms an or-
dered lattice, beginning with a truncated-square struc-
ture, which possesses a fourfold-symmetric arrangement
of oxygen atoms. This is replaced by the I}, secondary-
prism structure, which has twofold symmetry, between
11.2molecules/nm? and 15.4 molecules/nm?.
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FIG. 2. Relative stabilities of one- (1L) and two-layer (2L)
sheets of water. The plots are labeled according to the water
structure exhibited at their respective energy minima. Motifs
of the lowest-energy water structures at a given region of area
density are shown. The formation energy of 3D ice tsq is
plotted against the density of water molecules of a single form
a truncated-square bilayer from this 3D crystal. Analogously,
the area density used for I, is that of the basal plane of the
optimized solid.

A truly hexagonal water structure only becomes stable
as a stacked two-layer system in the region of area den-
sity from 15.4 molecules/nm? up to 23.0 molecules/nm?.
This is in fact the most stable water sheet in energy per
molecule among the one- and two-layer structures cov-
ered in this work, explaining its reported hydrophobic-
ity [29], and the room-temperature order in interfacial
water found using ab initio molecular dynamics [30]. Fi-
nally, at area densities greater than 23.0 molecules/nm?,
stacked truncated-square bilayers dominate among the
water sheets that are only up to two layers thick.

What makes a particular water layer more stable
cannot be attributed to a single factor — the number
of O-H---O linkages formed, their corresponding bond
lengths, how linear these linkages are, the symmetry
with respect to neighboring molecules, even the relative
orientations of planes of individual water molecules all
play roles, and these factors are not independent of each
other. Stable 3D ice is formed when each water molecule
donates two hydrogen bonds and accepts two hydrogen
bonds, and when the four O-H- - - O linkages are spatially
separated in a tetrahedral geometry. Ice I — the most
common form of ice we have on our planet — accom-
plishes this. As a case study in the two-dimensional do-
main, the rh(I) water layer is a completely planar sheet
that one may naively designate as stable because of its

network of linear O-H- - - O linkages and perfect nearest-
neighbor number of 4. However, the absence of some de-
gree of intermolecular tetrahedral geometry makes this
sheet an unfavored structure. This issue is resolved in
the rhombic bilayer rh(II), which is more stable than
a hexagonal bilayer. The most stable single-layer water
structures at densities between 11.2molecules/nm? and
15.4molecules/nm?, the truncated-square bilayers and
secondary-prism bilayers, are hydrogen-bonded to only 3
neighboring molecules, but they are arranged in a near-
tetrahedral bonding geometry. For a two-layer structure
of water, the coordination can be increased through in-
terlayer bonding. This now renders the two-layer hexag-
onal structure to be most stable. Lastly, we mention
that the water sheet sq 2L shown in Fig. 1j is only a
metastable structure at 23.2molecules/nm?. Maximiz-
ing intra- and interlayer hydrogen bonding and tetrahe-
dral coordination makes it impossible to form a perfect
two-layer square lattice.

These results contribute to understanding water layers
in contact with solid surfaces as they clarify the role of
the water-water interaction in the structure formation.
Note that on metal surfaces, a compensation effect be-
tween water-water and water-metal interaction has been
found [5]: the stronger the water-metal interaction, the
weaker the water-water interaction within the first layer
and vice versa. This explains the stability of water layers
at steps which are pinned at the metal step edge atoms
but only weakly interacting with the metal atoms above
the terraces so that a strong hydrogen-bonded network
can form [8].

Recently, a square structure of water sandwiched be-
tween two graphene layer has been identified using high-
resolution electron microscopy imaging [10]. There is
still some ongoing discussion about the nature of the
square structure that has been imaged [13, 14]. Still,
it is instructive to look at possible water structures in
such an arrangement from a theoretical point of view.
Molecular dynamics simulations based on an empirical
force field [10] proposed that square water arises from a
bonding network best described by, but not identical to,
the rh(II) layer in the current study, which we however
find to considerably deviate from a square motif both
at its optimum area density and at 12.3 molecules/nm?
(Fig. 1f). The latter value corresponds to the density
of water molecules per layer derived from the experi-
ment [10].

In order to check whether confinement of water be-
tween graphene sheets influences the stability of the wa-
ter structures, we have performed calculations for water
layers adsorbed on graphene and trapped between two
graphene layers. Note that the modeling of crystalline
water layers between graphene sheets in a periodic setup
requires finding an appropriate commensurate lattice for
both subsystems. As the lattices of the considered wa-
ter layers and graphene differ both in symmetry and size
of their periodicities, we had to use unit cells containing
up to 3096 atoms leading to a significant computational
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FIG. 3. Water adsorbed on, and confined within graphene
sheets: (a) stability of one-layer water, (b) stability of two-
layer water, (c) separation between graphene sheets confining
water, (d) side view of confined hex 2L water, (e) side view
of confined tsq 2L water. Initially square bilayer water on
graphene and within two graphene sheets in panel (a) are in
fact disordered water layers; the one-layer (1L) square sheet
in (c) is accordingly of the planar form, which did not break
down.

effort simulating these systems.

Figure 3a shows the relative stabilities of one-layer
water with three different structures trapped between
graphene sheets; Fig. 3b shows the analogue when an-
other layer is added. At the experimentally derived water
density per layer, we always find the truncated-square bi-
layers to be most stable, more stable than the hexagonal
layers. Our water calculations do not predict any pure
square structures of water to exist in nature.

Although the relative stability of the three motifs con-
sidered in Fig. 3 is unchanged upon confinement, we find
that the additional stabilization through the graphene-
water interaction depends on the particular geometry of
the water layers. In order to understand formation en-

TABLE I. Breakdown of the energy of confined water sheets.
All values are expressed in eV/nm?  The ratio of the
graphene-water contribution to the water-water contribution
is also given.

system graphene—water water—water ratio
hex, bilayer -2.072 -5.146 0.403
sq, planar -1.686 -4.696 0.359
tsq, bilayer -1.451 -5.802 0.250
hex 2L -2.000 -12.282 0.163
sq 2L -1.880 -12.628 0.149
tsq 2L -1.460 -13.685 0.107

ergies better, it is useful to decompose the computed
energies of the water layers into separate contributions
from the water-graphene and the water-water interac-
tions. The breakdown is listed in Table I. The interac-
tion of a water layer with graphene is not negligible. It
is weak [12] in comparison to bonding at water-metal in-
terfaces. As one may expect, the role of graphene-water
interaction in stabilizing confined ordered structures of
water becomes less important with increasing water sheet
thickness.

Even if square water is not predicted to be most sta-
ble, it is interesting to test whether they are kineti-
cally stabilized, i.e., whether their transformation is hin-
dered by sufficiently large barriers. Square bilayer wa-
ter readily broke down into a disordered structure on
graphene and within two graphene sheets. Hexagonal
sheets also reconstruct in order to minimize energy. At
a density of 24.5molecules/nm? the water sheet com-
prised of two hexagonal bilayers is markedly strained, by
73 meV /molecule. Graphene-water interaction destroys
the double-bilayer network, forming a open non-planar
structure (Fig. 3d). A more ordered two-dimensional
structure that is similar in energy is the two-layer herring-
bone water sheet (Fig. 1k), which prefers a smaller con-
finement distance. The herringbone structure was found
to be stable only within graphene confinement. On the
other hand, we found that the two-layer sheet of square
water confined in graphene is metastable — the order was
not destroyed upon structure optimization even with 312
water molecules in the calculation.

The number of layers of water that comprise a con-
fined ordered sheet of water is obviously connected to the
size of the constricting framework. Molecular dynamics
simulations using a 5-7 A separation between graphene
sheets produced ordered water sheets that are one-layer
thick, while a 7-9 A separation yielded two-layer water
sheets [31, 32]. Our DFT calculations show that sepa-
ration of graphene sheets is also strongly linked to the
motif of the water sheet they enclose (Fig. 3c). Calcula-
tions predict that confined truncated-square bilayers are
most stable at a graphene interlayer separation of 8.4 A,
while squares and hexagons prefer graphene separations
less than 7.5 A (Fig. 3c). One could argue that the sep-
aration of the two graphene sheets enclosing water is a
factor that can be used to control the motif of water that
is formed: square water is more favored when water is
more constricted by the graphene sheets.

We have compared the stability of free-standing sheets
of water for a wide range of area densities, and water
sheets at similar surface area densities/surface coverages
that are bounded by two graphene sheets. A search for
the most stable two-dimensional ordered structures of
water was done, covering seven structural motifs. Both
the number of hydrogen bonds formed and intermolecular
bonding at near-tetrahedral bonding angles were found
important in determining structures with lowest energy.

Our calculations could not confirm the experimentally
proposed pure square structure [10] of two-dimensional



water to be most stable. At the same time, we also
did not find that hexagonal water layers are necessar-
ily the most stable. Free-standing single water sheets
with square, rhombus, truncated-square, and secondary-
prism motifs were found to be lower in energy compared
to the standard sheet in which water molecules are ar-
ranged in regular hexagons. Hence there might well be
water structures in two dimensions that consist of motifs
with a square geometry.

At the experimentally proposed density per water
layer, we find one- and two-layer structures consisting of
truncated-square motifs to be most stable, independent
of the fact whether the water layers are free-standing, ad-
sorbed on graphene or sandwiched between two graphene
sheets. Thus we confirm the assertion of Ref. [10] that
confined two-dimensional water can crystallize in a phase
that has a symmmetry that is qualitatively different from
the conventional hexagonal geometry of hydrogen bond-
ing between water molecules. Our findings should aid
future first-principles modeling of water at interfaces of
arbitrary symmetries and interaction strengths, and we
hope this work could encourage investigators to explore
beyond hexagonal water at interfaces. Experimental ver-
ification of the existence of truncated-square, secondary
prism and herringbone water structures is still being
awaited.

METHODS

All DFT calculations were done using the RPBE functional [33]
with the D3 scheme for computing dispersion effects using the form
of the damping function proposed by Becke and Johnson [34]. This
flavor of DFT was chosen because this has previously been shown
to be good at describing the interaction between water molecules
[21]. It is furthermore ideal for modeling interactions with graphene
because of its good prediction of the graphene lattice constant,
and also because of the inclusion of van der Waals interactions.
The calculated lattice constant of 2.472 A was used. This value is
0.5% larger than the graphite basal plane lattice constant 2.4589 A
derived from x-ray spectrometry [35]. For comparison, the lat-
tice constant that PBE predicts is 2.467 A, while RPBE-D3 using
zero damping yields 2.480 A. Calculations were performed using
the code VASP using an energy cutoff of 450eV, and a sufficient
amount of k points. Water sheets are separated by at least 30 A
in the periodic supercell scheme. Structure relaxation calculations
were terminated once the forces on all atoms became less than
0.01eV/A. Selected calculations repeated using the PBE functional
and RPBE-D3 with zero damping yielded the same trends (see Sup-
plementary information). PBE is known to overstructure water.
Two water molecules in a periodic cell were used to model the wa-
ter layer of regular hexagons. Four water molecules were used for
the layers comprised of squares, rhombuses (i.e., rhombuses with
acute interior angles) and triangles, while eight water molecules
were used for truncated-square bilayers and secondary-prism bilay-
ers.

Two types of periodic supercells were used in the calculations:
rhombuses (for rhombus, regular hexagonal, and triangular motifs)
and squares (square, rhombus, truncated-square, and secondary-
prism motifs). Square water can be artificially predicted when the
periodic unit cell is a square; but if water structures do not favor
forming squares in a square unit cell, then this is surely not an
artifact of the cell constraints.

By monitoring how the predicted minimum-energy structure

evolves as a function of the number of random initial configura-
tions, we estimate that for a system with four water molecules in
the supercell, 200 initial configurations should be enough to ob-
tain the global minimum structure to within an error bar of 1 meV.
A system with eight water molecules requires about 1000 initial
configurations to reach this level of accuracy.

Water sheet formation energies are expressed per molecule, and
plotted with respect to the energy of a free water molecule, i.e.
E = 0 when the water molecules are very far apart:

Eform = [Eshcct - NEmOl]/N (1)

where Ey,o1 is the energy of a free water molecule, Fgpeet is the
energy of the given water sheet, and N is the number of water
molecules comprising the water sheet.

The graphene and water layers are structurally incommensu-
rate, i.e. their different symmetries and lattice constants present a
considerable mismatch. Working within this difficulty, the follow-
ing water layer densities were used: 12.28 molecules/nm? for the
square water sheet on graphene, 12.25molecules/nm? for hexag-
onal water, and 12.40 molecules/nm2 for truncated-square water.
These values differ within 1.3% of each other. These surface den-
sities were chosen in order to be as close as possible to the high
packing density (12.49 molecules/nm?) reported in Ref. [10] while
minimizing system size, and hence computational cost. Square wa-
ter was modeled using rectangles with an aspect ratio of 1.00074.
Graphene sheets were stacked in an AB manner. Supercells con-
taining up to 512 water molecules and 1560 carbon atoms were
used in the calculations.

Water-graphene and water-water energy contributions were cal-
culated using the following:

E(graphene — water) = [Ftot — 2Eg — Fr,0-sheet)/A  (2)

E(Water - Water) = [EHQO»sheet - NEHQO»mol]/A (3)
where FEiot is the energy of the full system in which water is confined
within graphene, Ex,0-mol is the energy of a free water molecule,
Eg is the energy of the graphene sheet, Ep,0-sheet is the energy
of the given hex, sq, or tsq water layer, and A is the area of the
supercell.

Finally, some conventions used in this paper: a sheet of water
can be comprised of one to a few (in this work restricted to max. 2)
layers — irreducible, ordered two-dimensional networks of water
molecules. Layers that comprise a sheet are similar in structure,
and are most stable when stacked directly upon each other. A single
water layer can have a bilayer structure. Some papers use the term
bilayer to denote a two layer-thick sheet of water. For clarity, we
use the term bilayer to designate a layer that is a superposition
of two distinct parallel planes containing water molecules. For a
concrete example, Fig. 3e shows a sheet of water that is comprised
of two truncated-square bilayers stacked upon each other, confined

between graphene sheets.
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