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ABSTRACT

The phase diagram of water is complex, and interfacial effects can stabilize unusual structures at the nanoscale. Here, we employ bond order
accelerated molecular dynamics simulations to show that upon encapsulation within bilayer graphene, water can spontaneously adopt a twodimensional (monomolecular) layer of “square ice” at ambient conditions, instead of an encapsulated water droplet. Free energy calculations
show that this motif is thermodynamically stable up to diameters of approximately 15 nm due to enhanced hydrogen bonding and favorable
binding to the graphene sheets. Entropic losses due to solidification and reduced graphene–graphene binding enthalpy are opposing thermodynamic forces that conspire to limit the maximum size, but modification of any of these thermodynamic factors should change the range of
stability. Simulated core-level spectroscopy reveals unambiguous orientation dependent signatures of square ice that should be discernable in
experiments.
Published under license by AIP Publishing. https://doi.org/10.1063/1.5109468

INTRODUCTION
The dominant, opposing thermodynamic forces in bulk water
are hydrogen bonding enthalpy and entropy,1–5 favoring rigid ice
superstructures and isolated, disordered gas molecules, respectively. At ambient conditions, the liquid phase is the thermodynamic minimum in free energy because it offers the best
compromise between these two competing forces, a fact that is
critical for the existence of life on our wet planet.6 Indeed, experimental calorimetric measurements show that water molecules
in the liquid possess H0 = −0.34 eV/H2 O of absolute enthalpy
and TS0 = 0.21 eV/H2 O of absolute entropy at ambient conditions.7 In comparison, hexagonal ice is unstable under the
same conditions (∆G = +0.027 eV/H2 O), since for this “superheated” solid, enthalpic stabilization (∆H = −0.060 eV/H2 O) cannot overcome entropic losses (T∆S = −0.087 eV/H2 O). At the
other extreme, gas molecules have significantly enhanced relative
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entropy (T∆S = +0.354 eV/H2 O), but even less favorable enthalpy
(∆H = +0.44 eV/H2 O), and thus present another unstable phase at
ambient pressure and temperature (∆G = +0.086 eV/H2 O).
At interfaces, the excess surface free energy underlies the
physics of various natural processes, such as cloud formation8 and
protein folding,9 as well as useful industrial systems, including emulsions10 and water repellant surfaces.11 More commonly, the wettability of solid surfaces is known to arise from nonlinear combinations of liquid/vapor (i.e., surface tension), solid/liquid, and
solid/vapor surface energies.12 The so-called “hydrophobic”13 surfaces have positive solid/liquid surface energies and are generally
characterized by large (>90○ ) contact angles and diffuse liquidlike
interfacial layers.14 At the nanoscale, the surface area becomes comparable to volume, and interfacial thermodynamics play a defining
role in minimizing the free energy, sometimes stabilizing unusual
phases.15,16 In one recent example, both experimental measurements
and theoretical calculations show the existence of stable, nanoscale,
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one-dimensional (1D) ice phases at ambient conditions in carbon nanotubes.17,18 It is therefore natural to imagine that similar
physics might act to stabilize ice phases upon planar (2D) nanoencapsulation.1
Bilayer graphene, a superstructure comprising two layers of
carbon atoms, is an attractive host material for such a phase, since,
although the individual sheets are strong (Et = 340 N/m)19 and
flexible,20 the structure is held together by weak van der Waals
forces. Recently, high resolution transmission electron microscopy
(HRTEM) images of water encapsulated in bilayer graphene1 have
been reported, and it was proposed that this is a new water phase: a
reduced dimensional analog of ice VII.21 This 2D phase is comprised
of a square lattice with completely saturated hydrogen bonding in
the monolayer, something not guaranteed for other crystallographic
arrangements. The interpretation of this work has since been challenged and has not been subsequently demonstrated in the ensuing
years.22 Here, we advance a novel structure descriptor and accelerated molecular dynamics (MD) simulations to reversibly form
square ice (SqI) structures of various sizes within bilayer graphene,
starting from an initial encapsulated water droplet (EWD). We
decompose the free energy of the various ensemble structures into
the separate enthalpy, entropy, and differential work terms and show
that the balance between these forces conspires to restrict the size of
square ice to ∼15 nm in diameter. Thus, square ice is a nanoscale
object, which should be spectroscopically discernible based on simulated core-level loss spectra, comprising a single, atomic monolayer
that can be immobilized by chemical defects in the graphene sheet.

RESULTS AND DISCUSSION
We performed density functional theory (DFT) calculations at
the vdw-DF223 level of theory to obtain the square ice unit cell in
Fig. S1a of the supplementary material. These results are consistent
with previous DFT calculations.1,24 Periodically infinite, square ice
sheets were constructed25 (Fig. S1b) under periodic boundary conditions and subjected to extensive equilibrium molecular dynamics
(MD) simulations using empirical force fields. Here, we described
the water–water interactions using the fluctuating charge, TIP4PFq26 water model, while the carbon-carbon interactions employed
the QMFF-Cx27 force field for graphene. The critical carbon–water
interactions were described in the same fluctuating charge framework,28 based on fitting to DFT calculations of the orientationally
dependent, binding energy curves of an isolated water molecule
on graphene (Tables S1 and S2). All simulations were carried out
using the large-scale atomic/molecular massively parallel simulator
(LAMMPS) MD engine.29
We found that our infinite square ice MD simulations were
only mechanically stable at room temperature through the application of constraints on the separation (center of mass) between
the graphene sheets. Unconstrained simulations invariably resulted
in the destruction of the square ice motif and the emergence of
an encapsulated water droplet (EWD) on nanosecond time scales.
This is consistent with other theoretical approaches that were only
able to realize square ice through external confining potentials24,30
or rigid/immobilized graphene sheets.1 MD simulations of extended
structures comprising unit cells with alternative rhombohedral symmetries31 led to similar conclusions.
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The existence of such constraints is difficult to rationalize with
the original experiments; thus, we adopted an alternative approach,
simulating systems comprising various numbers of water molecules
embedded inside a 40 × 40 nm2 bilayer graphene supercell (corresponding to submonolayer coverage—Table S3). Initial MD equilibration resulted in a single, mixed phase EWD, characterized by a
periphery of monolayer square ice (SqI), an interfacial monolayer
(in contact with the graphene) and an internal core of disordered
water molecules, more clearly evident in larger droplets due to their
large aspect ratio. The calculated oxygen–oxygen pair distribution
function shows a broad distribution, with a central peak at 2.78 Å,
reminiscent of the bulk liquid, though smaller than the 2.85 Å separation in the constrained, extended-phase SqI (Fig. S2). Notably,
our equilibrium MD simulations did not result in spontaneous SqI
formation on the nanosecond time scale.
In order to affect reversible conversion between the EWD and
SqI phases, we performed accelerated MD simulations, employing
the Q2 and Q5 Steinhardt bond-order parameters,32,33
Ql =

1 Nb (i) q̄l (i) ⋅ q̄∗l (j)
,
∑
Nb (i) j=1 ∥q̄l (i)∥ ⋅ ∥q̄∗l (j)∥

1 Nb (i)
q̄lm (i) =
∑ Ylm (θ(⃗rij ), 𝜙(⃗rij )),
Nb (i) j=1

(1)

which quantify the coordination environment around each water
molecule i within a mathematical basis of a vector of m spherical
harmonics functions, Y lm (θ,φ), of neighboring molecules N b (i). As
shown in Fig. S3, this combination of order parameters can unambiguously distinguish square ice from disordered liquid phases. We
thus constructed 2D free energy surfaces (FES) by exclusive sampling of the (Q2 ,Q5 ) subspace34,35 using the metadynamics scheme.36
Figure 1 presents the thermodynamics and equilibrated snapshots of
the SqI and EWD phases with 1600 water molecules. The (Q2 ,Q5 )
FES has two deep basins for the EWD and SqI structures, and a significant transition barrier of ∆G∗ = 0.567 ± 0.030 eV/H2 O between
the two.37 This large barrier would preclude the spontaneous formation of SqI on the nanosecond time scales typical of previous
molecular dynamics simulations.
The SqI obtained from accelerated MD sampling of the (Q2 ,Q5 )
FES contains numerous defects and grain boundaries. Recent work
for small systems (<1000 water molecules) has shown that through
further equilibration, it is possible to remove many of these defects,
through water “flipping” mechanisms.38 Here, we realized defectfree square ice by encapsulating a 20 × 20 supercell inside bilayer
graphene and performing constrained dynamics [restricting the
motion of the water molecules with a 100 (kcal/mol)/Å2 harmonic
spring] over 1 ns of MD equilibration. Once the graphene sheet had
accommodated the square ice structure, we removed the constraints
and evaluated the free energy. We found that this, defect free, square
ice structure was lower in free energy by ∼0.014 eV/H2 O than the
corresponding, defected motif, similar to the findings of Zhu and
co-workers.38 Interestingly, in all cases, the water molecules experience compressive stresses, equivalent to >1 GPa of pressure, due
to encapsulation in bilayer graphene, although the stress in the SqI
phase is anisotropic and limited to the SqI plane (Fig. S4). Pressures
of a similar order of magnitude have been reported experimentally
for graphene nanobubbles.39
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FIG. 1. Square ice formation and thermodynamics. (a) Free energy surface (FES) as a function of the global Q2 and Q5 order parameters for a 1600 water molecule system.
The minimum free-energy path (MFP) connecting the EWD and SqI basins is shown by the hollow black circles and calculated on the constructed FES using the string
method. (b) 1-D free energy pathway (meV/H2 O) along the MFP. The data are smooth with a cubic spline function (solid black line) for presentation purposes. The statistical
uncertainty (standard deviation—1σ) is indicated by the gray shaded area. The dashed red line represents the relative Gibbs free energy of a perfect SqI structure. (c) Top
view (i.e., along the xy plane): snapshot of the water molecules in the EWD basin on the 2D (Q2 ,Q5 ) free energy surface. The interfacial surface area, calculated by fitting the
water structure to a blister model, is shown. (Inset) View along the z-axis. (d) Snapshot of the SqI phase showing the various grain boundaries. (Outset) Magnified SqI water
structure showing the bottom graphene sheet.

Figures 1(c) and 1(d) and Table S3 show, as expected, that SqI
has significantly larger surface area than EWD. While the volume
of SqI and EWD is comparable (reflecting the low compressibility
of water in condensed phases), the interfacial surface area of SqI
necessarily scales linearly with the number of water molecules N,
whereas that of the EWD scales as ∼N2/3 for systems with at least
100 molecules. The EWD size scaling is consistent with continuum
mechanical models of blisters40 produced by fluids under thin, elastic, adhesive membranes. In this theory, advanced by Hencky and
others,41–44 the blister dimensions (radius and height) are related
to the pressure of the confined fluid, the Young’s modulus of the
membrane, and the adhesive energy per unit area of the membrane
to its substrate. We show in the supplementary material how this
continuum theory correctly predicts the size and shape of nanoscale
EWDs.
Further insights into the SqI thermodynamics were obtained
by means of free energy calculations, employing the Two-Phase
Thermodynamics (2PT) method.45–48 This approach allows us to
separately determine the thermodynamics of the water molecules
and graphene sheets while also accounting for the separate diffusive, configurational, and vibrational components of the entropy.
These calculations reveal, consistent with our previous metadynamics simulations, that for 1600 water molecules encapsulated in
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bilayer graphene, SqI is more thermodynamically stable than EWD:
∆G = G0 SqI − G0 EWD = −0.019 ± 0.003 eV/H2 O. Here, gains in the
system enthalpy (∆H = −0.37 ± 0.003 eV/H2 O) overcome reduction in the total entropy (T∆S = −0.35 ± 0.005 eV/H2 O). This result
stands in contrast to the mechanically unstable infinite SqI sheets
and implies a size dependence to the free energy difference, which
we elucidate by means of a model Hamiltonian,
∆G(SqI − EWD; N) = ∆Hstress (N) + ∆HC-C (N) + ∆HC-wat (N)
+ ∆Hwat (N) − T∆Swat (N).
(2)
Here, the relative energy of the SqI and EWD phases results from (i)
reduced graphene stretching to accommodate a flat 2D flake rather
than a 3D droplet (Fig. S5), (ii) loss of favorable graphene interlayer
binding due to the increased projected area (Fig. S6), and (iii) an
increase in favorable graphene-water interfacial binding (Fig. S7),
for the same reason. The last two terms in Eq. (2) reflect differences in (iv) the water enthalpy (Fig. S8a) and (v) the water entropy
(Fig. S8b) due to obvious changes in the degree of hydrogen bonding
and disorder between the solid and liquid, respectively.
Analysis of MD trajectories of the various motifs constrained
to their respective region of the (Q2 ,Q5 ) FES confirms our
hypothesis, revealing that terms (i), (iii), and (iv) are negative,
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favoring SqI formation, while terms (ii) and (v) are destabilizing
forces (Fig. S9). The surface area scaling, noted previously, coupled
with the coefficients from the various energy terms in Eq. (2), thus
leading to an equation for the relative energies as a function of N and
temperature T (Table S4),
∆G(T, N) = (1×10−4 +1.6×10−6 T)N 2 −(2.81−4.61×10−3 T)N. (3)
Equation (3) is plotted in Fig. 2(a) and found to predict the relative stability of SqI with increasing N at 298 K consistent with the
free energy MD simulations. Clearly, the functional form of Eq. (3)
implies correctly that the extended 2D SqI phase is ultimately unstable with respect to the 3D EWD phase, underscoring the many
necessary constraints that have been applied in previous studies to
stabilize SqI. A natural consequence of Eq. (3) is to place restrictions
on the maximum size of SqI flakes that are thermodynamically stable
compared to EWD (i.e., ∆G ≤ 0). This we find has two main components: considering only the relative energies of the water molecules,
enthalpic stabilization dominates at smaller sizes but eventually is
overcome by entropic losses so that SqI would be thermodynamically stable at 298 K only for N < 8000 (Fig. S8d). However, the
destabilizing loss of graphene–graphene interlayer binding in SqI
reduces the overall free energy of the system, dramatically, limiting
the maximum size to N ∼ 2300 molecules (∼15 nm diameter). We
note that SqI would be entirely unstable without a significantly stabilizing graphene-water interaction, assisted to some degree by fractional electronic charge transfer. Similarly, stiffer materials, or materials with increased sheet–sheet binding would disfavor SqI formation. Therefore, in many ways, bilayer graphene possesses the optimal mechanical properties to facilitate large SqI flakes at ambient
temperature.
Using Eq. (3), we present the T,N phase diagram in Fig. 2(b) to
establish the zones of stability and theoretical maximum size of SqI
at various temperatures T. Figure 2(c) predicts the melting temperatures of SqI flakes, which we find can be as high as 600 K for an
800 molecule system. Of course, experimentally realized square ice
may coexist with various atomic site defects in graphene, which may
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further stabilize SqI flakes, or they may be trapped out of equilibrium for kinetic reasons. These favorable factors could lead to flakes
larger than predicted here. Finally, we acknowledge that the properties of 2D water/ice in MD simulations are sensitive to the force field
used. However, we verified that our results are robust by comparing
the thermodynamics of 1600 water molecule SqI and EWD phases
with various popular water force fields. In all cases, the SqI phase
was found to have a lower free energy (Table S5).
The overall nanoscale morphology of SqI was determined by
simulated oxygen K-edge EELS spectroscopy, using constrained
orbital-occupancy DFT49,50 within the excited electron and corehole (XCH) formalism.51 As shown in Fig. 3, monolayer SqI flakes
have a spectroscopic signature that differs significantly from disordered liquid phases, such as EWD. EELS measurements based on
high kinetic energy electrons are naturally dominated by the polarization in the direction of propagation, i.e., perpendicular to the
plane of SqI (or equivalently of the graphene bilayer, presumably
resting on a TEM grid or sample stage). In the isotropic, bulk-phase
liquid, there is no polarization dependence in the EELS spectrum,
which exhibits characteristic peaks at 535 eV (due to a population of
broken H-bonds; the pre-edge) and 538 eV (the main-edge).52 Similarly, the simulated EELS spectrum of EWD does not present strong
polarization dependence [Fig. 3(a)], but instead is characterized by
a single, red-shifted main-edge at 536 eV, due to increased water–
water distances and a suppressed pre-edge. In contrast, the simulated
EELS of SqI, with polarization normal to the plane, presents as a single main-edge feature near 541 eV [Fig. 3(b)], in excellent agreement
with previous experimental measurement,1 while in-plane polarization presents a prominent pre-edge peak near 532 eV (Fig. S10).
The pre-edge transitions are to antibonding electronic excited states
aligned along the OH bonds, perpendicular in SqI to the polarization
of the incoming electron beam and hence absent in the measured
EELS. Experimentally, we propose that this feature may be seen by
tilting the sample stage significantly.
One interesting aspect of the MD simulations of SqI
nanostructures is that they are randomly self-diffusive as a

FIG. 2. Finite size scaling thermodynamics. (a) Relative Gibbs free energy
per water molecule of SqI over EWD at
298 K as a function of number of water
molecules N. The solid line represents
the predictions of our model Eq. (2),
while the solid squares are the results
of our MD simulations. (b) Phase diagram of water encapsulated in bilayer
graphene with respect to temperature (K)
and number of water molecules, N. The
approximate phase boundaries represent the thermodynamically stable (lowest ∆G) and favored (∆G < 0 but within
numerical uncertainty) phases. The dotted horizontal line is the 298 K result.
(c) Change in predicted temperature of
thermodynamic co-existence (T m ) with
flake size. The dotted lines represent the
predictions at 298 K.
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FIG. 3. Simulated O-kedge EELS spectra. (a) Comparison of experimental EELS of SqI1 (solid) with simulated EELS of EWD calculated normal to the sample (dashed)
or at grazing incidence (finely dashed). (b) Comparison of experimental EELS of SqI (solid) with simulated EELS of SqI calculated normal to the sample (dashed) or at
grazing incidence (finely dashed). There is better agreement between the z-polarized simulated EELS and the experimental spectrum. (c) Comparison of experimental EELS
spectrum from a SqI sample where SqI is not present (solid) with a literature spectrum of graphene oxide5 (dashed) as well as a calculated spectrum of a hydroxyl defect
and epoxide in graphene oxide (dotted).

structural unit at a rate of ∼2.5 × 10−6 cm/s2 (∼1/10 that of bulk
water) due to the center of mass displacement at finite temperature. This motion would be inconsistent with the published HRTEM
images,1 which require no net diffusion within the seconds of data
collection required for clear contrast. Thus, we considered “perfect”
SqI flakes (i.e., without grain boundaries), which we immobilized
computationally through the inclusion of oxygen-containing chemical defects on the interior graphene surfaces to act as hydrogen
bonding anchor points. We found that one defect was sufficient
to pin the nanoflake, while two constrained the azimuthal angle.
There is, in fact, evidence for the presence of oxygen defects in previous experiments. Oxygen K-edge EELS shows the clear signature

of graphene oxide motifs5 comprising hydroxyls, epoxides, carboxylates, etc., even in regions that did not include visible square ice
[Fig. 3(c)]. The chemical specificity of EELS measurements affords
definitive peak assignments to graphene oxide, as opposed to other
inorganic oxides such as SiO2 .22
All of our MD simulations resulted in monolayer SqI, not multilayer AA-stacked structures as have been proposed based on the
interpretation of contrast variations in HRTEM images.1 Ab initio
potential energy scans (Fig. S11) on a two layer square ice unit cell
revealed the AB-stacked structure as the most energetically stable
by 8.5 meV/H2 O, consistent with previous results.30 While various
multilayer, nanoscale encapsulated, ice motifs have been realized,
such structures do not appear to be thermodynamically accessible when encapsulated in bilayer graphene at room temperature.
Moreover, as noted previously, these multilayer ice structures would
present out-of-plane H-bonds, which would result in a prominent
pre-edge feature in the EELS spectrum, which would be inconsistent with existing measurements. As an alternative explanation
of the image contrast in the HRTEM experiments, we performed
time-averaged variance analysis on the simulated oxygen atom positions of an immobilized SqI flake. This revealed that interior water
molecules have a significantly reduced variance (i.e., they move less)
than perimeter waters and we present the sampled distribution as a
possible source of image contrast in Fig. 4.
CONCLUSIONS

FIG. 4. Plot of the variance in oxygen position of immobilized square ice. We consider a 400 molecule square ice flake with two hydroxy defects during a 10 ns
equilibrium MD trajectory, sampled every 10 ps. For each snapshot, the oxygen
positions are discretized on a 0.5 × 0.5 Å2 spaced grid and used to construct a
histogram. Therefore, the spot intensity is a measure of the relative mobility. We
find the most intense spots near the center of the flake, while the least intense
spots occur near the perimeter of the flake. A grain boundary is also evident in the
lower right of the structure.
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In conclusion, we elucidate the thermodynamic origins of
nanoscale (up to 15 nm diameter) 2D square ice flakes as competitive
with encapsulated liquid water, driven predominantly by the favorable graphene-water interaction but ultimately destabilized at larger
sizes due to entropic losses in the water molecules. We propose that
additional, orientation dependent core-level spectroscopy measurements should be conducted to verify the presence of SqI within
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bilayer graphene. One potential technological application could be
in molecular electronics as a nanoscale switch: the rigid H-bonding
in SqI should make for an excellent 2D proton conductor, as suggested in the 1D case.53,54 Based on the stability analysis presented
here, phase transitions to the relatively nonconducting EWD phase
could be affected either by increased humidity and temperature or
by destabilizing the water-carbon interaction through electron doping (charging) of the semimetallic graphene sheets. It would also
be interesting to explore the nature of tethering flakes to chemical
defects and the possibility of patterning graphene substrates with
water, making wet and dry nanoscale regions at will. Future work
will utilize kinetic Monte Carlo simulations to explore the role of
various chemical defects in possibly stabilizing larger SqI flakes than
found here.
SUPPLEMENTARY MATERIAL
See supplementary material for detailed computational methods, graphene blister analysis, Tables S1–S5 and Figs. S1–S11, and
unit cells (CIF format) of extended SqI and nanoscale SqI and EWD
(1600 water molecules).
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