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While nuclear quantum effects influence autoionization in ambient-condition bulk water, their impact

on autoionization-driven phase transitions is only observed at extreme conditions (in the range of

many tens or hundreds of GPa). Here, we show that, for a monolayer of water in uniform nanocon-

finement, nuclear quantum effects induce a superionic phase transition under milder conditions than

in bulk. Our calculations suggest that this effect brings superionic behaviour into pressure regimes

much closer to those accessible in current 2D-material-water encapsulation experiments.

Introduction

Despite its simple molecular structure, water exhibits complex
phase behaviours. The known phases of bulk water include
over eighteen crystalline ice phases?, several amorphous ice
phases?®. and possibly two distinct liquid phases in the super-
cooled regime@.

This complexity of water’s phase diagram is maintained when
it is confined to nanometer-scale cavitiesZ12, The stable phases
of nanoconfined water are generally made up of 1-3 layers of
water molecules®10,  The structures and properties of these
phases differ dramatically from the bulk®3H16, and atomistic sim-
ulations have played a pivotal role in their exploration. Tradi-
tional empirical force fields have been useful in identifying sev-
eral of these novel phasesZ 1721 However, because they are
not parameterised for the properties of confined water, they do
not reliably determine where these phases lie within the confined-
water phase diagram®™22 Accordingly, studies have instead em-
ployed first-principles calculations to explore the stable phases of
nanoconfined water292123, Machine learning interatomic poten-

@ Yusuf Hamied Department of Chemistry, University of Cambridge, Lensfield Road,
Cambridge, CB2 1EW, UK.

b Department of Chemistry, Columbia University, 3000 Broadway, New York, NY
10027, USA.

¢ Cavendish Laboratory, Department of Physics, University of Cambridge, Cambridge,
CB3 OHE, UK.

4 Lennard-Jones Centre, University of Cambridge, Trinity Ln, Cambridge, CB2 1TN, UK.
¢ Department of Physics and Astronomy, University College London, 7-19 Gordon St,
London WCI1H 0AH, UK.

/ Thomas Young Centre and London Centre for Nanotechnology, 9 Gordon St, London
WCIH 0AH, UK.

% E-mail: am452@cam.ac.uk

+ E-mail: vkapil@ucl.ac.uk

tials (MLIPs) have extended these studies by predicting the phase

diagrams of water confined within graphene-like cavities ranging
from 5 to 8 A in width8-10124125

An intriguing outcome of nanometer-scale confinement, as pre-
dicted by simulations®C, is the reduction in the onset conditions
for superionic proton transport in water. In superionic phases
of water, protons hop between immobile oxygen sites, resulting
in high ionic conductivi. In bulk water, superionic pro-
ton transport emerges only under extreme temperature and pres-
sure conditions, on the order of hundreds of GPa and thousands
of kelvin?728, However, Kapil et al.® predicted that monolayer
water in 5A graphene-like cavities could exhibit superionic be-
haviour in the 9-12 GPa range and hundreds of Kelvin. These
predictions did not incorporate quantum nuclear effects (NQEs)
in the motion of protons. Jiang et al. 10 further explored the 6-
8 A range of confinement width and a larger range of pressures
and temperature up to 100 GPa and temperatures up to 2000 K.
Although NQEs were not probed at a confinement width of 5A,
the authors emphasised their importance for superionic proton
dynamics in 6-8 A wide cavities at pressures of tens of GPa and
temperatures exceeding 600 K.

These studies — together with renewed experimental interest
in probing NQEs2%31 _ rajse the question of whether NQEs can
further reduce the onset conditions of superionic water under
nanoconfinement. Although NQEs in bulk water often lead to
a near cancellation due to competing quantum effects®234, re-
sulting in NQE-driven phase transitions only at extreme pressures
(e.g. in the tens of GPa range>), recent experiments suggest that
translational symmetry breaking at interfaces prevents complete
cancellation, allowing net NQEs to be observedBL. This observa-
tion raises the question of whether similar behaviour occurs for
nanoconfined water at a confinement width of 5 A — the regime in
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Fig. 1 Impact of nuclear quantum effects on the phase diagram of nanoconfined water. (a) A portion of the phase diagram of nanoconfined water,
computed with classical nuclei. The grey regions represent the regions of uncertainty associated with the phase boundaries. (b) The same portion of
the phase diagram with nuclear quantum effects taken into account. The detailed procedure for computing these phase diagrams is provided in Section
| of the Supplementary Materials. (c), (d), (e) Snapshots of the (proton-ordered) flat-rhombic phase, hexatic phase, and liquid phase, respectively.
These snapshots show a zoomed-in portion os the simulation cell from our simulations with classical nuclei.

which superionicity is known to occur at the lowest temperatures
and pressures. Such an effect would be intriguing for laboratory
realisation of superionic water, as current onset conditions are
nearly an order of magnitude beyond experimental reach/Z.

In this work, we quantify the impact of NQEs on autoionization
in monolayer water confined to a narrow 5A-wide channel. We
probe the vicinity of the temperature—pressure range that exhibits
superionic behaviour under classical nuclear motion®. Contrary
to expectations based on bulk water, we find that NQEs trigger
substantial proton delocalisation in both the ordered (solid) and
disordered phases. This results in a surge in proton shuttling in
the solid phase and enhanced proton transfer in the disordered
phase, resulting in a dramatic reduction of the onset pressure for
superionic proton transport to 6 GPa — well below previously re-
ported values for nanoconfined water819, Our work bolsters the
argument that interfaces can exhibit heightened NQEs and bring
the onset conditions closer to experimentally accessible regimes.

Methods

Our simulation setup mimics a monolayer film of water trapped
between two sheets of graphenem. We model the water-carbon
interactions using a flat confining potential fit to quantum Monte
Carlo (QMC) calculations3. Such a setup has been used in pre-
vious simulation studies of graphene-like nanocapillaries81123l

2| Journal Name, [year], [vol.], 1ﬁ

and has also been compared to setups containing explicit car-
bon atomsZ2136 we incorporate water-water interactions at the
revPBEQ-D3 (with zero damping) level using the Behler-Parrinello
MLIP27Z from Ref. [8l This functional has previously been validated
against QMC calculations of confined ice?2, We further assess the
accuracy of this functional for reactive events in Section II of the
Supplementary Materials (SM) by estimating the potential energy
barrier for proton transfer in monolayer superionic water at the
level of coupled cluster theory with single, double, and perturba-
tive triple excitations (CCSD(T)) with a local approximation.
The revPBEO-D3 functional achieves better than chemical accu-
racy regarding the forward reaction barrier.

Classical and path integral MLIP simulations are performed us-
ing i-PI v2.03%and the LAMMPS-n2p2 interface®?1, We employ
the recently developed Path Integral coarse-Grained Simulations
technique to reduce the high cost of running centroid molecular
dynamics#2. For the path integral simulations, we estimate equi-
librium properties, such as free energy profiles, by averaging over
all replicas. We estimate dynamical properties, like mean squared
displacements and ionic conductivities, by using the dynamics of
the centroids®3. Further computational details are provided in
Section I of the SM.


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6sc00138f

Page 30f9

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 20 April 2026. Downloaded on 4/21/2026 11:38:34 PM.

(cc)

Proton-Disordered

(a) Proton-Ordered
Flat-Rhombic

¥ ¥ & & |

2

(b) Barrier along Proton Transfer Coordinate

10 - 100K | 300K
/s . 4
E ] ]
01 T |— Ciassical
h T T T |_ Ql‘llantuml
-0.5 0.0 0.5 -0.5 0.0 0.5
v [A] v [A]
(c) Joint Probability Distribution
275 | 100K 300K
‘E .
o 2.50 A
O
o T
2.25 1 Classical | Quantum Classical | Quantum
-0.5 0.0 0.5 -0.5 0.0 0.5
v [A] v [A]
0 2 4
BAF(v, doo)
(d) Atomic Mean Squared Displacements
— 107 100K | 300K
= 104 :
= 10 -
T 10"l FEEmEEEE T e
d N -- 0
100 10 107 100 10! 107
t [ps] t [ps]

Fig. 2 Proton disorder in nanoconfined ice. (a) Snapshots of the flat-
rhombic phase without (left) and with (right) nuclear quantum effects,
illustrating proton order and disorder, respectively. The right snapshot
shows all 32 beads from our path-integral molecular dynamics simula-
tions. (b) Free energy profiles along the proton transfer coordinate v for
the flat-rhombic phase without (red) and with (blue) nuclear quantum
effects at 100K (left) and 300K (right). (c) Joint free energy profiles
of neighboring oxygen-oxygen distances doo and v for the flat-rhombic
phases at 100K (left) and 300K (right). Darker regions correspond to
lower free energies. The distributions are symmetric about v by defini-
tion, so only classical (red) distributions are shown for negative v and
quantum (blue) for positive v. (d) Mean squared displacement of pro-
tons (solid lines) and oxygen atoms (dashed lines). The grey curve shows
the characteristic diffusive mean-squared displacement for the superionic
phase, taken from path-integral molecular dynamics simulations of the
superionic hexatic phase at 600 K.

Results

In Fig. [Ij(a), we report a part of the phase diagram from Ref.
8l spanning the 1-12 GPa lateral pressure range. Under these
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pressures, the stable phase at low temperatures is the solid
flat-rhombic phase, depicted in Fig. [I{c). Kosterlitz-Thouless-
Halperin-Nelson-Young (KTHNY) theory for two-dimensional
phase transitions predicts that two-dimensional solids should
melt through a two-step melting process?42.  This two-step
mechanism can be seen in Fig. [T}(a) along the 1 GPa lateral pres-
sure isobar. Along this isobar, the flat-rhombic phase undergoes
an initial phase transition to a hexatic phase at around 320K,
followed by a second phase transition to a liquid phase around
460 K. One hallmark of the intermediate hexatic phase is the six-
fold orientational order in its oxygen sublattice, which can be
seen in Fig. d). This six-fold orientational order is lost in the
liquid phase, shown in Fig. [I(e). Fig.[Ij(a) also shows that the
hexatic phase exhibits superionic proton transport at higher tem-
peratures and pressures, indicated by the hatched yellow region.
In this superionic hexatic phase, the hexatic oxygen sublattice
remains fixed, while protons readily diffuse through the hexatic
sublattice.

In Fig. [T|(b), we report the changes in phase behaviours when
NQEs are included. It is well known that NQEs do not activate
the long-ranged and low-energy intermolecular modes that in-
duce a global reordering of molecules in water<2447, Consistent
with this notion, we do not observe changes across the solid-to-
liquid phase transitions with the inclusion of NQEs. In contrast,
we observe significant changes in the proton phase behaviour
with the inclusion of NQEs. Similar behaviours are observed in
high-density bulk ice phases due to intramolecular O-H fluctu-
ations2232148 While these changes in proton phase behaviour
occur in bulk at tens or hundreds of GPa, the changes we observe
under nanoconfinement occur at much lower lateral pressures, in
the 1-12 GPa range.

To determine whether NQEs induce proton transfer in nanocon-
fined water, we compute the free energy profiles along the proton
transfer coordinate v for the protons in our simulations. v is de-
fined such that protons with large absolute values of v are much
closer to their nearest oxygen atom than they are to their sec-
ond nearest oxygen atom. Conversely, protons with v near 0 are
equidistant from their two nearest oxygen atoms. In order for
a proton to transfer from one oxygen atom to another, it must
pass through v = 0. Hence, the height of the free energy barrier
at v = 0 provides information about the rate of proton transfer
between oxygen atoms. The mathematical definition of the v co-
ordinate and an illustrative figure are provided in Section III of
the SM42721 - Although we refer to v as the proton-transfer co-
ordinate, following conventional usage in the literature, it should
not be understood as the full reaction coordinate for proton trans-
fer in water. For instance, the collective reorganisation of nearby
water molecules is known to be critical for proton transport in
bulk water=2, but these are not included in the definition of v.

We first investigate the influence of NQEs on proton transfer
in the flat-rhombic phase at 12 GPa. With a classical description
of nuclear motion, protons remain bound to their nearest oxygen
atoms on the (nanosecond) timescale of our simulations. This re-
mains true up to the hexatic phase transition near 300 K. The red
curves in Fig.[2)(b) illustrate this, as they never reach v = 0. Since
no proton transfer events are observed within the timescale of our

Journal Name, [year], [vol.], 1 |3
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Fig. 3 Enhanced ionic conductivity in hexatic water. (a) Snapshots of the
superionic hexatic phase without (left) and with (right) nuclear quantum
effects. The right snapshot shows all 32 beads from our path-integral
molecular dynamics simulations. No substantial qualitative difference is
visible. (b) Free energy profiles along the proton transfer coordinate v
for the hexatic phase without (red) and with (blue) nuclear quantum
effects at 100K (left) and 300K (right). (c) Joint free energy profile of
neighbouring oxygen-oxygen distances doo and v for the hexatic phase
at 100K (left) and 300K (right). Darker regions correspond to lower free
energies. The distributions are symmetric about v by definition, so only
classical (red) distributions are shown for negative v and quantum (blue)
for positive v. (d) The left panel shows the classical and quantum ionic
conductivities of the hexatic phase at 12 GPa. The right panel shows the
quantum ionic conductivity at 4.5, 6.0 and 12.0 GPa. For both panels,
the 0.1 S/cm superionic threshold is shown with a dashed grey line.
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simulations, we are unable to determine the classical free energy
barrier. In contrast, our simulations that account for NQEs exhibit
low free energy barriers for proton transfer, even at temperatures
as low as 100K. Therefore, we conclude that NQEs enable pro-
ton delocalization between neighboring water molecules in the
flat-rhombic phase.

To further characterize the proton delocalization mechanism,
we compute the joint free energy distribution of the proton trans-
fer coordinate v and the distance between the two oxygen atoms
involved in the proton transfer dpg. The two-dimensional pro-
files in Fig. [2J(c) exhibit two significant differences between the
classical and quantum cases. First, the range of dpog distances
narrows with the inclusion of NQEs, indicating that the oxygen
atoms are closer together in the quantum simulations. Second,
for the same dpg values, proton delocalisation is significantly en-
hanced by NQEs compared to classical simulations. Overall, NQEs
promote proton delocalisation along the transfer coordinate into
regions that are not sampled in our classical simulations.

We next examine the mean-squared displacement of protons to
determine whether the reduced barrier along the proton-transfer
coordinate facilitates proton transfer. As shown in Fig.[2(d), NQEs
do not induce proton transfer, despite the enhanced proton delo-
calisation. This is intuitively observed by comparing the classi-
cal and quantum snapshots in Fig. [2@). In the classical snap-
shot, the hydrogen bond network is ordered, with protons cova-
lently bonded to the oxygen above them. In the quantum snap-
shot, some protons are covalently bonded to the oxygen above,
while others are bonded to the oxygen below. In these simula-
tions, protons dynamically shuttle between the same two oxygen
atoms, explaining the lack of long-range diffusion. The bulk ice
VII phase exhibits similar behaviour at room temperature but at
much higher pressures in the 40-50 GPa range®%. Classical ice
VIII is proton-ordered, while NQEs induce a phase transition into
ice VII with facile sharing of protons between hydrogen-bonded
oxygen atoms. Compared to bulk, NQEs induce proton sharing in
nanoconfined flat-rhombic ice at much lower pressures—down to
1 GPa (see Section IV of the SM)—likely due to the short hydro-
gen bonds in this phase.

The differences caused by NQEs in the hexatic phase at 4 GPa
are even more marked. Ref. [8l estimates the ionic conductivity of
the hexatic phase using classical linear response theory. At around
400K, the ionic conductivity is shown to exceed 0.1 S/cm, which
is the threshold for superionic behaviour that we will use in this
work as well53., Fig a) shows snapshots that compare our clas-
sical and quantum simulations at 400 K. These snapshots do not
exhibit any appreciable qualitative difference between classical
and quantum superionic hexatic water. However, Fig. [3((b) shows
that NQEs lower the barrier along the proton transfer coordinate
by a factor of four at 400K and by a factor of around two at
600 K. Hence, NQEs do cause quantitative differences in proton
transfer in the hexatic phase. We again compute the joint free
energy distribution of the proton transfer coordinate v and the
oxygen-oxygen distance doo, as shown in Fig. [3(c). The changes
to the dpo distance distribution between the classical and quan-
tum simulations are much more modest in the hexatic phase than
the changes observed in the flat-rhombic phase. However, the in-
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clusion of NQE:s still leads to greater excursions along the proton-
transfer coordinate for a given dpg value, as we saw previously.

Unlike in the flat-rhombic phase, this proton delocalisation is
associated with long-range proton transfer in the hexatic phase
(see Section V of the SM). In bulk water, long-range proton
diffusion relies on the collective motion of neighbouring water
molecules to enable proton hopping®2. The ordered structure of
the flat-rhombic phase inhibits collective reorganisation of water
molecules, which may explain the absence of long-range proton
diffusion. In contrast, the rotational disorder in the hexatic phase
facilitates rearrangements of neighbouring water molecules, sup-
porting proton transfer between adjacent sites. This long-range
proton transfer suggests an increase in the overall ionic conduc-
tivity. To confirm this, we calculate the classical and quantum
ionic conductivity in Fig. [3](d) using the Einstein-Helfand rela-
tions with classical and quantum simulations, respectively. With
the inclusion of NQEs, the ionic conductivity of the disordered
phase increases by over a factor of 10, which is likely due to zero-
point O-H bond fluctuations. This surge in proton dissociation
reduces the onset temperature for superionic behaviour from ap-
proximately 400K to 360 K.

This NQE-induced enhancement of the ionic conductivity also
occurs at lower lateral pressures. This is evidenced by the plots
on the right side of Fig. [3(d), which show the ionic conductivity
of monolayer water across the entire hexatic and liquid regime
in the 4.5-12 GPa range. Estimating the classical and quantum
ionic conductivity at low temperatures and pressures is statisti-
cally challenging due to the high variance associated with the mi-
croscopic ionic flux24, This can result in erroneously large values
of ionic conductivities when the O-H bonds are bound at low
temperatures and pressures. However, considering that superi-
onic conductivity is driven by O-H dissociation, we estimate the
ionic conductivity only for state points where we observe O-H
dissociation events. The full details of our analysis are reported
in Section V of the SM.

Conclusions

We have used machine learning-based first-principles simulations
to investigate the influence of NQEs on proton delocalisation in
monolayer nanoconfined water. The role of NQEs in these scenar-
ios is stark. In the solid flat-rhombic phase, NQEs cause proton
shuttling between neighbouring oxygen atoms. As we do not ob-
serve such shuttling anywhere in our classical simulations, these
motions appear to be strongly suppressed for classical nuclei un-
der the conditions studied. Their enhancement with the inclusion
of NQEs may arise from proton tunnelling and/or other quan-
tum effects, such as zero-point motion. In the hexatic phase,
NQEs significantly enhance water’s ionic conductivity. The su-
perionic region within the phase diagram is greatly expanded,
with nearly the entire hexatic region above 6 GPa exhibiting su-
perionicity. Even at 3 GPa, where we do not observe superi-
onic behaviour, water becomes partially dissociated within the
nanosecond timescale. Considering that water encapsulated be-
tween graphene sheets experiences lateral pressures around 1-
2 GPa, our simulations suggest that current experimental setups
could observe high (if not superionic) conductivities. Indeed, re-
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cent work by Wang et al.®? reports high ionic conductivity of
water in nanocapillaries with widths below 1 nanometer. Over-
all, our work emphasises the need to include NQEs in simulations
of nanofluidic transport, even under conditions where NQEs are
minor in bulk systems.
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