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ABSTRACT Phase behavior and the associated phase transition of water within
inhomogeneous nanoconfinement are investigated using molecular dynamics simulations.

The nanoconfinement is constructed by a flat bottom plate and a convex top plate. At 300 K,
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Substrate
the confined water can be viewed as a coexistence of monolayer, bilayer, and trilayer liquid

domains to accommodate the inhomogeneous confinement. With increasing liquid density,
the confined water with uneven layers transforms separately into two-dimensional ice

crystals with unchanged layer number and rhombic in-plane symmetry for oxygen atoms.

The monolayer water undergoes the transition first into a puckered ice nanoribbon, and the
bilayer water transforms into a rhombic ice nanoribbon next, followed by the transition of trilayer water into a trilayer ice nanoribbon. The sequential
localized liquid-to-solid transition within the inhomogeneous confinement can also be achieved by gradually decreasing the temperature at low liquid
densities. These findings of phase behaviors of water under the inhomogeneous nanoconfinement not only extend the phase diagram of confined water

but also have implications for realistic nanofluidic systems and microporous materials.
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hen confined within nanoscale

spaces such as between two par-

allel solid plates separated by a
few molecular layers, water/ice properties
such as diffusivity and crystal symmetry
can be dramatically different from those of
bulk water/ice. On freezing, confined water
is thermodynamically more favorable to
be solidified due to confinement-reduced
translational entropy. As an example, the
viscosity of water confined between a gold
tip of an interfacial force microscopy and a
gold substrate at room temperature is 7
orders of magnitude higher than that of
the bulk," implying the possible occurrence
of confinement-induced phase transition.
Using a friction force microscope with a
sharp tungsten tip scanning over a graphite
surface, Jinesh and Frenken reported the
stick—slip motion of the tip at certain humid-
ities with a spatial period distinct from the
graphite lattice, and they attributed this
signal to confinement-induced formation
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of ice at room temperature.? Khan et al.
detected solidification of confined water,
as indicated by a sharp transition from vis-
cous to elastic response when compressed
to a few molecular layers.® The structure of
two-dimensional free-standing ice was first
predicted by Koga et al. through molecular
dynamics (MD) simulation,* namely, bilayer
hexagonal crystalline ice formed between
two parallel hydrophobic surfaces. Mono-
layer square ice, either in puckered or flat
form, was also observed in MD simula-
tions.>® Later simulations continued to pre-
dict novel structural and dynamic behaviors
of two-dimensional confined water.” '
More recently, single- and multilayer square
ices were directly observed between two
graphene sheets in experiments.'® All the
reported two-dimensional ice structures
differ from those of known bulk ice poly-
morphs.

Thus far, nearly all previous MD simula-
tion studies of confined water are based on
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homogeneous confining geometries that typically
consist of two parallel flat plates. However, the two-
dimensional confining spaces in realistic experiments
are generally not perfectly homogeneous. For instance,
the water layer between the tip of an interfacial force
microscopy and a gold substrate was considered to be
a meniscus,’ as the tip end of scanning probe micro-
scopes is generally not a flat plane but a convex
one."” 2! Moreover, water layers confined to biological
systems such as within the internal region of antifreeze
proteins?? or within thin junctions between lens fiber
cells®® are also subjected to inhomogeneous confine-
ment.

In this study, we report, to our knowledge, the first
comprehensive MD simulation study of water behavior
under two-dimensional inhomogeneous confinement
in atomic detail. We demonstrate intriguing phase
behaviors and particularly associated phase transi-
tion of water confined to an inhomogeneous slit that
consists of a convex plate and a flat plate, resembling
inhomogeneous interspacing between a microscope
tip and a flat substrate. In our system, water at low
densities exhibits three coexisting liquid domains (or
“phases”), i.e, monolayer, bilayer, and trilayer. With
increasing liquid density in the slit, the liquid trans-
forms into a coexisting “multiphase”, i.e., monolayer,
bilayer, and trilayer ice nanoribbons. The transition
occurs sequentially in the order of monolayer, bilayer,
and trilayer ice nanoribbons from the narrow center
region to the wide edge region of the system. Com-
parative analyses between the present inhomoge-
neous system and the widely studied homogeneous
system reveal the transverse transfer of water from
the highly confined center region to the weakly
confined edge region in the inhomogeneous system
during the density increase. Another independent
series of MD simulations indicate that decreasing
the temperature at low densities can also induce
sequential localized freezing transitions in the inho-
mogeneous slit.

RESULTS AND DISCUSSION

A schematic illustration of the simulation system is
shown in Figure 1a. To introduce the inhomogeneous
nanoconfinement, water is held between a flat bottom
plate and a convex top plate. It has been shown that,
from numerous previous simulation studies, water
exhibits different phases with a layered configuration
when subjected to various homogeneous nanocon-
finements, including monolayer water or ice, bilayer
water or ice, trilayer water,>”~'>?* etc. In the present
inhomogeneous nanoconfinement, different phase
behaviors arise as indicated by distinct features in
lateral diffusion coefficient contour plots shown in
Figure 1b. For the low density p = 0.92 g/cm?, the
system exhibits an apparent uniform distribution of
diffusion coefficient on the order of 107> cm?/s (see the
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Figure 1. Phase behavior of water under inhomogeneous
confinement at 300 K. (a) Schematic of the simulation
system consisting of liquid water sandwiched between a
flat bottom plate and a convex top plate with a tip radius
R = 80 nm. Other geometric parameters were chosen as a =
165 A, L, =195 A, and L, = 78 A. (b) Contour plot of lateral
diffusion coefficient D,, of water under different densities
p=0.92,1.08,1.13, and1 24 g/cm (from top to bottom), at
R =80 nm and d = 7.32 A. Zones | to Ill correspond to
different water/ice domains: monolayer, bilayer, and tri-
layer, respectively. The coordinate origin was placed at the
center of the simulation system.

first panel in Figure 1b), comparable to that of bulk
liquid TIP5P water.> However, closer examination of
the MD trajectory indicates that the system is actually
inhomogeneous, which can be viewed as the coex-
istence of at least three distinct liquid water domains:
monolayer (zonel), bilayer (zone Il), and trilayer (zone Ill).
This view is further supported by the vertical density
distribution of water in different regions (discussed
below). Upon increasing the density to 1.08 g/cm?, the
diffusivity of trilayer water in zone lll seems unchanged
(see the second panel in Figure 1b). Surprisingly, a
sudden drop in diffusivity by 3 orders of magnitude
occurs in zone |, reflecting a freezing transition of the
monolayer from water to an ice nanoribbon. In addition,
a slight decrease of diffusivity occurs in zone Il at this
density. A further increase of density to 1.13 g/cm? can
induce the freezing of the bilayer in zone Il, while the
water diffusivities in zones | and Il are still unaffected
(see the third panel in Figure 1b). When the density is
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Figure 2. Dynamics of water in each zone of the inhomogeneous confinement under different densities. (a) Averaged lateral
diffusion coefficient D,, of water in different zones as a function of density p. (b) Vertical density distribution (along the
z direction) of water oxygen atoms in different regions at p = 0.92 and 1.24 g/cm?. (c) Oxygen—oxygen radial distribution
function gool(r) in different zones at p = 0.92 and 1.24 g/cm>. (d) Probability distribution P(t) of hydrogen bond lifetime in water
at different zones at p = 1.24 g/cm’. Inset shows the same profile but at p = 0.92 g/cm?.

increased to 1.24 g/cm?, the freezing of the bilayer in
zone |l can be promoted significantly, as shown by
lower diffusivity in this zone (see the fourth panel in
Figure 1b). At this density, we also observed the
freezing transition of the trilayer water in zone Il
located at the boundary of the simulation system.
Eventually, the system transforms from an inhomoge-
neous liquid containing monolayer, bilayer, and trilayer
water at a lower density to an inhomogeneous solid
containing monolayer, bilayer, and trilayer ice nano-
ribbons at a higher density.

If either tip radius (Figure S1c) or plate separation
(Figure S1d) changes slightly, the coexistence of mono-
layer, bilayer, and trilayer water/ice domains can still be
seen, as well as the transition from liquid to solid with
increasing water densities, although the specific region
and the transition sequence for different water layers
may vary (see Section 1 of the Supporting Information
for more details).

To describe the “phase” transition in different do-
mains of the inhomogeneous water system, we show
in Figure 2a the averaged diffusion coefficient in the
three domains as a function of water density. With an
increase of the density, zone | transfers into a solid
phase first at p = 1.026 g/cm?, while zone Il is the
second at p = 1.13 g/cm?, followed by zone lll at p =
1.184 g/cm?. The demand of a higher critical density of
zone |l than zone | to complete the transition agrees
with the relatively higher pressure required to solidify a
bilayer liquid® than that to solidify a monolayer liquid.'*

When water is placed adjacent to the solid walls,
layering of water is induced due to water—wall
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interactions. Such a layering phenomenon can be
validated through the conspicuous peaks in the ver-
tical density profile of oxygen at liquid densities of
0.92 g/cm?® (empty symbols in Figure 2b) and 1.24/cm?;
filled symbols in Figure 2b). At the lower density
0.92 g/cm? and in zone |, two fused peaks can be seen
in Figure 2b, suggesting a monolayer configuration of
liquid water. At the higher density of 1.24 g/cm?, the
peaks in zone | become more apparent and a deep
valley between the two peaks arises. Examination of
the MD trajectory suggests that the system exhibits
a monolayer ice nanoribbon with a puckered struc-
ture, consistent with previous studies based on homo-
geneous confinement.>?® In zones Il and Ill, the local
water clearly exhibits a bilayer and trilayer configura-
tion, respectively. But contrary to the abrupt change in
zone |, only a slight decrease in peak heights was
observed for the vertical density profiles in zones I
and Il (see Figure 2b), while peak positions remain
nearly unchanged with increasing density. In Figure 2c,
we plotted oxygen—oxygen radial distribution func-
tions (RDFs) at liquid densities of 0.92 and 1.24 g/cm?,
respectively. At 0.92 g/cm?, the short-range ordering in
the RDFs suggests that the systemis in a liquid state for
all three zones (dashed lines in Figure 2c). At the high
density of 1.24 g/cm?, well-defined maxima and minima
can be seen in all three RDFs (solid lines in Figure 2c),
suggesting that the system becomes a solid, including
monolayer, bilayer, and trilayer ice nanoribbons.
Shown in Figure 2d are the probability distributions
of the hydrogen bond lifetime for water in three zones
at the two densities. It is found that the probability
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Figure 3. Snapshots from MD simulations showing coexisting domains of water/ice nanoribbons. (a, b) In-plane and out-of-
plane views of the right half (x > 0) of the inhomogeneous water (symmetric with respect to the plane at x = 0) at liquid
densities p = 0.92 g/cm® (a) and 1.24 g/cm® (b). White spheres represent hydrogen, while green, blue, and red spheres
represent the top, middle, and bottom water oxygen planes, respectively. Definition of water planes is based on the location of
minima in vertical density profiles shown in Figure 2b. For clarity, hydrogen atoms are not shown in the out-of-plane views. (c, d)
Enlarged images showing three coexisting water domains or ice nanoribbons at densities of p = 0.92 g/cm?® (c) and 1.24 g/cm® (d).

distribution decays much slower at higher density
(Figure 2d) than at lower density (Figure 2d inset). This
result further confirms the liquid-to-solid transition of
water in the inhomogeneous confinement.

Figure 3a and b show snapshots of the system at p =
0.92 and 1.24 g/cm?, respectively, where the layering
effect of oxygen planes can be clearly seen from
the side view of the system. The structures of water
in three oxygen planes along the z direction [bottom
(red), middle (blue), and top (green)] are also shown
in Figure S2b—d, f—h for p = 0.92 and 1.24 g/cm?,
respectively. Five different types of water/ice nanorib-
bons can be clearly seen from both the MD snapshots,
including monolayer (zone 1), bilayer (zone II), and
trilayer (zone Ill), and the transition regions between
adjacent zones. This result is consistent with the
observation from the lateral diffusion coefficient dis-
tribution (Figure 1b). In zone |, water molecules exhibit
a disordered monolayer liquid configuration (left panel
in Figure 3c). With increasing density, the monolayer
transforms to a puckered monolayer ice nanoribbon
(left panel in Figure 3d), as indicated by the two sepa-
rated peaks in the vertical density profile (Figure 2b).
Within the monolayer ice nanoribbon, every water
molecule can form two hydrogen bonds with its
neighboring water molecules in the same water plane
and another two hydrogen bonds with its neighboring
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water molecules in the opposing plane, consistent with
previous studies.>?® Note that, in zone |, water exhibits
a lower in-plane density than that in zones Il and llI,
regardless of the overall density of the system (see
Figure S2i and j), further validating the monolayer
structure of water/ice in this region. In zone II, compar-
ison between low-density (middle panel in Figure 3¢)
and high-density (middle panel in Figure 3d) snapshots
indicates that the high-density structure is an ice nano-
ribbon with rhombic in-plane symmetry of oxygen
atoms (see also Figure S2f and g), while the low-density
structure is a liquid without any in-plane symmetry of
oxygen atoms (see also Figure S2b and c). Moreover, in
the high-density bilayer ice nanoribbon of zone II,
oxygen atoms in one plane are in registry with oxygen
atoms in another plane, whereas such kind of position
registry for oxygen atoms is not common in the low-
density water system. In zone lll, again, the high-
density structure is a trilayer ice nanoribbon (right
panel in Figure 3d), whereas the low-density structure
is a trilayer liquid (right panel in Figure 3c). In the ice
structure, however, the position registry for oxygen
atoms disappears (right panel in Figure 3d).

To clarify the main difference in water behaviors
between the presentinhomogeneous system and those
in the widely studied homogeneous system, we carried
out additional simulations on homogeneous systems
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Figure 4. Comparison in phase transition between inhomo-
geneously confined water and homogeneously confined
water. (a) Schematic of an inhomogeneous system (top)
containing coexisting monolayer, bilayer, and trilayer
water/ice domains and a homogeneous system (bottom)
containing a uniform water phase. The homogeneous sys-
tem containing a monolayer, bilayer, and trilayer phase has
a plate separation of 7.67, 9.00, and 11.50 A, respectively.
(b—d) Comparison in lateral diffusion coefficient D,, of
monolayer (b), bilayer (c), and trilayer (d) water/ice between
the inhomogeneous confinement (blue lines) and the
homogeneous confinement (red lines).

(consisting of two parallel and flat plates; see bottom
panel in Figure 4a) and compared the newly obtained
results with those of the inhomogeneous system
(consisting of a flat plate and a convex plate; top panel
in Figure 4a). We compared the diffusion coefficient
of each water/ice phase between the convex plate
system and the flat plate system. For monolayer water/
ice, the solidification in the inhomogeneous convex
plate system occurs at densities of 0.92—1.026 g/cm?,
much higher than those (0.75—0.88 g/cm®) in the
homogeneous flat plate system (Figure 4b). The higher
transition density in the convex plate system can be
attributed to the spatial inhomogeneity. Specifically,
water in the highly confined monolayer domain tends
to be squeezed into nearby weakly confined regions
(e.g., the transition zone between monolayer and
bilayer) to offset partly the increase in overall densities.
In the case of the bilayer domain, however, the solidi-
fication in the two systems arises at nearly the same
densities of 1.08—1.13 g/cm® (Figure 4c). In stark
contrast to the monolayer, the solidification of the
trilayer in the inhomogeneous convex plate system
occurs at densities of 1.13—1.186 g/cm?, slightly lower
than those (1.186—1.29 g/cm?) in the homogeneous
system (Figure 4d). The lower critical density in the
convex plate system could be attributed again to the
spontaneous transverse water transfer during density
increase. As a result, water squeezed from neighboring
highly confined domains (with narrower plate sepa-
rations) increases the local density of the trilayer
domain, leading to a decreased critical solidification
density. Although having distinct liquid—solid transi-
tion points, each water domain in the inhomogeneous

QIU ET AL.

. decreasing T3

50 60 70 80 90

3L

|
|
|
|
1
: liquid-like

(b) 1L
liquid-like; 1L ice
water

Figure 5. Phase transition of water in inhomogeneous
confinement at a density of p = 0.92 g/cm® when gradually
decreasing the temperature Tfrom 300 to 210 K. (a) Average
lateral diffusion coefficient D,, of water as a function of
position x for the right half of the water system under
different T. (b) In-plane (top) and out-of-plane (bottom)
views of the right half of inhomogeneous waterat T=210K.

system exhibits structural and dynamic properties
similar to those in a homogeneous system.

We have shown that the freezing transition of water
in theinhomogeneous confinement can be induced by
increasing the water density. Another way to produce a
similar transition is to lower the temperature T of the
system. Again, we started from the system of coexist-
ing monolayer, bilayer, and trilayer liquid water at
density p = 0.92 g/cm® and T = 300 K. With decreasing
T, the lateral diffusion coefficient in all regions of the
inhomogeneous system decreases from 10™° cm?/s at
T=300Kto 10" or 10~® cm?/s at T= 210 K (Figure 5a),
indicating the occurrence of a freezing transition.
Figure 5b shows typical snapshots of water molecules
at T = 210 K. In general, several new features can be
seen in the low-temperature solid system, compared to
the high-density solid system shown in Figure 3b and d.
Specifically, water within the narrowest part of the
system (central region at x < 7.5 A) is in a liquid-like
state despite the strongest confinement, as indicated
by the higher diffusivity (red line in Figure 5a). Previous
simulation studies on the flat plate system, although at
a different pressure or temperature, also reported the
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unexpected presence of a monolayer liquid when
excessively decreasing the plate separation to enhance
the degree of confinement.>*” Next to the liquid-like
domain is the monolayer ice nanoribbon (7.5 < x <
37.5 A) with the same puckered structure (Figure 5b) as
in the high-density system (right panel in Figure 3d).
However, the most striking structural difference, com-
pared to the high-density system, arises in the region
with the bilayer ice nanoribbon (46 < x < 67 A). The
bilayer ice in the high-density system is indeed a room-
temperature rhombic bilayer. Note that previous simu-
lation studies predicted the formation of the room-
temperature bilayer rhombic ice at a high lateral
pressure > ~1 GPa.'"* Recent experiments also con-
firmed the formation of few-layer rhombic ice at room
temperature between graphene sheets at pressures >
~1 GPa induced due to the attractive van der Waals
forces between the two sheets.'® The agreement
between previous results and ours arises assuming
that pressure increase and density increase have a
similar effect on confined water. Instead of having
the rhombic symmetry in the high-density case, here
the low-temperature bilayer ice nanoribbon exhibits
hexagonal rings of water (except a few pentagonal and
heptagonal defects). This result agrees well with pre-
vious observation of the bilayer hexagonal crystal-
line (or amorphous) ice at only low temperatures (T <
~270 K)2™ In the trilayer region (x > 67 A), the
relatively higher diffusivity indicates that the local
water is in a disordered liquid-like state, rather than
the ordered trilayer ice nanoribbon seen in the high-
density system.

The behavior of water confined between an atomic
force microscope (AFM) tip and a substrate surface was
believed to have considerable effects on the friction
performance when the tip is scanned over the surface
in ambient conditions.?®%° In the work by Jinesh and
Frenken, the formation of room-temperature confined
ice between a tungsten tip and a graphite surface was
found to induce a periodic stick—slip motion of the tip,
leading to an evident increase in friction force.? The
confining geometry of the AFM tip—substrate slit in
these experiments should resemble the inhomoge-
neous confinement studied in this work. We have
shown that the distribution and associated transi-
tion of water/ice domains within the inhomogeneous

METHODS

Figure 1a illustrates a schematic diagram of the simulation
system of water confined between a flat bottom plate and a
convex top plate mimicking an atomic force microscopy tip. The
tip radius here (R =80 or 100 nm) is comparable to the tip radius
of curvature of atomic force microscopes. The final dimensions
of the system are L, = 195 A, L, = 78 A, and d = 7.32 A, where
d represents the shortest wall separation. Periodic boundary
conditions were applied in the x and y dimensions to model the
confinement between two infinite plates, and in the z direction
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confinement are sensitive to the tip curvature, tip—
substrate distance, and overall density (pressure) of
confined water. It is expected that changes in these
experimental conditions would lead to distinct friction
behaviors in AFM experiments, providing at least
indirect evidence for the present findings. A recent
encouraging advancement that may also benefit the
experimental realization of the present study is the
report of direct high-resolution imaging of few-layer
ice confined between two graphene sheets in experi-
ments.'®

CONCLUSION

In summary, we present a comprehensive study of
coexisting water/ice domains in inhomogeneous con-
finement by MD simulations. The coexistence of mono-
layer, bilayer, and trilayer domains of liquid water is
demonstrated at low water densities. With increasing
density, the coexisting water multilayers transform
successively into ice nanoribbons from the monolayer
region to the bilayer one and finally to the trilayer
region. All regions of the coexisting ice domains
(except the transition zone between two phases) have
rhombic in-plane symmetry for the oxygen atoms.
Compared to the homogeneous confinement, the
monolayer, bilayer, and trilayer regions exhibit a high-
er, comparable, and slightly lower freezing density,
respectively. This behavior is due to the spontaneous
transverse transfer of localized water under inho-
mogeneous confinement during density increase.
Specifically, water in the inhomogeneous system is
squeezed from highly confined regions (e.g., mono-
layer) into weakly confined regions (e.g., trilayer), de-
creasing local density in the former region but increas-
ing local density in the latter. The freezing transition
can also be induced by gradually decreasing the
system temperature. The monolayer again freezes
into the same rhombic ice nanoribbon, whereas the
bilayer water transforms into a bilayer hexagonal
ice nanoribbon, and the trilayer water transforms
into a liquid-like structure. Our finding of the coex-
istence and transition of water domains in inhomo-
geneous confinement not only can enrich the phase
diagram of confined water but also have implica-
tions for realistic nanofluidic systems and microporous
materials.

we construct a vacuum layer to prevent interactions of water in
adjacent periodic images. To predict properties of water at
different densities, a series of independent MD simulations
containing 2788—3991 TIP5P water molecules®® were consid-
ered, corresponding to liquid densities of p = 0.866—1.24 g/cm?,
respectively. The strategy of varying density to mimic the
change in lateral pressure has been widely used to study the
behavior of confined water in MD simulations.'®?" It is expected
that, in future AFM experiments to verify our findings, the pres-
sure (water density) could be readily increased (or decreased) by
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filling the AFM chamber with compressed gas at a certain high
pressure (or evacuating some amount of air from the chamber).
Alternatively, a high water density may also be achieved by
using a so-called high-pressure AFM that was employed to
image supercritical CO, at pressures of ~100 atm.>?

The bottom plate is composed of a triangular arrangement of
monolayer atoms, with the neighboring bond length being
fixed at 0.23 nm. The x and y components of each atom position
in the convex top plate are also in a triangular arrangement, while
z components lie on a circle with a radius of R. The water—plate
(or wall) interactions were modeled by a 6—12 Lennard-Jones (LJ)
potential with the parameters go.wany = 0316 NM, O .wany =
0.284 nm and &o.wany = 0.831 kJ/mol, &gywan = 0.415 kJ/mol,
which approximately reproduce the van der Waals (vdW) inter-
action between a water molecule and a quartz (SiO,) surface.>**

All MD simulations were carried out using the Gromacs 4.0.5
software package.>® The NVT ensemble was adopted, with the
Berendsen algorithm>* being used to control the temperature.
Without specific statement, the system temperature T was fixed
at T =300 K. The nonbonded interactions were treated with a
cutoff of 0.9 nm. The particle mesh Ewald (PME) method was
employed to compute long-range electrostatic interactions.>
All other simulation parameters were identical to those used in
our previous study.?® Each simulation was equilibrated for 10 ns
and then run for another 10—50 ns for data analysis, depending
on the simulated density and temperature. In our model, two
water molecules were considered to form a H-bond if their
0---0 distance is shorter than 3.5 A and simultaneously the
angle O—H- - - O is larger than 150°.
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