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The confinement of water molecules within nanostructures is a subject of intense research. Unlike carbon
nanotubes (CNTs), carbon nanocones (CNCs) possess a conically expanding cross section, providing
significantly different confinement environments within the CNT. In this study, we employed classical
molecular dynamics simulations to investigate how the structural and dynamic properties change along
the CNC axis, from the base to the tip, and from the water—carbon interface to the interior of CNCs,
under varying tip angles. The simulations reveal a high sensitivity of the nanoconfined water structure to
the tip angle. Notably, local confinement within CNCs influences water structure up to 15 A away. The
water density exhibits strong modulation in a layered fashion near the CNC interface, depending on the
tip angle, indicating complex geometric dependencies. These findings offer new insights into water—
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1 Introduction

In recent decades, extensive research has shown that water
molecules confined within nanostructures, sometimes in
combination with biomolecules, exhibit unique structural and
dynamic properties that differ significantly from those of bulk
water."” This confinement effect has led to a wide range of
applications in fields such as gas separation,*® water
desalination,”"* DNA detection,"”” and drug delivery.”* Both
experimental and theoretical research have examined the
physical and chemical properties of various nanosized systems,
particularly focusing on the structure and dynamics of confined
water under diverse geometric and material constraints.»**
Water confined within nanometre-scale spaces displays funda-
mentally different density and phase transition properties
compared to bulk water,” including melting and freezing.'®
Such confinement not only permits the coexistence of distinct
water phases within individual carbon nanotubes (CNTs)"'®
and the interlayer space of graphene but also promotes the
formation of low-dimensional ice, exhibiting diverse structural
motifs.”*** Barati Farimani et al.'” observed continuous phase
transitions of water molecules along the direction of the CNT
radius, including a one-molecule-layer, so-called “ice-like
structure”'®?*? characterized by low entropy, which can occur
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of water and its potential applications in nanostructured systems.

under high pressure and density within CNTs of radii ranging
from 1 to 4 nm. Recently, Fang et al* investigated water
molecules at the 1-D/2-D heterojunction by arranging CNTs of
various sizes between two graphene sheets, discovering struc-
tural rearrangements in water, particularly in the case of small-
diameter CNTs.

In addition to the extensive research on carbon nanotubes
and graphene, carbon nanocones (CNCs), a unique form of bent
carbon,* have also been studied for their unique properties,
including structural,?® electronic,”*®* mechanical,>?*° and
thermal properties.® This has stimulated investigations into
their potential applications, including desalination,***
sensing,*»* and thermal rectification,* in both pristine and
doped cases. The development of various synthesis techniques,
such as cascade annulation®” and pyrolysis for scalable
production, has further stimulated research interest in
CNcs.32,38,39

Although the behaviour of confined water in carbon-based
nanomaterials, particularly CNTs and graphene, has been
extensively studied, revealing distinct water phases influenced
by the geometry and nature of the confinement,***" similar
studies on CNCs remain scarce. The unique geometry of CNCs
produces a continuous confinement gradient within a single
structure. As the cross-section widens from tip to base, water
molecules experience strong confinement near the tip that
gradually transitions to near-bulk conditions at the base.
Consequently, CNCs provide a compelling platform to study the
effects of continuously evolving nanoconfinement on fluids
such as water within a single carbon-based system. In this
study, we aim to reveal the detailed structure and dynamics of
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water molecules in CNCs, with a focus on their density,
hydrogen bonding, dipole moment orientation, and the orien-
tational diffusion. Since the degree of confinement is governed
by both the distance from the tip and the tip angle, we used
molecular dynamics simulations to investigate how the struc-
tural and dynamic properties of water molecules within CNCs
vary as a function of the tip angle.

2 Methods

The tip of CNCs is characterized by the presence of pentagonal
carbon rings, the number of which is determined by the tip
angle.>® For this study, we selected three CNC models with
varying tip angles: 86.6° (P2), 60.0° (P3), and 38.9° (P4). These
models are distinguished by the number of pentagons at the
cone vertex, specifically two for P2, three for P3, and four for P4.
Although CNCs with a 112.9° tip angle have been reported,*
they were excluded from the present investigation. The three
types of CNC models we studied are shown in Fig. 1a and b.
Each CNC model had a similar height of approximately 40 A. To
examine the effect of height (i.e., the distance from the tip to the
CNC base) on water structure and dynamics at a fixed tip angle,
we also included two additional P3 models: P3-s (25 A) and P3-1
(55 A). The CNC structures were initially constructed using
Nanotube Modeler”” and modified with GaussView6.** In the
simulations, each CNC was placed at the centre of a dodecahe-
dral simulation box, maintaining a minimum distance of 20 A
from the box boundaries to minimize interaction artifacts. The
system was then solvated with water molecules, and periodic
boundary conditions were applied in all three dimensions.
Detailed information about the simulation box is given in Table
S1.

For modeling the CNCs, we used the OPLS-AA force field,*
and the Simple Point Charge/Extended (SPC/E) water model*®
was employed to represent water. Additionally, to assess the
water model dependency, we also used another water model,
the TIPAP-Ew water.”” It is worth noting that the SPC/E model
has been widely used in previous studies of confinement
effects,***> including investigations of phase coexistence and
density variation in CNT-confined water."” While the SPC/E
model reproduces key properties of liquid water, such as
density, structure, and diffusion coefficients, it has limitations
in describing the dielectric constant. In contrast, the TIP4P-Ew
model better accounts for the dipole moment and many

Fig. 1 Structures of the three CNCs studied. (a) Side views. (b) Top
views highlighting pentagonal rings near the tip (shaded for clarity). (c)
Coordinate system for specifying water molecule positions. All illus-
trations were generated using VESTA.**
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thermodynamic quantities due to electrostatic corrections,
though it also struggles to capture the flexible nature of water,
similar to SPC/E. The choice of water model should be guided by
the specific properties of interest, simulation conditions, and
computational constraints. Both SPC/E and TIP4P-Ew are widely
used and offer reasonable accuracy for many liquid water
properties; however, no model is universally perfect, and
simulation results should be validated against experimental
data whenever possible. After solvation, energy minimization
was performed using the steepest descent method, followed by
200 ps of constant volume constant temperature (NVT) simu-
lation. This was followed by 200 ps of constant pressure
constant temperature (NPT) simulation, and then a 5 ns NPT
simulation as the production run. The LINCS algorithm® was
employed to maintain the carbon-carbon bond distance of the
CNCs under an all-bonds constraint, as the CNCs are highly
flexible under water solvation conditions.> The temperature
and pressure were set to 300 K and 1 atm, respectively.
Temperature was controlled using the velocity rescaling
method®® with a coupling constant of 0.1 ps, while pressure was
maintained using the Berendsen pressure coupling method>®
with a coupling constant of 16 ps. Throughout the study, posi-
tion restraint with a constant of 1000 (k] mol ' nm™?) were
imposed on the CNC carbon atoms. The leap-frog integrator
method was used for time propagation with an integration time
step of 1 fs, and positions were saved every 100 steps. For the
final analysis, we used the last 2 ns of the NPT production
simulation trajectories, which contained 20 000 frames.

To compute water density and hydrogen bonding within
CNCs, we defined two coordinates for locating each water
molecule: the axial distance from the tip (z), and the radial
distance from the central axis toward the nearest carbon wall (7),
as illustrated in Fig. 1(c). The central axis was defined as the line
connecting the cone's vertex to the centre of mass of the carbon
atoms at the base. The cone tip angle 0 is related to z and r as

follows
sin Q =
5) =

The oxygen atom's position was used to represent the loca-
tion of each water molecule. We estimated the number density
of water molecules within each spatial bin by averaging over 20
000 frames. Given the confinement of water molecules in the
CNC, we used a bin size of 1.0 A both along the z and r
coordinates.

Hydrogen bonds (HBs) were defined based on geometric
criteria: the distance between the oxygen atoms of two different
water molecules must be less than 3.5 A, and the angle O---O-H
must be less than 30°,°-* where “---” denotes a hydrogen bond
and “-” represents a covalent bond. We also estimated the
intermittent hydrogen bond lifetime from the hydrogen bond
correlation time Cypg(t) as follows'”**

(h(2) x h(0))

(nor)

(1)

NS

Cus(t) = (2)
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where A(t) equals 1 if the hydrogen bond exists at both time
0 and time ¢, and 0 otherwise. The hydrogen bond lifetime 7 is
defined as = [;° Cyp(t)dt. To analyse water molecule rota-
tional dynamics, additional NPT simulations of 50 ps was
conducted starting from the last structure of 5 ns production
run. For this purpose, we used 0.5 fs time step and last 30 ps of
trajectories, i.e., 60000 frames, are used for estimation of
rotational diffusion constant (D,).'”**** This quantity can be
estimated by tracking the time-dependent polarization vector,
pA(t), for the i-th water molecule. For each molecule, this vector
was defined as the normalized vector pointing from the mole-
cule's centre of mass to the midpoint between its two hydrogen
atoms. Over time interval [¢, t + 6¢], the vector p,(¢) rotates by an
angle 66, given by 60 = cos™'[p,(t) x pi(t + 6t)]. A new vector 6; ()
is then defined such that its magnitude equals 66 and its
direction is determined by the cross product pft) x pit + 6¢)
expressed as

5¢,(1) = 86 ”"(’)i+. (3)

llp:(2)

Subsequently, the rotational motion of the molecule is rep-
resented by the vector ;(t) = [} 6¢; (¢ )dt . Thus, the vector ; (¢)
defines the trajectory within ¢-space, which characterizes the
rotational motion of water molecule i. The schematic diagram is
shown in Fig. S6. The trajectory is then used to calculate the
rotational mean-square angle displacement (MASD), expressed
as:

1 — 2
(@) = 32 [gin -0 @)
The rotational diffusion coefficient is given by:
1
D, = lim— (¢*(¢ 5
lim - (¢%(1)) (5)

3 Results and discussion

3.1 Analysis of water density in carbon nanocones

The average densities of SPC/E water in the P2, P3, and P4 CNCs
were found to be 0.96, 1.00, and 0.84 g cm ™3, respectively. The
cross-sectional snapshots of the CNCs are presented in Fig. S1.
To investigate how confinement and surface properties affect
the water structure, we calculated the position-dependent water
densities within each CNC, as shown in Fig. S2, plotted as
a function of radial distance r at various z-coordinates. Starting
from the carbon wall, large r, a rapid increase in density is
observed, forming a pronounced peak with maximum density,
followed by moderate fluctuations that eventually stabilize to
the bulk water density as the radial distance is decreased in
general. Prior studies of water confined within simple carbon-
based nanostructures have reported similar behaviours, attrib-
uting them to interfacial effects between the water and the
hydrophobic carbon surface.®®¢ Clearly, water density and
structure are highly sensitive to the local environment,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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particularly the confining geometry. For example, Barati Far-
imani et al."” showed that the detailed interfacial water density
in CNT varies with the tube radius and exhibits a complex,
nontrivial pattern. Han et al.*” calculated the density-tempera-
ture (p-7) phase diagram of water confined between hydro-
phobic plates using molecular dynamics simulations. High-
density water regions have been reported to exhibit rhombic
structures,®®*® such as in Barati et al.'s (10, 10) CNT study at 300
K and Han et al.'s work across 230-310 K. The formation of the
ice structure, ice VII phase, was also confirmed in an experi-
ment using surface-enhanced Raman spectroscopy by Shin
et al., for water molecules confined within narrow inter-particle
gaps.”””* The overall densities with SPC/E water are visualized as
heatmaps in Fig. 2. In this study, water density was classified
into three regions: low (p < 0.65 g cm ), medium (0.65 < p <
2.0 g em %), and high (p > 2.0 g em ™).

In Fig. 3, we re-plot Fig. 2 based on these three densities with
different colours (red: low, blue: medium, and yellow: high).
The formation of the high-density water layer near the carbon
wall is thought to arise from reduced entropy and elevated
pressure, driven by van der Waals interactions between water
molecules and the hydrophobic carbon surface.®” We note that
the thickness of this high-density region is approximately
a single layer of water molecules. In all CNCs here, the high-
water density is manifested near the tip region and presum-
ably attributed to the pronounced confinement in this region.
Near the tip region, water molecules experience increased
dewetting”” due to stronger hydrophobic interactions with the
carbon atoms, which in turn further enhances the water density
fluctuations observed at the surface. A clear trend in both Fig. 2
and 3 is that decreasing the tip angle, thus increasing
confinement, results in significantly elevated water density
extending along the carbon wall. For example, the density of
water molecules near the carbon atom in P4 is much higher
than in P3 and P2 at the same radial distance of r = 10 A. Given
that high water density near the carbon surface is due to short-
range van der Waals interaction this is a somewhat unexpected.
In these regions, the axial distances from the tip are 10.6 A for
P2,17.3 A for P3, and 28.3 A for P4. Therefore, this unexpectedly
high-density near the carbon atom in P4 at 7 = 10 A cannot be
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Fig.2 Heat maps depicting the densities of SPC/E water within CNCs
of varying tip angles, plotted as a function of radial distance r and
vertex height z.
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Fig. 3 Phase distributions of SPC/E water molecules in each CNC
plotted as a function of vertex height z and central distance r. The
phases are determined based on the densities shown in Fig. 2.

solely attributed to proximity to the tip. Instead, as the tip angle
decreases, the gradually narrowing geometry enhances spatial
constraints on water molecules near the CNC surface.

The more gradual confinement changes in P4, compared to
P2 and P3, may preserve a well-ordered hydrogen-bond network
extending from the tip region. These results of distinct varia-
tions in water structure among CNCs with different tip angles
indicate that water structure due to local confinement can
influence the arrangement of water in distant regions, even
beyond 10 A.” The observation that water density at the same r
remains unchanged across P3-s, P3, and P3-l, despite differ-
ences in height, further supports this interpretation. Mean-
while, the high-density region is further extended towards the
base in the P3-1 CNC, suggesting that the water structure at
a given z and r is different depending on the total height of the
CNC. Specifically, at r = 15 A, the density near the interface of
P3-1 is more pronounced than its counterpart in P3. This
suggests that the density fluctuation, including the high-density
region observed around r = 15 A in P3-, is driven by local
confinement effects. In contrast, P3 does not show this density
fluctuation at the same r, likely due to direct exposure to bulk
water outside the cone, which dominates the local water
structure. In other words, the extended confinement in P3-1, due
to its greater height, may allow for local density separation at r
= 15 A, which is suppressed in P3 by the nearby bulk water
environment. Similarly, in P3-s, the persistence of confinement
originating from the tip may dominate over bulk water effects
near the base, leading to extended density fluctuation.

Interestingly, noticeable density separation was observed not
only in strongly confined regions near the CNC tip and carbon
wall but also in weakly confined or unconfined regions distal
from these boundaries, as shown in Fig. 3. In Fig. 3, the density
at 0 =r = 4 and 10 = z = 20 is magnified as inset in P4 and
distinct density separation at » = 0 can be observed along the z
axis as indicated with orange (high density region) and green
(low density region) circles z = 14 A and z = 18 A, respectively.
This is more clearly illustrated in Fig. 4, which plots the water
density along the tip-to-base direction (the z axis) corresponding
to central axis (near » = 0). Overall, as the tip angle decreases,
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Fig. 4 Water densities plotted as a function of vertex height z near r =
0. For practical purpose, we have used waters within r = 0.8 A.

the deviation of water density from bulk water becomes more
pronounced along the z-axis. In particular, P4 exhibits dramatic
density variations, with two high-density peaks at 4.8 g cm™> (z
=4 A) and 2.8 g ecm™® (z = 14 A). Between these peaks, the
density drops sharply, approaching zero, where volume avail-
able to water is most restricted due to enhanced dewetting as
mentioned earlier. The first peak observed (blue line) near z =5
A is attributed to this high degree of spatial confinement that
enhances structuring and layering of water, leading to sharp
density features even close to the axis. The first peak (blue line
for P4) near z = 5 A is attributed to strong confinement near the
CNC tip. However, the appearance of the second peak around z
= 14 A was unexpected, as it lies relatively far from the tip and
outside the most confined region. Likely, this severe, contin-
uous density variation is mainly induced by the intense
confinement near the tip, extending up to approximately z = 15
A and another local density maximum near 25 A. Similar but
less pronounced trends are observed in P2 and P3, likely due to
weaker confinement at their tips. These findings suggest that
the tip's confinement effect can propagate over distances
exceeding 10 A, depending on the geometry of the surrounding
carbon atoms. These central density fluctuations are influenced
not only by tip-induced confinement but also by the short radial
distance to the carbon wall in P4. Long-range structural influ-
ence exceeding 10 A has also been reported in other studies.>
For P3 variants of different lengths, density profiles along r =
0 indicate that the peak shapes are preserved.

3.2 Analysis of HB bond, dipole moment orientation, and
rotational diffusion constant

The water hydrogen bond (HB) is a key indicator of the water
structure and dynamic behaviour. We show a heatmap in Fig. 5
depicting the number of HBs in each CNC as a function of the
distance from the radial distance (r) and vertex height (z2),
consistent with the density plot shown in Fig. 2. Across all
CNCs, the average number of HBs is approximately 3.7 except
near the carbon wall where it decreases. We overlapped the
calculated number of HB with water density in each CNC as
a function of the central axis (r) at the specific vertex height () in
Fig. S2. The number of HBs remains constant inside the CNC
but gradually decreases toward the carbon wall as the water

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Heat map of the number of hydrogen bonds in CNCs as
a function of r and z.

molecules have fewer neighbouring water molecules to form
hydrogen bonds near the carbon wall.***® The results obtained
using the TIP4AP-Ew model (Fig. S3-S5) show trends similar to
those of the SPC/E model, though with slightly higher overall
water density and hydrogen bond counts. Consequently, all
subsequent analyses are based on the SPC/E water model.

To gain deeper insights into the density-dependent struc-
tural and dynamic properties in the P4 CNC, we analysed the
intermittent HB lifetime correlation function and the distribu-
tion of water molecule dipole moment orientations in three
different density regions near the carbon wall. Hereafter, the
high-, medium-, and low-density regions refer to the yellow,
blue, and red zones, respectively, as shown in the P4 plot of
Fig. 3. Fig. 6(a) displays the time dependent hydrogen bond
correlation function and the estimated HB life time indicates
high density region near the carbon wall has the longest HB
lifetime (6.53 ps), followed by the middle density region (4.52

(a) 1.0
—— High density region 2
0.8 ---- Medium density region 3 0.10 =
Z 0.6 —— Low density region <
Soad 0.07 g
0.24 %
) g
0.0 0.03 é
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(b) o015 XI5 T8
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2 =]
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Fig. 6 (a) The intermittent hydrogen bond lifetime correlation func-

tion for the three distinct water phases (layers) in P4. (b) The dipole
moment orientation distribution of three different water phases
(layers) of P4. For each water a vector is defined by connecting the
oxygen atom of a water molecule and the nearest carbon atom to it. (c)
The dipole moment angle distribution near the centre of radial
distance along the z-axis in the P4 CNC. It is represented as the
deviation of probability from the average probability of bulk water
orientation. The red area means a high dipole moment ordering region
compare to bulk water, and the blue area means regions with less
orientational propensity compare to bulk water. The water molecules
within the radius of 0.8 A were selected for this plot.
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ps) and the low-density region (1.36 ps). The reduced number of
hydrogen bonds per molecule in the high-density region
(Fig. S1) likely results from the limited availability of neigh-
bouring water molecules beyond the carbon wall. The Fig. 6(b)
illustrates the distribution of dipole moment orientation
angles. This angle is defined as the angle difference between the
dipole moment of water and the normal vector to the carbon
wall surface toward inside of CNT. The high-density, medium-
density, and low-density in the Fig. 6(a) and (b) regions are
referring to the first yellow layer from the carbon surface, the
blue layers next to it, and the red layers inside the CNC in Fig. 3
with P4, respectively. The figure reveals there is structural
ordering, especially in high density layer, within these three
different layers of water molecules near the CNC surface unlike
water molecules inside of CNC (represented as bulk). The
orientation angle around 100-110° indicate a majority of water
molecules maintain one hydrogen atom directed towards the
wall. It has been reported from both simulation and experi-
mental studies that water molecules near hydrophobic surfaces,
with some curvature dependency, often exhibit preferential
orientations with O-H bond toward surface, even in the absence
of direct hydrogen bonding with the surface*®’*” to minimize
the broken HBs. Although the hydrophobic wall cannot accept
hydrogen bonds, this orientation allows the oxygen atoms of
interfacial water molecules to remain accessible to form
hydrogen bonds with adjacent water molecules in the bulk or
second layer. In contrast, water molecules in the medium and
low-density regions exhibit weaker orientational ordering,
although the medium region shows slightly more structure than
bulk water. The prolonged HB lifetime in the high-density
region likely results from enhanced water-water interactions
and significant dipole moment alignment.

As noted earlier, strong density variation is observed along
the z-axis near the central radial region. To characterize this
region, we analysed the dipole orientation distribution along
the z-axis, shown in Fig. 6(c). Near the tip, water molecules
exhibit strong orientation, which gradually diminishes with
increasing z. Notably, the low-density region near z = 9 A and
the high-density region near z = 14 A exhibit distinct orientation
angles of approximately 140° and 175°, respectively.

As an additional dynamic measure, we computed the time-
dependent rotational mean square angular displacement
(MSAD) for the first three density layers in P4, and presented in
Fig. 7. The estimated diffusion coefficient (D,) of high, medium,
and low-density regions from these plots is 0.097, 0.096, and
0.171 (rad® ps '), respectively, which can be compared with the
bulk SPC/E water D, of 0.184 (rad® ps™'). Due to the narrow
spatial bins defining each density region, long-term tracking of
water molecules was limited in our simulations. To obtain
reliable slopes, we fitted the MSAD data linearly beyond 0.8 ps,
excluding initial transients; the fits are shown as dashed lines.
All three D, values are lower than that of bulk water, with the
low-density region showing the highest rotational mobility
among the confined layers. The high- and medium-density
regions exhibit nearly identical rotational dynamics.

Overall, water structure and dynamics within the CNCs vary
significantly depending on the position specific confinement.
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Fig. 7 The rotational mean square angle deviation (MSAD) of three
different density regions as a function of time for P4.

We examined structural and dynamic features such as hydrogen
bonding, dipole orientation, HB lifetime, and rotational diffu-
sion coefficients. Our density-based analysis shows that high-
density regions exhibit more rigid and ordered structures,
while lower-density regions display reduced ordering and
greater molecular mobility. A key finding is that local water
structuring is affected not only by immediate confinement but
also by global geometric features located farther away.

4 Conclusions

The behaviour of water molecules within nanoscale environ-
ments, especially near the interface with the confining atoms, is
markedly altered by the dimensions and geometry of the
confining space. In this study, we employed molecular
dynamics simulations to investigate the structure and dynamics
of water molecules confined within CNCs, a unique class of
nanostructures that offer a continuous spectrum of confine-
ment degrees within a single system. Our findings reveal
a significant spatial heterogeneity in water density within the
CNCs, varying as a function of both the radial distance from the
central axis and the axial height. Specifically, the highest water
density was consistently observed in the vicinity of the cone
wall, exhibiting a gradual decrease with increasing distance
towards the base. The observed confinement effects show
quantitative difference within across different water models
(SPC/E and TIP4P-Ew) here, as observed in previous studies,”
but the general trends remains the same with only minor
quantitative differences.

The current findings underscore the profound influence of
the CNC geometry on the structure of the confined water,
revealing notable dependencies on both the apex angle and the
axial height of the CNC. The nanoconfinement imposed by the
CNC significantly perturbs the local water structure, leading to
substantial changes in the water density within the system. In
particular, the high sensitivity of the confined water structure to
the tip angle highlights the critical importance of precise
geometric control in nanoscale water systems using CNCs. Our
simulations also reveal a notable long-range effect, in which
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locally confined water molecules influence water structuring as
far as 15 A beyond the confinement region. This remarkable
observation suggests that, depending on the intricate details of
the confinement geometry, local confinement effects can
propagate into regions where water would otherwise exhibit
bulk behaviour. In essence, nanoscale confinement is not
purely local; instead, water structure arises from a collective
phenomenon where interactions from distant regions induce
structural rearrangements in nearby molecules. These findings
offer key insights into nanoconfinement physics and hold
potential for designing advanced water filtration systems and
improving predictive models of water behaviour in nanoscale
environments. The demonstrated sensitivity of water structure
to CNC geometry, coupled with the long-range effects of local
confinement, provides promising avenues for the controlled
manipulation of water behaviour in nanoscale systems.

In real-world systems, particularly those with biologically or
chemically heterogeneous environments, nanoconfinement is
rarely idealized. Instead, it often involves irregular geometries,
surface roughness, and compositional inhomogeneities. For
example, Wohlfromm and Vogel employed spatially resolved
molecular dynamics simulations to show that confinement
parameters (such as size and rigidity) strongly modulate the
dynamic coupling between proteins and their hydration shells.*
Similarly, studies of proteins inside carbon nanotubes, serving
as model bio-nano interfaces, have revealed multiple adsorp-
tion substates along the tube interior, with water mobility
decoupling according to the protein's adsorption state.> More-
over, investigations of water confined between chemically
inhomogeneous sheets and/or pores demonstrate that surface
chemistry, not just geometry, can dramatically alter hydration
dynamics and induce strong spatial heterogeneity in water
behaviour.”””® These features can dramatically influence water
structure and dynamics, often in ways that differ from idealized
systems such as the smooth, symmetric CNCs studied in this
work.

The current work primarily focused on monitoring the
structural aspects of water molecules inside CNCs, along with
a dynamic property, the rotational diffusion coefficient. Future
studies could explore additional structural, dynamic, and
thermodynamic properties, such as viscosity, structural factors,
and entropy.'””*® Investigating these additional aspects would
provide a more comprehensive understanding of water behav-
iour in nanoscale confinement.***** Finally, we note that clas-
sical water models have inherent limitations, particularly
concerning the non-transferable nature of water-carbon inter-
actions at the interface, as shown in prior works.*** Thus,
future work could benefit from using more realistic models,
such as those using machine learning-based force fields***® or
even ab initio molecular dynamics simulations*~> to overcome
these limitations. By elucidating the intricate interplay between
water and CNCs, this study advances our understanding of
nanoscale confinement phenomena. It also sheds light on the
unique behaviour of confined water, paving the way for future
applications across a range of nanotechnology-related fields.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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