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Ultrahigh tensile strength of water confined in carbon nanotubes:
Mechanism and relevance to long-distance water transport in tall trees
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Molecular dynamics simulations are employed to investigate the tensile properties of water confined in carbon
nanotubes (CNTs) with varying diameters, where CNTs serve as a prototype for xylem vessels critical to long-
distance water transport in tall trees. Our results reveal that nanoconfined water exhibits unexpectedly ultrahigh
tensile strength (∼126 MPa), which is significantly higher than that of glass (∼33 MPa). Meanwhile, the tensile
strength of confined water is highly dependent on the nanotube diameter. The underlying mechanism for this
unique tensile behavior is attributed to the synergistic effect of hydrogen bonding and nanoscale confinement.
This work provides key insights into understanding the mechanism of water transport from roots to the canopy
in tall trees.
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I. INTRODUCTION

Water under nanoconfinement exhibits a variety of struc-
tural, thermodynamic, and dynamic anomalies that differ
markedly from its bulk behavior [1–11]. These effects are of
fundamental interest in understanding water-related processes
in biological, geological, and nanofluidic systems [12–17].
Molecular simulations have revealed that spatial confinement
can induce novel hydrogen-bond networks, reduced entropy,
and unconventional ice phases, such as two-dimensional lay-
ered ice and polygonal ice nanotubes [18,19]. Such findings
have stimulated extensive investigations into confined wa-
ter, both theoretically and experimentally [8,20–31]. Beyond
equilibrium structures, the transport properties of confined
water have attracted significant attention [32–35]. Due to re-
duced interfacial friction and enhanced slip, water flow in
carbon nanotubes can exceed classical predictions by orders
of magnitude [36]. Similar frictionless behavior has been
observed in two-dimensional channels formed by graphene-
based membranes [37–39]. These transport anomalies are
closely linked to confinement-induced changes in water struc-
ture and dynamics [40–42].

While extensive efforts have been devoted to understanding
the structure and transport behavior of confined water, its
mechanical response—particularly under tensile conditions—
remains far less explored. This knowledge gap is notably
relevant to the long-distance water transport mechanism in
plants, a topic that has captivated plant scientists for over
a century. There is considerable interest in unraveling how
water moves from the roots to the canopy of tall trees, es-
pecially given that the tallest tree on earth today exceeds
110 m in height. According to physical principles, at-
mospheric pressure can only support a water column of
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approximately 10.3 m, making it theoretically impossible to
lift water beyond this height solely through pressure reduction
at the tree canopy. To address this paradox, the cohesion-
tension theory proposes that long-distance water transport in
plants relies on the stability of continuous water columns
under large negative pressures [43]. However, the existence
and magnitude of such high tensions (up to tens of MPa)
remain controversial, partly due to experimental limitations
and discrepancies in direct pressure measurements [44,45].
These unresolved questions underscore the critical need for
atomistic-level investigations into confined water columns
under tension. In particular, the influence of nanoscale con-
finement on the tensile strength of water columns—a key
factor in maintaining column stability—has not yet been fully
elucidated.

Plants are composed of nano- to microscale porous
structures extending from roots to leaves, through which long-
distance water transport is stably maintained [46]. While the
macroscopic xylem vessel lumens typically range from 10
to 500 µm, the critical nanoscale pathways for water tension
and stabilization—namely nanopores within xylem pit mem-
branes and mesophyll cell walls—are widely documented to
be 1–3 nm [47].

In this work, we employ molecular dynamics simulations
to investigate the tensile behavior of water columns con-
fined within carbon nanotubes (CNTs) of various diameters.
By characterizing the critical tension and failure dynamics
under different confinement conditions, we find that these
nanoconfined water columns can sustain remarkably high ten-
sile stresses, with the critical tension reaching a maximum of
approximately 126 MPa at a tube radius of around 1.35 nm.
Notably, the critical tension exhibits a nonlinear, nonmono-
tonic dependence on tube radius—a distinctive trend closely
tied to the structural properties and fracture mechanisms of
the confined water. Moreover, this ultrahigh tensile strength
far exceeds that of bulk glass (∼33 MPa), highlighting the ex-
ceptional mechanical performance of water under nanoscale
confinement.
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FIG. 1. (a) Typical simulation system, where a single-walled
CNT(20,20) with a length of 10 nm is aligned along the z axis and
contains a 6 nm water column. The water column is divided into two
groups: the upper 2 nm is defined as the restrained group (blue water
molecules) and the lower 4 nm is defined as the pulled group. An
acceleration along the negative z axis is applied to the pulled group
to simulate a downward stretching force. (b) Schematic illustration
of water transport mechanisms in plants. In xylem vessels, water
is subjected to gravitational force and is transported upward under
transpiration pull. The cohesion among water molecules and the
adhesion between water molecules and the vessel walls maintain the
continuity of the water column, preventing it from breaking.

II. METHODS

To investigate the tensile behavior of confined water
columns and their underlying microscopic mechanisms, we
perform molecular dynamics simulations using a series CNT
(n, n), with radii ranging from 0.678 to 2.708 nm (n = 10–40).
A typical simulation setup is illustrated in Fig. 1(a), where a
10-nm-long CNT (20,20) with a radius of 1.35 nm is aligned
along the z axis and kept fixed throughout the simulation. A
water column of around 6 nm in length, consisting of 795
water molecules, is confined inside the CNT. The remaining
space inside the nanotube is vacuum. To evaluate the maxi-
mum tensile stress the confined water can sustain, the water
column is divided into two groups. The upper 2 nm segment,
defined as the restrained group, is subjected to position re-
straints on the oxygen atoms along the z axis via a harmonic
potential with a spring constant of k = 1000 kJ mol−1nm−2.
The lower 4 nm segment, defined as the pulled group, is
subjected to a constant acceleration a along the negative z
direction, simulating tensile loading.

The tension of the water column inside the carbon nan-
otube was generated by applying an acceleration to the water
molecules. A total external force acts on the stretching group
of F = Nma, where N is the total number of water molecules
in the stretching group and m is the mass of a water molecule.

The tensile stress of the water column was calculated by di-
viding the total external force by the effective cross-sectional
area (Aeff ). The effective cross-sectional area was defined as
the inner cross-sectional area of the carbon nanotube exclud-
ing the region occupied by the van der Waals radius of the
carbon atoms. The tensile stress of the confined water column
can therefore be expressed as σ = F

Aeff
.

FIG. 2. Maximum negative pressure (tension) of the water con-
fined within carbon nanotubes as a function of the tube radius. The
insets show snapshots of the cross-sectional distributions of water
molecules in the typical nanotubes indicated by the arrows.

All simulations are performed using GROMACS 2019.4
under the NVT ensemble. CNTs were parametrized using the
OPLS-AA all-atom force field. Water molecules were mod-
eled using TIP4P. The Lennard-Jones parameters between
unlike atom types were determined using the Lorentz-
Berthelot combining rules. The temperature is maintained at
300 K using the V-rescale thermostat with a coupling time
constant of τ = 0.1 ps. Long-range electrostatics are handled
by the particle-mesh Ewald (PME) method. Periodic bound-
ary conditions are imposed in all three directions and the time
step is set to 1.0 fs. The initial systems are constructed using
Packmol by filling the CNT interiors with water molecules.
After energy minimization using the steepest descent algo-
rithm to remove bad contacts, a 30 ns NVT equilibration is
performed to obtain a stable water column with an axial length
of approximately 6 nm. Subsequently, nonequilibrium simu-
lations are carried out by gradually increasing the acceleration
applied to the pulled group with a step size of 0.001 nm ps−2

until the water column fractures. Each simulation at a given
acceleration lasts for 10 ns. The critical acceleration ac is
defined as the acceleration at which a rupture occurs. To deter-
mine ac more accurately, additional simulations are performed
within the range ac − δ < a < ac, each lasting 100 ns, and
multiple runs are conducted to reduce statistical fluctuations.

The carbon nanotubes were not fully filled with water
molecules and both ends were left empty (vacant). Therefore,
during equilibration at 300 K, the pressure of water remained
nearly constant.

III. RESULTS AND DISCUSSION

The maximum negative pressure sustainable by water
columns inside CNTs is shown in Fig. 2. Surprisingly, the
confined water exhibits exceptionally high tensile strength in-
side single-walled CNTs, with critical pressures ranging from
43 MPa to 126 MPa within the studied radius range (0.678
to 2.708 nm), comparable to the tensile strength of glass.
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FIG. 3. Water density as a function of the radial distance toward the wall from the center of the tube at r = 0 nm.

Moreover, the tensile strength is found to be strongly de-
pendent on the CNT radius. As the CNT size increases
from (10,10) to (20,20), corresponding to a radius range of
0.678–1.353 nm, the maximum sustainable negative pressure
increases rapidly from 43 MPa to 126 MPa. Interestingly,
further increasing the CNT radius leads to a gradual decrease
in the tensile strength. However, when the CNT radius is
increased by only about 0.135 nm to that of a (32,32) CNT,
the tensile strength drops significantly to around 92 MPa.
As the CNT radius continues to increase, the tensile strength
of the confined water columns shows a further decreasing
trend. Our results shown in Fig. 2 demonstrate the ratio-
nality of a fascinating phenomenon: in nanoscale channels
(nanopores, <2 nm) within plant cell walls, water—though
normally susceptible to rupture under tensile stress—behaves
as a robust, continuous liquid. This unique behavior is es-
sential for transpiration, enabling water columns to withstand
intense negative pressures (tension) and ascend from roots to
aerial tissues, a process critical to sustaining plant life. In stark
contrast, bulk water exhibits markedly lower tensile strength
and cannot support such tension.

To elucidate the intrinsic mechanism governing the cor-
relation between the tensile strength of the confined water
column and the CNT radius, we analyzed the radial den-
sity distribution of water molecules within each nanotube,
as illustrated in Fig. 3. The radial density function ρ(r) was
calculated by partitioning the confined water domain into a
series of coaxial cylindrical shells along the radial direction
of the CNT. For comparative purposes, the density function
ρ(r) was normalized against the density of bulk water under
standard conditions (ρ0 = 1.0 g/cm3).

As shown in Fig. 3, water confined inside CNTs exhibits
an obvious layering structure. Due to the van der Waals in-
teractions between the water molecules and the CNT walls,
a sharp density peak appears near the nanotube wall, with a
width approximately equal to the size of a water molecule
(∼0.34 nm), indicating a highly ordered single-layer arrange-
ment in this region. For clarity, the confined water was
delineated into distinct layers based on the radial density
distribution—designated as the first, second, third, and fourth
layers sequentially from the CNT wall toward the tube center
(see Fig. 3).

For large-diameter CNTs (d > 2.7 nm), the first 1–3
molecular layers adjacent to the tube wall constitute the so-
called interfacial water, which possesses a distinct structure
that deviates markedly from that of bulk water. By con-
trast, water molecules beyond this interfacial region exhibit
bulk-like characteristics. As shown in Fig. 3, water density
gradually converges to bulk-water values beyond the third
hydration layer, with no pronounced further density layer-
ing observed. Accordingly, our water-layer classification is
defined solely based on the density distribution. It has been
reported that, above four or five layers, the water gradually
loses memory of the CNT wall and tends to acquire again the
bulk water structure [48,49].

Notably, as the CNT radius increases, the number of dis-
cernible ordered water layers rises correspondingly and the
tensile strength of the confined water column displays a pos-
itive correlation with the layer count. Specifically, when the
radius reaches 1.353 nm—corresponding to a (20,20) CNT—
the maximum number of water layers (four) is observed and
the tensile strength of the confined water column peaks at
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FIG. 4. Fracture process of water columns confined in CNTs with different diameters. The number of water molecules in each radial layer
within the fracture region (1 nm along the z axis) is tracked as a function of time during rupture.

126 MPa. A further increase in CNT radius induces the expan-
sion of the innermost (fourth) water layer, accompanied by a
subsequent decline in tensile strength. In fact, when the CNT
radius exceeds 1.353 nm, the fourth water layer no longer
exists as a distinct single layer. These findings collectively
demonstrate that the tensile strength of the confined water
column is tightly correlated with the structural distribution of
water molecules within the nanotube.

To understand the relationship between the tensile strength
of confined water and the layered structure formed inside
nanotubes, it is essential to first clarify the fracture mode of
the water column. To this end, the fracture processes of water
columns in CNTs of various diameters were systematically
examined. During each fracture event, the number of water
molecules in each defined radial layer within a 1 nm segment
along the axial (z) direction centered at the rupture site was
tracked over time. The results are presented in Fig. 4. For
CNTs with r � 1.353 nm, such as the (12,12), (17,17), and
(20,20) CNTs, the number of water molecules in all layers
begins to decrease almost simultaneously during fracture,
indicating a collective rupture of all layers under tension.
This simultaneous failure suggests that the addition of more
water layers significantly increases the required tensile stress
to initiate rupture, providing a mechanistic explanation for
the observed increase in tensile strength with increasing layer
number. In contrast, when the CNT radius exceeds 1.353 nm,
although the number of water layers no longer increases, the
inner region of the confined water expands. In this case, a
sequential rupture pattern is observed: in the (28,28) CNT,
the third and fourth water layers begin to fail first, with the
first and second layers following only after a noticeable delay.
Similarly, in the (35,35) CNT, the rupture is initiated in the
center (fourth) layer, followed by the outer layers. This inside-
out fracture mode of confined water is in stark contrast to the
fracture behavior of the bulk water column, in which rupture

characteristically originates from the outer surface. It further
diverges from the necking phenomenon that occurs in solid
metal nanowires when they undergo fracture under uniaxial
tensile stress.

To gain deeper insight into the structural stability of
confined water and its rupture behavior under tension, we an-
alyzed the average lifetime of hydrogen bonds between water
molecules in CNTs of various radius, as shown in Fig. 5. In

FIG. 5. Average lifetime of hydrogen bonds between water
molecules confined in CNTs with different radius. The inset shows
the hydrogen bond lifetimes between water molecules in the inner
layer (i.e., the fourth water layer) and outer layers (i.e., the first,
second, and third water layers), averaged over the (30,30) to (40,40)
CNTs.
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this study, hydrogen bonds were identified using a geometric
criterion: a hydrogen bond is considered present when the
distance between the oxygen atoms of two water molecules
is less than 3.5 Å and the O···O–H angle is less than 30°. The
hydrogen bond lifetime was calculated using the intermittent
definition [50]. The results reveal two distinct regimes. When
the r � 1.353 nm [corresponding to a (20,20) nanotube],
the average hydrogen bond lifetime decreases sharply with
increasing radius. For r > 1.353 nm, the decrease becomes
more gradual, indicating reduced confinement effects on hy-
drogen bond dynamics. To elucidate the origin of rupture in
large-diameter CNTs, where failure typically initiates at the
center, we divided the confined water into an inner layer (the
fourth water layer) and outer layers (first to third layers). The
average hydrogen bond lifetime in the inner layer is approx-
imately 5.3 ps, compared to 6.8 ps in the outer layers. The
corresponding hydrogen bond energies are 11.7 kJ/mol and
17.0 kJ/mol, respectively. These results indicate that hydrogen
bonds in the inner layer are weaker and less stable, which
explains the preferential rupture initiation from the center
under axial tension.

The ultrahigh tensile strength of water confined in car-
bon nanotubes is induced by the nanoconfinement effect,
which arises from the synergistic action of strong hydrogen
bonding between water molecules and intermolecular interac-
tions between water and the carbon nanotube surfaces. These
combined effects serve to stabilize water columns at the
nanometer scale.

IV. CONCLUSIONS

In summary, we investigate the tensile behavior of water
confined in CNTs with varying diameters via molecular dy-
namics simulations, aiming to shed light on the long-distance
water transport mechanism in tall trees. We focus specifically
on how spatial confinement affects the mechanical properties

of the water columns, while neglecting other secondary fac-
tors. Carbon nanotubes serve as an ideal model system.

The tensile strength of confined water shows a distinct non-
monotonic dependence on CNT radius, peaking at ∼126 MPa
when the tube radius is ∼1.35 nm. Structural analysis reveals
that this dependence originates from the layered arrangement
of water molecules inside CNTs: the tensile strength pos-
itively correlates with the number of ordered water layers
and the maximum tensile strength coincides with the maxi-
mum number of discernible water layers (four layers) at r =
1.35 nm. Beyond this radius, the expansion of the inner water
layer weakens the structural stability, leading to a gradual
decrease in tensile strength.

Fracture dynamic analysis indicates that confined water
undergoes collective rupture of all layers when r � 1.35 nm,
while an inside-out sequential rupture mode dominates for
r > 1.35 nm. This difference is attributed to the weaker and
less stable hydrogen bonds in the inner water layer compared
to the outer layers. The ultrahigh tensile strength of confined
water is ultimately ascribed to the synergistic effect of hy-
drogen bonding between water molecules and intermolecular
interactions between water and CNT surfaces.

This work provides atomistic-level insights into the me-
chanical response of nanoconfined water, which not only
deepens our understanding of the cohesion-tension theory for
long-distance water transport in tall trees but also offers valu-
able guidance for the design of novel nanofluidic devices and
biomimetic water transport systems.
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