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Diameter-Dependent Multiple Proton Jumps Dictate
Hydronium and Hydroxide Transport in Carbon Nan-
otubes

Marcos F. Calegari Andrade,a,b‡ Margaret L. Berrens,b Aleksandr Noyb, and Tuan Anh Phamb‡

Nanofluidic channels impose extreme confinement on water, giving rise to unusual transport phe-
nomena of the liquid. However, how transport of hydroxide and hydronium ions is influenced by such
confinement is still not fully understood. This study employs machine learning-accelerated simula-
tions, based on SCAN density functional, to investigate proton transfer dynamics in CNTs of varying
diameters (0.8 nm to 2.8 nm). The extreme confinement of water inside 0.8 nm CNT not only
enhances the probability of multiple consecutive proton jumps, but also reverses the relative diffusion
coefficient of hydronium and hydroxide ions in bulk water. In CNTs with diameters larger than 0.8
nm, hydronium diffuses slightly faster than in bulk, whereas hydroxide diffusion slows because of
its localization near CNT walls, hindering multiple proton jumps. This work highlights the signifi-
cant impact of nanoscale confinement on proton transfer dynamics, with implications for designing
nanoscale systems with controlled proton transport.

1 Introduction
The study of proton transport under nanoconfinement is a fun-
damental area of research in chemical physics and materials sci-
ence, with significant implications in fields ranging from proton
exchange membranes in fuel cells1,2 to proton transport across
biological membranes3–5. An improved understanding of proton
transport mechanism at the nanoscale can lead to better funda-
mental understanding and enhanced performance of these sys-
tems, where efficient proton conduction is beneficial. The unique
properties of confined spaces can alter the dynamics and solva-
tion environment of proton defects in water, making it imperative
to explore these effects in detail.

Carbon nanotubes (CNTs) have been widely used as a mate-
rial platform for investigating proton transport under confine-
ment due to their exceptional structural and electronic proper-
ties. Their high aspect ratio, simple geometry, and tunable pore
sizes allow precise investigations of molecular transport phenom-
ena6,7. When filled with water, CNTs create a confined envi-
ronment that can significantly influence the dynamics of proton
transfer8. Their nanoscale dimensions provide a unique platform
for exploring the interplay between confinement and proton mo-
bility, offering insights that are not readily observable in bulk sys-

a Department of Chemistry and Biochemistry, University of California Santa Cruz,
Santa Cruz, California 95064, United States.
b Physical and Life Sciences Directorate, Lawrence Livermore National Laboratory, Liv-
ermore, California 94550, United States.
‡ Corresponding Author(s): E-mail: mcalegar@ucsc.edu; pham16@llnl.gov

tems9 and providing a simpler and more controllable platform to
better understand proton transport across biological nanochan-
nels.

Several experimental studies have revealed remarkable proton
conduction by water confined in hydrophobic 1D nanochannels.
For instance, Tunuguntla and coworkers observed that hydronium
ions diffused an order of magnitude faster in 0.8 nm diameter
CNTs compared to bulk condition, while the confinement effect
was barely noticeable in 1.5 nm diameter CNTs10. In addition,
it was found that 1 nm-wide hydrophobic nanochannels based on
metal-organic frameworks displayed near-superionic conductivity
under ambient conditions11, even though the measured proton
diffusion coefficient was considerably lower than that in 0.8 nm
diameter CNTs. Most recently, experiments revealed that not only
the CNT geometry but also its electronic structure affect ion trans-
port12. Specifically, hydronium diffusion in water-filled 0.8 nm
diameter metallic CNTs was faster than in semiconducting CNTs
of similar diameter. These examples point to the drastic impact of
extreme confinement on proton transport, even though the atom-
istic mechanism of their transport is not always clear. However,
to this day, no experimental measurements of hydroxide diffusion
in carbon nanotubes have been made.

Complementing these experimental results, molecular simu-
lation studies have provided valuable atomic-level insights into
proton transport in CNTs. Earlier work demonstrated that wa-
ter confined in carbon nanotubes forms a single-file chain that
enables efficient proton hopping via the Grotthuss mechanism,
thereby dramatically lowering energy barriers for proton conduc-
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tion13–15. Interestingly, the simulations of Peng and coworkers16

suggested that proton transfer across CNTs does not require pre-
existing hydrated cavities, since these ions can drive the forma-
tion of proton wires inside sub-nm hydrophobic nanochannels
prior their crossing. Furthermore, Li and Voth17 demonstrated
that the mere existence of a hydrated nanochannel does not nec-
essarily imply fast proton conduction through it, and water con-
nectivity through proton wires is key to support proton proton
hopping along water chains. This and other earlier works high-
lights how proton transport is modulated by the hydrogen-bond
network in confined media18,19. Besides the H-bond network and
connectivity of water, quantum fluctuations of the nuclei were
also shown to further enhance the diffusion rates of both H3O+

and OH– along one-dimensional water networks20,21. Collec-
tively, these findings demonstrate that the unique ordering and
quantum behavior of water under confinement lead to markedly
enhanced and, in some cases, counterintuitive proton transport
behavior.

Despite these advancements, it remains unclear how extreme
confinement impacts multiple proton jumps in water–the primary
driver of rapid proton diffusion in aqueous systems22. Specifi-
cally, existing studies have largely focused on sub-nm CNTs with
the single-file water configuration; neglecting confinement effect
on water ion diffusion from larger nanopores. This paper ad-
dresses this knowledge gap by presenting a comprehensive in-
vestigation of proton transport in CNTs, focusing on the unique
effects of extreme confinement. Here, the dynamics of water ions
is described with machine learning potentials, previously used
to accurately predict proton transfer in bulk 23,24 and confined
water25,26. Our modeling framework allows adequate sampling
of proton transfer dynamics at a close accuracy with electronic
structure theory and with system sizes relevant to experimental
conditions. We find that the relative diffusion coefficients of hy-
dronium and hydroxide ions are reversed under such conditions,
indicating a significant change in their transport dynamics. Fur-
thermore, we show that confinement exerts a distinct influence on
the transport of hydronium and hydroxide ions, suggesting that
the mechanisms governing proton transfer are highly sensitive to
the spatial constraints imposed by the CNTs environment.

2 Methods

2.1 Machine learning potential

The potential energy surface of water confined in CNTs was pre-
dicted using machine learning models (Deep Potential smooth
edition27,28, herein abbreviated as DP) developed in our recent
studies29,30. This model accurately reproduces both atomic and
electronic structures of bulk and confined water as predicted by
the SCAN density functional31, but at significantly reduced com-
putational cost. In this study, atomic descriptors parsed as in-
put to DP’s neural network include all pair distances within a
6Å radius cutoff, which smoothly decay over 3Å. 3 layers-deep
neural network with 120 neurons per layer was used for both
the descriptor and the fitting networks. The training data of the
DP models were collected via active learning32, starting from
a dataset used to train a DPMD model of pure water inside

CNTs29. Configurations of confined water, inside CNTs with di-
ameters ranging from 0.8 to 1.5 nm diameter, with excess or de-
ficiency of a proton were explored with 1-ns DP molecular dy-
namics simulations at 330 K. SCAN DFT calculations re-evaluated
the atomic forces of those configurations whose maximum devi-
ation in atomic forces exceeded 0.1 eV/Å. DFT calculations were
performed with a total of +1 or -1 total charge for systems with
hydronium or hydroxide, respectively. An uniform background
charge was used to keep the total charge per unit cell zero. Only
atomic forces were used in the DP loss function.

2.2 Electronic structure

Electronic structure calculations employing the SCAN func-
tional were performed using the Quantum-ESPRESSO package33.
Wavefunctions and charge density were expanded using plane
waves with energy cutoffs of 110 and 440 Ry, respectively. Norm-
conserving pseudopotentials of the Troullier-Martins type34 were
used to replace explicit core-valence electron interactions. Only
the gamma point of the Brillouin zone was sampled.

2.3 Molecular dynamics simulations

Molecular dynamics simulations were conducted using periodi-
cally repeated 10.6 nm-long CNTs filled with water at equilibrium
density. The equilibrium density of water was estimated by mini-
mizing the average absolute value of the stress tensor of the fluid
along the CNT axial direction29. All simulations were performed
using the LAMMPS code35, interfaced with the DeepMD-kit pack-
age36. The classical equations of motion were numerically inte-
grated using the velocity Verlet method37 with a 0.5 fs timestep.
Temperature was controlled at 330 K using a single Nosé-Hoover
thermostat chain with 3 beads38,39, and both volume and the
number of particles were kept fixed throughout the simulations.
The 30 K elevation from ambient temperature compensates for
the overestimation of water’s melting temperature predicted by
the SCAN functional40.

The axial diffusion coefficient (Dz) of water ions is computed
from the Einstein relation, using the mean squared displacement
of water ion’s O atom along the CNT axial direction (z).

Dz = lim
t→∞

⟨[z(t)− z(0)]2⟩
2t

(1)

The proton coordination number for each O atom is determined
from a Voronoi tesselation, with O at the center of the Voronoi
polyhedron. The H-bond is defined using the Luzar-Chandler cri-
teria41. The calculation of consecutive proton jumps follows the
methodology used by Chen and coworkers22. In this method, we
count the average number of consecutive (within 0.5 ps) proton
transfer events in 10-ps time intervals. Proton jumps that return
to the original site within 10 ps are considered rattling and thus
not included in the analysis.

3 Results and discussion

3.1 Validation of the machine learning model

The validation of the DP models was performed through a mea-
sure of DP’s generalization error and by direct comparison be-
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a) b)

0.79 nm

0.79 nm

H3O+

H3O+

OH-

OH-

1.1 nm

1.1 nm

Fig. 1 a) Correlation between DFT-SCAN and DP predicted atomic forces. The forces were computed from 100 atomic configurations extracted from
DPMD simulations of water confined in 2.0 nm diameter CNT at 330 K. Configurations were equally spaced within 1 ns-long trajectories and none of
them were included in DP’s training data. b) Comparison between the radial distribution (from the CNT axis) of the number densities of O, H and C
atoms predicted by AIMD and DPMD simulations. Each panel contains results obtained with confined H3O+ or OH− and CNT diamters of 0.79 nm
or 1.1 nm, as labeled in each panel. Continuous and dashed lines indicate the results obtained from AIMD and DPMD, respectively.

tween DP and ab initio molecular dynamics (AIMD).

The generalization error of DP was accessed by direct correla-
tion of DP and SCAN-DFT atomic forces of atomic configurations
extracted from 1 ns DP molecular dynamics (DPMD) simulations
at 330 K. The configurations were equally spaced in time (10 ps
apart), and they contained one hydroxide or one hydronium ion
in water confined by a carbon nanotube with 2.0 nm diameter.
These systems were not included in the training data, and they
can thus be used to properly access the generalization (or ex-
trapolation) of the DP models trained in this work. The good
agreement between the prediction of the force of DP and the DFT
can be seen in the correlation plots shown in Fig. 1a. The top
and bottom panels in Fig. 1a compare the DFT and DNN atomic
forces on configurations containing one hydronium or hydroxide
ion, respectively, inside a water-filled CNT with 2.0 nm diameter.

The accuracy of atomic forces predicted by DP reflects the close
agreement of structural properties predicted by molecular dynam-
ics using DP and SCAN. Fig. 1b contains the atomic density dis-
tributions of C, H and O atoms as a function of the distance from
the CNT axis. Hydronium and hydroxide ions in water were con-
fined within 0.79 nm and 1.1 nm CNT diameters, and molecular
dynamics simulations ran for 40 ps with temperature controlled
at 350 K. DP molecular dynamics (continuous lines) very closely
reproduces the AIMD (dashed lines) atomic number density dis-
tributions. None of the configurations of these 4 AIMD runs were
included in the training data of DP. The main purpose of the di-

rect comparison between DP and ab initio molecular dynamics is
to justify the appropriate fitting accuracy of the DNN model to
sample the configurational space of the many-body system with
the same accuracy as the potential it was trained on.

3.2 Proton transport inside carbon nanotubes

Summarized in Fig. 2, our simulations show that the diffusion
behavior of solvated hydronium (H3O+) and hydroxide (OH– )
ions confined in CNTs deviates significantly from that in bulk wa-
ter, underscoring the profound impact of nanoscale confinement
on ionic mobility. Fig. 2a contains a set of cartoons represent-
ing some of the CNTs studied in this work. In the narrowest
CNTs with a diameter of 0.8 nm, both ions exhibit axial diffu-
sion coefficients that are an order of magnitude faster than those
in bulk water (Fig. 2b). Notably, the predicted diffusivity of hy-
dronium of 4.9±1 Å2/ps agrees well with the experimental value
of 4.2±0.9 Å2/ps, highlighting the quality of the simulation ap-
proach adopted here42. This remarkable enhancement in diffu-
sion efficiency is attributed to the formation of a single-file wa-
ter structure within the narrow CNT, as previously observed in
simulations18,43,44 (Fig. 2c, inset). This configuration, character-
ized by a fully hydrogen-bonded and ordered proton wire, facil-
itates direct proton transfer along the water chain, as suggested
by pioneering studies of proton transport in water along proton
wires22,45–48. The ordered nature of this proton wire enhances
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0.8 nm 0.95 nm 1.1 nm 1.5 nm 2.2 nm 2.8 nm

10.5 nm

a)

Single file 
water Ice 

nanotube

b) c)

Fig. 2 a) Cross section of some of the water-filled carbon nanotubes (CNTs) studied in this work. Each simulation consists of a periodically-repeated
CNT 10.6 nm in length. Labels on top of each radial cross section indicate the diameter of CNTs. b) Axial diffusion coefficient of water molecules,
hydronium and hydroxide ions in water confined by carbon nanotubes with diameters ranging from 0.8 to 2.8 nm. Panel (c) contains a zoomed-in
section of panel (b) with all CNTs not including the single-file water in 0.8 nm diameter CNT. Dashed lines show the diffusion coefficients of hydronium
(orange) and hydroxide (blue) in bulk water. The diffusion coefficient of liquid water is shown by dashed black lines. Standard deviation is shown as
a vertical line centered at each point in the graphs.

the efficiency of hydronium and hydroxide transport, leading to
significantly faster diffusion rates. Most surprisingly, within this
confined space, we find that hydroxide diffuses faster than hy-
dronium, representing a reversal of the trend observed in bulk
water22.

The proton transport enhancement observed in 0.8 nm diam-
eter CNT decays fast as the CNT diameter increases by only a
few angstroms. Notably, CNTs with a 1.1 nm diameter exhibit a
minimum in proton diffusion rates well below the bulk values.
Slightly larger CNTs already promote the transport of hydroxide
and hydronium ions with diffusion coefficients approaching those
in bulk water, although from opposite angles for both water ions.
These results reveal non-linear effects of hydrophobic confine-
ment on ion diffusivity within minor variations of the confining
space.

Confinement impacts not only the diffusion of water ions, but
also the transport of water molecules in the absence of ions.
Shown by black lines in Figs. 2b and 2c, the water diffusion co-
efficient surpasses the bulk water diffusion predicted by the same

DP model at the same temperature (330 K). The enhancement of
the water diffusion coefficient under confinement has been pre-
viously observed by ab initio molecular dynamics49 and molecu-
lar dynamics performed with empirical potentials50–53. The fast
transport of water in CNTs has been attributed to the concerted
motion of the confined liquid inside the hydrophobic nanopore.
For all CNTs considered in this work, proton diffusion always ex-
ceeds water diffusion, pointing to the relevance of Grotthuss dif-
fusion on top of the vehicular motion of water ions to explain
their transport properties in water.

All of the carbon nanotubes used in this work have the zigzag
structure. All of these tubes are non-chiral, and thus the effect of
chirality of CNTs has not been considered in our work. We note,
however, that previous experimental and computational work12

observed negligible chirality effect on hydronium transport inside
semiconducting nanotubes. For this reason, our work focused ex-
clusively on the effect of confinement on the dynamics of proton
transport inside CNTs.
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a) b)

c)

Fig. 3 a) Water-ion oxygen number density as a function of the radial distance from the CNT axis. b) Average H-bond length donated by hydronium
(orange) and average H-bond length accepted by hydroxide (blue). Dashed lines indicate the average H-bond lengths of water ions in bulk water. c)
Similarity of the first water solvation shell around hydronium and hydroxide relative to the first solvation shell of pure water inside the CNTs with
same diameter. Dashed blue and orange lines indicate the average structural similarities of hydroxide and hydronium ions in bulk water, respectively.

3.3 The structure of the solvated proton defects in confined
water

The non-linear effects of confinement on the diffusion of hydrox-
ide and hydronium ions arise from the peculiar structures of con-
fined water and the different solvation environment around these
two ions. For instance, within a 1.1 nm diameter CNT both hy-
dronium and hydroxide ions experience reduced mobility, which
can be attributed to the formation of an ice-like water structure
within the CNT, as observed in previous work29. This structured
network, characterized by strong hydrogen bonds along the radial
direction and weaker interactions axially, impedes ion movement,
resulting in lower axial diffusion coefficients of the ions compared
to those in bulk water or in wider CNTs. For wider CNTs (1.1 to
2.8 nm in diameter), we find that the diffusion behavior of ions
begins to diverge. Specifically, hydronium ions exhibit diffusion
rates slightly faster than in bulk water, indicating that even this
reduced confinement can enhance mobility. In contrast, hydrox-
ide ions diffuse more slowly than in the bulk, suggesting a very
different response of the ion to the confined environment. This
observation suggests that the structural and dynamic properties
of water within these larger CNTs selectively influence the mobil-

ity of different ion types.
Our analysis suggests that the complex effects of hydropho-

bic confinement on the diffusion of hydroxide and hydronium
in CNTs can be understood through the interplay of three key
atomistic factors. Summarized in Fig. 3, these include: (i) spatial
distribution of the ion relative to the CNT axis, (ii) H-bond geom-
etry of the ions, specifically the lengths of accepted and donated
H-bonds by the ions, and (iii) the structural similarity of the first
solvation shell of water ions compared to that of confined water
in the absence of ions (see SI for more details). As we discussed
below, these atomic descriptors not only deepen our understand-
ing of confinement effects on water ion transport but also provide
valuable insights into the structure-dynamics relationship of these
ions.

Applying the three descriptors to CNTs with a diameter of 0.8
nm reveals interesting insights about their proton transport prop-
erties. The single-file water structure in this system supports mul-
tiple proton jumps, facilitating efficient Grotthuss diffusion. In
addition, the H-bond lengths donated by hydronium ions and ac-
cepted by hydroxide ions are approximately 0.3 Å shorter than
their respective values in bulk water (Fig. 3b). In Grotthuss diffu-
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a) b)

Fig. 4 Effect of 1D hydrophobic confinement on the frequency of multiple proton jumps of hydroxide (panel a) and hydronium (panel b) in water.
Frequency is defined as the number of multiple proton jumps (single, double, triple or quadruple) within 10 ps of dynamics. Standard deviation is
shown as a vertical line on top of each bar in the graphs.

sion, multiple proton jumps require a fully connected H-bonded
and ordered water chain, whose configuration is dynamically
variable in bulk water but remains intact under extreme confine-
ment. In addition, the short H-bonds donated (accepted) by hy-
dronium (hydroxide) place protons closer to the transition state
for proton transfer. The combination of these two factors explains
the faster dynamics of protons under extreme confinement rela-
tive to bulk conditions.

Besides the fast ion diffusion in single-file water, one of our
key findings is the reversal of the relative diffusion rates of hy-
droxide and hydronium ions in 0.8 nm CNTs compared to those
in bulk water (see Fig. 2b). This difference can be attributed to
the orientational order of their first solvation shells relative to
that of pure confined water. The closer the similarity between the
solvation structure of water ions and water molecules, the lower
the free energy barrier for proton transfer, thereby accelerating
proton diffusion. This observation aligns with the pre-solvation
mechanism of proton diffusion in water, in which solvent reorga-
nization precedes proton diffusion–a phenomenon more evident
for hydroxide ions46. Here, structural similarity is given by the
Bhattacharyya coefficient B(P,Q) =

∫ √
P(x)Q(x)dx, with P(x) and

Q(x) the probability distributions of the O-O-O angle cosine (x)
between a water molecule’s (or water ion’s) O atom and the O
atoms of the nearest neighbors water molecules. B(P,Q) is 0 for
completely dissimilar first solvation shells of water ion and wa-
ter molecules, and is 1 if their first solvation shells are identical.
As shown in Fig. 3c, hydroxide ions disrupt the single-file water
structure significantly less than hydronium ions, which explains
their faster diffusion within the 0.8 nm diameter CNT. The small
difference in the lengths of H-bonds donated by hydronium and
accepted by hydroxide in this system is not sufficient to cause sig-
nificant differences in proton diffusion rates (Fig. 3b).

For CNTs with a diameter of 1.1 nm, the slower diffusion of

hydronium ions can be attributed to a significant distortion of
their solvation environments compared to the bulk system. As
shown in Fig. 3c, the structural similarity of hydronium (H3O+)
in 1.1 nm CNT is lower than in wider CNTs. This distortion likely
increases the energy barrier for proton transfer, thereby reducing
the mobility of hydronium ions compared to its bulk diffusion.
The same was not observed for hydroxide ions within 1.1 nm CNT
diameter, and its transport rate within this level of confinement
deviated much less than that of hydronium.

In CNTs with diameters larger than 1.1 nm, hydronium diffuses
slightly faster than in bulk, while the opposite is observed for hy-
droxide ions. At this level of confinement, hydronium ions tend
to localize preferentially at the core of the CNT, while hydroxide
ions are predominantly found near the CNT walls. The localiza-
tion of the ions as a function of the distance from the CNT axis is
shown in Fig. 3a. The distribution of hydronium ions spreads out
almost uniformly as the CNT diameters increases to 2.8 nm. On
the other hand, the distribution of hydroxide ions always peaks
near the CNT wall. This distribution is consistent with previous
studies that confirm the affinity of hydroxide ions for air-water
and oil-water interfaces54,55 and the amphiphilic nature of hy-
droxide ions56. However, computer simulations have also ob-
served higher affinity of H3O+ compared to OH– to the graphene-
water57 and the air-water interfaces58–60, pointing that both sur-
face curvature and the underlying potential energy surface play
important roles and can reverse water ion affinity to hydrophobic
surfaces. The interfacial region near the CNT wall supports the
hypercoordinated structure of hydroxide ions, which decreases
their mobility. These spatial distribution differences and struc-
tural preferences further explain the observed differences in dif-
fusion behavior between hydronium and hydroxide ions under
varying confinement.

The bulk reference values added to Figs. 3b and 3c (dashed
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lines) provide further insight into the distinct confinement re-
sponse of the two ions. Both the average H-bond length and
the structural similarity of hydronium converge more closely to
their bulk values, as a function of CNT diameter, than those of
hydroxide. This trend mirrors the spatial distribution of the ions
shown in Fig. 3a: hydronium resides preferentially in the core
of the CNTs, where the local environment resembles bulk water,
whereas hydroxide localizes near the CNT walls and therefore ex-
periences a local structure more distorted from bulk water than
hydronium. The bulk references also reveal that the first solvation
shell of hydronium is structurally more similar to that of neutral
water than is the case for hydroxide. This agrees with previous
simulations indicating that hydroxide ions are frequently found
in a hypercoordinated state, whereas hydronium largely retains
the tetrahedral local structure of neutral water molecules46.

3.4 Proton hopping

Next, to better understand the transport mechanism of hydroxide
and hydronium ions in CNTs, we analyzed the frequency of their
multiple proton jumps for CNTs of 0.8 nm and 2.8 nm diameters,
and compared the results to those observed in bulk water. The
definition of frequency follows the one proposed by Chen and co-
workers22. This definition counts the number of proton jumps
within a 10 ps time interval excluding proton rattling between
neighboring oxygen atoms. A recent study using a 100 fs time
interval between consecutive jumps concluded that these events
follow a Poisson distribution and are thus uncorrelated61. Here
we adopt the original definition of Chen22 for its usefulness in
interpreting long range proton transfer in water. Our findings,
summarized in Fig. 4, reveal that water ions in CNT with a 0.8
nm diameter exhibit a significantly higher frequency of single,
double, triple, and quadruple proton jumps than those observed
in bulk water under the same thermodynamic conditions. No-
tably, it is shown that the number of multiple proton jumps for
hydroxide ions (Fig. 4a) is greater than that for hydronium ions
(Fig. 4b), aligning with the observed faster axial diffusion coef-
ficient of hydroxide in single-file water compared to hydronium.
This observation suggests that the structural distortion of the ion
solvation shells, as shown in Fig. 3c, negatively impacts corre-
lated proton transfer along the proton wire chain. Overall, these
findings suggest that solvation shell structure of hydroxide and
hydronium under nanoscale confinement is a key determinant of
their distinct transport behaviors in CNTs.

As a final note, for the larger 2.8 nm diameter CNT, the fre-
quency of multiple proton jumps for hydronium ions closely re-
sembles that observed in bulk water, consistent with the diffu-
sion behavior of water ions in this CNT relative to the bulk sys-
tem. However, hydroxide ions exhibit slightly slower diffusion in
the 2.8 nm diameter CNT compared to bulk water. This behav-
ior can be explained by the reduced number of multiple proton
jumps for hydroxide ions, as these jumps are less favored near the
hydrophobic interface of the CNT. Accordingly, our simulations
suggest that interfacial effects also play an important role in de-
termining ion diffusion, and that their impacts vary for different
ions, depending on their solvation properties under confinement.

4 Conclusions
In conclusion, we investigated the effects of confinement on struc-
ture and dynamics of hydroxide and hydronium ions confined in
CNTs, utilizing machine learning-enhanced molecular dynamics
simulations. Our study reveals that transport of these ions ex-
hibits highly non-linear confinement effects, driven by the inter-
play between their solvation shell structure and spatial distribu-
tion, as well as the unique hydrogen-bonding networks imposed
by nano-confinement. In particular, 0.8 nm CNTs promote ex-
ceptionally fast ion diffusion by forming a single-file water chain
that facilitates multiple proton jumps. Remarkably, we find that
hydroxide ions diffuse faster than hydronium ions in these nar-
row CNTs, reversing the trend typically observed in bulk water.
This faster diffusion of hydroxide is attributed to its less distorted
solvation shell within the confined environment, which minimizes
disruption to the single-file proton wire and enables more efficient
multiple proton jumps. These findings underscore the critical role
of extreme confinement in reshaping proton transfer dynamics
and offer valuable insights for designing nanofluidic systems that
exploit such enhanced transport properties.
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