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Outline

In the main manuscript, we have shown that the key difference between proton transport (PT) in
bulk liquid water and in a water-filled carbon nanotube is in the solvent reorganization and that
the excess proton is best described as a fluxional defect in both systems. In this supporting online
material, we discuss the validity of the simulations from which these conclusions were drawn.
The accuracy of the electronic structures we have chosen for the molecular dynamics (MD) and

path-integral molecular dynamics (PIMD) simulations is analyzed in S.I. In S.II, we check the
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convergence of the MD and PIMD simulations and compare their auto-correlation functions with
those reported in an earlier study.! The “limiting” forms of the excess proton’s hydration state
associated with the evolution of |8,| — |8;| (Figure 4 of the main manuscript) are analyzed in S.III.
Compared with the fluxional defect mechanism, PT in bulk liquid water is also often described in
terms of spatial pair dancing in many theoretical simulations.>> In S.IV, we discuss the validity of
this spacial pair dancing mechanism in our ab initio MD simulation of the bulk liquid water and

how the quantum nuclear motion impacts on it.

S.I Accuracy of the electronic structures

The main procedure we adopted to check the quality of the PBE-based MD simulations was to
randomly select ten snapshots from the MD simulation and then to compare the relative total
energies of these snapshots through single point total energy calculations with various settings.
Specifically, we show results with different plane-wave energy cut-offs in Figure S1 (a) and with
various k-meshes in Figure S1 (b). Any potential role of van der Waals forces in this system
was examined in a similar manner using the newly proposed optB88-vdW functional*> within
the vdW-DF scheme®’ ( Figure S1 (c)). As can be seen from Figure 1 the relative energies of
the ten snapshots span about a range of 2 eV, with snapshot 1 set to zero and the other snapshots
aligned in order of ascending total energy. It can be seen that the relative energies of the various
snapshots is very well preserved no matter what settings are used. Indeed, compared with the
total energy differences between the snapshots which are on the eV scale, the energy differences
between results obtained from the settings we have chosen in the MD simulations and the more
accurate ones (higher energy cut-off, denser k-mesh) as well as the vdW-DF calculations are only
a few meV.

Besides van der Waals interactions, another possible source of error related to the use of PBE

in the simulations reported is the so-called self-interaction error, which could lead to the PBE

proton transfer barrier being underestimated. This can be examined by comparing the relative total
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energies obtained with PBE and those obtained using more expensive hybrid exchange-correlation
functionals that contain a fraction of Hartree-Fock exact exchange.®~1¢ Here we have done this
by comparing the relative energies of the same ten snapshots extracted from the PBE-based MD
simulation through single point calculations with PBE, PBEO and HSE. The results of this analysis
are also shown in Figure S1 (c)). Again we see that the relative energies of the various states
obtained from PBE are well-preserved, and the differences in total energies between the various
snapshots obtained from PBE and PBEO are always within 10% of each other. Considering the
fact that such a comparison contains noise unrelated to PT, we have performed a further analysis
focusing on the transfer of one proton along a HB. One snapshot from the simulation where the
excess proton clearly belongs to one oxygen is chosen first (labeled as snapshotl in Figure S2 (a)).
Then, we move the excess proton along its HB toward the corresponding HB acceptor until it
arrives at its symmetric site (labeled as snapshot2 in Figure S2 (b)). The corresponding OH bond
length is taken as the x coordinate. We plot the change of the whole system’s total energy as a
function of Roy and compare the results obtained from the PBE, vdW-DF (optB88-vdW), HSE,
and PBEO calculations. Since other atoms don’t relax upon moving the excess proton, the system’s
total energy increases with Roy. The differences between PBE and vdW-DF are smaller than 5
meV. The differences between HSE and PBEOQ are also within 1 meV. The differences between
PBE and hybrid PBEO (HSE) results are smaller than 20 meV. This is within 10% of the energy
window explored, comparable to the thermal fluctuation at room temperature, and smaller than
the corresponding zero-point energy along such intermediate strength HB. Therefore, we believe
the electronic structures we have used in our simulations accurately reproduce the actual Born-

Oppenheimer potential energy surface, which ensures that the nuclei move in the proper manner.

S.II MD and PIMD calculations

One conclusion we have drawn in the main manuscript for the 1D PT is that the most active proton

along the shortest hydrogen bond feels no barrier upon including the quantum nuclear effects. In
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PIMD simulations, the results must be converged with respect to the number of replicas (beads).
Here we report results of such a test by comparing the free-energy profiles for the most active
proton calculated from the MD simulation and the PIMD simulations using different number of
beads (Figure S3). It is clear that the conclusion we have drawn in the main manuscript is robust
to the number of beads we have chosen in the PIMD simulations. Using classical nuclei, the most
active proton feels a barrier of ~2 meV, in good agreement with what has been reported in an
earlier study.!” This barrier is washed out upon including the quantum nuclear effects.

To check the dependence of the results on the length of the water chain, we performed another
MD simulation for a large system using a 19.7A long carbon nanotube which contains 8 water
molecules plus one excess proton. Figure S4 shows the evolution of |5,| — |0;] in this simulation
compared with that using 6 water molecules. Similar behavior is observed in both simulations,
i.e. the hydration state of the excess proton interconverts quickly between idealized models, leav-
ing both of them exist only in the limiting sense. Therefore, the picture presented in the main
manuscript is insensitive to the length of the CNT and the water chain used in the simulation.
Besides this, one may also wonder the radius dependence of the picture presented. As our main
finding is that the 1D PT benefits from a favorable pre-alignment of water molecules, as long as the
confinement is strong enough to ensure this 1D constraint, this main finding should be unchanged.

In an earlier study,' the auto-correlation function for the position of the excess proton (C(t))
was reported for an ab initio MD simulation of one excess proton along a 1D water chain in a
carbon nanotube. We have calculated the same quantity for all the simulations we have reported.
The results are shown in Figure S5. The curve corresponding to the MD simulations of the same
system nicely reproduces the one reported in the earlier study.! After 2.5 ps, C(t) decrease to a

value below 0.4, which also guarantees the sampling efficiency of the simulations.
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S.III Limiting form of the excess proton’s hydration state

In the main manuscript, we have assigned the excess proton’s hydration state with small |8, | — |9 |
to H;07 complex and that with large |8,| — [8;| to Zundel. To analyze the “limiting” form of
it associated with the evolution of |3;| — |8;| from a rigorous perspective, we take a procedure
similar to two earlier studies'®!® and choose two windows for |8,| — |8;]. The small |5,| — |
window uses the spatial configuration of the system visited with this value smaller than 0.2 A. The
large |8,| — | 81| window uses those when it is larger than 0.3 A. Using these structures, we have
plotted the radial distribution functions (RDFs) of Roy from the pivot oxygen OP. We take out
contributions from the non-hydrogen-bonded proton to get rid of its noise. The results are shown
in Figure S6. The RDF with small |8,| — |&;| shows a single peak at ~1.1 A, corresponding to a
complex with H;07 -like structure. The RDF with large |6,| — |6;| shows two peaks. The one at
short OH comes from the neighboring HB of the Zundel complex where the HB is weak and the
position of the peak corresponds to a covalent bond (inset of Figure 4 (a) in the main manuscript).
The one at longer OH comes from the Zundel complex itself where the proton is equally shared by
the two oxygen atoms. The coordination numbers, meanwhile, show a similar trend. In the Zundel
complexes, the hydrogen atom lying on the neighboring HB of H5O§r contributes to a fast increase
to 1 at short Royg. The further increase of this number to 2, on the other hand, happens much
later due to the fact that the proton in the Zundel complex is equally shared with relatively large
Ron at 1.2 A. This behavior, however, is absent for the coordinate number with small |8,| — | ;.
Therefore, it is clear that the configurations with large |8;| — |8;| shown in Figure 4 (a) of the main
manuscript correspond to Zundel-like structures and those with small |5,| — |0;| correspond to
H7O;fr -like ones. Although PIMD provides rigorous only statistical information, the often appeared
situation when H7O§L and Zundel-like complexes interconvert between one another still indicates
that it is inappropriate to describe the system as comprised mainly of one dominant idealized
structure or another. Rather, the fluxional defect picture for the hydration state of an excess proton

in bulk liquid water'® should be extended to this nanoconfined system.
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S.IV Spatial pair dancing

In above, we have demonstrated that PT in both bulk liquid water and 1D water chain should be
best described in terms of a fluxional defect, which is consistent with an earlier ab initio PIMD
simulation of PT in bulk liquid water. 18 Tn contrast to this, many theoretical simulations have also
shown that a spatial pair dancing mechanism is more appropriate to describe this PT process in
bulk liquid water.?? To shed light on this discrepancy, we follow the same procedure as that has
been used in those simulations favouring special pair dancing and label the oxygen which owns
three proton as Og and the oxygen which shares the most active proton with it as O1. Then, we plot
the evolution for the identity of these two oxygen atoms during a certain period of the simulation
time in Figure S7. The panels a) and c) describe results from the ab initio MD simulation with
classical nuclei and the panels d) and f) describe results from the ab initio PIMD simulation where
the quantum nuclear motion has been taken care of. In addition to these, the evolution of §, which
is the difference between the two OH bond lengths to which a certain proton is subjected to for the
most active proton from these two sets of simulations, is also plotted in panels b) and e). When
the excess proton is hydrated as Zundel, this § is small. When it is hydrated as Eigen, this ¢ is
large. We first look as the upper three panels. When Oy stays stably on one oxygen atom during
the period of ps, O1x switches identity and § is relatively large. The hydration state of the excess
proton is Eigen and the excess proton dances between the neighboring HBs. This is in agreement
with the special dancing mechanism. However, upon including the quantum nuclear effects, O
dances quickly between different atoms and the fluxional defect picture clearly becomes more
appropriate.

The above analysis indicates that the treatment of the quantum nuclear motion can be a pos-
sible source for the discrepancy between our picture and that of the special pair dancing. But we
acknowledge that this can’t be all. The impact of quantum nuclear effects sensitively depends on
the shape of the Born-Oppenheimer potential energy surface upon which the quantum nuclear ef-
fects are evaluated.?? One needs to acknowledge that most simulations favouring the special pair

dancing picture are based on the Multi-State Emperical Valence Bond (MS-EVB) method, which
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provides different Born-Oppenheimer Potential Energy Surface for the propogation of the nuclei
from the ab initio method used here. This issue obviously needs a systematic study in the future,

which is beyond the scope of our current study.
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Figure S1: Relative total energy of ten randomly selected snapshots from the PBE-based MD
simulation of a water-filled carbon nanotube. The lowest energy snapshots (snapshot 1) is set to
zero. In panel (a) we show the sensitivity of the results to different plane-wave energy cut-off (400
eV, black circle; 500 eV, red square; 600 eV, green triangle; 700 eV, blue cross). In panel (b) we
show the sensitivity of the results to different k-meshes (I'-point only in black square and the (224)
mesh in red circle). In panel (c) we compare results obtained using different exchange-correlation

functionals.
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Figure S2: Total energy profile for PT along a HB within a water-filled carbon nanotube. Panel
a) shows a snapshot of the system when the excess proton (in green) clearly belongs to O;. Then,
we move it along the HB toward O, until it arrives at its symmetric site (b, other atoms unmoved).
Panel c) shows the change of the system’s total energy as a function of R,y for several different
exchange-correlation functionals.
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Figure S3: Free-energy profile calculated from AF(6) = —kgTIn(P[8]) in different simulations
(MD, black solid line; 8 beads PIMD, red dashed line; 16 beads PIMD, green dotted line; 32 beads
PIMD, blue dotted dashed line). P is the probability as a function of § on the most active HB.
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Figure S4: Evolution of |8;| —|d;| in the MD simulation using a water chain containing 6 water
molecules (panel a) and 8 water molecules (panel b). Configurations when |&;| — |8 | is large and
small quickly interconvert between each other. Leaving idealized hydration states of the excess
proton with “limiting” value of this quantity exist only in the limiting sense.
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Figure S5: Time auto-correlation function C(t) obtained MD and PIMD simulations. black solid
line, MD simulation for an excess proton; red solid line, PIMD simulation for an excess proton;
violet dashed line, CPMD result extracted from an earlier study;! cyan dashed line, empirical
valence bond (EVB) result extracted from that study. 1
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Figure S6: Radial distribution functions g (solid lines, scale on left) from and coordination num-
bers N (dotted lines, scale on right, number of neighboring H atoms) of the pivot oxygen OP as
functions of Rgry. Contributions from the non-hydrogen-bonded proton were taken out to get rid
of its noise. Lines in red use spatial configurations with |8 | — |&;| > 0.3A. Lines in black use
spatial configurations with |8,| — 81| < 0.2A.
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Figure S7: Oy is the oxygen atom which owns three hydrogen during each simulation step of bulk
liquid water. Oy is the oxygen which shares the most active proton with it. & is the difference
between the two OH bond lengths on the most active HB. Panels a) and d) describe the evolution
of Og’s identity in the ab initio MD and PIMD simulations respectively. Panels b) and e) describe
the evolution of § in the ab initio MD and PIMD simulations respectively. And panels c) and f)
describe the evolution of O4’s identity in the ab initio MD and PIMD simulations respectively.
The special dancing picture is clear in the MD simulation, but significantly weakened in the PIMD

simulation.
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