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Proton Coulomb Blockade Effect Involving Covalent Oxygen-Hydrogen Bond Switching

Yuwei Cao ,1 Wangqi Zhou,2 Chun Shen,2 Hu Qiu ,2’* and Wanlin Guo®>'
'State Key Laboratory of Tribology, Department of Mechanical Engineering,
Tsinghua University, Beijing 100084, China
*National Key Laboratory of Mechanics and Control for Aerospace Structures and
Key Laboratory for Intelligent Nano Materials and Devices of the Ministry of Education,
Institute for Frontier Science, Nanjing University of Aeronautics and
Astronautics, Nanjing 210016, China

® (Received 8 October 2023; accepted 13 March 2024; published 29 April 2024)

Instead of the canonical Grotthuss mechanism, we show that a knock-on proton transport process is
preferred between organic functional groups (e.g., -COOH and -OH) and adjacent water molecules in
biological proton channel and synthetic nanopores through comprehensive quantum and classical
molecular dynamics simulations. The knock-on process is accomplished by the switching of covalent
O—H bonds of the functional group under externally applied electric fields. The proton transport through
the synthetic nanopore exhibits nonlinear current-voltage characteristics, suggesting an unprecedented
proton Coulomb blockade effect. These findings not only enhance the understanding of proton transport in
nanoconfined systems but also pave the way for the design of a variety of proton-based nanofluidic devices.
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Proton transfer plays a pivotal role in many areas of
biology, chemistry, and physics [1]. Typically, proton
transport in bulk water occurs in a “hopping” manner
along hydrogen bonds formed between neighboring water
molecules [2-5], as depicted by the two-century-old
Grotthuss mechanism [6,7]. Compared with the bulk
system, protons usually move more rapidly within ordered
hydrogen bond networks between water molecules in the
two-dimensional nanoslits [8—12] and the interior of nano-
tubes [13-15]. In fact, proton transport along hydrogen
bonds formed between organic functional groups and other
entities (not limited to water molecules) is more universal
and complex than that solely between water molecules. For
instance, human voltage-gated proton channels (hHvl)
conduct protons across cell membranes under the media-
tion by functional groups of pore-lining residues to regulate
intracellular pH, and are widespread in human tissues such
as innate and adaptive immune cells, cancer cells, and
sperm [16—18]. Dysfunction of hHv1 proton channel has
been implicated in many aspects of health and disease
[19,20]. Therefore, it is important to know how this proton
channel functions, especially how it conveys protons with
the help of organic functional groups around the central
pore. Parallel to these investigations, synthetic biomimetic
proton channels functionalized with similar organic groups
have been proposed, including designed channel proteins
[21,22], covalent-organic frameworks, and metal-organic
frameworks [23,24]. Molecular insights into the mecha-
nism governing proton transfer in these biological and
synthetic systems would be of fundamental scientific
interest and beneficial to applications in enzyme catalysis
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[25], proton separation technologies [26—28], nanofluidic
memristors [29], and neuromorphic devices [30]. For
instance, it is important to know whether novel proton
transport behavior arises in these systems [31,32].

Here, we demonstrate via quantum and classical molecu-
lar dynamics (MD) simulations that proton transfer
between water molecules and organic functional groups
(e.g., -OH or -COOH) in the hHvl proton channel or
synthetic nanopores can adopt a knock-on manner, instead
of conventional Grotthuss diffusion. We observe that the
knock-on process occurs continuously in the synthetic
nanopores at sufficiently large electric fields (i.e., absent
at low fields). The resulting nonlinear current-voltage
relationship suggests that the knock-on process is voltage
dependent and mediated by a novel proton Coulomb
blockade (CB) effect, the counterpart of the electronic
[33-39] and ionic [40—46] CB. In addition, the proton CB
involves the dynamic switching of O—H bonds, making it
different from the ionic CB. These findings highlight the
unique and rich behaviors of proton transport under
nanoconfinement.

The open-state hHv1 proton channel, embedded in
a 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphorylcholine
(POPC) lipid membrane solvated in 0.15 M NacCl solution,
was used as the model system [Fig. 1(a); see Supplemental
Material Sec. S1 [47] for details]. Prior to quantum
mechanics/molecular mechanics (QM/MM) simulations,
we conducted a 100 ns classical MD simulation to
equilibrate the system, with the last 10 ns being collected
for analysis. It is found that water molecules form con-
tinuous chains throughout the hHv1 channel, except in the
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FIG. 1.

Proton transport in the hHv1 proton channel. (a) Atomic model of the hHv1 proton channel. The hHv1 channel is shown as

ribbons, with pore-lining residues displayed in licorice. A few water molecules and hydronium ions (H;O") inside the channel are

shown by the VDW representation. (b) Density profile of water

along the channel pore (z axis). (¢) Snapshots from a QM/MM

simulation illustrating the proton transport process along the water chain via the Grotthuss mechanism. The right panel shows a
schematic of the Grotthuss mechanism. (d) Time evolution of the distances between hydrogen atoms and surrounding oxygen atoms [see
the top left panel in (g) for definitions] that participate in the knock-on process of proton transfer. (e) Time evolution of the number of

hydrogen atoms (Ny) bonded to the oxygen atom of the E119 side

chain (O2) and the oxygen atoms of two adjacent water molecules

(O1 and 0O3). (f) Charge transfer between the E119 side chain and its surroundings during the knock-on process. (g) Snapshots from a
QM/MM simulation showing the knock-on process of proton transport. The right panel shows a schematic of the knock-on process.

vicinity of the E119 residue [Fig. 1(a)]. This observation is
in line with the extremely low water density around E119
[Fig. 1(b)]. Subsequently, we conducted two groups of
QM/MM simulations to exploit proton transport between
(i) adjacent water molecules in the water chain and (ii) a
water molecule and the side chain of E119. In the first
group of QM/MM simulations, a single proton was initially
added to a randomly picked water molecule in the water
chain [away from E119; see the red rectangle in Fig. 1(a)],
forming a H;O™". Subsequently, a transmembrane voltage
of 150 mV was applied to the system. As expected, this
proton hops between neighboring water molecules along
the water chain [see simulation snapshots in Fig. 1(c)], a
scenario that can be well described by the canonical
Grotthuss mechanism.

In the second group of QM/MM simulations, a proton
was initially added to a water molecule in close proximity
to the E119 residue, which is in a protonated state due to the
acidic environment inside the channel [18] [see the blue
rectangle in Fig. 1(a)]. In contrast to the Grotthuss
diffusion, a knock-on process is clearly seen for proton
transfer between E119 and adjacent water molecules under
a transmembrane voltage of 150 mV [see Figs. 1(d)-1(f),
simulation snapshots in Fig. 1(g), and movie S1 [47] of the
Supplemental Material]. During this process, the distance
of the added proton to the oxygen atom in the E119 side

chain (d;) gradually decreases until it reaches a stable value
of ~1 A, corresponding to the formation of an O—H bond.
Almost at the same time (~50 fs later), the hydrogen atom
originally bonded to the E119 oxygen is knocked off by the
incoming proton, jumping to another water molecule, as
indicated by its increasing distance to the E119 oxygen (d,)
and decreasing distance to the water oxygen [d5; Fig. 1(d)].
Likewise, this process can also be characterized by the
change in the number of hydrogen atoms bonded to the
three oxygen atoms [Fig. 1(e)]. At the same time, a charge
transfer between the side chain of residue E119 and the
environment is also detected [Fig. 1(f)]. Such a proton
transport process is in spirit similar to the knock-on
phenomena observed in biological potassium and sodium
ion channels [83—85]. The above results show that both the
Grotthuss [Fig. 1(c)] and knock-on [Fig. 1(g)] mechanisms
are involved in proton transport in the hHv1 channel.
Reproducing the elegant transport properties displayed
by biological ion or proton channels in synthetic nanopore
systems is highly desirable due to their great technical
potential [86-88]. We will demonstrate below that the
knock-on mechanism is transferable to a series of synthetic
nanopores, functionalized with similar organic groups as in
biological proton channels. We first considered a 0.3 nm
wide (effective diameter) graphene nanopore solvated in
proton-containing solutions [Fig. 2(a)], with its edge
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FIG. 2. Knock-on proton transport through functionalized
synthetic nanopores. (a) Proton transport through a functionalized
graphene nanopore. The right panel shows the top view of the
GRA-40-20H graphene nanopore, terminated with four oxygen
atoms (red spheres) and two hydroxyl groups (red and white
spheres). (b) Schematic of the knock-on and Grotthuss processes.
(c) Positions of hydrogen atoms of hydroxyl groups (H1 and H2)
and a proton (H3) involved in the knock-on process. Note that
many knock-on processes under an electric field of 1.3 V/nm,
shown in different colors, are identified in the simulation
trajectory. (d) Energy barriers of proton penetration through
the nanopore via the Grotthuss and knock-on processes, calcu-
lated with the DFT-NEB method.

terminated by four oxygen atoms and two hydroxyl groups
(GRA-40-20H). The hydroxyl groups (-OH) act as both
proton receptors and donors (same role as residue E119 in
the biological proton channel) and the negatively charged
ether groups (-O) are responsible for attracting protons. To
acquire adequate proton permeation events and a conver-
gent current through the pore, a sufficiently long timescale
is usually needed in simulations. Considering the extremely
high computational cost of the aforementioned QM/MM
simulations, we chose to conduct classical MD simulations
with reactive force field (ReaxFF) potential [48] (see
Supplemental Material Sec. S2 [47] for details). Similar
to the situation in the E119 region of the hHvl channel,
water molecules are unable to form a continuous chain
across the synthetic pore, and the knock-on proton transport
is found to occur frequently between hydroxyl groups and
adjacent water molecules [Fig. 2(b) and movie S2 [47] of
the Supplemental Material]. In addition, the occurrence of
the knock-on process is voltage dependent: it is only seen in
electric fields (E) higher than 0.8 V/nm; the stronger the
field, the more frequently the knock-on process takes place
[see Fig. 2(c) and Fig. S1 [47] ]. During a typical knock-on
process at 1.3 V/nm, a proton (H3) in the form of H;O"
first approaches the pore from the above, knocks off one of
the hydrogen atoms (either H1 or H2) of hydroxyl groups
and sends it to a water molecule below the pore, forming a
new H;O" [see Figs. 2(b) and 2(c)]. In other words, the
original O—H bond of the hydroxyl group is broken and a
new O—H bond is formed between the proton H3 and the
retained hydroxyl oxygen.

We further compared the energy barriers of the Grotthuss
and knock-on processes using the density functional

theory-based nudged elastic band (DFT-NEB) method
[89] (see Supplemental Material Sec. S3 [47] for details).
Different from the knock-on process, whereby the hydroxyl
group accepts a proton from an upper H;O™ and simulta-
neously donates a hydrogen atom to a lower H,O, the
Grotthuss process involves stepwise proton hopping
between three sites, from the upper H;0™ to the hydroxyl
group and finally to the lower H,O [Fig. 2(b)]. The
calculated energy barrier for the knock-on process is
~0.54 eV, approximately one-third of that associated with
the Grotthuss process [~1.54 eV; Fig. 2(d)]. Therefore, the
knock-on process represents an energy-favorable way for
proton transport through the synthetic nanopore, consistent
with our above simulation results. Our additional calcula-
tions show that the knock-on mechanism is also the
preferred one in many other organic group functionalized
nanopores (Fig. S2 [47]), e.g., those terminated with a single
hydroxyl group (GRA-50-OH) or a carboxyl group (GRA-
50-COOH). The reason why proton conduction does not
occur via the Grotthuss mechanism is presumably related to
the fact that the -OH group at the pore edge is not in favor of
accepting another H (proton), as found in our additional
ab initio molecular dynamics (AIMD) simulations (Fig. S3
and see Supplemental Material Sec. S4 for details [47]).
To further exploit the voltage dependence of knock-on
proton transport, we determined the current-voltage (/-V)
response by calculating the current through the synthetic
nanopore at a series of field strengths. Figure 3(a) shows
typical I-V curves of proton transport through the
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FIG. 3. Voltage dependence of proton transport through syn-

thetic nanopores. (a) Recorded current through the GRA-40-
20H nanopore as a function of the electric field at different
proton concentrations. (b),(c),(d) Recorded currents through an
oxygen-terminated pore (GRA-60), a hydroxyl-terminated pore
(GRA-50-OH) and a pristine pore (GRA) as a function of the
electric field at a proton concentration of 1.1 M. In (a) and (b), the
solid lines show the results obtained with Eq. (2), while in (c) and
(d), the dashed lines indicate linear fitting to the simulation data.
The error bars represent the standard deviations of four sub-
trajectories out of a complete MD trajectory.
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GRA-40-20H nanopore (0.3 nm) at varying proton con-
centrations (1.1-3.3 M). The I-V curve exhibits a striking
nonlinear feature, along with a prominent blocked gap of
about 0.8 V/nm [(Fig. 3(a)]. In other words, when
E < 0.8 V/nm, a nearly vanishing current is detected as
no knock-on proton transport occurs; when £>0.8V/nm,
the proton current gradually increases with the electric field
(i.e., more proton permeation events take place). It is also
found that the use of a higher proton concentration results
in a larger current but does not significantly change the
width of the blocked gap [Fig. 3(a)]. A similar nonlinear
I-V curve is observed in a graphene nanopore terminated
by five oxygen atoms and one hydroxyl group (GRA-50-
OH, 0.4 nm), albeit with a smaller blocked gap [Fig. 3(b)].
In a nanopore terminated with only oxygen atoms (GRA-
60, 0.6 nm), the proton current is always zero at electric
fields as high as 1.3 V/nm [Fig. 3(c)]. This is because
knock-on proton transport cannot take place in the absence
of the hydroxyl group. For a sufficiently wide graphene
nanopore, no matter with the hydroxyl group (GRA-120-
OH, 0.9 nm; see Fig. S4 [47]) or not [GRA, 0.8 nm; see
Fig. 3(d)], protons are transported along the continuous
water chain through the pore via the Grotthuss mechanism.
In this situation, the I-V curve exhibits a linear Ohmic
response [Fig. 3(d)]. These results suggest that both a
suitable pore size and the presence of organic groups at the
pore edge are critical for enabling knock-on proton
transport.

The nonlinear behaviors of the /-V curves, in particular
the blocked gap at low biases, act as a signature for
Coulomb blockade, a single-electron or ion transport effect
widely seen for electron transport in quantum dots [33-39]
or ion transport through subnanometer pores [40-46]. We
suggest below a single-proton transport mechanism to
account for the proton CB effect in the proton transport
process. The nanopore system can be approximately
described with a simple circuit model [Fig. 4(a)], whereby
the nanopore itself can be treated as a quantum dot (QD)
possessing a small capacitance (C) in addition to its
resistance (R). A single proton entering the nanopore
results in a charging energy Ege = (e2/2C) + (Qe/C)
as a consequence of electrostatic interactions [42], where Q
is the initial charge of the capacitor and e is the elementary
charge. When the capacitance is sufficiently small, a very
high charging energy has to be overcome to initiate proton
transfer [see the top panel in Fig. 4(b)]. In the present
system, Q is determined as the sum of partial charges
surrounding the nanopore (—0.14e for the GRA-40-20H
nanopore; see Supplemental Material Sec. S5 [47] for
details). C is given by 4eeonr? /L (r is the pore radius, L is
the membrane thickness, &, and ¢ are dielectric constants of
vacuum and water, respectively). For very small nanopores
(r £0.35 nm), ¢ is a distance-dependent screening factor
[49] (see Supplemental Material Sec. S6 [47] for details).

In addition to the electrostatic interaction, another key
factor that prevents proton penetration is the energy barrier

(a) (b) Electrostatic interaction
56 © (Eaed)

. ab—i€ @
NN [—1 |_l H
"""" QD ‘—Mﬁ—' 5 L
o «’d-'
7 — Charge at nanopore
() ¥
L= o Knock-on energy barrier
g (Exo)

by

O-Hbond . @
|
ki

Q
iy A ‘
Eex . = 4 g switching ™~
Feo R
c )

Initial Energy gap Final @

FIG. 4. The underlying mechanism for the proton CB effect.
(a) Equivalent circuit for the nanopore system. An analogy to
quantum dots (QDs) is used to describe the nanopore for proton
penetration. (b) The top panel shows a proton accompanied by
charging energy (E...) approaching the nanopore. The bottom
panel shows the energy barrier Ey. of the knock-on proton
transport process involving the breaking and formation of O—H
covalent bonds. The green circle represents the charge at the
nanopore. (c) Equivalent energy-level diagram for proton CB.
When the energy gap (Ecg) is higher than the thermal energy
(kgT), proton conduction is suppressed (blocked state). A build-
up in an electric field (Egxy) above Ecp allows for proton
conduction (open state).

E,. of the knock-on process involving the switching of
O—H bonds [see the bottom panel in Fig. 4(b), E,. for
different nanopores are listed in Table S1 [47] of the
Supplemental Material]. Altogether, the sum of the electro-
static interaction and the knock-on energy barrier forms an
energy gap Ecp hindering proton transfer:

Ecg = Eejec + Exe- (1)

Figure 4(c) sketches a schematic of the energy diagram
involved in the above process. If Ecg is much larger than
the thermal energy of a proton at room temperature (kg7,
with 7 =298 K), the CB phenomenon would arise,
suppressing the proton transport. Under an external electric
field E, the proton gains additional energy Egxt = eEL to
promote its transfer. When this energy rises above the
energy gap, proton penetration is expected to occur. Based
on the energy diagram of proton transport, we can employ
the modified Eyring theory to describe the observed non-
linear /-V curves of proton transport [50]:

€xXp [% (EEXT - ECB)] -1

I = ch)A
" exp[B(Egxt — Ecp)] — 1

lexp(BEgxt) — 1], (2)

where ¢y is the proton concentration, A and B are
parameters that depend on the rate constant for proton
transfer and temperature, respectively. n represents the
number of transition barriers for proton transport (see
Supplemental Material Sec. S7 for details [47]). This
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equation fits well for the nonlinear /-V curves [41,51] of
the GRA-40-20H [Fig. 3(a)] and GRA-50-OH [Fig. 3(b)]
nanopores.

It is also worth noting that the proton-proton electrostatic
interaction in the pore is neglected in the above derivation
since all the nanopores studied are found to be able to
convey protons one at a time. Furthermore, other factors,
such as changes in the strength of the internal electric field
in nanopores in response to external electric fields and pH
under various proton concentrations [45,90,91], may also
influence proton transport. A more detailed understanding
of the impact of these issues on proton transport requires
further computational or theoretical studies.

Although the proton CB yields similar /-V curves as the
ionic CB, the underlying transport mechanism is quite
different. Specifically, the knock-on energy barrier Ey. of
proton CB involves the switching of the covalent O—H
bonds, such that the proton CB cannot be explained alone
by electrostatics. Obviously, this barrier is not involved in
the ionic CB where the dehydration effect and Coulomb
energy govern ion transport [41,45]. In other words, the
proton CB manifests as a chemical-physical process
accompanied with the switching of O—H bonds, making
it different from the ionic CB.

In summary, we have demonstrated by comprehensive
quantum and classical molecular dynamics simulations that
knock-on proton transport can occur in the biological
proton channel and synthetic nanopores. This process is
found to be strongly voltage dependent in synthetic nano-
pores, manifesting as nonlinear current-voltage character-
istics and a voltage gap at low biases. These two features
suggest that the knock-on proton transport results in the CB
effect, a consequence of the single-proton charging energy
and the knock-on energy barrier. In sharp contrast to the
ionic CB, the knock-on process is accomplished by the
switching of the covalent O—H bonds. This novel proton
transport mechanism in nanoconfined spaces is of particu-
lar significance to understanding the functioning of
biological proton channels and opens up the possibility
of developing a wide range of proton-based nanofluidic
devices.
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