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Anomalous proton conduction behavior across a
nanoporous two-dimensional conjugated
aromatic polymer membrane†

Le Shi, *a Zhixuan Ying,a Ao Xu b and Yonghong Chenga

We investigate aqueous proton penetration behavior across a newly synthesized nanoporous two-dimensional

conjugated aromatic polymer (2D-CAP) membrane using extensive ReaxFF reactive molecular dynamics

simulations. We found that the proton penetration energy barrier across 2D-CAP is twice as high as that of

graphtetrayne, even though 2D-CAP exhibits a larger pore size. Detailed analysis indicates that the anomalous

high proton conduction energy barrier of 2D-CAP originates from its unique atomic nanopore structure. The

hydrogen atoms at the periphery of the 2D-CAP nanopores can form a stable local hydrogen bond network

with water molecules inside or surrounding the nanopores. The mobility of water molecules involved in this

local hydrogen bond network will be significantly lowered, and the proton transportation process across the

nanopores will thus be impeded. Our results show that the proton penetration behavior across nanoporous

2D materials is influenced not only by the pore size, but also by the decorated atoms or functional groups at

the pore edges. Hydrogen atoms at the periphery of nanopores with certain geometry can form a stable local

hydrogen bond network with neighboring water molecules, further hampering the proton conductivity.

1. Introduction

Proton exchange membranes play a critical role in the development
of energy conversion and storage systems such as fuel cells,1,2 flow
batteries3,4 and electrolyzers.5 The conventional polymer-based
membranes including Nafion,6 poly-benzimidazole7 and sulfonated
polyether-ether ketones8 suffer from various issues such as crossover
of active species, low proton conductivity and poor stability. A proton
exchange membrane that can simultaneously provide high proton
conductivity, satisfactory selectivity and good stability is urgently
needed.

Recently, a new type of membrane based on nanoporous
two-dimensional (2D) materials has attracted lots of attention
from various communities.9–12 By utilizing the intrinsic pores
or creating nanoscale pores in 2D materials, selective mass
conduction can be achieved. The atomic thickness makes this
kind of membrane the thinnest barrier, which is expected to
enable high permeance. Meanwhile, by controlling the pore
size, ultrahigh selectivity of the membrane can be obtained.
Many theoretical and experimental efforts have been devoted to

the development of nanoporous 2D membranes for applica-
tions in gas separation,13–15 water desalination,16–18 and so on.
In 2014, Geim et al. proposed for the first time that protons can
conduct across the atomic pores formed by the electron clouds
of graphene and h-BN.19 As the atomic pore sizes of these
2D materials are too small to allow the penetration of any other
species, ultrahigh selectivity of the 2D materials can be
achieved. Their work opened up a new avenue for the design
of next-generation proton exchange membranes. Afterwards,
many researchers investigated the aqueous proton conduction
behavior across nanoporous 2D materials.20–27 In our previous
work, we explored the effect of 2D graphyne pore size on proton
conduction behavior. We found that when the pore size is large
enough, water molecules can penetrate the nanopores and
form ‘‘water wires’’ across the 2D materials, which provide a
highway for proton conduction via the Grotthuss mechanism.22

Among all the explored pore sizes, graphtetrayne with four
acetylenic linkages on each side of the triangular pores (G4),28

as shown in Fig. 1(b), exhibits the highest proton conductivity
as well as promising selectivity due to its relatively large pore
size and patterned aqueous/vacuum interphase in an aqueous
environment. In 2017, Loh et al. synthesized a 2D conjugated
aromatic polymer (2D-CAP) via C–C coupling reactions between
tetrabromopolyaromatic monomers, as shown in Fig. 1(a).29

Follow-up molecular dynamics (MD) simulations indicated that
this nanoporous 2D material can serve as a new type of water
desalination membrane with an ultrahigh water flux.30 As its
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nanoscale pore size is slightly larger than that of G4, a comparable
or even higher proton conductivity is expected, which would
provide a new choice for the future design of next-generation
membranes.

In this work, we explored the aqueous proton conduction
capability of 2D-CAP using extensive reactive force field
(ReaxFF) MD simulations. Surprisingly, it is found that though
it has a larger pore size, the proton conduction energy barrier of
2D-CAP (5.56 � 0.23 kcal mol�1) is twice as high as that of G4
(2.55 � 0.41 kcal mol�1). Further analysis on the surrounding
water structure shows that the hydrogen atoms at the periphery
of the nanopores of 2D-CAP can form a stable local hydrogen
bond network with surrounding water molecules. This local
hydrogen bond network can restrain the movement of involved
water molecules, therefore impeding the proton conduction
process. Our results reveal that the proton conduction capability
of nanoporous 2D materials not only depends on the pore size,
but is also significantly influenced by the decoration atoms or
functional groups at the pore edges.

2. Computational methods
2.1 Density functional theory (DFT) calculations

The atomic structures of 2D-CAP and G4 were taken from previous
reports,28,29 and further optimized using the Abinit software
package.31–33 The Perdew–Burke–Ernzerhof (PBE) generalized
gradient approximation (GGA)34 together with the projector-
augmented-wave (PAW) method35 was adopted to describe the
exchange correlation functional and the electron–ion interaction.

The cutoff energy was set to be 20 Ha, and the k-point mesh was set
to be o0.05 Å�1. A force tolerance of 0.01 eV Å�1 was adopted for
the geometry optimization process.

2.2 ReaxFF MD simulations

The recently developed CHON-2017_weak ReaxFF force field
parameters36,37 were used for all the reactive MD simulations to
accurately describe the weak interaction of functionalized
hydrocarbon/water molecules in the condensed phase and
capture the Grotthuss hopping proton motion.38,39 Detailed
validation of the CHON-2017-weak force field has been carried out
by Zhang et al.,36,37 including water density, water/hydronium ion
self-diffusion coefficient, radial distribution function, IR spectra,
Raman spectra, proton diffusion constant etc., all of which agree
well with the experimental results. We also calculated the water
density and water self-diffusion constant at 300 K based on a cubic
simulation system containing 267 water molecules. The simulation
results are shown in Table S1 and Fig. S1 (ESI†), which show good
consistency with the experimental work. All MD simulations were
performed using LAMMPS40,41 software. For all the production
ReaxFF MD simulations, the time step was set to be 0.25 fs and
the Nosé–Hoover chain thermostat was used. The pressure and
temperature damping constant was set to be 1000 and 100 fs for the
NPT and NVT MD simulations, respectively. For metadynamics42

simulations, the PLUMED plugin43 was used to deal with the proton
hopping process. As protons mainly exist in the form of hydronium
ions in aqueous systems, the distance L between the oxygen atom in
the hydronium ion rO(t) and the 2D-CAP was defined as the collective
variable (CV):22,44,45

L = rO(z) � Z2D-CAP (1)

where Z2D-CAP is the position of the 2D material in the z
direction, and rO(z) can be calculated using:

rOðzÞ ¼

P
i2 Owf g

zie
lni

P
i2 Owf g

elni
(2)

where zi is the z position of the water’s or hydronium’s oxygen i,
l is a large number (we set as 100 in our computation), and
{Ow} refers to all oxygen atoms in the simulation system. The
variable ni is the hydrogen coordination number:

ni ¼
X

j2 Hwf g
n rij
� �

(3)

where n(rij) was determined by a switching function

n rij
� �

¼
1� rij

rc

� �6

1� rij

rc

� �12
, rij is the distance between oxygen atom i

and hydrogen atom j, and {Hw} refers to all hydrogen atoms in
the simulation system. The cutoff radius rc is set to be 1.25 Å.
The variable ni is very close to 3 when i is the oxygen atom of the
hydronium ion and 2 in the case of a water molecule. With the
exponential weight factor elni, the rO(z) value calculated will be
very close to the z value of the hydronium ion.

Fig. 1 Atomic structure of (a) 2D-CAP and (b) G4 in a vacuum and
aqueous environment.
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In metadynamics simulations, the Gaussian hills were deposited
every 100 MD steps. The height and width of Gaussian hills were
0.02 kcal mol�1 and 0.5 Å, respectively. The atomic coordinates were
recorded every 100 simulation steps (25 fs) to analyze water
dynamics and proton transfer behavior. To test the influence of
sampling rate on the statistical results of proton position, we
performed a 500 ps ReaxFF MD simulation in the NVT ensemble
for a box with a side length of 12.4 Å containing 64 water molecules
and an extra proton, as shown in Fig. S2 (ESI†). The trajectory of
the proton was sampled every 1, 10, 100 and 1000 steps, and the
comparison is shown in Fig. S3 (ESI†). It can be found that for the
probability distribution of the proton position along the x direction,
as shown in Fig. S3(b) (ESI†), the results obtained from sampling
rates of 1, 10, and 100 steps agree well with each other. Another
500 ps ReaxFF MD simulation with a similar simulation setup
without an extra proton was performed to test the influence of
sampling rate on the angle distribution of water. Fig. S4(a) (ESI†)
shows the angle of one water molecule as a function of simula-
tion time. It can be found that the timescale for water dipole
orientational dynamics is about 0.1 ps. Fig. S4(b) (ESI†) shows
that the statistical results obtained from sampling rates of 1, 10,
100 steps agree well with each other.

3. Results and discussion
3.1 Proton conduction behavior across 2D-CAP and G4
membrane

The simulation systems were based on a 2.4 � 3.5 nm 2D-CAP
sheet and a 2.9 � 2.5 nm G4 sheet, as shown in Fig. 1. The 2D
materials were put into a periodic aqueous box with the initial
height of 3.0 nm and water density of 1 g cm�3, respectively,
and then underwent a 2 ns ReaxFF MD simulation in the NPT
ensemble (P = 1 atm, T = 300 K) with x and y directions fixed to
decide the box size at equilibrium. The system configurations
after the NPT equilibration are listed in Table S3 (ESI†). After-
wards, the systems were further equilibrated in the NVT
ensemble (T = 300 K) for another 2 ns. All production runs
were performed in the NVT ensemble for the ease of data

analysis. First, the systems with 2D materials fully relaxed were
studied. The snapshots of NVT simulations can be found in
Fig. S5 (ESI†), where the 2D material structure fluctuates in the
aqueous environment. The fluctuation of 2D materials makes it
difficult to calculate the precise relative distance between water/
proton and membrane, as well as difficult to analyze the water/
proton distribution. Thus, unless otherwise specified, the posi-
tion of 2D materials was fixed in the following production runs.

To study the proton transportation behavior, we put one
extra proton in each aqueous system. The distance between the
proton and 2D materials as a function of time is shown in
Fig. 2, which is consistent with our previous ab initio molecular
dynamics (AIMD) simulation results22 that spontaneous proton
penetration occurs frequently in a G4 system. However, for the
2D-CAP system, the situations are unexpected. It can be found
that in the 2D-CAP system, no spontaneous proton penetration
behavior occurred, and there exists an area with a height about
2 Å where no proton appeared during the entire simulation
time. This phenomenon indicates that proton penetration
across 2D-CAP is much harder than across G4, which is in
contrast to the straightforward understanding that larger pores
correspond to higher proton conductivity. Fig. S6 (ESI†) shows
the distance between proton and 2D materials as a function of
simulation time with 2D materials fully relaxed. The general
trends agree well with the cases in which 2D materials were
fixed (as shown in Fig. 2), where spontaneous proton penetra-
tion across G4 occurred, while no proton penetration across
2D-CAP has been observed.

To quantitatively calculate the proton penetration energy
barriers, we performed metadynamics simulations for the case
of 2D-CAP, and unbiased MD simulations for the case of G4.
The metadynamics setup is shown in Fig. S7 (ESI†). For
unbiased MD simulations, the free energy was calculated as:46

F(z) = �kBT ln[P(z)] (4)

where z is the position of the hydronium ion in the z direction,
and P(z) is the probability that the hydronium ion appears in a
certain z area in a simulation time of 2 ns.

Fig. 2 Distance between proton and (a) 2D-CAP and (b) G4 as a function of time in unbiased ReaxFF molecular dynamics simulation for 2 ns.
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For each system, three simulations with different initial
geometries were performed. The calculated energy barriers for
each case are listed in Tables S5 and S6 (ESI†). The detailed
proton trajectories and energy profiles for each case can be
found in Fig. S8–S19 (ESI†). As shown in Fig. 3, the proton
penetration energy barrier across G4 is 2.55 � 0.41 kcal mol�1,
while the proton penetration energy barrier across 2D-CAP is
5.56 � 0.23 kcal mol�1, which is twice as high as that of G4. As
fluctuation enhances the relative movement between the 2D
membrane and neighboring water molecules, we propose that
the fluctuation may facilitate the proton penetration process and
result in a lower proton penetration energy barrier.

3.2 Water density analysis

To understand the reason for the anomalously high proton
penetration energy barrier of 2D-CAP, we analyzed the water
distribution surrounding the 2D materials. From Fig. 4, it can
be found that a water layering effect exists in both cases.47,48

For 2D-CAP, the layering effect is more significant with higher
water density peaks near the 2D material. Abnormally, for
2D-CAP, there exists an extra peak just at the position of the
2D material. The peak value is as high as 1.67 g cm�3, which is

even higher than the bulk water density where no 2D material
exists.

To explain this abnormal water density peak, we analyzed
the x–y slice of the time-averaged three-dimensional water
density at z corresponding to the 2D material position. A 2 Å
thick slab around the 2D material was considered, as shown in
Fig. S20(a) (ESI†). The detailed density value was calculated
based on a mesh grid, as shown in Fig. S20(b) (ESI†), with a
mesh size of 0.25 Å as:

rðx; yÞ ¼
M

PNframe

i¼1
ni

NADxDyDzNframe
(5)

where M is the mass for 1 mole of water, NA is the Avogadro
constant, ni is the number of water molecules found inside the
grid at frame i, and Nframe is the number of frames considered.
The value of Dx and Dy was set to be 0.25 Å, and Dz was set to be
2 Å. From Fig. 5(a) and (b), it can be found that there exist some
‘‘hot spots’’ in the case of 2D-CAP, where the water density
exceeds 5 g cm�3. These ‘‘hot spots’’ cannot be observed in the
case of G4. Fig. 5(c) shows the water density distribution of
2D-CAP with a larger density scale. It is shown that the ‘‘hot
spots’’ in Fig. 5(a) can be classified into two categories. The first
category is the ‘‘hot spots’’ in black circles, where the water
density reaches higher than 35 g cm�3; and the second category
is the ‘‘hot spots’’ in black squares, where the water density
falls in a much lower range of 5–10 g cm�3.

To further explore the origin of these hot spots, we analyzed
the snapshots during MD simulations. As shown in Fig. 6(a), for
all the snapshots analyzed, the areas highlighted by the green
and black circles always contain a water molecule, which agrees
well with the ‘‘hot spots’’ in Fig. 5(c) where water density
reaches higher than 35 g cm�3. The specific atomic structure
of hydrogen atoms decorating the nanopores inherited from
the precursor tetrabromopolyaromatic monomer29 (as shown
in the black rectangle in Fig. S21, ESI†) enables the formation
of two stable hydrogen bonds between water molecules and
hydrogen atoms highlighted in blue color in Fig. 6(a). This
phenomenon is similar with the hydration sites of bio-
molecules such as proteins and DNA.49–51 A detailed analysis
of the atomic coordinates of the water oxygen atoms residing in
the green circles, as shown in Fig. 6(c), shows that these water
molecules never changed their position during the entire
simulation time of 1 ns, as if being ‘‘anchored’’ to the corners
of the nanopores. This ‘‘anchoring effect’’ can also be observed
in simulations with 2D-CAP fully relaxed, as shown in Fig. S22
(ESI†). When calculating the water density, these spots con-
tribute a high density value. As shown in Fig. 4, exclusion of
these ‘‘anchored’’ water molecules results in the disappearance
of the abnormal peak, while the residue displays a water density
distribution similar to that of G4. The interaction between
water molecules and G4 is much weaker, and no formed bond
can be observed, as shown in Fig. 6(b).

The Grotthuss proton transport mechanism involves proton
relay among different water molecules, where water molecule
rotation plays an important role. In Fig. 6(d), we compared the

Fig. 3 Energy profiles of proton as a function of the distance to the 2D
membrane.

Fig. 4 Water density as a function of the distance to 2D materials.
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distribution of water dipole direction of the ‘‘anchored’’ water
molecules with common water molecules during 1 ns MD
simulation. The water dipole angle is defined as the angle
between the water dipole moment and z axis, as shown in the
inset of Fig. 6(d). It can be found that the water dipole direction
distribution of ‘‘anchored’’ water molecules is visibly different
from that of common water molecules, and the ‘‘anchored’’
water molecule cannot rotate to the directions where the dipole
angle lies between 0–20 and 160–180 degree. The hydrogen
atoms in these ‘‘anchored’’ water molecules together with the
other hydrogen atoms at the periphery of the nanopores (pink

hydrogen atoms, as shown in Fig. 6(a)) can form a local hydrogen
bond network with neighboring water molecules. The relative
position between ‘‘anchored’’ water molecules and the hydrogen
atoms at the periphery of nanopores will fluctuate around a fixed
value, as shown in Fig. S22 (ESI†), and the geometry of the
formed local hydrogen bond network will be restrained. Water
molecules inside or surrounding the nanopores will tend to
appear in the position where a stable hydrogen bond network
can be formed to lower the free energy of the system, which
contributes to the formation of the ‘‘hot spots’’ indicated by
black squares in Fig. 5(c) with a water density of 5–10 g cm�3.

Fig. 5 x–y slice of the time-averaged three-dimensional water density at z corresponding to the (a) 2D-CAP and (b) G4 membrane. The white ribbons
indicate the area involved in the further y–z slice. (c) x–y slice of the time averaged three-dimensional water density at z corresponding to the 2D-CAP
membrane with enlarged density scale.

Fig. 6 (a) Snapshot of 2D-CAP in an aqueous environment. The black and green circles denote the ‘‘anchored’’ water molecules. (b) Snapshot of G4 in
an aqueous environment. (c) Position of the ‘‘anchored’’ water molecules in green circles as a function of simulation time. (d) Angle distribution for an
‘‘anchored’’ water and a common water molecule during 1 ns simulation time.
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3.3 Dynamical propensity analysis

Based on the above results, we propose that the hydrogen
atoms decorating the edges of 2D-CAP nanopores can result
in the formation of a stable local hydrogen bond network,
which will restrain the movement of involved water molecules,
thus impeding the proton penetration behavior and leading to
a relatively higher proton penetration energy barrier. To verify
our hypothesis, we calculated the dynamical propensity (DP)
distribution of 2D-CAP and G4 systems, respectively. The DP for
a certain water molecule was calculated as:

DPi ¼
ri tþ t0ð Þ � riðtÞk k2

MSD

� �
(6)

where ri(t) is the position of water oxygen atom i at time t, and
MSD is the mean square displacement of all water oxygen
atoms in this system. t0 is the evolution time used to characterize
DP. This method has been widely used to characterize the
dynamical heterogeneity of certain atomic structures, where the
DP value was obtained by averaging over different trajectories
that start from the same initial geometry, but with a different set
of velocities (so called iso-configurational analysis).52–55 In our
situation, rather than the dynamical heterogeneity induced by the
specific atomic configuration, the dynamical heterogeneity
induced by the existence of a 2D material is needed. In our
calculations, we averaged the DP value over different water initial
geometries to exclude the influence of a specific water arrange-
ment. The DP values were collected and analyzed based on the
initial positions of the studied water molecules. The MSD calcu-
lated for 2D-CAP and G4 systems is plotted in Fig. S24 (ESI†).
Different t0 values were tested including 1 ps, 3 ps, 5 ps, 10 ps,
20 ps, 50 ps and 100 ps to choose the t0 that could maximize the

heterogeneity. To highlight the influence of the stable local
hydrogen bond network, we analyzed the y–z slice of the DP at
x, as indicated by the white ribbons in Fig. 5, where the ‘‘hot
spots’’ were covered. The DP results with different t0 are shown in
Fig. S25–S31 (ESI†). It can be found that for t0 between 1 ps and
20 ps, the DP distribution patterns are quite similar, and a longer
time corresponds to a more homogeneous distribution. When t0

reaches 50–100 ps, the time is long enough for the water mole-
cules to migrate to a position faraway and the dynamical hetero-
geneity will become obscure.

Fig. 7 shows the water density as well as the DP distribution
for both the 2D-CAP and G4 systems. From Fig. 7(a1) and (b1),
it can be found that similar to Fig. 5(a) and (b), unique ‘‘hot
spots’’ as indicated by the white arrows can be observed for the
2D-CAP case. The distribution of ‘‘hot spots’’ is three dimen-
sional and not limited to the 2D plane of the 2D material, which
agrees well with the geometrical characteristics of a hydrogen
bond network. The dynamical propensity distribution illustrates
the spatial range of the stable local hydrogen bond network in
the case of 2D-CAP. As a comparison, the water density distribu-
tion surrounding G4 is much more homogeneous, only a slight
segregation effect can be observed up to about 2 Å away from the
2D membrane. Fig. 7(a2) and (b2) shows the DP distribution
with t0 = 5 ps. It can be found that for 2D-CAP, the water density
distribution and DP distribution reveal a strong correlation. As
indicated by the black arrows in Fig. 7(a2), the positions with
high water density correspond to low DP, which indicates a low
mobility of water molecules in this area. While for G4, a similar
correlation cannot be found. This obvious correlation verified
our hypothesis that the stable local hydrogen bond network
formed between the hydrogen atoms at the periphery of 2D-CAP
nanopores and water molecules can restrain the movement of
involved water molecules, thus impeding the proton Grothuss
transportation process and resulting in a higher proton penetra-
tion energy barrier.

4. Conclusion

In this work, we explored the proton penetration behavior
across a newly synthesized nanoporous 2D material, namely
2D-CAP, and compared its proton conduction capability with
another 2D material, G4. Surprisingly, though with a larger
pore size, the proton conduction energy barrier across 2D-CAP
is twice as high as that of G4. Detailed analysis on water density
and dynamical heterogeneity distribution implies that the
hydrogen atoms at the periphery of the nanopores of 2D-CAP
can form a stable local hydrogen bond network with neighboring
water molecules. The local hydrogen bond network can restrain the
movement of involved water molecules and further impede the
proton transportation process, therefore resulting in a higher
proton penetration energy barrier. Our study shows that in addition
to the pore size, the decoration functional groups of nanopores also
play important roles in determining the proton conduction cap-
ability. For some cases like 2D-CAP, the decorated hydrogen atoms
can impede the proton conduction process. Our results provide

Fig. 7 y–z slice of the time-averaged three-dimensional water density at
x, as illustrated in Fig. 5, for (a1) 2D-CAP and (b1) G4. y–z slice of the
dynamical propensity (t = 5 ps) at x, as illustrated in Fig. 5, for (a2) 2D-CAP
and (b2) G4. The white and black arrows indicate the area with high water
density and low dynamical propensity.
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insight into the proton conduction behavior across 2D materials,
and shed light for future design of next-generation proton exchange
membranes.
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