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ABSTRACT: Covalent organic frameworks (COFs), with their
long-range crystallinity, rigidity, and highly tunable molecular
porosity, are evolving as promising next-generation ion-permse-
lective membranes for ion separation, reverse electrodialysis, and
osmotic energy conversion. Herein, we employ steady-state
nonequilibrium molecular dynamics (SS-NEMD) simulations to
accurately and realistically describe the concentration-driven ion
permeation process through functionalized and charged COF
membranes and gain a fundamental understanding of the factors
governing the ion transport in COFs. To this end, we model the
diqusion of K+ and Cl− ions through the COF membranes that are
suspended in aqueous electrolyte and are decorated with either
propanesulfonic acid or sulfonic acid-terminated oligo(n)-ethylene
glycol chains. We systematically vary the percentage of charged groups present within the nanoporous domains and demonstrate that
the ion permeation, and thus the ion selectivity in these systems, depends on the concentration gradient of ions across the
membrane, as modulated by the presence and degree/percentage of charged groups within the COF membranes. We further
demonstrate that COF membranes decorated with charged oligo(n)-ethylene glycol chains show enhanced ion selectivity ratios,
even when partially charged, reaching eSciencies of around 99% when compared to COFs with alkylated chains that show
eSciencies of around 80%.

1. INTRODUCTION
Covalent organic frameworks (COFs), oqering a large
versatility in chemical building blocks, are an emerging class
of layered two-dimensional crystalline semiconductors that
combine the excellent optoelectronic properties of their
conjugated polymer backbones with permanent nanoporosity,
enabling the design of host−guest interactions to realize
multifunctional materials.1−4 Seminal studies by Yaghi et al.,5,6
demonstrating “one-pot” synthesis of two-dimensional (2D)-
COFs with long-range crystallinity, high thermal stability, low
densities, and permanent “molecular” porosity, unlocked a
scientific fervor for these novel classes of organic materials that
led to the development of semiconducting photoactive 2D-
COFs with tunable optoelectronic properties7−11 and excep-
tional charge carrier mobilities.12 Subsequent academic interest
in 2D-COFs also led to additional studies exploring their
potential applications in gas storage, energy storage,13−16 and
catalysis.17 Thanks to their nanoporous structure, atomically
smooth channels and tailor-made pore sizes,18,19 COFs oqer an
ideal framework for metal ions (Li+, Na+, K+, Zn2+...)20−26 and
proton27 storage via redox reactions, especially in secondary
ion batteries or as eScient electrode skins with high anion-

transport capability and selectivity.28 Of late, 2D-COFs are also
emerging as promising ion-permselective membranes for
monovalent ion separation,29 reverse electrodialysis,30 and
blue energy harvesting,31−35 wherein the surface charge inside
the COF nanochannels allows for a selective passage of
electrolyte ions, in accordance with the charge polarity, thus
separating the electrolyte ions with diqerent concentrations.
Topical academic investigations demonstrated the explorative
application of COF membranes in harvesting the osmotic
energy using reverse electrodialysis, where the salinity gradient
between seawater and river water enables the COF
permselective membranes to selectively transport cations and
anions between the electrodes.36−38 Although other emerging
2D materials like graphene oxide,39,40 MoS2,41 Mxene,42,43 and
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boron nitride44 were also used as ion-transporting membranes,
ion flux in these systems is dictated by percolation channels,
thus making these 2D membranes less eScient for osmotic
energy harvesting.45,46 With high crystalline order and spatially
separated pathways for charge and ion transport, properly
designed and functionalized COFs can combine a large
accessible surface area for ion storage and precise molecular/
ion transport.47−53

Recently, Wang et al. demonstrated eScient separation of
monovalent cations by employing functionalized TpPa-2D-
COF membranes constituted from 1,3,5-triformylphlorogluci-
nol (Tp) and 2,5-diaminophenyl (Pa) groups that are
functionalized to contain either (i) phosphonic acid groups
(Pa−PO3H2), (ii) sulfonic acid groups (Pa−SO3H), or (iii)
benzoic acid groups (Pa−CO2H).29 From diqusion dynamics
driven by concentration gradients (with aqueous salt solutions
of RbCl, KCl, NaCl, and LiCl mixtures placed on one side of
the TpPa-2D-COF membranes, hitherto referred to as the feed
side, and deionized water placed on the other side of the COF
membranes, hitherto referred to as the permeate side), they
demonstrated that the functionalized TpPa-2D-COF mem-
branes not only permeated the monovalent cations screening
the anion counterparts but also showed eScient ion selectivity
separating the cations from discrete binary mixtures with
diqerent permeation rates.
In another study, Cao et al. used COF-DT membranes

based on 1,3,5-tris(4-aminophenyl)benzene and 2,5-dihy-
droxy-1,4-benzenedicarboxaldehyde (DHBDA) as COF build-
ing blocks for osmotic energy conversion. There, the DHBDA
unit of COF-DT was postsynthetically functionalized to
contain either propanesulfonic acid, resulting in COF-SO3H,
or (propyl)trimethylammonium, resulting in COF-QA.54 Ion
transport through these functionalized COF membranes that
were sandwiched between two electrochemical cells containing
KCl electrolyte was investigated through the ion diqusion with
concentration gradients, similar to the approach adopted by
Wang et al.29 Cao et al. demonstrated that the negatively
(positively) charged COF-SO3H (COF-QA) membranes
selectively passed K+ (Cl−) ions resulting in the separation
of K+ (Cl−) and Cl− (K+) ions across the COF-DT
membranes, building a chemical potential gradient due to
the diqerent concentrations of cations and anions and
therefore to osmotic currents. Furthermore, Cao et al. showed
that the ionic conductivities of K+ (Cl−) ions improved
significantly by increasing the number of negatively (pos-
itively) charged functional units (hitherto referred to as group
density) on the COF-SO3H (COF-QA) membranes. In
addition, a decrease in the ionic conductivities of cations/
anions when increasing the thickness of the COF was observed
in these studies, which was partly attributed to the eqect of

transport resistance oqered by thicker COF membranes (as
also previously observed in other systems55−57).
Interestingly, both of the above-mentioned works by Wang

et al.29 and Cao et al.54 show that diqerent COF membranes
(TpPa-COF and COF-DT), when decorated with similar
(acidic) functional groups, behave similarly in terms of their
applicability in concentration-driven ion separation and/or ion
conductivity applications. This clearly indicates the role of the
nature and the density of functional groups on the resulting ion
selectivity and/or permselectivity of functional 2D-COF
membranes.
At this juncture, as the functional 2D-COF membranes are

evolving as promising candidates for ion selectivity and/or blue
energy (reverse osmosis) applications,29,36−38,54 there is thus
an implicit need of a robust theoretical framework to not only
describe the “steady-state” concentration-driven ion transport
process in these functionalized COF membranes, but also
derive COF structure−ion transport property relationships to
improve the eSciency of COF membranes toward enhanced
ion selectivity ratios and/or osmotic energy conversion.
Although the work of Cao et al.54 was supported by atomistic
molecular dynamics (MD) simulations providing a qualitative
agreement with experimental observations, their simulation
protocol starts with an initial diqerential concentration
gradient between feed and permeate sides of the COF
membrane, which then evolves continuously, with time,
toward the equilibrium state. Recent studies employing MD
simulations to study ion transport in functional COF
membranes, either to model the transport of mono/divalent
cations58 and anions59 in functional COF membranes or to
understand the water transport in functionalized COF
nanochannels,60,61 also invoke similar out-of-equilibrium
protocols, where a concentration gradient of ions is established
between the feed and permeate sides of the membranes at the
start of the MD simulations. However, in these simulations, as
the simulation progresses in time, the concentration gradient
decreases, taking the nonequilibrium system toward equili-
brium where the initially set concentration gradient reaches
zero. Consequently, the ionic fluxes obtained with such
simulation protocols continuously change during the simu-
lation due to the temporal evolution/variation of the
concentration gradient between the feed and permeate sides
and may not reflect a “steady-state” concentration gradient
and/or “steady-state” nonequilibrium condition making it
diScult to obtain reliable diqusion coeScients.
Therefore, the description of ion permeation through

(functionalized) COF membranes calls for simulations that
are to be performed under a nonequilibrium steady state and
continuous flow of ions across the COF membranes while
maintaining a constant concentration gradient between the

Figure 1. Schematic representation of the functional COF variants employed in this work; (a) left: propanesulfonic acid-functionalized COF-DT,
aka COF1; (b) middle: sulfonic acid-terminated 2-ethylene glycol, aka COF2; and (c) right: sulfonic acid-terminated 3-ethylene glycol, aka COF3.
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feed and permeate regions of the COF membranes throughout
the simulation time.
To this end, we deploy a concentration-driven “steady-state

nonequilibrium” molecular dynamics formalism,62 hitherto
referred to as SS-NEMD, to realistically simulate the out-of-
equilibrium ion diqusivity process through functionalized and
charged COF membranes (containing a finite array of COF
layers). Herein, a constant concentration gradient of ions
between the feed and permeate sides of the COF membrane is
temporally preserved throughout the MD simulations and the
permeation of ions through functionalized and charged COF
membranes is evaluated to assess the impact of the
concentration gradient between the feed and permeate sides
and the nature of functional groups decorating the COF
porous domains.
Accordingly, we consider the COF-DT membrane function-

alized with (propane) sulfonic acid as a model system, based
on the recent work of Cao et al.,54 resulting in COF-SO3H,
hitherto referred to as COF1, see Figure 1(a) for a schematic
representation and Supporting Information (SI) Figure S1 for
a schematic representation of COF-DT. Considering an
aqueous KCl solution, ion permeation of K+ and Cl- ions
through the COF pores/membranes was studied as a function
of the density (percentage) of charged groups present within
the nanoporous domains and as a function of (i) the total
molar concentration of the ions in the simulation cell and (ii)
the concentration gradient between the feed and permeate
sides of the COF membranes. In extension, the influence of the
nature and length of side chains containing the sulfonic acid
groups on the resultant ionic fluxes was also studied by
considering two more COF-DT variants in addition to COF1,
wherein the propane-sulfonic acid group is substituted with
sulfonic acid-terminated oligo(n)-ethylene glycol; n = 2 and 3,
hitherto referred to as COF2 and COF3, respectively (see
Figure 1(b) and (c), respectively, for schematic representa-
tion). Our choice of selecting oligo(n)-ethylene glycol toward
COF functionalization is driven by two factors: (i) the fact that
such functionalization is experimentally feasible via the
Williamson ether reaction using poly(ethylene oxide) halides;
and (ii) that oligo(n)-ethylene glycol chains with varying chain
lengths (n = 2, 3, 4) provide an easy and alternate way to
modulate the eqective pore size of the COF membranes (in
addition to that reported by Wang et al.,29 where TpPa-COF
membranes with diqerent pore sizes were synthesized by
changing the nature and size of diamine monomers
constituting the COF building block). In addition, the
oligo(n)-ethylene glycols could provide additional flexibility
and higher polarity that can potentially enhance the ion
selectivity in addition to providing better stability in an
aqueous medium due to their hydrophilic nature.63 We also
compare the ion permeation in COF1 membranes using both
SS-NEMD and nonequilibrium MD simulations. In the latter
case, the simulation boxes containing the COF1 membranes
were sealed by a graphene wall and K+ and Cl− ions were
placed only on the feed side of the COF1 membranes while
the permeate side contained no ions, similar to the work of
Cao et al.,54 hitherto referred to as “slab-MD”. We
demonstrate that the positive ion flux, diqusivity, and the
corresponding ion selectivity and/or ion transference number
in the (negatively charged) COF1 membranes are indeed
related to (i) the percentage of charged -SO3H groups in COF
nanochannels and (ii) the nature and length of side chains
containing the charged groups. Therefore, through this study,

we not only describe the steady-state out-of-equilibrium ion
permeation process through (charged) COF membranes
accurately and realistically, but we also give an insight into
the structure-ion transport property relationship by comparing
the behavior of three COF variants (alkylated vs glycolated).
Our analysis provides a comprehensive understanding of the
complex ion transport mechanisms down to the nanometer
scale, which hopefully can guide experimental synthesis toward
functional COF variants that can be actively used either as ion
permselective membranes or in osmotic/blue energy gen-
erators.

2. COMPUTATIONAL METHODOLOGY

2.1. Potential Energy Scan Calculations
DFT-based Potential Energy Surface (PES) calculations were
performed to determine the most stable interlayer stacking
mode of the COF systems in their bulk forms. These
calculations were performed with the projector-augmented
wave (PAW) basis set, as implemented in the VASP code,
treating the exchange and correlation eqects at the Perdew−
Burke−Ernzerhof (PBE) level.64,65 Dispersion forces by
Grimme correction (PBE+D3)66 were incorporated to account
for vdW interactions between the COF layers. The kinetic
energy cutoq was set to 500 eV using a Monkhorst−Pack
sampling of 3 × 3 × 1 for monolayers and 3 × 3 × 3 for bulk
samples to account for the Brillouin zone integration for all
geometry optimizations and the subsequent SCF calculations,
at the GGA/PBE level of theory. For 2D-COF monolayers,
vacuum spacing was set to 30 Å to avoid interactions with
periodic images. All the geometries were fully optimized, and
the DFT-optimized energies were recorded to determine the
most stable geometry/stacking mode with the lowest relative
energy. Potential Energy Surface (PES) calculations indicate
that the most stable stacking mode of COF1 corresponds to
Serrated-X stacking ([100] direction) with an interlayer shift of
≈0.075 times the unit-cell a-axis length (with a corresponding
lateral displacement of 2.7 Å), see Supporting Information
Section S1 for a detailed description. In comparison, the
cofacial (AA) stacking mode is relatively high in energy (by ∼3
eV), meaning that such a stacking mode is energetically not
favorable. See Supporting Information Figure S2a for details.
PES calculations performed on unfunctionalized COF-DT
membranes also reveal similar trends (Supporting Information
Figure S3), indicating that the functionalization of COF-DT
membranes with the propanesulfonic acid group (COF1) does
not significantly alter the interlayer stacking mode. Indeed,
previous investigations indicate that the interlayer stacking
mode in 2D-COFs, showing either cofacial7−10,67,68 or slip-
stacked69−73 modes, comes down to the interplay between
competing Coulombic and vdW interlayer interactions74−77

between the COF building blocks. Subsequently, density-
derived electrostatic charges (DDEC06)78−81 were extracted
for COF monolayers and the respective COF monolayers
along with their corresponding DDEC06 charges were
introduced into Molecular Mechanics force field (MM)
calculations performed with the DREIDING82 force field
using the Forcite module as implemented in the BIOVIA
Material Studio (2022) software; electrostatic interactions
were treated with the particle mesh Ewald (PME) summation
to account for long-range electrostatic interactions. Diqerent
stacking modes (Inclined-X/XY and Serrated-X/XY) were
prepared following the procedure explained in Supporting
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Information Section S1 and potential energy scan calculations
were performed to determine the energetically stable interlayer
stacking mode. MM potential energy scan calculations also
indicate that the Serrated-X stacking mode ([100] direction)
with an interlayer shift of 0.075 times the unit-cell a-axis
parameter (corresponding displacement of 2.7 Å) is the most
stable interlayer stacking mode. Overall, the results of our MM
potential energy scan calculations are in good qualitative
agreement with those obtained from DFT calculations. Given
the high rigidity of the COF structure and the frozen
“backbone” atoms invoked during the SS-NEMD simulations
(vide infra), the force field to replicate the interlayer stacking
modes of COF layers is less important, provided that it
describes well the interactions with ions and water.
Interestingly, these COF layers in their energetically stable
Serrated-X stacking mode show an identical pXRD pattern to
that of the cofacial (eclipsed, AA) stacking mode (the latter
being higher in energy), with prominent diqraction peaks at
2.8°, 4.9°, 5.6°, and 7.4° (see Figure S4 for details) in line with
those reported by Cao et al.54 As the pXRD patterns of the
cofacial stacking mode in COFs can be similar to that of the
serrated stacking mode, determination of the stable interlayer
conformation of the COF membranes from PES calculations is,
therefore, extremely important as a change in the interlayer
stacking mode can not only alter the electronic structure of the
COFs, as recently demonstrated,83 but can also vary the size/
diameter of the nanoporous COF domains and thus can
potentially alter the solvent/ion-accessible nanoporous volume
of the COF membranes,60 both of which can in turn modulate
the ion flux and/or ion selectivity ratios.
2.2. Molecular Dynamics Simulations

All atomistic MD simulations were performed with the
LAMMPS package.84 COF membranes were constructed
from monolayers replicated 4 × 4 × 6 times such that the
simulation box contains 4 nanoporous domains and 6 layers
replicating the energetically stable Serrated-X ([100]) stacking
mode as determined by both DFT and Forcite-MM
calculations, and these membranes were positioned in the
center of the simulation cell approximately 6.27 × 7.24 × 15.0
nm3 in size. Explicit water molecules and K+/Cl− electrolyte
ions were added such that the initial density of the system is
around 1 g/cm3 and that the total molar concentration of ions
in the simulation cell is between 0.2 M and/or 0.4 M (similar
to the works of Wang et al.29 and Cao et al.54), taking the total
number of atoms used in the simulation to approximately
67000. For negatively charged COF membranes, additional K+

ions were added appropriately to counter the (negative) SO3
−

units decorating the COF membrane and to ensure charge
neutrality in the simulation box. An initial minimization step is
performed followed by an equilibration step of 8 ns, consisting
of 2 ns of simulation run in the NVT ensemble, successively
followed by 4 ns of simulation run in the NPT ensemble to
accommodate density changes if any and by an additional 2 ns
of simulations in the NVT ensemble. Subsequently, MD
simulations were performed for a minimum of 60 ns for the
production run, following the initial thermodynamic equilibra-
tion. Periodic boundary conditions were applied in all three
directions, and the temperature was set to 298 K using the
Nose-́Hoover thermostat. The DREIDING82 all-atom force
field was used to describe the COF membranes with charges
extracted from the DFT/GGA/DDEC0678−81 method, while
the force field parameters for K+/Cl− ions and for the the

SPC/E water model were taken from the literature.85−87 In
order to prevent the drifting of COF membranes in the z-
direction of the simulation box due to the presence of charged
functional groups and/or the presence of counterions in the
vicinity of COF charges within the nanoporous domains and/
or to the concentration gradient, the heavy atoms pertaining to
the COF skeleton were frozen after the minimization step
while the atoms of the functionalized units were allowed to
move. The particle−particle particle-mesh (PPPM) solver was
employed to calculate the long-range electrostatic interaction,
with a cutoq of 1.2 nm for the separation of the direct and
reciprocal space summation. The cutoq distance for the van
der Waals interaction was set to 1.2 nm, and the parameters of
the Lennard-Jones potential for the cross-interactions between
nonbonded atoms were obtained from the Lorentz−Berthelot
combination rule.
Diqusive transport of K+ and Cl− ions in single-component

KCl solutions through the functionalized (negatively charged)
COF membranes was studied following the concentration-
driven SS-NEMD simulation procedure described by Ozcan et
al.,62 which allows preserving the concentration gradient of
ions between the feed and permeate sides of the COF
membrane. Briefly, this approach consists of introducing two
separate control regions: an inlet control region (ICR) in the
feed side of the COF membrane and an outlet control region
(OCR) in the permeate side of the COF membrane, see Figure
2 for a schematic representation. Two transient regions, the

inlet transient region (ITR) on the feed side and the outlet
transient region (OTR) on the permeate side, separate the
COF membrane from the respective control regions. Two
separate external forces are applied on the ions localized in two
regions: the inlet force region (IFR) located on the feed side
adjacent to ICR and the outlet force region (OFR) located on
the permeate side adjacent to OCR, so as to regulate the

Figure 2. Conceptual representation of the concentration gradient-
driven NEMD approach employed in this work. IFR, ICR, and ITR
correspond to the inlet-force, inlet-control, and inlet-transient regions,
respectively, whereas OTR, OCR, and OFR represent the outlet-
transient, outlet-control, and outlet-force regions, respectively.
Boundaries of the regions along the “z” coordinate of the simulation
box are indicated adjacent to the specific regions (in Å). (a) Left and
(b) right images correspond to the snapshots of the neutral COF1
(COF1−0q) system in its initial state (before the onset of the SS-
NEMD simulation) and after 60 ns of simulation time under the SS-
NEMD approach.
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concentration of ions in the respective control regions. These
external forces are perpendicular to the COF membranes and
regulate the flux of ions across the IFR/OFR such that the
concentration of ions in the ICR/OCR is restrained to a
selected target value. By modulating the IFR/OFR forces, two
diqerent concentrations in the inlet (ICR) and outlet (OCR)
control regions can be imposed by defining these external
forces as,

F k n n G z Z( ) ( , )i
I

i
I

i
T I

i
I

F
I, ICR=

F k n n G z Z( ) ( , )
i

O

i

O

i

T O

i

O

F

O, OCR= (1)

where superscripts I and O refer to inlet and outlet,
respectively, “i” indicates the ion species subjected to force F,
ki
I and k

i

O are the IFR and OFR force constants, respectively,
ni
T I, and n

i

T O, are the target concentrations on the feed and
permeate sides of the COF membrane, respectively. GI and GO

are two bell-shaped functions with width σ centered around ZF
I

and Z
F

O, respectively, serving to localize the application of bias
force on the ions within the IFR and OFR, respectively. ni

ICR

and ni
OCR are the instantaneous concentrations in the ICR and

OCR, calculated as
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where VCR is the volume of the control region, Ni is the total
number of ions of a given species “i” in the simulation box, and
θ(zj) is a selection step function set to 1 if zj, the coordinate of
the selected ion, is inside the given control region (CR) and set
to 0 otherwise. The direction (sign) of force Fi changes in such
a way that if the number of ions in VCR is higher than the target
value, then the force repels the ions toward the bulk (defined
as the reservoir); conversely, if the number of ions in VCR is
smaller, then the force Fi attracts the ions from the reservoir to
the control region. As periodic boundary conditions along the
“z” direction are maintained, a steady-state concentration
gradient of ions in the ICR and OCR regions is maintained as
the ions permeate through the membrane, cross the OCR, and
flow back into the ICR through the reservoir, thus establishing
a stationary flow of ions.
The permeation of ions through three functionalized COF

systems (COF1, COF2, and COF3 as described in Figure 1)
was modeled as a function of the degree of negative charges
present in the COF pores. More specifically, the SO3H unit of
the functionalized COFs is modulated to contain: (i) 0
negative charges per COF pore, thus containing only SO3H
units; (ii) 3 negative charges per COF pore, with alternating
SO3

− and SO3H units; and (iii) 6 negative charges per COF
pore, thus 6 SO3

− units. K+ counterions are used to passivate
the negative charges. Unless otherwise specified, the ICR and
OCR target concentrations were set to 0.30/0.15 and 0 ions
per nm3, respectively, while the IFR and OFR forces were set
to 100 kJ/mol and 1000 kJ/mol, respectively. The target
concentration of 0 ions per nm3 in the OCR was selected to
create a vacuum eqect on the ions in the permeate side of the
COF membranes, which is achieved by setting a larger OFR
force constant, k

i

O (≈10 times) compared to that of the IFR
force, ki

I . No forces were set on the water molecules, entailing
that the water molecules are diqusing either randomly or under

the influence of electro- osmotic water drag associated with the
charged ions traversing the COF pores. Ion flux due to the
concentration gradient in the z direction, Jz, was calculated by
counting the number of ions passing through a cross-sectional
plane of area “Axy” positioned at the center of the COF
membrane, normalized by the simulation time (t) in the SS-
NEMD production run, given by

J
N N

tAz
i i

xy
=

+

(3)

where Ni
+ and Ni are the number of ions of species “i”

passing through the plane of area “Axy” (considered here as the
area of the simulation box) in the positive (toward the
permeate region) and negative directions (toward the feed
region), respectively. The ion transference number (Tr88,89) of
the (charged) functionalized COFs is then calculated as,

J

J J
Trq

z

z z

K /Cl

K Cl
=

+

+

+

(4)

where q = 0, −3, or −6 represents the charge in the
nanoporous domains of the COF membrane, Jz

K+
and Jz

Cl

represent the ion flux of the K+ and Cl− ions through the
(charged) functionalized COF membranes, respectively. When
ion diqusion coeScients are employed instead of ionic fluxes,
eq 4) can be applied accordingly.
In the following sections, using the SS-NEMD approach and

considering COF1 as a model system, we first discuss the eqect
of the group density of negative charge per COF1 pore on the
resulting K+ and Cl− ion flux/diqusivity and transference
number values, considered (i) as a function of the total molar
concentration of ions in the simulation cell using concen-
trations of 0.2 and 0.4 M and (ii) as a function of ICR target
ion concentrations of 0.3 per nm3 (≈0.49 mol/L) and 0.15 per
nm3 (≈0.24 mol/L) under an OCR target ion concentration of
0 ions per nm3. The ICR target concentration of 0.3 ions/nm3

(≈0.49 mol/L) is reminiscent of real systems like seawater,
where the ion concentration is ∼0.6 mol/L. In contrast, a
concentration of 0.15 ions/nm3 (≈0.24 mol/L) would
represent an intermediate case- with a moderately diluted
ionic environment that is higher than physiological fluids
(∼0.15 mol/L) but lower than seawater. These results are also
compared with conventional nonequilibrium “slab-MD”
simulations wherein K+ and Cl− ions were placed only on
the feed side of the COF1 membranes while the permeate side
contains no ions, similar to the work of Cao et al.,54 to provide
a quantitative assessment between the two approaches. The
choice of using two diqerent ICR target ion concentrations in
SS-NEMD simulations is to analyze/understand, if the
imposed concentration gradient across the COF membranes
modulates ion permselectivity due to a possible variation in
concentration polarization at the membrane-solvent interfaces,
as typically observed in ion exchange membranes.90,91
Subsequently, we discuss the eqect of functionalization of
COF-DT membranes with sulfonic acid-terminated oligo(n)-
ethylene glycol; n = 2 and 3 (aka COF2 and COF3,
respectively) with respect to COF1 membranes at fixed ICR
and OCR target concentrations of 0.30/0.15 and 0 ions per
nm3, respectively, demonstrating that such functionalization
can indeed enhance both the positive ion flux and the
corresponding ion selectivity and/or ion transference numbers.
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3. RESULTS AND DISCUSSION

3.1. Ion Permeation through Charged COF1 Membranes

Neutral and negatively charged COF1 membranes were
prepared by varying the percentage/group density of negatively
charged units per pore. While the SO3H units of COF1 are left
unaltered to represent the 0 negative charge case, hitherto
abbreviated as COF1−0q, protons from three alternating
SO3H units were removed to form SO3

− units to represent the
−3 negative charges case, hitherto abbreviated as COF1−3q,
and the protons from all six SO3H units were removed to form
SO3

− units to represent the −6 negative charges case, hitherto
abbreviated as COF1−6q, see Figure 3 for a schematic
representation of the COF1 membranes and Supporting
Information Table S1 for structural information on COF1−
0q, COF1−3q, and COF1−6q membranes along with their
DDEC06 charges.
The SS-NEMD simulation setup was prepared by position-

ing the electrolyte (K+ and Cl−) ions, together with K+

counterions and water molecules in simulation cells containing
COF1−0q, COF1−3q, and COF1−6q membranes, respec-
tively, following the procedure described in the Computational
Methodology section. For COF1−3q and COF1−6q, K+

counterions were initially positioned in the vicinity of SO3
−

units to compensate for the negative charges, thus acting as
counterions to ensure charge neutrality of the MD simulation
box, see Figure 3 for details. SS-NEMD simulations were then
performed on all the three variants, and the results are analyzed
in terms of the ion density plots, radial distribution functions,
and the ion flux/transference numbers.
One-dimensional ion density plots for both K+ and Cl− ions,

as a function of NEMD simulation box length along the z-
coordinate and averaged over ≈60 ns of production runs, are
reported in Figure 4. It can be noticed that the target
concentration in ICR reaches the predefined values of 0.15 and
0.3 ions per nm3 while that in the OCR remains very close to
the predefined value of 0 ions per nm3, for both K+ and Cl−
ions, as denoted by the dashed and solid lines in Figure 4,

Figure 3. Schematic representation of the COF1 variants with (a) left: 0 negative charges per COF1 pore containing only neutral SO3H units; (b)
middle: 3 negative charges per COF1 pore, containing 3 alternating negatively charged SO3

− and 3 neutral SO3H units; and (c) right: 6 negative
charges per COF1 pore, containing 6 negatively charged SO3

− units. X+ represents the K+ counterions used to passivate these negative charges.

Figure 4. Concentration profiles (1D ion number-density) plots for (a) left: K+ and (b) right: Cl− ions, as a function of the SS-NEMD simulation
box length along the “z” coordinate (represented by the x-axis of the plots) and averaged over ≈60 ns of SS-NEMD production runs for ICR target
ion concentrations of 0.15 per nm3 (dashed lines) and 0.30 per nm3 (solid lines) and for molar concentrations of ions in the simulation cell of (i)
top: 0.2 M and (ii) bottom: 0.4 M, respectively. The regions between the green dotted lines represent the ICR (centered at ≈4 nm) and OCR
(centered at ≈11 nm) regions, respectively. The regions between the dotted cyan lines (centered at ≈7.5 nm) represent the COF membrane.
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respectively. While the ion densities are higher at the entrance
of the membranes, the ion densities through the membrane
decrease gradually along the z-coordinate of the COF
membrane finally edging toward the OCR target of zero
concentration. This variation in the number densities along the
z-coordinate of the SS-NEMD simulation box ensures that the
working principle of the concentration gradient approach is
properly employed, similar to that reported by Ozcan et al.62
However, variations in the K+ and Cl− ion number densities
were observed inside the nanopore when the charge of COF1
membranes was considered. Increasing the percentage of
negative charges (COF1−3q and COF1−6q) results in a
higher number of K+ ions within the COF1 nanopores

reaching values around 0.15 (0.10), 0.68 (0.60), and 1.34
(1.21) K+ ions per nm3 at the center of COF1−0q, COF1−3q,
and COF1−6q membranes for predefined ICR target values of
0.3 (0.15) ions per nm3, respectively, whereas a substantial
decrease in the number of Cl− ions was observed. For
predefined ICR target values of 0.3 (0.15) ions per nm3, the
number of K+ ions in the ITR region also increased with the
increase in the percentage of negative units, reaching values
around 0.29 (0.18), 0.59 (0.39), and 0.66 (0.60) K+ ions per
nm3 at the membrane-solvent interface, respectively. This
shows that the negative potential imposed by the COF1
membranes on the electrolyte ions not only increases
(decreases) the number of K+ (Cl−) ions within the COF

Figure 5. Two-dimensional density maps of (a) top: K+ and (b) middle: Cl− ions, along with their (c) relative densities plotted as a function of
radial distance from the center of each COF pore, averaged over ≈60 ns of SS-NEMD production runs performed for ICR target densities of 0.3
ions/nm3 with (i) left: 0 negative charges per COF1 pore containing only neutral SO3H units; (ii) middle: 3 negative charges per COF1 pore,
containing 3 alternating negatively charged SO3

− and neutral SO3H units; and (iii) right: 6 negative charges per COF pore, containing 6 negatively
charged SO3

− units. Bottom images (c) represent the normalized relative density of K+ and Cl− ions present in the vicinity of -SO3H groups of
COF1 membranes, calculated as a function of radial distance from the center of each COF pore; 0 of the x-axis, represented in Å, therefore
corresponds to the center of COF1 pore, averaged over ≈60 ns of MD production runs with (i) left: COF1−0q layers, (ii) middle: COF1−3q
layers, and (iii) right: COF1−6q layers.
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nanopores but also drags (repels) the K+ (Cl−) ions toward
and through (away from) the COF1 membranes. The number
of K+ ions in the OTR region also increases with membrane
charge, showing that a greater number of K+ ions are leaving
the COF1 membrane.
The pronounced ion density peaks near the membrane-

solvent interface and within the membrane region reflect the
combined influence of the Donnan exclusion eqect and
concentration polarization, which is clearly captured by SS-
NEMD molecular dynamics simulations under an imposed
steady-state concentration gradient. The Donnan eqect,
originating from fixed negative charges inside the COF1
membrane, strongly attracts K+ ions while excluding Cl− ions,
resulting in significant enrichment of K+ ions within the
membrane pores (at approximately 6−9 nm positions, as
shown in Figure 4). This behavior becomes more evident for
COF1 membranes with higher charge states (e.g., COF1−6q),
where sharp increases in K+ ion densities are observed. In
parallel, concentration polarization develops in the inlet
transition region (ITR, approximately 3−5 nm as shown in
Figure 4), where ion accumulation occurs due to the imbalance
between convective transport toward the membrane and
diqusion back into the bulk solution. At higher imposed
concentration gradients (of 0.3 ions/nm3 in the ICR; solid
lines in Figure 4), the driving force for ion migration
intensifies, amplifying K+ accumulation at the inlet interface
and increasing the number of K+ ions within the membrane
pores, leading to more pronounced density peaks. The OCR
(approximately 10−12 nm, as shown in Figure 4) is
maintained at zero ion concentration for both ICR target
values of 0.3 and 0.15 ions/nm3, further reinforcing the
directional flux and enhancing K+ accumulation at the inlet.
Collectively, these conditions produce steep ion density
gradients across the membrane, with peak magnitudes scaling
with both membrane charge and the applied concentration
gradient. Interestingly, the total molar concentration of ions in
the simulation cell (viz concentrations of 0.2 M and 0.4 M) has
very little to no influence on the ion densities in the ITR/OTR
and COF regions, entailing that the variation in ion density at
the membrane-solvent interface (ITR/OTR regions) and
within the COF pores is purely driven by imposed steady-
state concentration gradients (0.15 and 0.3 ions/nm3) between
the feed and permeate sides of the membrane. Also, the
number of K+ and Cl− ions in the ITR/OTR regions and in the
COF pores remains constant throughout the SS-NEMD
simulations, as a function of simulation time. In contrast,
comparing these ion density profiles (obtained using the SS-
NEMD approach) to those obtained from conventional
nonequilibrium “slab-MD” simulations,54 we conclude that
the concentrations of ions in the feed and permeate sides of
the membrane vary with time, implying that a steady-state
concentration gradient cannot be established using this
“conventional” nonequilibrium MD approach, see Section S2
for details. Therefore, we believe that the concentration
gradient-driven ion fluxes/diqusivities and corresponding
transference numbers extracted from conventional nonequili-
brium approach simulations should be considered with
caution.
The 2D density maps (calculated as a function of the z-

coordinate by setting the z-coordinate limits to that of the slab
thickness) as a function of increasing negative charge of COF1
membranes for ICR target values of 0.30 ions/nm3 are
reported in Figure 5; those computed for ICR target values of

0.15 ions/nm3 are reported in Figure S6 and follow a similar
pattern to that of the 1D density plots reported in Figure 4.
Irrespective of the concentration gradients (0.15 and 0.3 ions/
nm3) between the feed and permeate sides of the membrane,
in charged COFs, the K+ ions are highly localized around the
-SO3H units while the Cl− ions remain spatially confined in the
central region of the pores. This eqect is exemplified in the
radial plot of the relative density of K+ and Cl− ions in Figure
5(c). We observe that the K+ ions move closer to the SO3

−

units while the Cl− ions get increasingly confined toward the
center of the COF1 pore when the percentile in negative
charge increases.
The radial density distribution profiles, g(r), give a sharper

picture of the ionic distributions inside the pores, see
Supporting Information Figure S10. The g(r) computed for
K+ ions and COF1 show sharp peaks between 2 Å and 7 Å,
with their intensities increasing with the increase in negative
charge percentage. On the other hand, the g(r) computed for
Cl− ions and COF1 are rather structureless, indicating the lack
of any specific interaction between these two units. Although
g(r) computed for Cl− ions and that of “S” atom of -SO3H
units shows some structure, its g(r) is very small (∼1.5) when
compared to that of K+ ions and the “S” atom of -SO3H units
(∼20). The observation of such a complex structure for K+

ions suggests a strong electrostatic interaction between the
positively charged K+ ions and the negatively charged SO3

−

units. Indeed, as reported in Figure S11, the pair interaction
energies of K+ (Cl−) ions with -SO3H units of the COF1
membranes increase (decrease) with an increase in negative
charge, from around −7 kcal/mol for COF1−0q, to −28 kcal/
mol for COF1−3q, and to −36 kcal/mol for COF1−6q
membranes. These values are almost identical to the pair
interaction energies of K+ ions with the overall COF1
membranes (including all atoms/units of the membranes)
entailing that the interaction is primarily between the K+ ions
and the -SO3H units of these membranes.
Finally, we computed the ion flux and ion transference

numbers (Tr) of K+ and Cl− ions as a function of the
increasing number of negative charges in the nanopores for
steady-state concentration gradients (ICR target values) of
0.15 and 0.3 ions/nm3 between the feed and permeate sides of
the membrane and for total molar concentrations of ions in the
simulation cell of 0.2 M and 0.4 M. As reported in Figure 6, the
flux of K+ ions increases with the percentage increase of
negative charges, whereas that of Cl− ions decreases,
irrespective of the total molar concentration of ions in the
SS-NEMD simulation cell. However, the absolute values of K+

and Cl− ion fluxes depend on the imposed/predefined
concentration gradients (ICR target values) of 0.15 and 0.3
ions/nm3. More specifically, the flux of K+ and Cl− ions in
COF1−0q membranes is almost identical and around 2.3 nm−2

ps−1 and 1.3 nm−2 ps−1 for ICR target densities of 0.15 and 0.3
ions/nm3 respectively, meaning that the functionalized COF1
membranes with no net negative charge in the nanopores do
not show any ion selectivity. As the density of negative charges
is increased to −3q and −6q, the flux of K+ ions increases
substantially, reaching values of around 4.6 (2.9) nm−2 ps−1

and 6.1 (4.5) nm−2 ps−1 for COF1−3q and COF1−6q
membranes, respectively, when the ICR target densities are set
to 0.30 (0.15) ions/nm3. On the contrary, the flux of Cl− ions
drastically decreases with an increase in the percentage of
negative charges, down to values of around 1.3 (0.6) nm−2 ps−1

and 0.8 (0.1) nm−2 ps−1 for COF1−3q and for COF1−6q
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membranes, respectively, when the ICR target densities are set
to 0.30 (0.15) ions/nm3. In line with the increase (decrease) of
K+ (Cl−) ion flux, as a function of the increase in negative
charge of COF1 membranes, the ion transference numbers for
K+ ions also increase with increasing negative charges and are
significantly larger for K+ ions than for Cl− ions (reaching
values of around 0.81 for K+ ions and 0.21 for Cl− ions in
COF1−3q membranes and around 0.90 for K+ ions and 0.15
for Cl− ions in COF1−6q membranes, respectively), see Figure
6 (right images), irrespective of the imposed/predefined
concentration gradients (ICR target values) of 0.15 and 0.3
ions/nm3. However, the transference numbers are slightly
higher, especially for COF1−3q membranes, for simulations
performed at ICR target values of 0.15 ions/nm3, which could
be attributed to reduced concentration polarization at lower
concentration gradients as seen from Figure 4. Similar trends
were also observed when the ion diqusion coeScients and the
corresponding transference numbers were extracted, see Figure
S12 for details. This suggests that a mere functionalization of
the COF-DT membranes to contain propanesulfonic acid is
not enough to ensure selective permeation of K+ vs Cl− ions
and that the presence of negatively charged SO3

− groups
within the COF1 nanopores is vital to ensure ion selectivity,
emphasizing the need for controlled/selective deprotonation of
SO3H units to generate SO3

− sites under variable experimental
conditions.
Furthermore, combining the faster permeation (ion fluxes

and MSDs) of cations through negatively charged COF1
membranes together with the analysis of MD trajectories and
the 2D density plots, as reported in Figure 5 (where the K+

ions traverse closer to the SO3
− units while the Cl− ions are

confined toward the center of the COF pore), it can be
inferred that the transport/permeation mechanism of positive
(K+) ions in charged/functional COF membranes follows a

“Grotthuss-like” mechanism around the charged -SO3H units
while that of the negative (Cl−) ions involves a “vehicular”
transport, traversing around the center of COF pores.
3.2. Ion Permeation through Functionalized Charged COF
Membranes: On the EAect of Glycolated Chains

Having assessed the transport of ions in COF1 membranes
with COF pores decorated by propane-sulfonic acid groups, we
now focus on the role of the oligo(n)-ethylene glycol linkers; n
= 2 and 3, aka COF2 and COF3, respectively, in modulating
the ion flux and ion transference numbers. To this end, we
compare the results of COF2 and COF3 membranes with
respect to those obtained for COF1 (analyzed in terms of the
ion density plots, radial distribution functions, and the ion
flux/transference numbers extracted from the SS-NEMD
simulations performed for imposed/predefined steady-state
concentration gradients (ICR target values) of 0.15 and 0.3
ions/nm3). For simulations with COF2 and COF3 mem-
branes, the total molar concentration of ions was set at 0.4 M,
as no significant diqerence was observed between the
simulation results obtained with 0.4 and 0.2 M simulations
performed on COF1 membranes, as reported in the previous
section.
From the 1D ion density plots of COF2 and COF3

membranes, as reported in Figure 7, it can be noticed that the
target concentration in ICR reaches the predefined values of
0.15 and 0.3 ions per nm3 while that in the OCR remains very
close to the predefined value of 0 ions per nm3, for both K+

and Cl− ions, similar to what was observed for COF1
membranes (see Figure 4 for reference). Also, the 1D profile of
K+ and Cl− ions in COF2 membranes resembles that of COF1
membranes to a large extent (see Figure 4 for comparison).
Only a small decrease in the ion density of K+ ions within the
COF2 membranes (1.2 ions/nm3 as against 1.34 ions/nm3 for
−6q charge in COF1) and a small increase in the ion density of
K+ ions within the ITR regions of COF2 membranes (0.72
ions/nm3 as against 0.66 ions/nm3 for −6q charge in COF1)
could be observed; both of which could be attributed to the
decrease in pore size/volume of COF2 when compared to
COF1 and the presence of glycolated chains in COF2
electrostatically attracting K+ ions, respectively. However,
significant changes could be observed when the 1D profiles
of K+ ions in COF3 membranes are compared to that of COF1
membranes.
More specifically, the density of K+ ions within the COF3

membranes reaches only a value of around 1.0 ions/nm3

(against 1.34 ions/nm3 for −6q charge in COF1), which
could be attributed to the decrease in pore size of COF3 (due
to the oligo(3)-ethylene glycol linkers) when compared to that
of COF1. But a significant increase in the ion density of K+

ions within the ITR regions of COF3 membranes was
observed (0.9 ions/nm3 against 0.66 ions/nm3 for −6q charge
in COF1), meaning that the combined influence of the
Donnan exclusion eqect and concentration polarization
becomes dominant in these membranes. Indeed, the pair
interaction energies of K+ ions with -SO3H units of the COF3
membranes remain similar to that of COF1 membranes, with
values of approximately −8 kcal/mol for COF3−0q, to −29
kcal/mol for COF3−3q, and to −35 kcal/mol for COF3−6q
membranes, against −7 kcal/mol for COF1−0q, to −28 kcal/
mol for COF1−3q, and to −36 kcal/mol for COF1−6q
membranes. But the pair interaction energies of K+ ions with
the overall COF3 membranes (including all atoms/units of the

Figure 6. Variation of K+ and Cl− ion fluxes (left) and corresponding
transference numbers (right) as a function of negative charges within
the nanoporous domains of COF1 membranes, extracted from over
≈60 ns of SS-NEMD simulations for ICR target ion concentrations
(or concentration gradients between feed and permeate sides) of (i)
top: 0.30 per nm3 (circles and squares) and (ii) bottom: 0.15 per nm3

(diamonds and hexagons), with the total molar concentration of ions
in the simulation cell set to 0.2 M and 0.4 M. Lines are guides to the
eye.
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membranes) increased to around −16 kcal/mol for COF3−0q,
to −38 kcal/mol for COF3−3q, and to −49 kcal/mol for
COF3−6q membranes, respectively, see Table 1 for details. In
comparison, the pair interaction energies of K+ ions with the
overall COF2 membranes (including all atoms/units of the
membranes) are around −12 kcal/mol for COF2−0q, −35
kcal/mol for COF2−3q, and −42 kcal/mol for COF2−6q

membranes. This increase in pair interaction energies between
K+ ions and COF2/COF3 membranes indicates that the oligo-
ethylene glycol linkers of COF2 and COF3 membranes impose
an additional electrostatic attraction on the positively charged
K+ ions, enhancing the combined influence of the Donnan
exclusion eqect and concentration polarization eqect, as
observed by the increase in ion densities at the membrane-

Figure 7. Concentration profiles (1D ion number-density) plots of (i) top: COF2 and (ii) bottom: COF3 for (a) left: K+ and (b) right: Cl− ions, as
a function of the SS-NEMD simulation box length along the “z” coordinate (represented by the x-axis of the plots) and averaged over ≈60 ns of SS-
NEMD production runs for ICR target ion concentrations of 0.15 per nm3 (dashed lines) and 0.30 per nm3 (solid lines) under the total molar
concentration of ions in the simulation cell of 0.4 M. The regions between the green dotted lines represent the ICR (centered at ≈4 nm) and OCR
(centered at ≈11 nm) regions, respectively. The regions between the dotted cyan lines (centered at ≈7.5 nm) represent the COF membrane.

Table 1. Average Pair Interaction Energies, in kcal/mol, of K+ and Cl− Ions with Only the -SO3H Units of the COF
Membranes (Referred to as COFSO3(H) in the Table) and with the Overall COF Membranes Including All the Atoms/Units of
Constituting the Membranes (Referred to as COFTotal in the Table), Normalized, Respectively, with the Total Number of K
+/Cl− Ions Present in the Vicinity of the COF Membranes (i.e., Thickness of the Membrane with a Tolerance of 5 Å, to
Include Boundary EIects, if Any)

COF1 COF2 COF3

Ion/COF type and COF Charge COFSO3(H) COFTotal COFSO3(H) COFTotal COFSO3(H) COFTotal
K+; COF−0q −7 ± 1 −5 ± 1 −8 ± 1 −12 ± 1 −8 ± 1 −16 ± 1
K+; COF−3q −28 ± 2 −25 ± 2 −29 ± 2 −35 ± 2 −29 ± 2 −38 ± 2
K+; COF−6q −36 ± 2 −33 ± 2 −35 ± 2 −42 ±2 −36 ± 2 −49 ± 2
Cl−; COF−0q +0.32 −0.90 +0.35 +1.66 +0.35 +1.46
Cl−; COF−3q +0.26 +0.02 +0.36 +2.41 +0.33 +2.01
Cl−; COF−6q +0.32 +0.15 +0.34 +2.96 +0.34 +2.92
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solvent interface of the ITR region (Figure 7). However, as the
number of atoms increases from COF1 to COF3 and given the
relative variations in the total number of K+ and Cl− ions in the
vicinity of COF membranestogether with variations in the
size of COF poresthe interaction energies between the ions
and COFTotal, as reported in Table 1, are to be taken with
caution.
In comparison, the 2D density maps for both K+ and Cl−

ions in COF2 and COF3 membranes, averaged over 60 ns of
production runs, reported in Figure 8, reveal that the K+ ions
are localized around the -SO3H units, whose concentration
increases with the negative charge of COF2/COF3 mem-
branes. By comparison, the Cl− ions remain spatially confined
in the center of the nanopores, a behavior that is reminiscent to
what was observed in COF1. Small diqerences can be reported,
however. The K+ ions are spatially localized within the COF2
pores, concentrated mainly around the -SO3H units, whereas
in COF3 pores, they appear to be partly delocalized. This
eqect can be attributed to the flexible and mobile nature of 3-
ethylene glycol chains in water and also to the additional
electrostatic interaction between the glycol chains and the K+

ions, as reported above. This spatial confinement of Cl− ions at
the center of the pores increases with the increase in negative
charges per COF pore and with the increase in the length of
ethylene glycol chains, which could be attributed, in part, to
the reduction of solvent-accessible area within the COF pores
due to extended chain lengths. Careful examination of Figures
7 and 8 also suggests that the K+ ions (concentrated around
the -SO3H units of the COF membranes) tend to shield the
Cl− ions from the pore edges, which are consequently pushed
toward the center of the pore.
Radial density distribution profiles, g(r), between the K+

ions and COF2/COF3 membranes show peaks that extend
between 7 Å and 10 Å in addition to the sharp peaks between 2
Å and 7 Å observed in COF1 membranes, the intensities of
which also increase with the increase in negative charges per
COF pore, see Supporting Information Figures S13 and S14
for details. This structure further asserts that there is indeed a
strong interaction not only between the positively charged K+

ions and the negatively charged SO3
− units but also, quite

expectedly, between K+ ions and the oxygen atoms of the
glycolated chains. On the contrary, radial density distribution
profiles between the Cl− ions and COF2/COF3 membranes

are rather structureless, suggesting the lack of any specific
interaction between the two units.
Conclusively, we analyzed the ion flux and ion transference

numbers (Tr) of K+ and Cl− ions as a function of the
percentage of negative charges in the nanopores for the COF2
and COF3 membranes to have a quantitative comparison on
the role of sulfonic acid-terminated oligo(n)-ethylene glycol
groups in modulating the ion flux and/or ion selectivity with
respect to the COF1 membranes. Similar trends were observed
for COF1, COF2, and COF3 membranes, i.e., the ion flux of
K+ (Cl−) ions increases (decreases) with the increase in
negative charges, as reported in Figure 9.
However, we observe that while the flux of K+ ions is only

marginally lowered in COF2 and COF3 membranes when
compared to that of the COF1 membranes, the flux of Cl− ions
is reduced considerably (by around 50%, see Figure 6 for
comparison). Such a decrease of ion flux in COF2 and COF3
membranes can partly be attributed to the reduction of
eqective pore size in COF2/COF3 membranes, with the
eqective surface area (solvent-accessible volume) of COF
pores decreasing by around 3.8% in COF2 and by around
12.4% in COF3, in comparison to COF1, with respective
values of 31.32 nm2 (80.81 nm3), 30.31 nm2 (77.75 nm3) and
27.45 nm2 (70.81 nm3) for COF1, COF2, and COF3
membranes. In addition, the marginal decrease of K+ ion flux
in COF2 and COF3 membranes can also be partly attributed
to the (i) spatial confinement of K+ ions in the nanoporous
domains and (ii) a resultant increase in K+ ion concentration
locally, as seen from Figure 8. The decrease of Cl− ion flux, on
the other hand, can also be attributed to the reduced number
of Cl− ions present within the nanoporous domains of COF2
and COF3 membranes when compared to that of the COF1
membrane, endorsed by the presence of oxygen atoms on the
glycolated chains that repel the negatively charged ions.
Indeed, the number of Cl− ions present within the COF3−6q
(COF2−6q) nanopores decreases substantially by around 57%
(34%) when compared to COF1−6q. Altogether, the ion
transference numbers of K+ (Cl−) ions in COF2/COF3
membranes are higher (lower) when compared to the COF1,
meaning that the functionalization of COF-DT membranes
with oligo(n)-ethylene glycol chains increases the ion
selectivity of the respective membranes despite the decrease
in eqective surface area and solvent-accessible volume of

Figure 8. Two-dimensional density maps of (a) COF2 and (b) COF3 membranes averaged over ≈60 ns of NEMD production runs performed
using K+ as counterions passivating the negative charges. Top and bottom images correspond to the density maps of K+ and Cl− ions for (i) left: 0
negative charges per COF2/COF3 pore containing only neutral SO3H units (0q), (ii) middle: 3 negative charges per COF2/COF3 pore,
containing 3 alternating negatively charged SO3

− and neutral SO3H units (−3q), and (iii) right: 6 negative charges per COF2/COF3 pore,
containing 6 negatively charged SO3

− units (−6q).
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COF2 and COF3 pores. More specifically, for a concentration
gradient of 0.3 ions/nm3 (ICR target value), the ion
transference numbers of K+ ions increase while that of Cl−
ions decrease with the increase in the number of negative
charges of COF2 and COF3 membranes with corresponding
values of 0.95 and 0.10 in COF2−6q membranes and 0.99 and
0.06 in COF3−6q, respectively (higher than the 0.90 and 0.15
values for K+ and Cl− ions obtained in the COF1−6q
membrane). When the concentration gradient is reduced from
0.3 ions/nm3 to 0.15 ions/nm3 (ICR target value), these values
for K+ (Cl−) ions become even larger (smaller), reaching
approximately 0.99 (0.1) and 0.99 (0.04) for COF2−6q and
COF3−6q membranes, respectively, against 0.92 and 0.10
values for K+ and Cl− ions obtained in the COF1−6q
membrane. Similar trends were also observed when the ion
diqusion coeScients and the corresponding transference

numbers were extracted, see Figures S15 and S16 for details.
This increase in transference number and therefore the
increase in ion permselectivity at reduced concentration
gradients (smaller ICR target values) can be attributed to
reduced concentration polarization at the membrane-solvent
interface in the ITR region, as can clearly be seen from Figure
7, enabling faster permeation of ions through the membrane.
Interestingly, the transference numbers of COF2 and COF3
are very similar for COF−3q (partially charged) and COF−6q
membranes (fully charged), reaching around 99% eSciency in
cation selectivity even for partially charged systems (COF2−3q
and COF3−3q) which was not the case for COF1 membranes,
where the eSciency reaches only around 80% for COF1−3q
and around 90% for COF1−6q.
Therefore, functionalizing COF-DT membranes to contain

oligo(n)-ethylene glycol chains not only facilitates a way to
tune the eqective pore size of COF membranes but also
provides a way to improve/modulate their ion selectivity ratios
when compared to the alkyl functionalization. However, as
exemplified in the previous sections, a mere functionalization
of the COF membranes to contain either propanesulfonic acid
or sulfonic acid-terminated oligo(n)-ethylene glycols is not
enough to ensure K+ over Cl− ion permselectivity, as all the
neutral COF−0q variants studied in this work show no specific
ion selectivity. Only the presence of negatively charged SO3

−

groups within the COF-DT nanopores, attained possibly via
the tuning of SO3H deprotonation under variable/selective
experimental conditions, can ensure cation selectivity, thus
enabling the negatively charged COFs as ion permselective
membranes and as active membranes for osmotic energy
harvesting.

4. CONCLUSIONS
Ion permeation in functionalized and negatively charged COF
membranes decorated to contain either propanesulfonic acid
or sulfonic acid-terminated oligo(n)-ethylene glycol chains, n =
2 and 3, was studied as a function of the degree of (percentage
of) negatively charged groups decorating the COF membranes.
State-of-the-art “steady-state” nonequilibrium molecular dy-
namics (SS-NEMD) simulations were employed to accurately
and realistically model the concentration-driven ion perme-
ation process in a finite array of COF layers, and the results
were analyzed in terms of ion diqusivity, ion flux, and ion
transference numbers. We demonstrate that the cation (anion)
permeation in a finite array of COF membranes increases
(decreases) with the degree of charged groups decorating the
COF membranes. We further show that the COF membranes
decorated with charged oligo(n)-ethylene glycol chains lead to
enhanced ion selectivity ratios compared to the COF
membranes with alkylated chains, reaching ion permselectivity
eSciencies of around 99%. Remarkably, this enhancement
occurs despite a noticeable decrease in the eqective surface
area of COF nanoporous domains, endorsed by the glycol-
oxygen atoms that attract (repel) and drive the cations
(anions) through (away-from) the COF membranes. Func-
tionalizing COF-DT membranes to contain oligo(n)-ethylene
glycol chains terminated with acidic functional groups such as
sulfonic acid, phosphonic acid, or carboxylic acid can thus
provide a unique way to not only modulate the eqective pore
size of the COF membranes but also to tune the degree of
charged groups (charge density) in COF nanoporous domains,
both of which can further enhance the ion selectivity ratios of
resultant COF variants to be used as ion permselective

Figure 9. Variation of K+ (purple) and Cl− (green) ion fluxes and ion
transference numbers in (a) top: COF2 and (b) bottom: COF3
membranes as a function of negative charges within the nanoporous
domains, extracted from over ≈60 ns of SS-NEMD production runs
for ICR target ion concentrations (or concentration gradients
between feed and permeate sides) of (i) top: 0.30 per nm3 (circles)
and (ii) bottom: 0.15 per nm3 (diamonds), with the total molar
concentration of ions in the simulation cell set to 0.4 M. Lines are
guides to the eye.
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membranes and/or in osmotic/blue energy generators.
Although only relatively thin (six-layer) COF membranes
were considered in this work due to computational constraints,
we anticipate that increasing the membrane thickness would
further modulate K+ and Cl− ion diqusion through enhanced
confinement eqects and transport resistance, potentially
altering ionic permeability and selectivity. This aspect warrants
systematic investigation in future studies, particularly in the
context of commercially relevant ion-exchange membranes
such as Nafion and Sustainion, which typically exhibit
thicknesses on the order of 150−300 μm.
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