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The anion exchange membrane (AEM) is a main component for AEM fuel cells. Recently, a series of
electrolytes based on covalent organic frameworks (COFs) functionalized with quaternary ammonium
(QA) of showed extraordinary ionic conductivities thanks to the intrinsic porosity of the COF structures,
which also provide a robust backbone for good mechanical strength. However, the chemical stability of
the COF-based AEMs in alkaline conditions is yet to be understood. Here we systematically investigate
the chemical degradation of the COF-based structures tethered with alkyl spacers by combining
molecular dynamics (MD) simulations and density functional theory (DFT) calculations. We find that the

water environment protects the cationic groups from chemical degradation in terms of both physical
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Accepted 16th June 2022 and chemical effects, which play a synergistic role. Moreover, we introduce the effective density of water

as an order parameter to quantitatively characterize the level of degradation of the COF-based systems
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Polymer electrolyte fuel cells, also known as ion exchange
membrane fuel cells, are a promising technology for efficient
energy conversion from chemical to electrical energy."* The
anion exchange membrane fuel cells (AEMFC) attract tremen-
dous attention for their high pH operating conditions, which
could avoid cathode flooding and catalyst corrosion, and be low-
cost electrodes.>* The anion exchange membrane (AEM) is
constituted by polymers functionalized with cationic groups,
which are used to conduct the anions from one electrode to
another in terms of vehicular (standard diffusion) and Grot-
thuss (proton hopping) mechanisms.” Though hydroxide
anions has relatively lower diffusivity than protons in water,
AEMs with comparable ionic conductivities with that of the
proton exchange membranes have been fabricated by engi-
neering the cationic groups, including the quaternary ammo-
nium (QA),* guanidinium,” phosphonium,® pyridinium,®
imidazolium,' morpholinium,” multi-cation side chains."
Researchers have also introduced microphase segregation in
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AEMs to build highways for anion transport, such as the cross-
linked AEMs™™ and pore-filled AEMs.'*" In particular, the
cross-linking could improve the mechanical strength of the
AEM to depress water swelling, which is particularly beneficial
to the mechanical processability in the fuel cells.

Recently, a series of AEMs based on Covalent Organic
Frameworks (COFs) tethered with QA cationic groups have been
proposed and synthesized,"® which have several advantages
thanks to the structure. On one hand, the high porosity of the
COF structure provides channels for the ion transport. On the
other hand, the structure supported by the stable covalent
bonds act as a robust framework to prevent the mechanical
swelling, which have been a pain point for traditional AEMs.*®
Moreover, the organic backbone units offer variable joint for the
functional side chains with cationic groups to bind. As a result,
the COF-based AEMs exhibits remarkable hydroxide conduc-
tivities up to 212 mS em ™" at 80 °C, which is one of the highest
among the AEMs reported so far.'* To fabricate COF with
functional side chains, QA-functionalized hydrazide are initially
synthesis with corresponding side chains. Then COF
membranes could be prepared with QA-functionalized hydra-
zide and 1,3,5-triformylbenzene building units via phase-
transfer polymerization process.*®

Besides the ionic conductivity, the chemical stability is
another critical point, which determines the lifetime of the
AEMSs.”*** Unfortunately, the quaternary ammonium (QA)
cationic functional groups of the AEM may react with the
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hydroxide anions under high pH condition, which leads to
a detrimental degradation of the performance and reduced
lifetime of the membrane. Three possible degradation routes
have been proposed in the previous works,”?* including the
loss of the entire cationic group, the demethylation and the
backbone degradation. The former has been observed in
simulations with the ReaxFF force field, which was specifically
developed by van Duin et. al. for AEMs.>*** The density func-
tional theory (DFT) calculations also provide insights into the
reactions mostly by characterizing the change of energy of those
reactions from first principles, which has been used to study the
degradation of cationic functional groups including imidazo-
lium, pyrrolidinium, phenyltrimethylammonium and so on.>*3>
It has been shown that the chemical degradation of the AEMs
could be substantially influenced by the water environment.**
Thanks to the rigid framework of the COF structure, the COF-
based AEMs can achieve high water uptake with relatively low
swelling, which in principle facilitates a better chemical
stability. However, the chemical degradation of the COF-based
membranes has not yet been theoretically studied, especially
for the novel outstanding COF-QA structure. Quantifying the
effect of water environment on the chemical degradation and
understanding the interplay between them will definitely facil-
itate the future design of the COF-based AEMs. To this end, we
systematically investigate the chemical degradation of the COF-
QA structures by combining the molecular dynamics (MD)
simulations and DFT calculations. We find that the water
environment protects the cationic groups from chemical
degradation in terms of both physical and chemical effects,
which play the role synergistically. Moreover, we introduce the
effective density of water as an order parameter to quantitatively
characterize the level of degradation of the COF systems.

Two COF structures, COF-QA-2 and COF-QA-6, are built
based on the experimental data provided in the reference work,
as shown in Fig. 1.1® The former has a -(CH,),-N(CHj;);" side
chain binding on the backbone, while the latter tethers a side
chain of -(CH,)s-N(CHj;);". For each structure, a supercell of 8
COF layers is constructed with 24 OH™ ions in total (Fig. 1). The
degradation of the COF structure as a function of time are
simulated by using MD simulations with ReaxFF, while the
degradation energy of the side chains is obtained with the DFT
calculations (computational details in ESIY).

Fig. 1 The structures of COF-QA-2 (a) and COF-QA-6 (b). Colour
scheme: C (grey), O (red), H (white) and N (blue).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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The overall chemical degradation of the COF-QA-2 and COF-
QA-6 structures are characterized at the same operating condi-
tion in terms of water fugacity. The water uptakes of the two
COF structures are determined with Grand canonical Monte
Carlo (GCMC) simulations at water fugacity of 101 kPa. After
equilibration, the COF-QA-2 and COF-QA-6 accommodate 440
and 479 water molecules, respectively. Then, the force field is
switched to ReaxFF to allow the chemical reaction to occur, in
which the residual numbers of hydroxide ions as functions of
time (Fig. 2) are collected. The reduction profile of the hydroxide
ions reveals the levels of degradation of the quaternary
ammonium in the COF-QA-2 and COF-QA-6 systems. After 800
ps simulation, the average numbers of OH™ residues reach
plateaus at 9.25 and 7.32 for QA-2 and QA-6, respectively, which
are computed from averaging the last 200 ps simulation. Similar
with the previous degradation research on AEM,*** no back-
bone degradation has been sampled with ReaxFF simulations
on these two models. Fig. 2 suggests that the COF-QA-2 with
ethyl side chains has the better degradation resistance than the
COF-QA-6 with hexyl chains at the operating condition with the
water fugacity. It is worth mentioning that, in experiments,
COF-QA-2 membrane presents higher ionic conductivity than
COF-QA-6, as well.*® We then try to understand the difference in
chemical stability of those COF-based membranes through DFT
calculation.

There generally two possible reaction routes for the degra-
dation of the side chains, the loss of the entire cationic group
and the demethylation, which are described in (1) and (2),
respectively:

“R-N(CH3);* + OH™ — —R-OH + N(CH;); (1)
7R7N(CH3)3+ +OH™ — 7R7N(CH3)2 + CH3OH [2)

The energy differences for the two reactions, without water
molecules around, are obtained from the DFT calculations
(Fig. 3). In this work, we focus on the level of degradation after
long relaxation time. And the level of degradation is determined

25 —— QA-2| 440 H20
——QA-6 | 479 H20

Number of OH™

400 600 800

Time / ps

0 200

Fig. 2 Time dependence of the residual number of OH™ in the COF-
QA-2 and COF-QA-6 systems with 440 and 479 water molecules,
respectively. The numbers of water molecules are determined from
the GCMC simulations in advance.
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Fig. 3 Relative Gibbs free energy difference of the chemical degradation on COF-QA-2 (up) and COF-QA-6 (down) with different numbers of
surrounding water molecules, with the loss of the entire cationic group route directed by green arrow and the demethylation route by yellow.

the thermodynamics of the reaction. Relatively, the energy
barrier mainly affects the degradation rate. Therefore, we have
calculated the Gibbs free energy changes for the degradation
reactions. The changes of the energy for reaction path (1) and (2)
are —2.26 eV and —1.89 eV for COF-QA-2, respectively, and
—2.11 eV and —1.75 eV for COF-QA-6, respectively. This indi-
cates that the degradation prefers route (1) rather than route (2)
for both the COF-QA-2 and COF-QA-6 structures. Moreover, the
degradation energy of route (1) for the two structures are quite
similar (—2.26 eV vs. —2.11 eV), which implies that the number
of carbons on the side chain has little impact on the chemical
stability of the system.

When water molecules are present around the OH™ moieties,
the energy difference before and after the degradation for both
route (1) and (2) become less negative (Fig. 3). Taking the fav-
oured route (1) as the example for discussion, the energy
difference for the degradation of QA-2 are —2.26, —1.86, —1.49,
and —1.19 with zero, one, two, and three water molecules
around, respectively, which becomes less negative with increase
of the number of water molecules. For QA-6, the energy differ-
ences are —2.11, —1.70. —1.35 and —1.07 eV, respectively, when
zero to three water molecules are around, which shows similar
trend as in QA-2. Note that the different initial configurations
have been tested (see ESIT), the different energy result are very
similar and would not affect the energy variation trend with the
increasing of water molecules around. Considering that the first
coordination shell of water molecules around the N atom of the
quaternary ammonium is about 23, it is impossible to model all
water molecules in the first coordination shell. To further exam
the trend of energy change with increasing water molecules
around, we test the reaction route (1) for QA-2 models with 4
and 5 water molecules around, and find that the energy differ-
ence follows the trend of becoming less negative (see ESIt). The
result agrees well with the previous work on a different side

19242 | RSC Adv,, 2022, 12, 19240-19245

chain of trimethylbenzyl ammonium bromide, which also
suggests that the energy difference become less negative with
adding water molecules around.** The less negative energy
difference for the reaction because of water molecules pre-
senting around makes the chemical degradation less likely to
happen. To understand the origin of the change of degradation
energy, we calculate the Mulliken charge distribution of OH™
with/without water molecules around, as shown in Table 1. We
find that the more surrounding water molecules around the
OH ™ moiety, the less negative the OH™ charge distribution is.
This is because the negative charge transfers from OH ™ to water
molecules when forming hydrogen bonds between them,
making the less negative OH™ moiety harder to react with the
side chains.

Besides the abovementioned protection in terms of reaction
energies, the water may provide protection for the cationic
groups from a physical perspective, as found in the traditional
AEMs.»*243331 To study how that takes effect in the COF struc-
ture, we perform MD simulations on the COF-QA-2 model.
Radial distribution function (RDF) for quantitatively analysing
the number of water molecules around the OH- has been con-
ducted in previous works.**** For instance, Chen et. al. per-
formed RDF analysis with quaternary ammonium
functionalized Poly (ether ether ketone) to study the alkaline

Table 1 Mulliken charge of OH™ moity in models with different
number of surrounding waters

Models OH™ charge
QA2-OH —0.6355
QA2-OH-H,O —0.6072
QA2-OH-2H,0 —0.5890
QA2-OH-3H,0 —0.5575

© 2022 The Author(s). Published by the Royal Society of Chemistry
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stability of single quaternary and gemini quaternary
membranes. The radial distribution functions (RDFs) between
the hydroxide and -N(CH;);" moieties (Fig. 4) clearly indicate
that the hydroxide ions get farther away from the ammonium as
increasing the water molecules in the COF cavity. As a result, the
degradation of the side chains of the COF could be inhibited by
preventing the OH™~ from approaching the -N(CH;);", which
superimposes a physical effect to the protection of the cations
in addition to making the reaction energy difference of degra-
dation less negative.

To quantitatively characterize the degradation process, we
perform ReaxFF MD simulations and monitor the variation of
number of OH™ residues when different number of water
molecules are filled in the cavity. The initial number of OH™
residues is approximately 24; after 800 ps, the numbers of OH™
residues in COF-QA-2 reduce to plateaus at 0.15, 1.06, 2.22, 6.04
and 9.25, averaged over the last 200 ps, for the structures filled
with water molecules of 0, 90, 180, 360 and 440, respectively
(Fig. S1at). A similar trend can be seen in COF-QA-6, with OH ™
residual numbers of 0.11, 0.88, 1.65, 4.43 and 7.32 in the models
containing 0, 96, 192, 384 and 479 water molecules, respectively
(Fig. S1bt). The increase of OH™ residual with increasing
number of filled water molecules evidences the important role
of water environment in protecting the COF membranes from
chemical degradation. The water environment is usually
described by the hydration level A, defined as the number of
water molecules divided by the number of cationic ions.**?*
Fig. 5a shows the degradation of COF-QA-2 and COF-QA-6
structures as functions of A. It can be seen that the number of
OH" residues in the COF-QA-2 system is systematically higher
than that in the COF-QA-6 one at each A. To obtain a deeper
insight into the role of water environment, we define effective
number density of water, oS which is calculated as the
hydration level A normalized by the effective volume of the void
in the COF structure. The void is estimated by multiplying the
total volume of the COF model with the void ratio derived from
the probability density of an helium probe inside the cavity,
which is implemented in the iRASPA program.*® We find that
the degree of degradation, characterized by the number of OH™

RDF/ a.u.

Distance / A

Fig. 4 Radial distribution functions (RDFs) of the oxygens of (OH")
around the nitrogens of (-N(CHz)3") in the COF-QA-2 system with
different number of surrounding water molecules.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 The residual number of OH™ after equilibration of the degra-
dation reaction, as functions of the hydration level A (a) and effective
number density of water 2 (b) in the COF-QA-2, COF-QA-4 and
COF-QA-6 systems (bars denote the standard deviation, which are too
small to be clearly seen).

residues, degenerate into a single curve as a function of
p (Fig. 5b). This suggests that p<, instead of 1, is the order
parameter to quantitatively evaluate the chemical stability of
the COF-based AEMs with the similar design of architectures. As
a further example, the data points of the COF-QA-4 systems also
fall into the same characteristics of the COF-QA-2 and COF-QA-6
systems, as shown in Fig. 5b. It is worth mentioning that the
energy difference for the degradation reactions calculated from
DFT also coincides with each other in between the COF-QA-2,
COF-QA-4 (see ESIT) and COF-QA-6 systems. Interestingly, we
note that the number of OH™ residue is continuously growing
with increasing water without evidence of approaching satura-
tion until at the point where A approaches the coordination
number of water around the cations. This indicates that the
kinetic effects of water environment on the chemical degrada-
tion may play an important role, which is not considered in this
work but could be a future interest.

As a brief verification of the order parameter oS we take the
COF-QA-6 filled with 479 water molecules in the void as
a reference for the p& | which corresponds to the water uptake
of COF-QA-6 derived from the GCMC simulations (Fig. 2), and
build a COF-QA-2 structure filled with 396 water molecules. In
this case, the p in the two systems would exactly be the same,
1.626 per nm? (see ESIY for detailed conversion of p<). Then we
perform MD simulations with the ReaxFF and find that the

RSC Adv, 2022, 12,19240-19245 | 19243
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number of OH™ residues converge almost to the same value,
7.05 vs. 7.32 (Fig. S27), irrespective of the different structures of
the two COFs. This demonstrates the robustness of the order
parameter as an intuitive parameter to evaluate the chemical
stability of the COF-based AEMs with similar design of archi-
tectures, and emphasizes the importance of water environment
to the stability of the performance of the membranes.

In summary, by combining the MD simulations and DFT
calculations, we find that a synergistic physical and chemical
protection by the surrounding water environment inhibits the
chemical degradation of the side chains of the COF-based
AEMs. The MD simulations indicate that the water could
prevent the OH™ from physically approaching the side chains,
while the DFT calculations reveal that increasing the
surrounding water could make the energy difference of the
degradation reaction less negative, which originates from the
formation of H-bonds between OH™~ and water that turns the
OH"™ charge less negative and thus the harder occurrence of
electrophile-nucleophile neutralization. Moreover, we find that
the effective density of water could be an order parameter to
quantitatively characterize the level of degradation of the series
of COF-based systems. Though a complete understanding of the
degradation mechanism requires consideration of the kinetic
effect of the reaction, the presented study provides a guidance
for the quantitative estimation of the chemical stability of the
COF-based anion exchange membranes with the similar archi-
tecture with ease.
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