Open Access Article. Published on 07 October 2025. Downloaded on 12/24/2025 3:22:09 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials
Advances

W) Check for updates ‘

Cite this: Mater. Adv., 2025,
6, 8063

Received 8th July 2025,
Accepted 22nd September 2025

DOI: 10.1039/d5ma00722d

¥ ROYAL SOCIETY
PP OF CHEMISTRY

Dual molecular interaction-triggered stable
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Two covalent organic frameworks (COFs), TZ-COF and TP-COF, were synthesized from triformyl-
phloroglucinol (Tp) building blocks by varying the heteroatom-embedded linkers with either pyridine or
triazine rings, and then characterized systematically. Pyridine scaffolds present in TP-COF act as an
active site for binding an external proton source (i.e., HzPOy4; PA) via hydrogen bonding interaction to
accommodate them within the pores of the COF skeleton. The density functional theory calculation
revealed a synergistic ionic hydrogen bonding interaction between PA and pyridinic nitrogen/carbonyl
oxygen. This interaction leads to a dense amount of phosphoric acid tightly bound along the 1D pore
channels in PA@QTP-COF (PA-doped TP-COF), as compared to PA@QTZ-COF (PA-doped TZ-COF), which
has hydrogen bonding between PA and carbonyl oxygen groups. As a result, the proton conductivity of
PA@TP-COF is enhanced up to 7.9 x 1072 S cm™ under anhydrous conditions at 140 °C. Furthermore,
the proton conductivity increases to 1.2 x 1072 S cm™! under humidified conditions (80 °C and 95%
RH), and its initial proton conductivity is complemented to 1.8 x 1072 S cm™! after 96 h under
prolonged exposure to the same temperature and humidity. The confined hydrated hydrogen bonds
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1. Introduction

Proton conduction is a ubiquitous phenomenon responsible
for the function of energy conversion and storage devices like
fuel cells and flow batteries."™ The convenient utilization of
hydrogen energy into electrical energy in proton exchange
membrane (PEM) fuel cells has received immense attention
in the last few decades. The core component of PEM fuel cells is
the proton conducting material. Many polymers, including
Nafion and Flemion, were investigated to demonstrate high
proton conduction. However, limited operating temperature
(0-80 °C), poor stability, and high cost of synthesis restrict
their further development. Additionally, the amorphous nature
of such polymers leads to difficulty in controlling the pore
environment and precise molecular structure, which hampers
further understanding of the proton conducting mechanism.>”’
Alternatively, crystalline polymers with a precise molecular
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account for the action of the newly formed proton pathway in the 1D channels.

structure exhibiting proton conductivity under harsh condi-
tions (high temperature and low humidity) are indispensable to
overcome the constraints of conventional polymers.

Covalent organic frameworks (COFs) are a distinct class
of organic crystalline porous materials exhibiting excellent
material characteristics, such as high surface area, tunable
pore size, structural periodicity, and high thermal and chemical
stability.*** They are fashioned through strong covalent bond
knitting. Pre-designed organic building blocks and tailorable
linkers could afford attractive properties in COFs, which make
them valuable in a wide range of applications such as gas
storage, catalysis, sensors, light harvesting, and proton con-
ductors in fuel cells.”*™® Artificial generation of ion channels
that facilitate the proton transfer has garnered significant
interest for accelerating proton conduction and promoting
power output. COFs provide such 1D channels that enable
smooth proton migration. For instance, COFs constructed with
building blocks containing functional groups having reversibly
dissociable protons exhibit intrinsic proton conduction.™®™*
However, the magnitude of proton conduction in such a system
is inferior to achieving practical application in proton exchange
membranes. On the other hand, external proton sources such
as imidazole, phosphoric acid, phytic acid, etc., are doped into
the pore channels of the COF to secure a reliable and sufficient
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magnitude of proton conduction.>””** In particular, the effec-
tive hydrogen bonding interaction between the external proton
source and the heteroatom present in the COF skeleton results
in confinement of such proton carriers, which provides
enhanced proton conductivity and prevents acid leakage owing
to tightly bound phosphoric acid.>®*” Here, proton conduction
follows either the Grotthuss (<0.4 eV) or vehicular mechanism
(>0.4 eV) depending on the energy of activation.’®>° In
water-mediated proton conduction, proton migration involving
the Grotthuss mechanism via the hydrogen bond network is
dominant, which bestows collective proton migration. Thus,
confinement of proton carriers/water molecules within the
pore channels would trigger proton conductivity to a higher
magnitude.’”*> In addition, abundant nitrogen sites in
the pore wall of the COF skeleton offer numerous hydrogen-
bonding sites, allowing multiple coordination with proton
sources, providing a dense proton source within the pore
channel and thereby delivering enhanced proton conduc-
tivity.>*3® Here, we report the synthesis and systematic char-
acterization of two COFs (TZ-COF and TP-COF) containing
triazine or pyridine groups in their single pore wall. Both COFs
show excellent thermal stability and inherent porosity with
high crystallinity. Since the intrinsic proton-conducting groups
are absent on both COFs, the as-synthesized COFs showed no
assessable proton conductivity. Furthermore, the high thermal
stability and porosity of these COFs allowed them to be doped
with an external proton source (phosphoric acid; PA) and
extended the possibility to accommodate them within the pore
channels. Notably, maximum proton conductivity of 7.9 x
107 S em™! was registered for phosphoric acid-doped TP-
COF (PA@TP-COF) at 140 °C under anhydrous conditions. Further-
more, proton conductivity was boosted to 1.2 x 10°>S cm™ ' under
humidified conditions (80 °C, 95% RH).
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2. Materials and methods
Synthesis

The synthetic route for both COFs is depicted in Scheme 1.
Triformylphloroglucinol (Tp, 1 eq.), 4,4,4"-(1,3,5-triazine-2,4,6-
triyl)trianiline, (TZ-A) or 5,5’,5"-(benzene-1,3,5-triyl)tris(pyridin-
2-amine), (TP-A) (1 eq.), and a mixture of solvent (DMAc: o-
DCB:AcOH(6 M), 3:1:0.4, v/v/v) were treated in a reaction
tube. Following 10 minutes of sonication, the reaction mixture
was flash-frozen at 77 K and degassed via three freeze-pump-
thaw cycles. The reaction tube was sealed off and heated at
120 °C for 72 h. After cooling to RT, the collected yellow
precipitate was filtered and washed with DMAc several times,
followed by solvent exchange with acetone 6-7 times and dried
under vacuum to get the corresponding COFs.

3. Results and discussion

FTIR spectra verify the complete consumption of precursors
and the successful formation of targeted COFs. The transfor-
mation of the precursors into desired COFs is evidenced by the
disappearance of the aldehyde stretching band ~1650 cm™" in
Tp and the emergence of a new band between 1614 and
1624 cm ', corresponding to the C—=O bond (keto group).
The stretching band for C—=C (adjacent to C—O0) appears at
~1570 cm ™" and the appearance of the C-N stretching band at
~1280 cm™' confirms the successful synthesis of COFs
(Fig. 1a). The retention of the band between ~1509 and
1489 cm™ " indicates the C=N group from the triazine and pyridine
moiety. The band between ~1434 and 1454 cm ™" corresponds
to the C—C bond in the aromatic phenyl/pyridine linker. After
PA doping, an additional band at ~990 cm™" indicates the
presence of a P=0 group, and the band at ~480-490 cm ™"
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Scheme 1 Synthetic route for covalent organic frameworks (TZ-COF and TP-COF).
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Fig. 1

shows the presence of H,PO, " ions, which confirms the doping
of phosphoric acid into the COFs (Fig. S1). The remaining
bands remain intact before and after PA doping, which sug-
gests the stability of the COFs in phosphoric acid.

Powder X-ray diffraction (PXRD) analysis confirms the crys-
tallinity of the synthesized COFs, with a high intensity peak
appearing at 5.7°, attributed to the (100) crystal plane lattice
(Fig. 1b and Fig. S2 and S3). TZ-COF displayed peaks at 5.7, 9.8,
14.9, 18.4, and 26.7° while TP-COF showed peaks at 5.7, 9.7,
15.6, 19.4, and 25.7°. The crystallinity of these COFs could be
attributed to keto-enol tautomerization, which restrains long-
range ordered stacking.’” The simulated PXRD pattern of the
eclipsed stacking model matched well with the experimental
PXRD pattern of the corresponding COFs. The observed broad
peak and deviation of the simulated pattern from the experi-
mental PXRD pattern could be ascribed to the smaller particle
size of the COFs. The thermal stability of the COFs was assessed
using thermogravimetric analysis (TGA) under a nitrogen atmo-
sphere at a heating rate of 10 °C min~'. A decomposition
temperature above 280 °C is observed for both COFs corres-
ponding to 5% weight loss, which indicates the thermal robust-
ness of the COF skeleton (Fig. S5). Further, PA@TZ-COF and
PA@TP-COF exhibited a slight decline in weight up to 160 °C,
corresponding to evaporation/removal of phosphoric acid. The
high thermal stability of the PA-doped COFs demonstrates their
potential for high temperature proton conduction, which is
corroborated by the unaltered FTIR spectra of the PA-
doped COFs.

The porosity of the COFs was estimated by N, adsorption/
desorption measurements at 77 K. Both COFs demonstrated a
characteristic type-IV isotherm, marked by a sharp adsorption
uptake at low pressure, signifying their mesoporous nature
(Fig. S6). The surface area of TZ-COF and TP-COF, calculated
using the Brunauer-Emmett-Teller (BET) model, is 608 and
430 m*> g, respectively. The nanopore size distribution cen-
tered at 2.7 nm for TZ-COF and 2.2 nm for TP-COF, respectively
(Fig. S7), which suggests that phosphoric acid molecules
(PA diameter = 0.373 nm)*® can be confined within their
pores. Furthermore, the BET surface area of PA@TZ-COF and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) FTIR spectra of the COFs compared with the precursors. (b) PXRD of TP-COF compared with simulated results.

PA@TP-COF is reduced to 56 and 11 m> g™, respectively, which
confirms the successful impregnation of phosphoric acid into
the pores (Fig. S8).

The solid-state "*C NMR (CP-MAS spectra) of TZ-COF
and TP-COF revealed the formation of the desired products
(Fig. S9). The peak at ~183 ppm is attributed to the carbonyl
carbon (keto group) present in both COFs. The apparent peak at
~169 ppm indicates the triazine carbon in TZ-COF.*® The
morphology of the COFs was investigated by scanning electron
microscopy (SEM) measurements. The SEM images reveal that
the COFs possess a fibrous morphology (Fig. S10). Transmis-
sion electron microscopy (TEM) images of both COFs indicate
that they possess a layered structural morphology with a porous
structure (Fig. 2a and b).

The XPS analysis was carried out for both COFs to examine
their interaction and chemical composition (Fig. 2c and d). The
binding energy of N 1s in TZ-COF indicates the existence of two
types of nitrogen, one peak at 399.0 eV corresponds to the
triazine nitrogen (-C=N) and another peak at 400.6 eV
indicates the free secondary amine (-NH). On the other hand,
the N 1s peak for TP-COF at 399.2 eV corresponds to the
pyridinic nitrogen, and the peak at 400.4 eV represents a free
secondary amine (-NH).

The proton conductivity of the COFs was evaluated by
alternative current (AC) electrochemical impedance spectro-
scopy measurements. Since both COFs do not have intrinsic
dissociating protons (like sulfonic acid) in their skeleton, the as
synthesized COFs showed no perceivable proton conduction
under both anhydrous and humidified conditions (Fig. S12 and
S13). Furthermore, the proton conductivity of H;PO,-doped TZ-
COF and TP-COF was examined under anhydrous conditions
(Fig. 3a and Fig. S14). H3PO,4-doped TZ-COF and TP-COF were
denoted as PA@TZ-COF and PA@TP-COF, respectively. The
proton conductivity of PA@TZ-COF and PA@TP-COF was pro-
gressively increased with respect to temperature rising from
60 to 140 °C. In particular, maximum proton conductivity of
7.9 x 107® S cm™* was recorded for PA@TP-COF at 140 °C
under anhydrous conditions, while PA@TZ-COF showed
2.9 x 10°* S em™ " under the same measurement conditions.
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Fig. 2 TEM image of (a) TZ-COF and (b) TP-COF; N 1s XPS spectra of (c) TZ-COF and (d) TP-COF.

The higher proton conductivity of PA@TP-COF can be attrib-
uted to the synergistic interaction between phosphoric acid and
the pyridinic nitrogen and oxygen atoms (keto group) within
the COF skeleton. This interaction leads to a tightly bound
phosphoric acid immobilized within the pore channels.*® As a
result, an increased number of proton carriers within the pore
channels results in a surge in proton conductivity. To under-
stand the high proton conduction in PA@TP-COF, the binding
energy of phosphoric acid with the nitrogen and oxygen sites
present on the single pore wall of PA@COFs was calculated
using density functional theory (DFT) at the B3LYP/6-31G(d,p)
level with the Gaussian 03 package (Fig. 4 and Table S4). For
PA@TZ-COF, the calculated binding energy of phosphoric acid
with triazine nitrogen is 5.72 kcal mol™", and for the carbonyl
oxygen site it is —19.01 kcal mol™*. In contrast, PA@TP-COF
showed that the binding energy between phosphoric acid and
pyridinic nitrogen/carbonyl oxygen sites is —20.09 kcal mol *
(both values are identical). This higher binding energy revealed
the strong ionic hydrogen bonding interaction between phos-
phoric acid and the pyridinic nitrogen/carbonyl oxygen sites in
PA@TP-COF.** Additionally, the strong hydrogen bonding
interaction results in tightly bound phosphoric acid within
the pore. This affirms the synergistic interaction of phosphoric
acid with pyridinic nitrogen and the carbonyl oxygen atom as
depicted in Fig. 4b. Thus, phosphoric acid is confined within
the pores, resulting in an enhanced proton conductivity.

8066 | Mater. Adv., 2025, 6, 8063-8070

Conversely, the lower binding energy suggests feebly bound
phosphoric acid with nitrogen/oxygen sites through weak
hydrogen bonding in PA@TZ-COF, resulting in moderate pro-
ton conductivity.

In addition, we calculated the activation energy (E,) for the
proton conduction across the 1D channels of both COFs
(Fig. 3b). The temperature-dependent proton conductivity o(7)
can be described by the Arrhenius equation of o(T) = goe %%,
where ¢, is the pre-exponential factor, E, is the activation
energy (eV), R is the universal gas constant (8.3144 J K~ ' mol ),
and T is the absolute temperature in K. From the In g versus
temperature (T~ '), we calculated E, to be 0.14 and 0.41 eV for
PA@TZ-COF and PA@TP-COF, respectively (Fig. 3b). Since
0.41 eV is closer to 0.4 eV, proton conduction takes place via
the Grotthuss mechanism of hopping of a hydrogen ion in both
cases.*’

Furthermore, the proton conductivity of PA@COFs under
humidified conditions was also probed for their feasible con-
duction under mild temperature conditions (80 °C). Proton
conductivity is raised under humidified conditions as com-
pared to anhydrous conditions at 80 °C. As the humidity
increased from 40 to 60, 80, and 95% relative humidity (RH),
proton conductivity gradually increased (Fig. 3¢ and Fig. S15).
The maximum proton conductivity of 2.2 x 10™* S cm™"' was
recorded for PA@TZ-COF at 80 °C and 95% RH. This value was
slightly higher than that of PA@TZ-COF under anhydrous

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) Nyquist plot for PA@QTP-COF under anhydrous conditions. (b) Arrhenius plot for TZ-COF and TP-COF. (c) Nyquist plot for PA@TP-COF under

humidified conditions at 80 °C. (d) Stability test carried out by measuring proton conductivity under humidified conditions (80 °C, 95% RH) at an interval

of 2 h.

Fig. 4 DFT simulation model of one pore of (a) TZ-COF interacting with
PA at the oxygen site and (b) TP-COF interacting with PA at both the
oxygen and nitrogen sites (red: oxygen, blue: nitrogen, grey: carbon,
white: hydrogen).

conditions. This might be due to the availability of a greater
number of water molecules under humidified conditions,
which increases proton conductivity. On the other hand, the
proton conductivity of PA@TP-COF increased significantly as
the humidity increased from 40 to 95% RH. The maximum
proton conductivity of 1.2 x 107> S cm ™' was observed for
PA@TP-COF at 80 °C and 95% RH. This could be attributed to
accelerated water absorption in PA@TP-COF due to extended
hydrogen bonding between pyridinic nitrogen, water and

© 2025 The Author(s). Published by the Royal Society of Chemistry

phosphoric acid, which favors the uninterrupted flow of
protons.>” Moreover, we investigated the stability of proton
conduction under humidified conditions over 96 h at 2 h
intervals (Fig. 3d and Fig. S16-S19). Though the proton con-
duction is steady for PA@TZ-COF, the magnitude of proton
conduction falls short for practical applications. Interestingly,
the proton conductivity of PA@TP-COF is steady and increases
to 1.8 x 10 2 S em ™ * under continuous operation at 95% RH
and 80 °C after 4 days (96 hours). This could be attributed to the
stability of TP-COF after doping with PA, as well as the
combined ionic hydrogen bonding interaction between water,
PA, and pyridinic nitrogen and carbonyl oxygen, which leads to
an uninterrupted flow of protons via the hopping mechanism.

4. Conclusions

In summary, we have successfully synthesized and character-
ized two COFs containing triazine and pyridine rings in their
skeleton. Both COFs present high crystallinity, as evidenced by
sharp PXRD peaks. The phosphoric acid-doped COF containing
pyridinic nitrogen (PA@TP-COF) displayed maximum proton
conductivity of 7.9 x 107* S em ™! at 140 °C under anhydrous
conditions, which is higher than that of PA@TZ-COF contain-
ing triazine nitrogen (2.9 x 10™* S em™'). The high proton
conductivity of TP-COF is attributed to the synergistic

Mater. Adv,, 2025, 6, 8063-8070 | 8067
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interaction between phosphoric acid and carbonyl oxygen, as
well as pyridinic nitrogen. This interaction leads to a strong
ionic hydrogen bonding interaction and thus steady proton
flow via proton hopping. Furthermore, the proton conductivity
increases to 1.2 x 107> S em™' at 80 °C and 95% RH.
Additionally, the excellent retention and augmented proton
conductivity of PA@TP-COF under continuous exposure to
humidified conditions for over 4 days indicates its potential
for practical applications.
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