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The proton conduction mechanism of imidazole and its homologues within confined spaces has attracted
much attention from researchers, which is highly beneficial for the development of novel proton exchange
membranes. Traditionally, the hydrogen at the 1-position (H-1) on the nitrogen (N-1) of imidazole is seen
as the exclusive source of mobile protons. However, we suggest that the 3-position nitrogen atom (N-3)
can also generate mobile protons under hydrous conditions. This is because N-3 can form hydrogen bonds
with water, which are particularly robust in confined spaces, thereby enhancing proton ionization from
water and facilitating proton transfer. Based on this concept, 1-methylimidazole was introduced into a
covalent organic framework (COF), resulting in a remarkable proton conductivity of 2.40 x 103 S/cm at
70°C and 100% relative humidity. This performance is on par with that of COFs doped with imidazole,
demonstrating the key role of N-3..-H,0 interactions within the framework in producing mobile protons
and facilitating proton diffusion. Furthermore, this challenges the conventional viewpoint that H-1 of
imidazole is the sole contributor to proton concentration, offering a new strategy for the preparation

of high-performance proton conductors.
© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Proton exchange membrane fuel cells (PEMFCs) are highly re-
garded for their potential in vehicle applications due to their high
power density and minimal emissions [1-4]. Current PEMFCs us-
ing Nafion as the electrolyte exhibit excellent proton conduction at
60-80°C and 98% relative humidity (RH) [5]. However, the high
cost and complex production of Nafion membranes limit their
widespread adoption [6]. Moreover, the amorphous structure of
Nafion polymers hinders the detailed investigation of proton con-
duction pathways and mechanisms, thus constraining performance
improvements [7]. Therefore, there has been a surge in research
aimed at discovering novel proton conductors with low cost, well-
defined structure and high proton conductivity.

Emerging crystalline porous materials, including coordination
polymers (CPs) [8-10], covalent-organic frameworks (COFs) [11-16]
and metal-organic frameworks (MOFs) [17-22], are considered as
promising proton conductors, highlighted by their structural flex-
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ibility, periodicity, and porosity benefiting for proton transfer [23-
26]. Since Kitagawa embedded imidazole (Im) molecules into MOFs
to enhance proton conduction [27], the proton conduction mech-
anism in Im-frameworks system has attracted much researchers’
attentions [28-37]. For a long time, the hydrogen at the 1-position
(H-1) of imidazole has been considered the only source of mobile
proton [38], because N-1 can easily release H-1 due to that its
non-bonding electrons engage in imidazole ring conjugation and
reduced electron cloud density (Fig. 1a). However, in hydrous
conditions, the 3-position nitrogen atom (N-3) may contribute to
mobile proton as well. The non-bonding electron pair on the N-3
does not participate in conjugation but occupies sp? hybridized
orbital, which helps N-3 form an H-bond with water, promoting
proton ionization from water and facilitating its transfer (Fig. 1a).
Such H-bond effect should be more intense in Im-frameworks
system, as the confined space can lead guest molecules to be more
crowded, shortening the lengths of H-bonds [39].

Building on the aforementioned concept, we have successfully
confined 1-methylimidazole (Im-CH3) within the nano-space of
one COF (Im-CH3@COF), resulting in a remarkable proton conduc-
tivity of 2.40 x 10~3 S/cm at 70°C and 100% RH. This performance
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Fig. 1. (a) Protons dissociation from N-1 and N-3.--H,0 H-bond of imidazole. (b)
Protons dissociation from N-3..-H,O H-bond of 1-methylimidazole.
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Fig. 2. (a) PXRD spectra of COF, Im-CH3;@COF and washed Im-CH3;@COF. (b) IR
plot of COF, Im-CH3;@COF and Im-CHs. (c) N, adsorption of COF, Im-CH;@COF and
Im@COF. (d) XPS of Im-CH;@COF and Im@COF.

is on par with that of COF doped with imidazole (Im@COF). The ex-
ceptional proton conduction is attributed to the robust hydrogen-
bonding interaction between the N-3 sites of Im-CH; and water
molecules within the framework (Fig. 1b), which produces mo-
bile proton and facilitate proton diffusion. This research under-
scores the significant role of N-3 in imidazole and its derivatives
in enhancing proton conduction under humidity conditions. Fur-
thermore, it challenges the conventional viewpoint that the H-1 of
imidazole is the sole contributor to proton concentration.

The COF membranes are synthesized via interfacial polymer-
ization (left in Fig. S1 in Supporting information) [40], and their
structure is identical to the previously reported COF-42 (middle
in Fig. S1) [41], featuring one-dimensional channels with a pore
size of 2.8nm (Fig. S2 in Supporting information). Subsequently,
1-methylimidazole and imidazole molecules are loaded into the
pores of the COF membrane respectively, resulting in composites
of Im-CH3@COF and Im@COF (right in Fig. S1). Due to the lat-
tice expansion induced by the incorporation of guest molecules,
the powder X-ray diffraction (PXRD) peaks of COF disappear. How-
ever, the diffraction peaks reappear after removing guest molecules
(Fig. 2a, Figs. S3 and S4 in Supporting information), suggesting re-
mained framework structure. The thermogravimetric curves of Im-
CH3@COF and Im@COF show the characteristic weight loss stage
belonging to Im-CH3 and Im (Fig. S5 in Supporting information).
The vC-N is 1264 cm™! for bulk Im and 1256 cm™! for Im@COF [42],
and is 1284 cm™! for bulk Im-CH; and 1287 cm™! for Im-CH3;@COF
(Fig. 2b, Figs. S6 and S7 in Supporting information) [38]. The red
shift is due to H-bond formed between Im and water in COF, while
the blue shift is due to a more dispersed state of Im-CH3 in COF.
The different shift direction of vC-N also indicates that methyl has
steric hindrance effect, which hinders the formation of hydrogen
bonds between C-N on Im-CH3 and water. The maximum nitrogen
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adsorption amount decreases significantly, from 456.2 cm3/g of COF
to 12.6 cm3/g of Im-CH3;@COF and 23.6 cm?/g of Im@COF (Fig. 2c).
These confirm the successful incorporation of guest molecules.
SEM images of the COF composites are shown in Fig. S8 (Support-
ing information), and corresponding mapping results show the uni-
form distribution of elements (Fig. S9 in Supporting information).
Based on X-ray photo electron spectroscopy (XPS), COF has two
peaks at 400.97 and 400.04 eV (green line), corresponding to C=N
and C-N on the framework (Fig. S10 in Supporting information). At
same time, there are two different peaks at 402.98 and 399.89eV
(orange line) for Im-CH3;@COF, and two different peaks at 402.02
and 400.05 eV (orange line) for Im@COF (Fig. 2d). These peaks be-
long to Im-CH3 and Im respectively. According to the peak area
integration of N elements on the guest molecules and the frame-
work, there are 5.3 Im-CH3; molecules per pore in Im-CH3@COF,
and 4.1 Im molecules per pore in Im@COF. The elemental analysis
shows 5.1 Im-CH3 molecules per pore in Im-CH3@COF, and 4.4 Im
molecules per pore in Im@COF, which is consistent with XPS re-
sults (Table S2 and Fig. S10 in Supporting information). The bind-
ing energies between the COF fragments and the guest molecule
are 27.56 and 21.55KkJ/mol for Im-CH3@COF, and 10.01kJ/mol for
Im@COF (Fig. S11 in Supporting information). In addition, Im-CH;
exhibits a more dispersed liquid state at room temperature (imi-
dazole is solid). All of these have resulted in a higher content of
Im-CH3 in COF.

The behavior of proton transport is evaluated using electro-
chemical impedance spectroscopy (EIS), as depicted in Fig. 3a
and Figs. S15-S25 (Supporting information). The COF membrane
exhibits a proton conductivity of 6.97 x 10® S/cm at 30°C and
100% RH, markedly lower than that of Im@COF (1.96 x 10~3 S/cm)
and Im-CH3;@COF (1.17 x 10~3 S/cm) (Fig. S15). At 70°C and 100%
RH, Im-CH3@COF and Im@COF exhibit peak proton conductivity of
2.40 x 1073 and 4.33 x 10~3 S/cm (Fig. 3a, Figs. S16 and S17). These
values are comparable to those of other MOFs/COFs based proton
conductors (Table S3 in Supporting information). The two sam-
ples have stable proton conduction, maintaining almost unchanged
proton conductivity at 70°C and 100% RH for 48 h (Fig. S18). The
structure has not changed after long tome proton conducting mea-
surement, which is demonstrated by IR, XRD and element analysis
(Figs. S12 and S13, Table S2). We also reduced the content of im-
idazole based guest molecules (Fig. S14). The proton conductivity
immediately decreases, and the activation energy also increases,
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Fig. 3. (a) Nyquist plot of Im-CH3@COF at 100% RH versus different temperatures.
(b) Activation energy of Im-CH;@COF and Im@COF. (c) Proton conductivity of Im-
CH3@COF and Im@COF versus different RH at 30°C. (d) Proton conduction of Im-
CH3@COF in H,0 and D,0 vapor environment.
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demonstrating the key role of Im and Im-CH3 in improving pro-
ton conduction. For example, the COF with 3.7 Im-CH; has pro-
ton conductivity of 6.33 x 10 S/cm at 70°C and 100% RH. This
value is one order of magnitude lower than that of Im-CH3@COF
(5.3 Im-CH3) (Fig. S19). The activation energies for Im@COF and
Im-CH3@COF are very close, being 0.202eV and 0.198 eV, respec-
tively (Fig. 3b). Both belong to the Grotthuss-type proton con-
duction mechanism [43], where protons are transferred along the
hydrogen-bonding networks. As the relative humidity decreases
from 100% RH to 11% RH, the proton conductivity of Im@COF de-
creases by about two orders of magnitude (from 1.95 x 103 Sjcm
to 1.40 x 10~ S/cm), while the proton conductivity of Im-CH3;@COF
decreases by more than five orders of magnitude (from 1.16 x 103
S/cm to 4.3 x 10 S/cm) (Fig. 3c and Figs. S20-S23). The proton
conduction of Im-CH3@COF has a higher degree of dependence on
water molecules (Fig. 3c). This is largely because water is its only
source of mobile protons. In contrast, both H-1 and water generate
free protons for Im@COF. Im-CH3@COF is also placed in a deuter-
ated water-controlled environment (100% RH), and the resulting
proton conductivity is obvious lower than that obtained in an en-
vironment controlled by ordinary water (100% RH) (Fig. 3d and
Fig. S24). For example, the o value at 50°C is 2.35 x 10 S/cm and
1.62 x 1073 S/cm for Im-CH3@COF in D,0 and H,O. The activation
energy also increases to 0.282 eV for Im-CH3@COF in D,0 (0.198 eV
for Im-CH3@COF in H,0) (Fig. 3b and Fig. S25). These above prove
the important role of water in proton conduction of Im-CH;@COF,
i.e., water provide the source of free protons and participate in pro-
ton transition as medium.

The binding energy between Im-CH; and water (N-3.--H,0) is
25.23Kk]/mol, which is larger than that between Im and water
(23.94kJ/mol for N-3.-H,0, 17.20kJ/mol for H-1.--OH,) (Fig. 4a).
This indicates that Im-CH3 can form stronger H-bond with water
in framework than Im. As results, Im-CH3@COF becomes more hy-
drophilic. The hydrophobic angle of Im-CH3@COF is 0°, which is
smaller than that of Im@COF (5°) (Fig. 4b). In addition, over a wide
range of humidity, the water adsorption capacity of Im-CH3@COF
is greater than that of Im@COF. For example, the maximum wa-
ter adsorption amount of Im-CH3;@COF is 329.46 cm3/g, which is
larger than that of Im@COF (169.82cm3/g) (Fig. 4c). Benefit from
the greater amount of adsorbed water, a tight hydrogen bond net-
work is formed in Im-CH3@COF. Specifically, according to radial
distribution functions (RDF), both N-3..-Hyy (Hw and O, are atoms
in water) in Im-CH3@COF and Im@COF obtain minimum distance
of 1.76A. But the 1.76 A is much more centered in Im-CH;@COF
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than that in Im@COF (Fig. 4d). The N-3..-Hy in Im-CH3@COF is
also much shorter than H-1---Oy in Im@COF, which is 2.60 A. There
is one obvious Hy---Oy signal at 1.79A in Im-CH3@COF, but it
is nearly non-existent in Im@COF (Fig. S26 in Supporting infor-
mation). All these RDF results prove the robust H-bond network
in Im-CH3@COF. What's more, an amorphous box with the same
number of Im-CH; and water as Im-CH3@COF is also constructed,
and RDF shows that its H-bond is weaker than that of Im-CH3;@COF
(Fig. S27 in Supporting information). This demonstrates that the
tight H-bond network is also closely related to the confinement
effect.

Due to the robust H-bond network, molecular dynamics (MD)
simulation shows that the diffusion constant at 100% RH and 30°C
is 1.06 x 1074 A2/ps of Im-CH;@COF, which is higher than that of
Im@COF (9.01 x 105 A2/ps) (Fig. 4e and Fig. S28 in Supporting in-
formation). The proton concentration is calculated based on Ein-
stein’s equation:

o = (q°nD)/(ksT) M

where o, g, D, n, kg, and T represent the proton conductivity,
charges, diffusion constant, carrier concentration, Boltzmann con-
stant and absolute temperature [44]. The proton concentration of
Im-CH3@COF is 1.79 x 1024/m3, which is within the same order of
magnitude as that of Im@COF (3.53 x 10%4/m?3) (Fig. 4e).

The proton concentration is determined by the number of
sites available for proton dissociation and their capacity to release
protons. For Im-CH3;@COF, the number of sites for dissociating
protons is smaller (5.3 N-3 atoms per pore for Im-CH;@COF, 4.1
N-3 and 4.1 H-1 atoms per pore for Im@COF). However, it needs
lower energy to release proton. As shown in Fig. 4f, the proton dis-
sociation energy is 7.86 eV for Im-CHs---H,0, which is smaller than
those of Im--H,0 (8.06 and 8.16eV) and water (10.67 eV). This
is the main reason for Im-CH3;@COF having a comparable proton
concentration to Im@COF. At low humidity (25 % RH), the diffusion
constant of Im-CH3@COF and Im@COF does not significantly de-
crease (1.04 x 104 A2/ps for Im-CH;@COF and 3.77 x 10> A2/ps
for Im@COF), but the proton concentration drops by 4 and 1 orders
of magnitude (3.75 x 1029/m3 for Im-CH3;@COF and 2.60 x 10%3/m?
for Im@COF), respectively. Im-CH3@COF experiences a more sig-
nificant loss in proton concentration, as N-3.-H,O serves as the
only source of mobile protons, whereas Im@COF possesses both
N-3.-H,0 and H-1. The Zeta potential (¢) is —13.54, —25.03 and
—33.03mV for Im-CH3@COF, Im@COF and COF (Fig. 5). The highest
¢ value of Im-CH3@COF is attributed to the positive surface charge
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Fig. 4. (a)The binding energy between the guest molecules and water. (b) Water contact angle of Im-CH;@COF and Im@COF. (c) Water adsorption of Im-CH3;@COF and
Im@COF. (d) Radial distribution functions of Im-CH;@COF and Im@COF. (e) Diffusion constant and mobile proton concentration of Im-CH3@COF and Im@COF. (f) Dissociation
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Fig. 5. Zeta potential of Im-CH3;@COF, Im@COF and COF.

of the product formed upon its reaction with water. In contrast,
the reaction of imidazole with water yields two distinct products
with opposite surface charges. This further confirms the ability of
N-3..-H,O to dissociate protons.

In summary, two solid-state proton conductors of Im-CH;@COF
and Im@COF are fabricated by introducing 1-methylimidazole and
imidazole into covalent organic frameworks, respectively. The Im-
CH3;@COF obtains maximum proton conductivity of 2.40 x 1073
S/cm at 70°C and 100% RH, which is comparable to Im@COF. The
remarkable proton conduction is attributed to the 3-position ni-
trogen atom in 1-methylimidazole, which can form robust hydro-
gen bond with water, promoting proton ionization from water and
proton transfer. This work also indicates that the hydrogen at the
1-position of imidazole is not the only source of proton concentra-
tion, challenging the traditional view.
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