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Abstract: Proton transport channels in biological systems
are constructed by the specific amino acid residues
with hanging carboxylic acid groups acting as proton
donors and acceptors, enabling rapid proton conduc-
tion via the Grotthuss mechanism. Hydrogen-bonded
organic frameworks (HOFs) are promising candidates
for artificially simulating proton channels due to their
designable structure and abundant proton sources in the
network. However, these protons were usually immobi-
lized within hydrogen bonds between two building blocks,
which require a high energy barrier for initiating proton
transport. Post-synthetic modification (PSM) may be a
viable solution to the above problems but has yet to
be achieved in HOFs. Herein, we demonstrate for the
first time that unoccupied carboxylic acid groups can be
created through post-synthesis which further stabilizes
water molecules to construct continuous proton channels,
bringing boosted proton conductivity by three orders of
magnitude. The structure transformation process and the
intermediate can be identified clearly by crystallography
with an unveiled mechanism. This work offers a new
approach to constructing biomimetic channels for proton

conduction and HOF functionalization. )

P roton transport channels in biological systems play essen-
tial roles in processes such as energy metabolism, signal
transduction, and ion balance maintenance.l'*] These chan-
nels were composed of polypeptide chains with amino
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acid residues precisely arranged for proton conduction. For
example, in cytochrome C oxidase (CcO), a key enzyme
complex in the mitochondrial respiratory chain, the proton
channel features a cavity lined with polar amino acid residues
of aspartic acid and glutamic acid, and water molecules
(upper left part of Figure 1).*] Protons are efficiently
transported via the hydrogen-bond network established by
water molecules and the carboxylic acid groups on the amino
acid side chains.>-8! Artificially replicating such structures for
biosensing and biomedical applications is highly valuable but
a significant challenge.l]

Hydrogen-bonded organic frameworks (HOFs) have
emerged as promising candidates for the design of biomimetic
materials due to their highly ordered structure, abundant
proton source, and structural tunability.*'3*] However, in
most HOFs, protons are immobilized in the hydrogen bonds
between adjacent monomers,['4°! which require high energy
barrier to initiate the release of protons and the subsequent
transport (bond energy ~40 kcal mol™'), limiting their avail-
ability for proton conduction. Post-synthetic modification
(PSM) is an effective approach to realize the customized
structure and improve the performance of molecular-based
materials.[?*?'l However, executing PSM in HOFs is very
challenging and has yet to be achieved due to the fragile
hydrogen bonds and the ease of structure collapse. Inspired
by the generation of aspartic acid through succinimide-
mediated deamidation in very mild conditions of water
without requiring acidic or basic catalysts (upper right part
of Figure 1),1?* we employed the same method to produce
free carboxylic acids for enhanced proton transport. Specif-
ically, we chose pyromellitic diimide (PDI), a linear imide
molecule, as building blocks and combined it with a triangular
molecular melamine to construct a hydrogen-bonded organic
framework designed as PFC-49 (PFC = porous materials from
FJIRSM, CAS). In the presence of water, PDI molecules
underwent a ring-opening deamidation reaction and initiated
a structural transformation from PFC-49 to PFC-50, which
not only created penetrated 1D channels but also created
ordered carboxylic acids on the pore surfaces. These exposed
carboxylic acids further stabilized the water molecules and
formed proton transport channels, similar to that observed
in CcO. Consequently, the proton conductivity of PFC-50
improved by three orders of magnitude compared to PFC-49.

Synthesis and structural transformation of PFC-49 and
PFC-50. Colorless bulk crystals of PFC-49 were obtained in
dimethylformamide (DMF) solution of PDI and melamine at
90 °C for 7 days. Single crystal X-ray structure determination
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Figure 1. Upper left: The proton transport D-channel in CcO is composed of amino acid residues and water molecules (magenta spheres). Upper

right: Succinimide-mediated deamidation reaction as the source of asparagine residues. Lower panel: The schematic illustration of the synthesis and

structural transformation process of PFC-49 and PFC-50. The partial zoom highlights the 1D water channel stabilized by exposed carboxylic acids

along the a-axis in PFC-50.
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Figure 2. The single crystal structure of a) PFC-49, b) PFC-49-H,0, and c) PFC-50 viewed along a-axis (upper panel) and b-axis (lower panel). The
position adopting water from the surrounding environment is marked with dashed circles, and the carboxylic acids that stabilized water molecules

through post-synthesis are marked with solid circles.

revealed that PFC-49 crystallizes in monoclinic space group
P2;/n. As shown in Figures 2a and S1, each PDI molecule
connected with four neighboring melamine molecules via
six N—H--O and two N—H--N hydrogen bonds (details of
the hydrogen bonds are presented in Table S2), forming an
undulated 2D supramolecular monolayer. These monolayers
stack in an ABAB pattern, with 7— interactions between the
aromatic backbone of PDI and the triazine ring of melamine

along the ag-axis, at a distance of 3.25 A.

Since the PDI monomer can undergo ring-opening reac-
tions to form pyromellitic acid (PMA) (Figure S22 and
Scheme S1), it underwent a similar reaction, which was

accompanied by a structural transformation

to PFC-50. Fortunately, we have successfully captured the
intermediate (PFC-49-H,O) through a single-crystal to single-
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crystal process/>?7! (Figure S4) and conclusively determined
its structure via single-crystal X-ray diffraction. The crystal
structure of PFC-49-H, O clearly shows that water molecules
exclusively insert into the hydrogen bonds where the layer
undulation occurs, which is considered the place with maxi-
mum surface energy in an ultrathin layer.[??°! As a result, half
of the PDI and melamine hydrogen bonds were replaced by
PDI and H,O hydrogen bonds (Figure 2b, upper panel), and
the undulated 2D layers evolved to planer layers (Figure 2b,
lower panel). As shown in the electron density difference
map of PFC-49-H,0, the carbon atoms (C23 and C36) in
the imide group connected with H,O are more positively
charged, while the oxygen atoms (Ol and O3) are more
negatively charged (Figure 3a, right), in contrast to C28
and C31 (O2 and O4) of the imide group that bond with

from PFC-49
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Figure 3. a) Charge density difference diagram for PFC-49-H,0. Yellow and green contours represent electron accumulation and depletion,

respectively. b) The Minimal Basis Iterative Stockholder (MBIS) atomic charge population analysis of atoms connected with H,O (red) or melamine
(blue) through hydrogen bonding in PFC-49-H,0 (the atom labels are shown in a), respectively. c and d) PXRD patterns of PFC-49 and PFC-50 before
and after being treated with different solvents. €) PXRD patterns of PFC-49 before and after being soaked in hot water (90 °C) for 48 h. f) Water vapor

adsorption and desorption isotherms of activated PFC-50 at 298 K.

melamine (Figure 3a, left). This observation is consistent with
the results of Minimal Basis Iterative Stockholder (MBIS)
and Hirshfeld-I atomic charge population analysis (Figures 3b
and S23). These results suggest that the insertion of the
water molecules increases the polarity of the imide groups,
which would facilitate the subsequent deamidation reaction
associated with the nucleophilic attack of carbonyl carbon
by the oxygen atom in the water molecule. Moreover, it is
worth mentioning that the PXRD pattern of PFC-49-H,O,
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after heating at 150 °C for 4 h, is consistent with that of the as-
synthesized PFC-49 (Figure S25). This indicates PFC-49-H,O
can be reversibly transformed back to PFC-49 upon heating.
Further extending the reaction time in hot water, PFC-
49-H,O was gradually transformed to PFC-50 through a
dissolution-recrystallization process (Figure S4).[71 Single-
crystal X-ray diffraction shows that PFC-50 crystallized in the
triclinic system with space group P-1 (Table S1). As shown
in Figures 2c and S3, the PDI molecules have completely

© 2025 Wiley-VCH GmbH

95UB017 SUOLULLIOD BAIIES1D 8[edl|dde 8Ly Ag peuenob o SaoIe YO ‘8sN JO SaIN1 10} AeIg 1 aU1|UO A1 UO (SUONIPUOD-PUB-SUB) LI AS |1 ARe.q)1 U1 |UO//SANY) SUONIPLOD PUe SLLB | 8U1 39S *[5Z02/60/G2] Uo Aelqiaujuo A3(1M ‘B1IE Al JO 3INIDNIIS BU) UO UoJessay 0 alniisu| Lellng Ag 96E70G20¢ 1Ue/200T OT/I0p/w0d" A8 1M Aeiq1jpuljuo//sdny woy papeojumod ‘0 ‘€LLETZST



Angewandte

~_7 Communication memasiogaigdiiony) Chermie
a) b)
=31 -1.64 o
&
~ el B
= .
S s g
% y o 1.8
S —6 1 « ) A
_5: . 3 1.9 4
-74 ; = " y
. -~ 2.0 E, =0.18 eV
_8 " ./‘ £
T v - T T r =2.1 T T T T T
75 80 85 90 95 100 3.15 3.20 3.25 3.30 3.35
Relative Humidity (%) 1000 T' /(K™Y
c) d)
_| 25°C,75% RH
:’ —
=
)
=
=
s
O x1000
s
E ——
—
PFC-49 PFC-50

Figure 4. a) Proton conductivity (o) of PFC-50 at 25 °C under different RH; b) Arrhenius plot of PFC-50 at varying temperatures and 99% RH. c)
lllustration of the long-range proton conduction pathway in PFC-50. d) Comparison of proton conductivity between PFC-49 and PFC-50 at 75% RH

and 25 °C.

transformed into their hydrolysis product PMA, which is con-
nected with melamine and H,O molecules through multiple
hydrogen bonds, resulting in a 3D architecture. It is interesting
to note that the carboxylic acids generated in PFC-50 stabilize
H,O molecules and form a 1D water channel along the a-
axis, similar to the proton transport channel in CcO. As
shown in Figures 1 (lower panel) and S3, each 1D channel
comprises two water chains, in which every water molecule
was stabilized by two adjacent carboxyl groups, occupying
6.6% of the total mass according to crystallographic data and
thermogravimetric analysis (Figure S11). In addition, it should
be noted that the direct self-assembly of PMA and melamine
cannot yield the same structure as PFC-50, indicating that
post-synthesis is essential for creating a 1D channel with
exposed carboxylic acids for anchoring water molecules.

The chemical stability of PFC-49 and PFC-50 was carefully
confirmed by powder X-ray diffraction (PXRD). As shown
in Figures 3c,d, S6, and S8, both the PXRD patterns of
PFC-49 and PFC-50 are in accordance with the simulated
patterns derived from their single-crystal X-ray diffraction
and can maintain the structural integrity after being soaked
in various solvents and aqueous solutions (pH 2-10) for 2
days. However, immersing PFC-49 in hot water for 48 h
resulted in a complete structure transformation to PFC-50,
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with no further change being detected (Figures 3e and S10).
In addition, the water vapor adsorption isotherm (Figure 3f)
of activated PFC-50 shows a steep increase in water uptake at
low pressures (P/Py = 0.1-0.2), demonstrating its high affinity
toward water molecules.?”] Moreover, the adsorbed water
molecules cannot be completely removed even under very low
pressure as shown in the desorption branch of isotherm. These
results suggest that water molecules can be firmly stabilized
by the exposed carboxylic acids in the channel of PFC-50
and form continuous 1D water channels that are promising
as proton hopping paths.

Proton conductivity of PFC-49 and PFC-50. The proton
conductivity of pelletized PFC-49 and PFC-50 was measured
using AC impedance method, with PFC-49's assessment
limited to 75% relative humidity (RH) due to its structural
transformation into PFC-49-H,O in high humidity. As shown
in Figure S14, when the temperature rises from 25 to 45 °C,
the proton conductivity of PFC-49 increases from 1.58 x 101!
to 9.07 x 107" S em~!. Utilizing the Arrhenius equation
oT = A exp(—E,/kgT), where kg represents the Boltzmann
constant and A is the pre-exponential factor, the activation
energy (E,) was calculated to be 0.73 eV. This value indicates
a vehicle mechanism (E, > 0.4 e¢V). As humidity increases
to 90% RH, PFC-49 partially converts to the metastable
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PFC-49-H,O (Figure S16), where large number of water
molecules are involved in the hydrogen-bond network and
therefore facilitate the proton conduction. This resulted in an
increased conductivity of 1.37 x 107> S cm™! at 45 °C, 99%
RH (Figure S17).

The RH dependence of Nyquist plots of PFC-50 is
illustrated in Figure S18, and the proton conductivity was
estimated from an equivalent circuit model. As shown in
Figure 4a, with increasing RH from 75% to 99% at 25 °C, the
proton conductivity for PFC-50 increased from 1.64 x 1078
to 431 x 10™* S cm™!. This increment can be ascribed to
the presence of large amounts of water molecules that was
stabilized by exposed carboxylic groups in the channels of
structure and served as hopping sites for proton.[''3!] Besides,
Figure S19 displays the temperature dependence of PFC-
50’s conductivity, which steadily increased with temperature,
reaching 6.31 x 107* S cm™! at 45 °C. The calculated E,
was 0.18 eV (Figure 4b), suggesting a Grotthuss mechanism
(E, < 0.4 eV)32l with protons effectively jumping through the
1D hydrogen-bonded chains (Figure 4c). Consistent proton
conductivity was observed throughout repeated measure-
ments (Figure S20), and the PXRD remained unchanged
after multiple cycles (Figure S21), demonstrating the excellent
structural stability and reliable performance of PFC-50 even
in the harsh environment of high humidity and fluctuating
temperature.

Compared to PFC-49, PFC-50 shows significant improve-
ment in proton conductivity (Figure 4d), which is attributed
to the presence of exposed carboxylic acid groups after post-
synthesis and the 1D water molecule chains stabilized in the
structure, resembling the proton transport D-channel in CcO.
The exposed carboxylic acid groups of the PMA molecules in
PFC-50, with their acidic hydroxyls acting as proton donors
and carbonyls as acceptors, enable rapid proton movement
and enhanced conduction efficiency, resulting in a three-
orders-of-magnitude improvement in proton conductivity.

In summary, we demonstrated a post-synthetic strategy
to construct biomimetic proton transport channels in HOFs.
A linear PDI precursor was assembled with melamine
molecules to synthesize an HOF PFC-49. The obtained
HOF underwent a structural transformation to PFC-50 upon
treatment with water, in which the PDI molecules were
converted into exposed carboxylic acids and stabilized water
molecules to form proton channels in the structure. The
constructed biomimetic proton channels demonstrated a
significant enhancement in proton conductivity, increasing
by three orders of magnitude at 75% RH and 25 °C. This
innovative approach provides new ideas and strategies for the
future design of biomimetic proton-conducting materials.

Supporting Information

The data that support the findings of this study are avail-
able in the Supporting Information of this article. Detailed
information regarding the experimental methods, syntheses,
crystallographic data, time-dependent PXRD data of PFC-
49 to track the structural transformation process in both
water and water vapor, TGA curves, N,, CO,, and water
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vapor sorption isotherms, water contact angle, and the DFT
calculations.

Accession Codes: CCDC 2393251, 2393252, and 2393253
contain the supplementary crystallographic data of PFC-49,
PFC-49-50, and PFC-49-H,O. These data can be obtained free
of charge via www.ccdc.cam.ac.uk/data_request/cif.
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Proton transport in biological systems
relies on amino acid residues with
hanging carboxylic acids as proton
donors and acceptors. Here, we first
demonstrate that post-synthesis can
create unoccupied carboxylic acid groups
in HOFs, stabilizing water molecules and
forming continuous proton channels.
This strategy achieves 1000-fold
enhancement in proton conductivity

and the structure transformation was
clearly revealed by crystallography.
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