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Covalent organic frameworks (COFs) possess versatile advantages, including their lightweight nature,
exceptional stability, and having a well-defined = structure, rending them highly promising for fluor-
escence sensors. One of the most important factors for sensing is the presence of interaction sites, which
previous research has not considered extensively. In this study, we present the synthesis of two emissive
hydrazone-linked COFs (EH-COFs) under solvothermal conditions. The hydrazone linkages, which
contain —NH single bond groups on the walls, reduce aggregation-caused fluorescence quenching,
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resulting in enhanced emission activity. Furthermore, the abundance of interaction sites (nitrogen and
oxygen atoms) on the walls enables efficient interaction with guest molecules. Owing to these advan-
tages, EH-COFs exhibited elevated sensitivity and selectivity, with low detection limits, for hydrazine
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Introduction

Hydrazine is a flammable and explosive molecule commonly
utilized as a propellant in missile and rocket propulsion
systems. Additionally, owing to its reducing properties and
alkalinity, hydrazine serves as a precursor for polymer and
drug synthesis.'™ However, it poses significant hazards to
human health, such as teratogenic and carcinogenic effects,
particularly when present in high concentrations in the
environment. Therefore, there is an urgent need to develop a
sensitive and efficient method for detecting hydrazine in living
environments. Traditionally, hydrazine detection has relied on
spectrophotometry, chemical titration, and electrochemical
methods, which are known for their complexity, time-consum-
ing nature, and high cost. However, recent advancements in
luminescence sensors have provided a simpler, more sensitive,
and cost-effective solution for hydrazine detection. These
sensors utilize various materials, including small molecules,
polymers, and composites as probes, and detect changes in
luminescence to detect hydrazine.*”
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sensing, ranking them among the top-performing fluorescence probes reported to date.

Compared with traditional fluorescent probes, covalent
organic frameworks (COFs) have garnered significant attention
due to their distinctive characteristics.®'®> COFs represent a
novel class of porous organic materials renowned for their
exceptional crystalline structure and uniform nano-pore
architecture."*™'® These inherent advantages have propelled
COFs to the forefront of materials research, attracting con-
siderable interest across diverse applications such as sub-
stance adsorption, catalysis, and energy devices.'”>®

COFs have exhibited significant advancements as fluo-
rescent chemical sensors. In contrast to conventional chemical
sensors, COFs possess a permanent pore structure, which
offers abundant space for the capturing of guest molecules.®®°
Moreover, the precise pore structure and active sites in the
channel facilitate targeted interactions with complex
analytes.'®"* Additionally, COFs featuring n-linked structures
contribute to signal amplification, which is a critical factor in
trace target detection.”*" Given these advantages, COFs
exhibit high specificity and sensitivity, garnering widespread
acclaim.’*® Numerous studies have emphasized the effective-
ness of luminescent COFs in detecting hazardous explosive
molecules, metal ions, anions, and pH levels.*”™*° However,
conventional COFs often lack adequate detection sites, which
may lead to overlooking certain analytes.

In this study, we synthesized two emissive hydrazone-linked
COFs (EH-COFs, chemical structure as shown in Fig. 1) under
solvothermal conditions. The design of EH-COFs was guided
by several considerations. Firstly, we introduced hydrazone
linkages with -NH groups on the walls, characterized by
single bonds, which weaken aggregation-caused fluorescence
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Fig. 1 Design and synthesis of EH-COFs.

quenching.*®*** Additionally, the incorporation of ~OH groups
adjacent to the Schiff-base centers facilitates intramolecular
hydrogen bonding, enhancing the chemical stability of
EH-COF-2."*"*® Furthermore, the abundance of nitrogen atoms
and oxygen on the walls allows for interaction with guest mole-
cules. Consequently, EH-COFs have emerged as attractive can-
didates for the development of novel molecular sensors. As
anticipated, the EH-COFs exhibited strong crystallinity, excel-
lent stability, high luminescence efficiency, and abundant
active sites. Most notably, EH-COFs demonstrated high sensi-
tivity and selectivity as a fluorescent probe for hydrazine
sensing, attributable to their synergistic structural features.

Results and discussion

EH-COFs were synthesized by heating a suspension of 1,3,5-
tris(3'-methoxy-4'-hydrazinecarbonylphenyl)benzene (TMHB)
and 1,3,5-triformyl benzene (TFB) or 2-hydroxybenzene-1,3,5-
tricarbaldehyde (TFB-OH) in the presence of aqueous acetic
acid as catalyst (Fig. 1). The structure of the building units was
confirmed through proton NMR spectroscopy, as detailed in
Schemes S1-S3.f The Fourier transform infrared spectroscopy
(FT-IR) spectra of EH-COFs and the monomers was investi-
gated to confirm the successful synthesis. The FT-IR spectrum
of EH-COF-1 exhibited a stretching vibration band at
1617 cm™', which was attributed to the C=N bond (Fig. 2a,
black). Notably, there was no stretching vibration band corres-
ponding to the aldehyde group at 1697 cm™' from TFB
(Fig. 2a, blue), indicating the complete condensation of the
monomers. Similarly, EH-COF-2 showed the C=N bond
vibration at 1609 cm ™" (Fig. 2b, black), with no remaining alde-
hyde structure (Fig. 2b, blue). Additionally, the -OMe group
information was observed around 2800-3000 cm ™", confirming
the presence of methoxy groups. These results suggest the suc-
cessful synthesis and structural integrity of the EH-COFs.
Solid-state "*C nuclear magnetic resonance (**C NMR) of
EH-COF-1 and EH-COF-2 exhibited the carbon signals of imine
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Fig. 2 (a and b) FT-IR spectra of EH-COFs and building units. *C NMR

spectra of (c) EH-COF-1 and (d) EH-COF-2.

linkage at 158 and 157 ppm, respectively (Fig. 2c and d). In
addition, the carbon of —-OMe units is located at 56 and
55 ppm for EH-COF-1 and EH-COF-2, respectively. The carbon
of aromatic rings is observed from 108 to 146 ppm for
EH-COFs. Field emission scanning electron microscope
images of EH-COFs were investigated to reveal their uniform
stacking morphology. EH-COFs exhibited a uniform belt-like
structure (Fig. S1}). Energy dispersive X-ray spectroscopy (EDS)
mapping images showed the uniform distribution of C, N, and
O elements (Fig. S2 and S37).

We examined the porous properties of the EH-COFs using
nitrogen adsorption-desorption measurements. According to
the TUPAC classification, EH-COFs exhibited a combination of
type-I and type-IV nitrogen sorption
(Fig. S4a and S5at). The microporous nature was evident in
the P/P, range of 0 to 0.1, attributable to the steep increase in
nitrogen uptake within this range. The Brunauer-Emmett-
Teller (BET) specific surface area of EH-COF-1 and EH-COF-2
was found to be 316 and 187 m” g™', respectively. Both
EH-COFs exhibit microporous characteristics, with pore dia-
meters mainly distributed at 1.8 nm (Fig. S4b and S5bf).

The powder X-ray diffraction (PXRD) analysis results indi-
cated their highly crystalline structure. EH-COF-1 exhibited
PXRD peaks at 4.60°, 8.04°, 9.42°, 12.42°, and 25.86°, assigned
to the (100), (110), (200), (210), and (001) facets, respectively
(Fig. 3a, red). EH-COF-2 displayed PXRD peaks at 4.64°, 8.22°,
9.33°, 12.34°, and 26.05°, corresponding to the (100), (110),
(200), (210), and (001) facets, respectively (Fig. 3b, red). After
Pawley refinement of unit cells, the AA stacking model for
EH-COFs aligned with experimental results, while the AB
model failed to match. The unit crystal structures of both
COFs with AA stacking model are depicted in Fig. 3c and d (a =
b = 21.7401 A, ¢ = 3.7230 A, a = = 90.00°, y = 120.00° for

isotherm features

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 PXRD patterns of (a) EH-COF-1 and (b) EH-COF-2. Top views of
the AA stacking structure for (c) EH-COF-1 and (d) EH-COF-2.

EH-COF-1; a = 22.9190 A, b = 22.5673 A, ¢ = 3.5273 A, a = f§ =
90.43°, y = 122.13° for EH-COF-2).

The stability of COFs is a crucial factor in their functional
exploration. We assessed the chemical stability of EH-COF
samples by exposing them into various solvents, including
water, N,N-dimethylformamide, ethanol, 1 M HCI, and 1 M
NaOH, for 24 hours at room temperature. Remarkably,
EH-COF-1 and EH-COF-2 samples maintained strong PXRD
patterns at their original positions after treatment, indicating
that the excellent crystallinity of these two COFs is well-pre-
served under harsh conditions (Fig. S61). Additionally, the
FT-IR spectra of the COFs after treatment showed consistent
vibration information across all samples (Fig. S7}). These
results suggest that EH-COFs exhibit good chemical stability,
which is essential for their functionalization and practical
application. The ability to retain crystallinity and structural
integrity under various chemical conditions underscores the
robustness of EH-COFs, making them suitable for diverse
environments and enhancing their potential applications.

The EH-COF-1 powder exhibited an electronic absorption
band around 375 nm (Fig. 4a, black), which showed a red-shift
compared to its building units. Similar results were found for
EH-COF-2 with an absorption band at 390 nm (Fig. 4b, black).
Additionally, the EH-COF-2 exhibited a highly conjugated skel-
eton owing to the presence of hydroxyl groups and nitrogen
atoms, which resulted in hydrogen-bonding interactions. The
EH-COF-1 displayed blue emission at 460 nm (Fig. 4c) when
excited at 383 nm (Fig. S8at) in the solid state. In contrast, the
EH-COF-2 exhibited yellow fluorescence with an emission peak
at 590 nm (Fig. 4d) when excited at 392 nm (Fig. S8b¥).

EH-COF-1 and EH-COF-2 samples were dispersed in
Phosphate Buffer Saline (PBS) buffer, which was applied to

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Solid spectra of (a and b) EH-COFs and building units in the solid
state. Fluorescence spectra of (c) EH-COF-1 and (d) EH-COF-2 in the
solid state (inside their images under 365 nm).

detect hydrazine (N,H,;, 20 mM, pH = 7.4). In addition,
EH-COFs kept stable in PBS buffer solutions under different
conditions confirmed via the FT-IR and PXRD analysis in
Fig. S9.T Fig. 5a and b show the fluorescence emission spectra
of EH-COFs sample suspensions after adding different concen-
trations of hydrazine solution (0-10 pM). Surprisingly, when
hydrazine was mixed with the EH-COFs in PBS buffer suspen-
sion, the fluorescence intensity of the original material was
significantly quenched. For example, the fluorescence quench-
ing degrees of EH-COF-1 and EH-COF-2 decreased by 73% and
67%, respectively. A good linear relationship was observed
between the fluorescence intensity of EH-COFs and lower
hydrazine concentration in Fig. 5¢ and d. The detection limit
was estimated from the lower hydrazine concentration, which
was down to 51 nM and 28 nM for EH-COFs, respectively,
ranking as the best performance among reported COFs and
metal-organic frameworks (Table S11).°°° Additionally, the
fluorescence quenching efficiency of the EH-COFs sensor can
be nearly fitted to the Stern-Volmer equation, I,/ = Ky, x [Q] +
1, which relates the fluorescence intensity, where I, and I are
the fluorescence intensities in the absence and presence of a
quencher, respectively. [Q] represents the hydrazine concen-
tration and K, is the quenching constant. According to the
fluorescence titration of EH-COFs with hydrazine, a near
curvier Stern-Volmer plot was obtained with a Kj, value of 2.3
x 10° M (Fig. $101). The results indicate an excellent sensi-
tivity towards hydrazine detection owing to the active sites on
the walls of EH-COFs.

To gain a deeper understanding of the quenching mecha-
nism, we investigated the fluorescence lifetime of EH-COF
with and without hydrazine (Fig. 5e and f). The fluorescence
lifetime of EH-COF-1, which was initially 1.4 ns, was reduced
to 1.3 ns in the presence of hydrazine. Similarly, the fluo-

Polym. Chem., 2024, 15, 4005-4010 | 4007
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Fig. 5 Fluorescence spectra of (a) EH-COF-1 and (b) EH-COF-2 with different concentration of hydrazine. Fluorescence intensity of (c) EH-COF-1
and (d) EH-COF-2 with different concentration of hydrazine. Lifetimes of (e) EH-COF-1 and (f) EH-COF-2 with and without hydrazine.

rescence lifetime changed from 1.5 to 1.3 ns of EH-COF-2 with
the addition of hydrazine. These results suggest that a photo-
induced electron transfer (PET) process is responsible for the
fluorescence quenching of EH-COFs.

Selectivity is crucial for sensors. To evaluate the sensing
performance of EH-COFs under different acidic and alkaline
conditions, we investigated the effect of pH on the fluo-
rescence intensity of EH-COFs. As illustrated in Fig. 6a and b,
within the pH range of 4 to 10, the fluorescence intensity of
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Fig. 6 Quenching efficiency of (a) EH-COF-1 and (b) EH-COF-2 under
different pH values. Quenching efficiency of (c) EH-COF-1 and (d)
EH-COF-2 with hydrazine and different ions.
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EH-COFs remained almost unchanged, indicating excellent pH
stability. Upon the addition of hydrazine, the fluorescence
intensity of the EH-COFs exhibited only slight fluctuations
within this pH range, with a minimal decrease observed under
strong acidic and alkaline conditions. This suggests that
EH-COFs demonstrate robust stability and can be effectively
utilized for hydrazine detection across a wide range of acidic
and alkaline environments.

We further considered the potential interference from
metal ions and anions. To explore the anti-interference and
specific recognition properties of EH-COFs for hydrazine
sensing, we selected common metal cations and anions as
interference components. After adding these various inter-
ference components (as depicted by the orange bars in Fig. éc,
d and Fig. S9, S107), the fluorescence emission intensity of
EH-COFs remained almost unchanged, indicating minimal
response to these common interference components.
However, upon the addition of hydrazine (depicted by the
green bars in Fig. 6¢ and d), there was a significant decrease in
fluorescence intensity. This demonstrates the high sensitivity
and specific recognition capability of EH-COFs for hydrazine
detection. These results suggest that EH-COFs exhibit excellent
selectivity for detecting hydrazine, maintain stability across a
wide pH range and demonstrate minimal interference from
common metal ions and anions.

Conclusions

In this study, we synthesized two emissive hydrazone-linked
COFs known for their exceptional crystallinity, robust stability,
and high luminescence efficiency. EH-COFs possess numerous

This journal is © The Royal Society of Chemistry 2024
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active sites on their walls, which significantly enhances the
sensitivity and selectivity for hydrazine detection, surpassing
existing benchmarks. The interaction between hydrazine and
these active sites suggests a mechanism involving photo-
induced electron transfer, leading to the quenching of fluo-
rescence. These insights highlight the potential of leveraging
multiple active sites to develop highly efficient fluorescence
sensors with wide-ranging applications across various fields.
The distinctive properties of EH-COFs position them as prom-
ising candidates for advancing sensor technologies. Their
capability to address diverse analytical challenges and their
potential to contribute to innovations in environmental moni-
toring and industrial processes underscore their significance.
Future research could further explore the optimization of emis-
sive COFs for specific sensing applications, potentially
opening new avenues for advanced materials in the realm of
sensor development.
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