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A lanthanide metal–organic framework containing
a hydrazine group for highly sensitive luminescent
sensing of formaldehyde gas†

Wenqian Cao,‡ Fangying Teng,‡ Yuanjing Cui * and Guodong Qian *

The determination of formaldehyde (HCHO) concentration in human exhaled breath can be used as an

effective means for the early diagnosis of lung cancer. Lanthanide metal–organic frameworks (LnMOFs)

have shown great potential in formaldehyde fluorescence sensing, yet challenges persist in achieving high

sensitivity and selectivity. In this work, we report new hydrazine-functionalized LnMOFs (Ln = Eu3+, Gd3+,

Tb3+, H2BDC–NH–NH2 = 2-hydrazine-terephthalic acid), having an fcu topology for the sensitive and

selective detection of formaldehyde gas. The ligands with hydrazine groups not only act as an “antenna

effect” between the ligands and Eu3+ ions, but also act as formaldehyde recognition sites, enabling Eu-

BDC–NH–NH2 to be used for fluorescence enhanced sensing of formaldehyde gas in gaseous

environments. Eu-BDC–NH–NH2 thus exhibits low detection limit (41.7 ppb), high selectivity, and fast (3

minutes) formaldehyde gas response, showing great potential to be practically applied in the field of early

diagnosis of lung cancer.

1. Introduction

Given the high incidence and mortality rates of lung cancer,
there is an urgent need for a rapid, non-invasive diagnostic
method for early detection of lung cancer.1,2 Exhaled breath
analysis is closely linked to diverse metabolic activities in the
human body and plays a crucial role in the development of
lung cancer.3,4 In particular, the concentration of
formaldehyde in the exhaled breath of lung cancer patients is
approximately 83 parts per billion (ppb), significantly
surpassing that of healthy individuals (48 ppb).5 The
development of a straightforward and highly sensitive
quantitative detection method for formaldehyde gas in
exhaled breath is crucial for enabling early diagnosis of lung
cancer. Conventional analytical methodologies, including
mass spectrometry, high-performance liquid chromatography,
and gas chromatography, can provide reliable results but
usually require expensive instruments and the usage of large
amounts of solvents.6,7 Fluorescence sensing technology has
attracted much attention for its advantages such as simple

operation, high sensitivity, fast response speed and strong
anti-interference ability.8 However, the reported formaldehyde
fluorescence probe materials primarily including small
organic molecules, quantum dots, and carbon dots commonly
face challenges related to poor stability, high detection limits,
and complex synthesis processes.9,10 Therefore, designing a
fluorescent probe with a low detection limit, high selectivity,
and specificity for formaldehyde gas in gaseous environments
remains a significant challenge.

Lanthanide metal–organic frameworks (LnMOFs)11–15 are
crystalline porous materials assembled from lanthanide-
containing nodes or clusters and organic ligands, combining
not only the luminescence properties of lanthanide (e.g., long
fluorescence lifetime, large Stokes shift and characteristically
sharp line emissions) but the unique advantages of MOFs (e.g.,
high porosity, high specific surface area and functional
tunability). Owing to these excellent characteristics, LnMOFs
have garnered significant attention and research in the fields
of temperature,16–18 ions,19–22 organic molecules23,24 and pH
sensing.25,26 The porous structure and multifunctionality of
MOFs provide an ideal platform for the enrichment and
selective recognition of analytes. Nevertheless, due to the
limited interaction between formaldehyde gas and MOFs in
gaseous environments, numerous chemical reactions that
typically occur in solution are impeded, thereby resulting in
the current Ln-MOFs lacking effective strategic guidance for
achieving high selectivity in the detection of formaldehyde
gas.27–31 Introducing specific functional sites and designing
reactive fluorescent probes can improve the selectivity and
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recognition ability of specific analytes. By virtue of the high
reactivity of the hydrazine group towards formaldehyde gas, it
can be utilized as a functional site to enrich formaldehyde gas
based on the aldehyde–amine condensation reaction.32–34 We
thus present that the condensation reaction between hydrazine
groups and formaldehyde gas, along with the exceptional
luminescence performance of LnMOFs, can be harnessed to
develop a reactive fluorescence probe for formaldehyde gas.
This innovative approach aims to overcome the challenges of
low sensitivity and specificity encountered with traditional
fluorescence probes used in gas sensing.

To verify this hypothesis, we herein utilize 2-hydrazine-
terephthalic acid (H2BDC–NH–NH2) containing hydrazine
groups as organic ligands and Ln3+ (Ln = Eu3+, Gd3+, Tb3+) ions
to construct new lanthanide metal–organic frameworks Ln-
BDC–NH–NH2 (Scheme 1). The efficient energy transfer from
H2BDC–NH–NH2 to Eu3+ ions results in the sharp characteristic
emissions of Eu3+ ions in Eu-BDC–NH–NH2. When Eu-BDC–
NH–NH2 is exposed to formaldehyde gas, the characteristic
emissions of Eu3+ ions are significantly enhanced. As expected,
the hydrazine groups within Eu-BDC–NH–NH2 can undergo
condensation reactions with formaldehyde gas. The generation
of hydrazone compounds further enhances the energy transfer
from the ligands to Eu3+ ions, thereby enabling Eu-BDC–NH–

NH2 to exhibit high sensitivity and specific turn-on
fluorescence sensing of formaldehyde gas in a gaseous
environment. Importantly, the detection limit is as low as 41.7
ppb, which is significantly lower than the formaldehyde level
in the exhaled breath of lung cancer patients (83 ppb), showing
great potential to be practically applied in the field of early
diagnosis of lung cancer.

2. Experimental methods
2.1 Synthesis of Ln-BDC–NH–NH2 (Ln = Eu3+, Gd3+, Tb3+)

0.073 mmol of Eu(NO3)3·6H2O, 0.073 mmol of 2-hydrazine-
terephthalic acid (H2BDC–NH–NH2) and 0.586 mmol of
2-fluorobenzoic acid (2-FBA) were ultrasonically dissolved in
a 20 ml screw glass bottle containing 3.65 ml DMF and 0.6
ml deionized water. After the addition of 0.05 ml nitric acid
(3.5 M in DMF), the glass bottle was placed in a constant
temperature oven at 105 °C for 3 days. After the reaction, it
was slowly cooled to room temperature, filtered, and washed
with DMF and anhydrous ethanol several times. The

synthesis process of Gd-BDC–NH–NH2 or Tb-BDC–NH–NH2

was similar to Eu-BDC–NH–NH2 except that the metal salt
Eu(NO3)3·6H2O was replaced with Gd(NO3)3·6H2O or
Tb(NO3)3·6H2O.

2.2 Activation of Eu-BDC–NH–NH2

The synthesized Eu-BDC–NH–NH2 (50 mg) was immersed in
anhydrous methanol (20 ml) for 3 days, and the solvent was
exchanged every 12 hours. Then after being filtered and
activated at 80 °C under vacuum for 1 day, the activated Eu-
BDC–NH–NH2 was obtained.

2.3 Detection of formaldehyde gas by Eu-BDC–NH–NH2

Different volumes of 37% formaldehyde solution were dropped
into different bottles. After a long time of sufficient free
volatilization, the concentration of formaldehyde gas in the
bottle reached equilibrium, so as to set a series of formaldehyde
gas of different concentrations (0–1000 ppb). The concentration
of formaldehyde gas was calculated using eqn (1)

Cppm ¼ V l ×Vm ×D
4 ×V c ×MW

(1)

where Cppm = concentration of formaldehyde gas in the bottle,
Vl = volume of 37% formaldehyde solution dropped into the
bottle, Vm = molar volume of formaldehyde (1 atm, 25 °C), D =
gas density of formaldehyde, Vc = volume of the bottle, and MW
= molecular weight of formaldehyde.

The prepared Eu-BDC–NH–NH2 powder was affixed to the
glass sheet and then the glass sheet was placed vertically in
the fluorescence spectrometer to test the initial fluorescence
spectra. The bottles containing formaldehyde gas of different
concentrations were quickly turned upside down on the glass
sheet. After waiting for a period of time to ensure that Eu-
BDC–NH–NH2 powder fully reacted with formaldehyde gas in
situ, the bottles were removed and the in situ fluorescence
spectra were quickly tested and recorded.

3. Results and discussion
3.1 Design and characterization of Ln-BDC–NH–NH2

Based on the hydrothermal method, a series of isostructural
Ln-BDC–NH–NH2 (Ln = Eu3+, Gd3+, Tb3+) were synthesized.
The phase purity of the bulk sample is confirmed by powder
X-ray diffraction (PXRD) between the simulated patterns and
those of as-synthesized (Fig. 1a). The PXRD pattern is highly
consistent with the simulated diffraction pattern obtained
from the analysis of single crystal structure, which proves the
successful synthesis of Ln-BDC–NH–NH2 (Ln = Eu3+, Gd3+,
Tb3+) with good crystallinity and phase purity. Since these
crystals are isostructural, herein we only depict the Tb-BDC–
NH–NH2 structure elaborately. Single-crystal XRD analysis
reveals that Tb-BDC–NH–NH2 crystallizes in the cubic system
with the Fm3̄m space group (CCDC number: 2348622). Each
Tb3+ ion is nine-coordinated, engaging four μ3-OH and four
O atoms derived from four distinct ligands, while the ninth

Scheme 1 Schematic diagram of Eu-BDC–NH–NH2 fluorescence
enhanced sensing of formaldehyde gas.
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coordination site is occupied by a water molecule. Adjacent
Tb3+ ions are interconnected via μ3-OH and fully
deprotonated carboxyl groups to construct 12-connected
secondary building units (SBUs), designated as [Tb6(μ3-
OH)8(COO–)12] (Fig. 1c). These SBUs further assemble into a
three-dimensional (3D) framework through the bridging of
carboxyl groups within the organic ligands (Fig. 1d), thereby
generating tetrahedral and octahedral cages. The metal
cluster nodes are bridged with the carboxyl groups of the
organic linkers, which upon periodic expansion and
arrangement ultimately form a 3D face-centered cubic ( fcu)
topology. Table S1† lists the related crystallographic data and
refinement parameters of Tb-BDC–NH–NH2.

Bright and dark field micrographs of Eu-BDC–NH–NH2

were taken using an inverted microscope (Fig. S1†). Eu-BDC–
NH–NH2 presented regular octahedra with clear edges,
smooth surfaces and uniform and bright red light, and the
crystal diameter is about 150 μm. The as-prepared Eu-BDC–
NH–NH2 was structurally examined based on single-crystal
and powder XRD, elemental analyses, FTIR, TGA and BET
studies. The FTIR spectra of organic ligands H2BDC–NH–NH2

and Eu-BDC–NH–NH2 were measured. As shown in Fig. S2,†
the ligand shows a vibration absorption peak belonging to
the carbonyl groups at 1690 cm−1, while after the formation
of Eu-BDC–NH–NH2, two new absorption peaks appeared at
1600 cm−1 and 1395 cm−1 from the antisymmetric and
symmetric stretching vibrations of deprotonated –COO−,
indicating the coordination of –COOH and Eu3+ ions. The
thermal stability of Eu-BDC–NH–NH2 was assessed by TGA.
As shown in Fig. S3,† the thermal decomposition process of

Eu-BDC–NH–NH2 can be divided into two stages: the first
weight loss in the 30–490 °C range is 27.76%, which can be
mainly attributed to the removal of residual water and DMF
molecules from the surface and pores of the crystal. A rapid
decrease in the weight occurs in the second stage when the
temperature rises to 500 °C, which corresponds to the
decomposition of ligands in Eu-BDC–NH–NH2. The TGA
curve showed that Eu-BDC–NH–NH2 can maintain structural
stability up to 500 °C. For the requirement of formaldehyde
gas sensing in a gaseous environment, Brunauer–Emmett–
Teller (BET) gas absorptiometry measurements were
conducted to examine the porous nature of Eu-BDC–NH–

NH2. The N2 adsorption/desorption isotherm of Eu-BDC–NH–

NH2 shown in Fig. 1b are identified as type I, which is
characteristic of microporous materials. The BET specific
surface area of Eu-BDC–NH–NH2 is calculated to be about
543.5 m2 g−1, which can provide enough space for
formaldehyde molecules to enter and fully interact with the
hydrazine groups in Eu-BDC–NH–NH2.

3.2 Luminescence properties

Solid-state excitation and emission spectra of ligand H2BDC–
NH–NH2 and Eu-BDC–NH–NH2 are shown in Fig. S6† and 2a.
When excited at 320 nm, H2BDC–NH–NH2 exhibits a broad
emission at 381 nm, which is attributed to the π–π* electron
transition of the ligands. Under the excitation at 326 nm, Eu-
BDC–NH–NH2 exhibits a very weak ligand emission centered
at 429 nm and strong and sharp characteristic emissions at
578, 591, 615, 652 and 698 nm, which correspond to the

Fig. 1 (a) The PXRD of simulated Tb-BDC–NH–NH2 and the as-synthesized Tb-BDC–NH–NH2, Eu-BDC–NH–NH2 and Gd-BDC–NH–NH2. (b) The 77
K nitrogen adsorption and desorption curves of Eu-BDC–NH–NH2. Schematic diagram of the crystal structure of Tb-BDC–NH–NH2: (c) Tb6

molecular building block [Tb6(μ3-OH)8(COO–)12] and 2-hydrazine-terephthalic acid (H2BDC–NH–NH2); (d) Tb-BDC–NH–NH2 crystal structure along
the a-axis.
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electron transition of Eu3+ ions at 5D0 → 7FJ ( J = 0–4),
respectively. The single emission characteristic of Eu-BDC–
NH–NH2 is due to the efficient “antenna effect” of the
ligands to Eu3+ ions.

The low-temperature (77 K) time-resolved
phosphorescence (TRPL) spectra of isomorphic Gd-BDC–
NH–NH2 were measured in order to further interpret the
energy transfer process in Eu-BDC–NH–NH2. As shown in
Fig. S5a,† Gd-BDC–NH–NH2 exhibited a wide emission
centered at 438 nm, and the red shift of the ligand
emission can be attributed to the coordination between the
ligands and Gd3+ ions. The lowest excited state 6P7/2 of Gd3+

(32 000 cm−1) is too high to accept energy from the triplet
excited energy level (T1) of H2BDC–NH–NH2, the
phosphorescence of Gd-BDC–NH–NH2 results from the
ligands, thus T1 of H2BDC–NH–NH2 is calculated to be
about 22 173 cm−1 shown in Fig. S5b.† The energy transfer
process between the ligands and Eu3+ ions is shown in
Fig. 2b, and the energy gap between T1 and Eu3+ excited
state (5D1 = 19 030 cm−1) is 3143 cm−1, lying within 2500–
3500 cm−1 and satisfying the optimal energy transfer based
on Latva's empirical rule, which showed the high energy
transfer efficiency of the ligands to Eu3+ ions. The ligands
efficiently sensitize Eu3+ ions through the energy transfer
process, leading to the predominant characteristic emission
of Eu3+ ions in Eu-BDC–NH–NH2.

3.3 Fluorescence sensing of formaldehyde gas

To evaluate the application potential of Eu-BDC–NH–NH2 as
a formaldehyde fluorescence sensor in a gaseous
environment, the fluorescence responses of Eu-BDC–NH–NH2

to formaldehyde gas were investigated. With the exposure to
increasing concentrations of formaldehyde gas, the
fluorescence of Eu3+ ions in Eu-BDC–NH–NH2 was enhanced
(Fig. 3a). The fluorescence intensity changes of Eu-BDC–NH–

NH2, defined as I/I0 − 1 (I and I0 are the fluorescence
intensity (5D0 → 7F2) of Eu

3+ ions before and after exposure
to formaldehyde gas), and the concentrations of
formaldehyde gas (0–1000 ppb) can be well fitted to a

function of I/I0 − 1 = −0.477 × exp(−CHCHO/307.271) − 0.476 ×
exp(−CHCHO/307.300) + 0.957 (R2 = 0.998) (Fig. 3b). When the
concentration range of formaldehyde gas is 0–80 ppb, the
fluorescence intensity changes of Eu-BDC–NH–NH2 can be
linearly fitted with the concentrations of formaldehyde gas
(R2 = 0.981) (Fig. 3c). The limit of detection (LOD) can be
calculated from the formula LOD = 3δ/KSV, where δ is the
standard deviation of 20 times blank experiments (Fig. S6†)
and KSV is the slope of the linear fitting equation. The LOD
was 41.7 ppb, which was significantly lower than the
concentration of formaldehyde in the exhaled breath of lung
cancer patients (83 ppb), indicating Eu-BDC–NH–NH2 to be a
potential fluorescence sensor for quantitative detection of
low concentration formaldehyde gas in human exhaled
breath. The sensitivity of Eu-BDC–NH–NH2 outperforms that
of several other MOF-based formaldehyde fluorescence
sensors reported to date (Table S2†).

Human exhaled breath is a complex gas environment
containing hundreds of volatile organic/inorganic
compounds, which requires high selectivity of
formaldehyde fluorescence sensors. Therefore, we
investigated the fluorescence response of Eu-BDC–NH–NH2

to various common species in human exhaled breath,
including water, n-hexane, acetone, ammonia,
formaldehyde, alcohols and monoaromatic hydrocarbons
(MACHs). The fluorescence spectra of Eu-BDC–NH–NH2

were recorded after being exposed to a series of different
gas environments in situ for 1 minute. As shown in Fig.
S7, S8† and 3d, other gases have little influence on the
fluorescence intensity of Eu-BDC–NH–NH2 except for
formaldehyde gas. When exposed to formaldehyde gas, the
fluorescence intensity of Eu-BDC–NH–NH2 at 615 nm
exhibited a significant enhancement (Fig. 3d),
unequivocally indicating the high selectivity and specificity
of Eu-BDC–NH–NH2 for formaldehyde gas.

To realize real-time disease monitoring, the fluorescence
sensors necessitate rapid response speed. Therefore, the time
response characteristics of Eu-BDC–NH–NH2 to formaldehyde
gas sensing were explored. We recorded the time-dependent
emission spectra of Eu-BDC–NH–NH2 when exposed in situ to

Fig. 2 (a) Solid-state excitation and emission spectra of Eu-BDC–NH–NH2. (b) Diagram of the energy transfer process between ligands and Ln3+

(Eu3+ and Gd3+).
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200 ppb formaldehyde gas. As shown in Fig. S9,† the
fluorescence intensity of Eu-BDC–NH–NH2 at 615 nm showed
a fast and obvious trend of enhancement over time. The
fluorescence enhancement effect surpassed 90% after 2

minutes and remained nearly constant after 3 minutes,
demonstrating that Eu-BDC–NH–NH2 exhibits a rapid
response to formaldehyde gas through the aldehyde–amine
condensation reaction.

Fig. 3 (a) Emission spectra of Eu-BDC–NH–NH2 exposed to increasing concentrations of HCHO gas (0–1000 ppb). (b) Fitted curve and (c) linear
relationship of the fluorescence intensity of Eu-BDC–NH–NH2 enhanced by HCHO gas. (d) The fluorescence response degree (I – I0) of Eu-BDC–
NH–NH2 at 615 nm after being exposed to different gases (λex = 326 nm).

Fig. 4 (a) PXRD patterns of Eu-BDC–NH–NH2 in a high humidity environment and formaldehyde gas environment for 1 day. (b) Time-resolved
radioluminescence decay curves at 440 nm emission of Eu-BDC–NH–NH2 reacting with different concentrations of formaldehyde gas. Mass
spectrum of Eu-BDC–NH–NH2 (c) before and (d) after being exposed to HCHO gas.
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3.4 Sensing mechanism of Eu-BDC–NH–NH2

The excellent fluorescence sensing of Eu-BDC–NH–NH2 to
formaldehyde gas is due to the high reactivity of free
hydrazine groups to formaldehyde. The hydrazone
compounds formed during the aldehyde–amine condensation
reaction affect the luminescence of Eu-BDC–NH–NH2. We
first investigated the structural stability of Eu-BDC–NH–NH2

during the detection process. As shown in Fig. 4a the PXRD
pattern of Eu-BDC–NH–NH2 after being exposed to high
concentration of formaldehyde gas for 24 hours
corresponded well with the simulated Eu-BDC–NH–NH2,
which proved that the structure of Eu-BDC–NH–NH2

remained well in the process of detecting formaldehyde gas.
To explore the aldehyde–amine condensation reaction

mechanism in detail, FTIR and UV-vis were used to measure Eu-
BDC–NH–NH2 before and after exposure to formaldehyde. As
shown in Fig. S2,† after being exposed to formaldehyde gas, the
characteristic absorption peak at 665 cm−1 from primary amines
disappeared, indicating that the formaldehyde gas was bound to
the free hydrazine groups. The UV-vis spectra of the Eu-BDC–
NH–NH2 suspension in anhydrous methanol in the presence of
formaldehyde solution were recorded (Fig. S10†). With the
gradual increase of formaldehyde concentration, two new
absorption peaks appeared in the range of 220–245 nm and
265–290 nm, indicating the interaction between formaldehyde
and hydrazine groups. In order to further prove the formation of
hydrazone compounds, the mass spectrometry of Eu-BDC–NH–

NH2 before and after the detection of formaldehyde gas was
recorded. As shown in Fig. 4c and d, the peak observed at m/z =
196.9960 corresponds to the organic ligand H2BDC–NH–NH2.
After the exposure to formaldehyde gas, a new peak appeared at
m/z = 209.0161 in the mass spectrometry of HCHO@Eu-BDC–
NH–NH2, which belongs to the hydrazone compounds formed
during the aldehyde–amine condensation reaction of the free
hydrazine groups with formaldehyde (H2BDC–NH–NCH2).
Combining the above results, it can be concluded that the free
hydrazine groups in Eu-BDC–NH–NH2 react with formaldehyde
gas during the detection process, and the formed hydrazone
compounds can promote the energy transfer process between
the ligands and Eu3+ ions, resulting in enhanced fluorescence of
Eu-BDC–NH–NH2. After reacting with formaldehyde gas, the
fluorescence lifetime of the ligands in Eu-BDC-NH-NH2

decreases. With an increase in formaldehyde gas concentration,
a noticeable decrease in fluorescence lifetime is observed
(Fig. 4b). As shown in Fig. S11,† the initial lifetime of 5.04 ns
decreased to 3.0 ns after reacting with formaldehyde gas, a
change of nearly 40%, proving the enhancement of the energy
transfer process. This result further demonstrates the enhanced
energy transfer process from the ligands to Eu3+ ions, resulting
in intensified emission intensity of Eu3+ ions.

4. Conclusion

In conclusion, new lanthanide metal–organic frameworks Ln-
BDC–NH–NH2 were synthesized by using hydrazine-modified
ligand 2-hydrazine-terephthalic acid and Ln3+ (Ln = Eu3+,

Gd3+, Tb3+) ions. The hydrazine-functionalized Eu-BDC–NH–

NH2 exhibited the characteristic emission of Eu3+ ions owing
to the “antenna effect” process. The hydrazine groups of Eu-
BDC–NH–NH2, serving as specific recognition sites for
formaldehyde gas, undergo condensation reactions,
enhancing the energy transfer process from the ligands to
Eu3+ ions, thereby achieving fluorescence enhancement
sensing of gaseous formaldehyde. Such a mechanism of the
fluorescence response was confirmed by FTIR, mass spectra
and fluorescence lifetime analysis. Furthermore, Eu-BDC–
NH–NH2 showed high selectivity for formaldehyde gas, and
could respond quickly within 3 minutes, with a detection
limit as low as 41.7 ppb. This work therefore may provide a
strategy to design and functionalize LnMOFs for highly
sensitive detection of formaldehyde gas, offering new
opportunities for early diagnosis of lung cancer.
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