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ABSTRACT: Facile and sensitive determination of formaldehyde (FA) in indoor environments still remains challenging. Herein, a
fluorescent probe, termed PHN@MOF, was synthesized by embedding the fluorescent molecule of N-propyl-4-hydrazine-
naphthalimide (PHN) into a metal−organic framework (MOF) for sensitive and visual monitoring of FA. The hydrazine group of
PHN acts as the specific reaction group with FA based on the condensation reaction. The host of MOF (UiO-66-NH2) offers the
surrounding confinement space required for the reaction. Owing to the enrichment effect and molecular sieve selection of UiO-66-
NH2 to FA, PHN@MOF, compared with free PHN, exhibits very high sensitivity and selectivity based on space confinement-
induced sensitivity enhancement (SCISE). Moreover, the fluorescence of UiO-66-NH2 offers a reference signal for FA detection.
Using this ratiometric fluorescent PHN@MOF probe, a colorimetric gel plate and test paper were developed and used to visually
monitor FA in air.

Formaldehyde (FA), a familiar indoor air pollutant, is
usually released from furniture, wood-based flooring,

coating, insulation, textiles, and even cosmetic makeup, posing
a significant threat to human health.1,2 Long-term exposure to
FA leads to such diseases as cancer, asthma, immune system
disorders, and central nervous system damage.3−5 Thus, severe
FA exposure guidelines have been stipulated for indoor air by
WHO (80 ppb) and different countries (e.g., 60 ppb by
China).6,7 This calls for effective and practical ways to monitor
FA concentration in indoor environments, such as new homes,
offices, and chemical factories.
At present, FA is usually detected by on-site sampling

followed by off-site quantification in external analytical
laboratories using sophisticated instruments (e.g., chromatog-
raphy and mass spectrum). This procedure is time-consuming
and labor-intensive.8 Fortunately, chemical sensors show the
potential for on-site monitoring with characteristics of simple
application, miniaturization, and low consumption. Thus far,

scientists have developed some satisfactory methods of FA
detection, including electrochemical,9,10 SERS,11 fluores-
cence,12,13 and polarographic determination.14 While showing
some success, the development of household FA detection
sensors that can be used in surrounding air is still challenging
by the limited portability. The characteristic of specific
recognition of targets based on a specific reaction has resulted
in the development of highly selective organic fluorescent
probes for detecting FA in the last decades. Among these, two
different kinds of fluorescence probes, including aza-Cope
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rearrangement-based15,16 and aldehyde-amine condensation
reaction-based probes,17 have drawn interest in FA detection.
Compared to aza-Cope rearrangement, the aldehyde-amine
condensation reaction has shown more rapid reaction kinetics.
Although various small-molecule probes have been developed
for selective detection of FA based on these two mechanisms,
their photobleaching resistance ability still needs to be
improved.
Recently, space confinement-induced sensitivity enhance-

ment (SCISE)18,19 has attracted attention. SCISE occurs
between porous host and guest and is based on target
enrichment and the interference reduction. First, porous host
nanomaterials adsorb target molecules into their pores through
noncovalent interactions, such as H-bond and electrostatic
adsorption.20 If adsorption is based on specific interaction
between functional groups of host and target molecules,
selective enrichment should occur, thereby not only increasing
the concentration of targets but also decreasing interference
that concentrates around active sites. Therefore, the sensitivity
of the probe can be substantially improved. Second, owing to
the porous structure, the host material also shows the potential
for molecular sieving, which can prevent bulky molecules from
contact with a guest probe, thereby improving selectivity
toward gas molecules of different sizes.
Many porous materials have been used as host materials of

SCISE-based sensors, such as mesoporous silicon,21,22 layered
double hydroxide,23,24 and metal−organic frameworks
(MOFs).25 Among these materials, MOFs, which are
assembled from metal clusters and organic ligands, stand out
as one kind of promising material owing to their unique
properties.26,27 The inherent characteristics of MOFs, such as
highly specific surface area, ultrahigh porosity, large pore
volume, tunable cage structures, and open metal sites, make
them good candidates for providing a confined environment
for the capture of guest molecules.28−31 Compared with other
MOFs, the amino-functionalized Zr-MOF of UiO-66-NH2 not
only shows high porosity, large surface area, and cage structure
but also exhibits high chemical and thermal stability in both
water and organic solvents. The pore size of UiO-66 was
reported to be 11.5 Å,32 whereas the window opening size was
less than 6 Å.33,34 Such a cage structure can block bulky
molecules such as o-xylene (kinetic diameter around 7.4
Å)35,36 from getting into the pores, thus decreasing
interference based on size preference. The amino groups of
UiO-66-NH2 have a lone pair of electrons, which can easily
adsorb targets with groups of electron acceptors,37 resulting in
the enhancement of preferential adsorption to FA. Moreover,
the strong fluorescence emission at 450 nm of UiO-66-NH2
allows the construction of ratiometric fluorescent probes.
However, to the best of our knowledge, this kind of fluorescent
probe for FA remains elusive.
Inspired by the advantages of the aldehyde-amine con-

densation reaction and SCISE, we herein synthesized
fluorescent probe N-propyl-4-hydrazine-naphthalimide
(PHN) and embedded it into UIO-66-NH2 to obtain a
nanocomposite (PHN@MOF), which was subsequently used
to construct a household monitoring device for FA. The
hydrazine group of PHN acts as the response site for FA based
on the condensation reaction, which could react rapidly and
generate a stable methylenehydrazine product. The fluores-
cence of PHN could be recovered because of the prohibition of
fluorescent photoinduced electron transfer (PET) (Scheme
1).38,39 The host of UiO-66-NH2 can offer the surrounding

space confinement that allows PHN to respond to FA, leading
to higher sensitivity and selectivity for FA detection.
Compared with free PHN, PHN@MOF showed enhanced
sensitivity and selectivity to FA. Moreover, the intrinsic
fluorescence emission of UiO-66-NH2 can offer a reference
signal for FA detection (Scheme 2). Using this ratiometric
fluorescent probe, a colorimetric gel plate and test paper were
further developed and successfully used to visualize and
monitor FA in air and alcohol.

■ EXPERIMENTAL SECTION
Chemicals and Reagents. Propylamine was purchased

from McLean Chemical Reagent Co., Ltd. Zirconium chloride
was obtained from Shanghai Darui Fine Chemicals Co., Ltd.
Benzoic acid was received from Tianjin Damao Chemical
Reagent Factory. 2-Amino terephthalic acid was obtained from
Shanghai Darui Fine Chemicals Co., Ltd. Hydrochloric acid
was purchased from Jinan Reagent Factory. Hydrazine hydrate
was obtained from Aladdin Chemistry Co., Ltd. 4-Bromine-1,
8-naphthalic anhydride was purchased from J&K Scientific Ltd.
N,N-dimethylformamide (DMF) and ethanol were purchased
from Sinopharm Chemical Reagent Co., Ltd. In addition, all
other reagents and solvents were obtained commercially and
used without further purification.

Instrumentation and Characterization. Transmission
electron microscopy (TEM) measurements were performed on
a JEOL 2010 microscope (JEOL 2010). Fourier transform
infrared (FTIR) spectra were performed on a WQF-510A
spectrophotometer in the range of 4000−500 cm−1. Detection
of UV−vis spectra was obtained using a UV752pc spectropho-
tometer. Fluorescence spectra were recorded using a Hitachi F-
7000 fluorescence spectrophotometer. The 1H NMR spectrum
was obtained using a Bruker-500 MHz NMR (500 MHz/
AVANCE III HD). High-performance liquid chromatography
(HPLC) (Agilent, 1260) equipped with a fluorescent detector
and C18 column (4.6 × 250 mm, 5 μm) was performed to
obtain the HPLC data. X-ray photoelectron spectroscopy
(XPS) analyses were carried out using an ESCALAB 250XI
spectrometer. N2 adsorption−desorption curves were obtained
using a Kubox1000 specific surface area and an aperture
analyzer. Mass spectrometry was performed on an Agilent
1290InfinityII/6564. Zeta potential was measured using
Malvern Zen3600.

Preparation of UiO-66-NH2 and PHN. According to the
reported literature with slight modification,40 the synthesis of
UiO-66-NH2 was performed by dissolving ZrCl4 (0.1864 g), 2-
amino-1,4-benzenedicarboxylic acid (0.1328 g), benzoic acid
(1.4640 g), and hydrochloric acid (144 μL) into DMF (28
mL) with ultrasonic vibration for 15 min. Then, the resulting

Scheme 1. Schematic Illustration of the PHN@MOF Probe
for the Detection of FA
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mixture was placed into an oil bath and heated for 24 h at 393
K. After cooling to room temperature naturally, the precipitate
was separated by centrifugation and then washed three times
with DMF and ethanol, separately. After drying at 343 K under
vacuum, the yellow powder product was harvested.
According to the reported literature with slight modification,

the PHN product was prepared as follows:41 ten mmol 4-
bromine-1, 8-naphthalic anhydride, and 30 mmol propylamine
were dissolved into 60 mL of ethanol. Then, the mixture was
refluxed under 90 °C for 6 h to yield the condensate. After
that, the resultant reaction solution was poured into 1000 mL
of deionized water and then dewatered using a vacuum pump.
The resultant intermediate product was redissolved into 80 mL
of ethanol, and a condensation reaction was carried out at 90
°C for 8 h. One mmol hydrazine hydrate per hour was added
into the mixture. The resultant mixture was poured into 1000
mL of deionized water and then dewatered using a vacuum
pump. The product was dried at 333 K overnight.

1H NMR (400 MHz, DMSO, d6): δ 10.2 (3H, s, N−H),
7.63 (1H, d, Ar−H), 8.02 (1H, t, Ar−H), 8.24 (1H, d, Ar−H),
8.36 (1H, d, Ar−H), 8.59 (1H, d, Ar−H), 2.45 (2H, t,CH2)
1.70 (2H, m, CH2), 1.12 (3H, t, CH3).
Preparation of PHN@MOF. PHN@MOF was synthesized

using the same method as that for preparing UiO-66-NH2
except that PHN (0.05 g) was added into the precursor
solution of UiO-66-NH2.
Fluorescence Sensing Experiment. One hundred μL of

PHN@MOF suspension (300 μg/mL) and 100 μL of different
concentrations of HCHO aqueous solution were added into
800 μL of Tris buffer (pH 6.4). The mixture was incubated for
about 15 min at room temperature, followed by the
measurement of the fluorescence spectrum. To evaluate the
selectivity of PHN@MOF for FA detection, 100 μL of PHN@
MOF suspension (300 μg/mL), 100 μL of different potential

interferences (50 μM), including acetone, cysteine, aldehyde,
H2O2, Ca

2+, Mg2+, Na+, Mn2+, Co2+, NO3
−, Br−, NO2

−, SO4
2−,

I−, Cl−, methylbenzene, phenol, and resorcinol, and 800 μL of
Tris buffer (pH 6.4) were mixed and incubated for 15 min at
room temperature, followed by recording the fluorescence
intensity.

Detection of FA in Liqueur and Air Samples. One
hundred μL of PHN@MOF suspension (300 μg/mL), 100 μL
of 10% liqueur, and 100 μL of different concentrations of
HCHO were added into 700 μL of Tris buffer (pH 6.4). The
mixture was reacted for about 15 min, and then, the
fluorescence spectra were measured. The test paper was
dipped in a vial containing PHN@MOF suspension (300 μg/
mL) and dried in an oven at 40 °C. The process was repeated
five times. FA detection in air samples: the test paper was hung
in a 30 mL bottle containing a drop of 0.1 M methylbenzene,
phenol, resorcinol, and FA, respectively, and the bottles were
heated at 100 °C. Photographs of the test paper were taken
after 15 min of response under a 365 nm UV light. The
preparation process of silica gel plates was as follows: the silica
gel plates were immersed in PHN@MOF dispersions (0.3 mg/
mL) and then dried in an oven at 40 °C. The process was
repeated three times. We wrote “QF” on the silica gel sheets
using the solutions of water, cysteine, acetaldehyde, H2O2,
Ca2+, Mg2+, Na+, Mn2+, Co2+, NO3

−, Br−, NO2
−, SO4

2−, I−, and
Cl− (100 μM) and FA (10 μM) as ink, respectively.
Photographs of the silica gel plates were taken after 15 min
of response under a 365 nm UV light.

■ RESULTS AND DISCUSSION
Characterization of PHN@MOF. The synthesis process of

PHN is shown in Scheme S1. The successful synthesis of PHN
was confirmed by mass spectrometry and 1H NMR. As shown
in Figure S1, the resultant PHN produced an intense molecular

Scheme 2. Schematic Illustration of the PHN@MOF Probe for the Detection of FA

Figure 1. (A) TEM image of UiO-66-NH2. (B) XRD of synthetic UiO-66-NH2 (red) and simulated UiO-66-NH2 (black).
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ion peak at m/z 269.6, which was consistent with the
molecular weight of PHN,41 together with the results of 1H
NMR, demonstrating that PHN had been successfully
synthesized. The synthesis of UiO-66-NH2 was characterized
by SEM, TEM, and XRD. As shown in Figures S2 and 1A, we
can see that the synthesized UiO-66-NH2 exhibited an
“octahedron-like” morphology with an average length of
about 60 nm, which was consistent with that previously
reported.40 Figure 1B shows the XRD diffraction patterns of
the synthesized UiO-66-NH2, which highly matched those of
the simulation,42 suggesting that UiO-66-NH2 had been
successfully synthesized.
On the basis of the successful synthesis of PHN and UiO-

66-NH2, the PHN@MOF was then synthesized under the
hydrothermal reaction and characterized. In order to
investigate the influence of PHN load on the structure of
UiO-66-NH2, the morphology of PHN@MOF was first
evaluated. As shown in Figures S3 and 2A, the structural

morphology of the resultant PHN@MOF was the same as that
of pristine UiO-66-NH2, revealing that the loaded PHN caused
no structural change in UiO-66-NH2. From Figure 2B, we can
see the XRD patterns of PHN@MOF, showing all peaks in the
same positions as those of pristine UiO-66-NH2, indicating
that no contraction or change in the symmetry of the crystals
happened as a result of the rigidity of UiO-66-NH2. This
suggested that the crystal structure of UiO-66-NH2 had
maintained the load of PHN molecules into its cavity. The FT-
IR spectra comparing UiO-66-NH2, PHN, and PHN@MOF
are shown in Figure 2C. The absorption peaks at 1701 and
1069, which were derived from the CO stretch vibration of
dicarboximide and the N−N stretch vibration of hydrazine,
were both observed in PHN and PHN@MOF, whereas
pristine UiO-66-NH2 did not show these characteristic
absorption peaks.43,44 Furthermore, XPS was used to verify
the successful coupling of UiO-66-NH2 with PHN molecules.
Compared with PHN, Figure 2D shows that PHN@MOF had

Figure 2. (A) TEM image of PHN@MOF. (B) XRD of UiO-66-NH2 (black) and PHN@MOF (red). (C) FT-IR of UiO-66-NH2 (blue), PHN
(red), and PHN@MOF (black). (D) XPS spectra of UiO-66-NH2 (black), PHN (red), and PHN@MOF (blue). (E) N2 adsorption and
desorption isotherms of UiO-66-NH2 (a) and PHN@MOF (b). (F) UV−vis absorption spectra of UiO-66-NH2 (black), PHN (red), and PHN@
MOF (blue).
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an additional peak at 185.22 and 183.02 eV, which could be
attributed to Zr 3d.45 Especially, the N and C percent in
PHN@MOF was obviously higher than that in UiO-66-NH2
after coupling with PHN, which further indicated the
successful combination of PHN with MOF. In addition, the
zeta potentials of UiO-66-NH2, PHN, and PHN@MOF were
obtained in Tris-HCl solution at room temperature (Table.
S1). The results showed that the zeta potentials of UiO-66-
NH2 and PHN were about 38.8 and −29.9 mV, respectively.46

Therefore, PHN molecules could combine with UiO-66-NH2
tightly, according to the charge attraction, and suitable
electrostatic repulsion could give rise to the homogeneous
dispersion of PHN. As a result, the zeta potential of PHN@
MOF (34.17 mV) fell between that of UiO-66-NH2 and PHN
after coupling. These results suggested that PHN had been
successfully loaded into the cavity of UiO-66-NH2 without any
changes in the molecular structure.
The N2 sorption−desorption isotherm was used to confirm

the porosity of UiO-66-NH2 and PHN@MOF. As shown in
Figure 2E, the sorption−desorption processes of UiO-66-NH2
and PHN@MOF were both classified as type-II isotherm,
indicating that both UiO-66-NH2 and PHN@MOF possessed
a porous structure. The BET surface area and the pore value of
the synthesized UiO-66-NH2 and PHN@MOF were also
measured by N2 adsorption at 77 K. The results showed that
the Brunauer, Emmett, and Teller (BET) surface area of UiO-
66-NH2 was 1034.8956 m2/g47 and that the pore size was 20
Å. After loading with PHN, the resultant PHN@MOF showed
a slight decrease in the BET surface area and pore size, which
were 923 m2/g and 17 Å, respectively. These results indicated
that crystal UiO-66-NH2 had a large surface area and big pore
size and that the load of PHN only had slight influence on
these characteristics. Figure 2F shows the UV−vis absorption

spectra of UiO-66-NH2, PHN, and PHN@MOF. UiO-66-NH2
(black) showed one absorption peak at 369 nm,48 and PHN@
MOF (blue) exhibited two absorption bands at 340 and 431
nm,41 respectively, which largely resembled those of PHN
(red).

Feasibility of PHN@MOF for Detecting FA. The
fluorescence property of PHN@MOF was further investigated.
Figure 3A demonstrates that PHN@MOF emits blue
fluorescence centered at 434 nm upon excitation of 362 nm.
In order to highlight the better performance of PHN@MOF,
the fluorescence property of PHN, UiO-66-NH2, and PHN@
MOF before and after reacting with FA was investigated
(Figure 3B). Under an excitation wavelength of 362 nm, the
UiO-66-NH2 nanoparticle showed a single fluorescence
emission at 456 nm, which decreased slightly after being
treated with FA. PHN exhibited a single emission at 417 nm in
the absence of FA. However, after incubation with FA for 15
min, the fluorescence intensity at 417 nm showed a slight
decrease, and a new fluorescence peak at 553 nm appeared.
This is because the fluorescence at 553 nm of pristine PHN
was initially suppressed by the PET effect between the
hydrazine group and its chromophore. After reaction with FA,
the PET effect was blocked by the formed hydrazone group,
turning on fluorescence.49−51 To further study the interaction
of PHN@MOF and FA, time-resolved fluorescence decay
experiments of PHN@MOF before and after the reaction with
FA were performed. According to Figure 3C, we can see that
the fluorescence lifetime of PHN@MOF obviously increased
after the reaction with FA, which further confirmed the
inhibition of the PET process between them. Here, PHN@
MOF also showed a single emission at 434 nm in the absence
of FA, resulting from the overlap of UiO-66-NH2 emission at
456 nm and PHN emission at 417 nm. However, after reacting

Figure 3. (A) Emission (Em) spectrum of PHN@MOF with λEx = 362 nm (red); excitation (Ex) spectra of PHN@MOF with λEm = 434 nm
(black). (B) Fluorescence emission spectra of PHN, UiO-66-NH2, and PHN@MOF before and after the addition of 5 μM FA. (C) Time-resolved
fluorescence decay profiles of the aqueous suspension of PHN@MOF before and after the addition of FA. (D) Emission spectra of PHN (black),
UiO-66-NH2 (red), and PHN@MOF (blue) and the UV−vis spectrum (pink) of HCHO (pink).
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with FA, it was found that the fluorescence intensity of PHN@
MOF initially decreased at 434 nm but then increased at 553
nm. The sensitivity of PHN@MOF to FA was much higher
than that of PHN to FA. The reaction mechanism of PHN
with FA, as shown in Schemes 1 and S2, was confirmed by
HPLC (Figure S4) and HR-MS (Figure S5). As shown in
Figure S4a, the retention time of PHN was 7.2 min. From
Figure S4b, we can see that a new chromatographic peak at 5.8
min was observed after PHN reacting with FA, which we
concluded to be the product of hydrazone. Then, HR-MS was
performed to verify the product. From Figure S5, we can see
that the molecular ion peak at m/z 282.3 was observed after
PHN reacts with FA, which was consistent with the molecular
weight of hydrazone. Therefore, after the reaction between
PHN and FA, the resultant product of hydrazone was expected
to be formed. In order to investigate why the reference signal
decreased with increasing FA concentration, the UV−vis
adsorption of PHN, UiO-66-NH2, and PHN@MOF was
detected, respectively. As shown in Figure 3D, the fluorescence
emission spectra of PHN (black), UiO-66-NH2 (red), and
PHN@MOF (blue) considerably overlapped with the UV−vis
absorption spectra of FA (black), indicating that the decrease
in the reference signal at 434 nm could be attributed to the
inner filter effect (IFE).52 3D emission profiles were then used
to investigate the fluorescence properties of PHN@MOF.
PHN@MOF exhibited maximum emission/excitation wave-

lengths at 434/362 nm (Figure S6A). However, after
incubating with formaldehyde for 15 min, a new strong
emission fluorescence peak at 553 nm appeared in the 3D
emission of PHN@MOF (Figure S6B). To prove the stability
of PHN@MOF for FA detection, the fluorescence intensity
ratio at F553/F434 was investigated at different times (Figure
S7). The results showed that the fluorescence intensity ratio at
F553/F434 exhibited negligible change in 72 h. The morphology
of PHN@MOF after the addition of FA was further
investigated, and the results are shown in Figure S8. The
SEM image (Figure S8A) and the TEM image (Figure S8B)
show that the morphology of PHN@MOF after the addition of
FA was the same as that of pristine PHN@MOF, revealing that
incubation with FA did not cause structural collapse of PHN@
MOF. Therefore, PHN@MOF can be employed as an ideal
ratiometric probe for the detection of FA with excitation at 362
nm.

Performance of PHN@MOF for Detecting FA. To
investigate the fluorescence titration of FA using PHN@MOF
as the sensing platform, PHN@MOF water solution (0.3 mg/
mL) was incubated with different concentrations of FA (0−5
μM) for 15 min at room temperature. The optimization
process of the sensing condition is shown in Figure S9. Based
on the data shown in Figure 4A, as FA concentration
increased, the fluorescence intensity at 434 nm decreased,
and the emission at 553 nm gradually increased. The inset of

Figure 4. (A) Fluorescence spectra of the PHN@MOF probe in response to FA at varied concentrations (0−5 μM); inset: photographs of the
sensing mixture with various concentrations (1−3 μM) of FA. (B) Fluorescence intensity ratio (F553/F434) of the PHN@MOF probe in response to
FA.

Figure 5. Selectivity of the sensing method against other interferences. Concentrations of FA and other interferences (acetone, cysteine, aldehyde,
acetaldehyde, H2O2, Ca

2+, Mg2+, Na+, Mn2+, Co2+, NO3
−, Br−, NO2

−, SO4
2−, I−, Cl−, methylbenzene, phenol, and resorcinol) were 5 and 50 μM,

respectively. (A) Fluorescence intensity spectra showing the response of the sensing system to different interferences. (B) Fluorescence intensity
ratio (F553/F434) of the PHN@MOF probe toward various interferences. Inset: photographs at various interferences.

Analytical Chemistry pubs.acs.org/ac Article

https://doi.org/10.1021/acs.analchem.1c00916
Anal. Chem. 2021, 93, 8219−8227

8224

https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.1c00916/suppl_file/ac1c00916_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.1c00916/suppl_file/ac1c00916_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.1c00916/suppl_file/ac1c00916_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.1c00916/suppl_file/ac1c00916_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.1c00916/suppl_file/ac1c00916_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.1c00916/suppl_file/ac1c00916_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.1c00916/suppl_file/ac1c00916_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.1c00916/suppl_file/ac1c00916_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.1c00916/suppl_file/ac1c00916_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.1c00916/suppl_file/ac1c00916_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.1c00916/suppl_file/ac1c00916_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.1c00916/suppl_file/ac1c00916_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.1c00916/suppl_file/ac1c00916_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.1c00916/suppl_file/ac1c00916_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.1c00916?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.1c00916?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.1c00916?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.1c00916?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.1c00916?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.1c00916?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.1c00916?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.1c00916?fig=fig5&ref=pdf
pubs.acs.org/ac?ref=pdf
https://doi.org/10.1021/acs.analchem.1c00916?rel=cite-as&ref=PDF&jav=VoR


Figure 4A shows the photograph of the sensing mixture with
different FA concentrations under a UV light at 365 nm. With
increasing FA concentration, results showed that the emission
of the sensing mixture changed gradually from blue to bright
yellow. Figure 4B shows that the fluorescence intensity ratio
(F553/F434) of PHN@MOF had good linear relationships with
FA concentration in the range of 1−3 and 3−4 μM (R2 =
0.9933 and 0.9935). Based on the signal-to-noise ratio of S/N
= 3, the limit of detection (LOD) was calculated to be 0.173
μM, which was lower than the LOD of PHN (3.2 μM).
Compared to single PHN, PHN@MOF was more sensitive to
FA by the SCISE of MOF host. Since UiO-66-NH2 was rich
with amine, the hydrogen bonds of amine could easily form
with FA (Figure S10), facilitating surface adsorption. There-
fore, local concentration of FA around the MOF increased,
leading to higher response sensitivity. These results suggested
that the established sensing platform presented a satisfactory
fluorescence and naked-eye detection method for FA.
The selectivity of the PHN@MOF for FA was investigated

by performing fluorescence tests in the presence of potential
interference species, including acetone, cysteine, aldehyde,
H2O2, Ca

2+, Mg2+, Na+, Mn2+, Co2+, NO3
−, Br−, NO2

−, SO4
2−,

I−, Cl−, methylbenzene, phenol, and resorcinol (Figure 5). As
shown in Figure 5A, the fluorescence emission at 553 nm is
greatly enhanced after reacting with FA. However, even with
10 times concentration of FA, the interference species exhibit
negligible fluorescence change at 553 nm. Figure 5B shows that
the fluorescence intensity ratio (F553/F434) of PHN@MOF
gives a remarkable increase with response to FA and negligible
responses to interference species, which is highly consistent
with Figure 5A, suggesting that PHN@MOF has high specific
recognition of FA. Compared to the free PHN, the selectivity
of PHN@MOF is better for the SCISE (Figure S11). The pore
size of UiO-66-NH2 synthesized in this work was determined
to be 20 Å, whereas the window opening size is less than 6 Å,
which permits the small molecules, such as FA, entering but
blocks the bulky molecules, such as toluene and phenol, getting
into the pores (Figure S12). Therefore, the PHN@MOF
shows higher selectivity and sensitivity to FA than the free
PHN.
Practical Application of PHN@MOF for Detecting FA.

In order to study the practical applications of PHN@MOF for
FA detection, a silica gel plate and filter paper were coated with
PHN@MOF dispersive solution (0.3 mg/mL) as a test paper
to detect FA. The letters “QF” were written on the silica gel
plates using water, cysteine, acetaldehyde, H2O2, Ca

2+, Mg2+,
Na+, Mn2+, Co2+, NO3

−, Br−, NO2
−, SO4

2−, I−, and Cl− (100
μM) and FA (10 μM) as ink, respectively. As shown in Figure
6, under UV light irradiation at 365 nm, no obvious changes
were observed in the silica gel sheets written by interference
species, while the script “QF” appears in yellow-green on the
silica gel sheet coated in FA. In addition, a simulation of
contaminated air was prepared by mixing air and benzenes,
including methylbenzene, phenol, and resorcinol. This was
used to further examine the practical ability of the developed
test paper for FA monitoring. As shown in Figure 7, the air
contaminated with FA reported out a remarkable change from
blue to yellow, whereas the contaminated air without FA, but
with interference species, showed no obvious color change.
These results revealed that the developed test paper pretreated
with PHN@MOF could be used as a satisfactory test strip for
FA monitoring with characteristics of easy operation, high
economy, high safety, and advanced efficiency.

Practical Application. To further evaluate the feasibility of
PHN@MOF as a sensor for practical FA detection, assay tests
were carried out to detect FA in liqueur. The original samples
were spiked with different concentrations of FA standards,
followed by sensing performance. The experimental results are
shown in Table 1. From Table 1, we can see that the recoveries
of FA for all the samples with different concentrations range
from 93.33 to 105.00% with RSD less than 5%. These results
demonstrated that the PHN@MOF sensor had satisfactory
accuracy and precision for detecting FA in liqueur.

Figure 6. Photographs of silica gel plates under a 365 nm UV light
upon coating with interferences (water, cysteine, acetaldehyde, H2O2,
Ca2+, Mg2+, Na+, Mn2+, Co2+, NO3

−, Br−, NO2
−, SO4

2−, I−, and Cl−)
and FA. Concentrations of FA and other interferences (cysteine,
acetaldehyde, H2O2, Ca

2+, Mg2+, Na+, Mn2+, Co2+, NO3
−, Br−, NO2

−,
SO4

2−, I−, and Cl−) were 10 and 100 μM, respectively.

Figure 7. Photographs of the test paper under a visible light (A) and a
365 nm UV light. (B) Photographs of the test paper hanging upon 30
mL bottles containing contaminated air and methylbenzene (C),
phenol (D), resorcinol (E), and FA (F) solutions (0.1 M),
respectively, under a 365 nm UV light.

Table 1. Recovery of 10% Liqueur Samples Containing
Different Concentrations of FA Measured by Fluorescence
Spectrometry

sample added (μM) found (μM) recovery (%) RSD (%, n = 3)

1 1.00 1.05 105.00 1.89
2 2.00 2.04 102.22 2.70
3 3.00 2.80 93.33 3.62
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In order to highlight the application of the proposed method
for detecting FA, the analysis parameters of FA detection with
different methods were compared (Table S2). As shown in
Table S2, the method proposed in this study had the
advantages of simple design, low synthesis cost, high selectivity,
low instrument price, and low LOD, when compared with
methods reported in the previous literature.

■ CONCLUSIONS
In summary, a ratiometric fluorescent probe for FA sensing
was successfully synthesized by embedding the fluorescent
probe PHN into UiO-66-NH2 through one-pot. The hydrazine
group of PHN acts as the specific reaction group with FA
based on the condensation reaction. The host of MOF (UiO-
66-NH2) offers surrounding space confinement for the
reaction. Compared with free PHN, PHN@MOF with
SCISE shows higher selectivity and sensitivity to FA, owing
to the molecular sieve selection and enrichment effect of UiO-
66-NH2 for FA. The fluorescence emission of UiO-66-NH2
also offers a reference signal for FA detection. Based on this
ratiometric fluorescent probe, a simple method was developed
and used for successful visual monitoring of FA in air and
alcohol. The strategy of embedding guest recognition
molecules into host porous nanomaterials to improve
selectivity and sensitivity can provide prospective potential
for monitoring trace targets in complex samples.
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