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A B S T R A C T

A novel hydrogen-bonded organic frameworks (HOFs) FJU-200 has been constructed from N,N'-bis(5-
isophthalic acid)naphthalimide (H4L). FJU-200 has a good dual-function of aniline and ultraviolet
detection. FJU-200 is the first case of HOF with dual sensing of visual color changes and
photoluminescence quenching for aniline detection, and the detection limit of aniline can reach
5.5�10�4 mol/L. Under ultraviolet FJU-200will rapidly change from light yellow to rustic brown, which
makes it possible to use FJU-200 to achieve minute-level ultraviolet detection. Moreover, for more
convenient use, FJU-200 test papers are prepared. Using them, convenient and fast aniline or ultraviolet
detection can be realized. The single-crystal X-ray structures show that compared with the original FJU-
200, both PhNH2@FJU-200 and UV-FJU-200 have larger pore sizes, and the dihedral angles of the H2L2�

in framework has been changed.
© 2021 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
As a typical aromatic amine, aniline is an indispensable
chemical precursor, and is widely applied in rubber industries
[1], dyes intermediates [2], pharmaceuticals [3], and other fields
[4]. However, aniline is toxic, corrosive, difficult to handle, and is
easily absorbed subcutaneously and endangers life, even at
extremely low concentration. So far, the traditional approaches
used to detect amines include high-performance liquid chroma-
tography [5], gas chromatography coupled with mass spectrome-
try [6], fluorometric analysis [7], and cyclic voltammetry [8]. In
fact, these methods require expensive instruments, long analysis
time, and professional operators, and they are not easily accessible
in most cases [9]. Therefore, rapid and efficient detection of aniline
is extremely urgent for public security and environmental
protection.

In this regard, porous crystalline chemical sensors have
attracted great interest due to their fast, reversible and recyclable
sensing capabilities [10–13]. Among them, hydrogen-bonded
organic frameworks (HOFs) have attracted many attentions in
recent years. The inherent features of hydrogen bond (weak,
flexible, poorly directional, and reversible) make HOFs have some
intriguing differences compared to zeolites, metal-organic frame-
works (MOFs), and covalent organic frameworks (COFs), such as
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solution processability and characterization, easy purification and
healing by simple recrystallization [14]. Recently, many HOFs have
been reported with promising applications in gas storage and
separation [15–17], proton conduction [18–20], photodynamic
therapy [21], heterogeneous catalysis [22], fluorescent sensing
[23–25] and so on. However, the exploration of fluorescence
sensing of HOFs is still at an early stage and is rarely used to detect
aniline.

So far, the study of HOF materials to detect aniline is only one
case reported by Zhang’s group in 2020 [13]. It is based on analyte–
organic linker interaction, in which hydrogen bonds play an
important role. Considering that aniline is a good electron donor,
we choose an electron-deficient organic linker to construct HOF. N,
N'-bis(5-isophthalic acid)naphthalimide (H4L) is a typical electron-
deficient and fluorescent linker, which can be used to construct
MOFs and as an amine sensor. H4L is also widely used in optics as a
photochromic variable material. Interestingly, it can be used for
both naked eye and fluorescence detection. Unfortunately, quite a
few metal salts are not environmentally friendly, which often
limits the use ofMOFs inmany conditions [26–28]. Comparedwith
MOFs, HOFs are not restricted by metal salts.

Hence, we synthesized FJU-200 with H4L by solvothermal
method. Single-crystal X-ray diffraction analysis reveals that FJU-
200 has one-dimensional (1D) pores. When FJU-200 was
immersed in the aniline solution, the single crystal changed from
light yellow to deep red, and the transformation from single crystal
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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to single crystal occurred. This is the first case of HOFs, which has
visible color changes, photoluminescence quenching dual sensing
of aniline. Because the aniline forms a hydrogen bond with the
framework of FJU-200, the twist of the skeleton is restricted.
Moreover, FJU-200 not only shows a good detection limit but also
has a certain specific recognition. The detection limit can reach
5.5�10�4 mol/L. In addition, the crystal can be easily deposited on
paper, making a simple test paper that can be used for aniline
detection. And FJU-200 is sensitive to ultraviolet light and can
achieve minute-level ultraviolet detection.

Single-crystal X-ray diffraction analysis reveals that FJU-200
crystallizes in the triclinic space group P-1. It is composed of H2L2�,
[NH2(CH3)2]+, EtOH and H2O (Fig. 1a). It is different from the
reported three-dimensional HOFs [15,16,29,30]. From the a-axis
direction, FJU-200 has a hydrogen-bonded closed ring composed
of three different hydrogen bonds. These three hydrogen bonds can
be divided into two categories, one of which is the two hydrogen
bonds formed by [NH2(CH3)2]+ ion and the adjacent H2L2�

(N��H� � �O/1.80 Å and 2.01 Å, N��H� � �O/170.8� and 157.6�), the
other is a single hydrogen bond formed by two adjacent H2L2�

(H��O� � �O/1.79 Å, O��H� � �O/155.1�) (Fig. 1b). Through the hydro-
gen bonds formed by adjacent H2L2�, 1D diamond-shaped pores
with a size of 6.50�10.5 Å2 are constructed, and 1D ribbon
structures are formed (Fig. 1b). The hydrogen bond rings are
connected each other by a 2.52 Å hydrogen bond formed by
dimethylammonium ion and the oxygen atom of 1,3-phthalic acid
group in the next layer. The adjacent dimethylammonium ions are
bridged by a 2.58 Å hydrogen bond formed by the oxygen atom of
the 1,3-phthalic acid group, and the other segment forms a 2.55 Å
hydrogen bond with the carbonyl group of H2L2� in the next layer
(Fig. 1c). In this way, the hydrogen-bonded bands are connected to
form a two-dimensional (2D) HOF (Fig. 1c). Considering that FJU-
200 has 1D pores, we tried to test N2 adsorption. Unfortunately,
there was almost no N2 adsorption, and the pores collapsed. At
present, acid-base ionic two-component HOFs with permanent
pore structures are generally accompanied by interspersed
structures or structural characteristics of smaller pore diameters
[31–33]. However, FJU-200 has a large pore size and does not have
an interpenetrating structure, and the structural stability is poor. It
can easily collapse when FJU-200 loses the solvent in the
framework.
[(Fig._1)TD$FIG]

Fig.1. (a) Themain components of FJU-200 are H2L2�, [NH2(CH3)2]+, EtOH and H2O.
(b) The 1D structure of FJU-200. Three different hydrogen bonds are formed on b-
axis, forming a hydrogen bond ring. (c) The hydrogen bonds between layers and the
2D structure of FJU-200; (d) The 1D structure of PhNH2@FJU-200. The hydrogen
bond ring has changed significantly, and the pore size has changed from 10.5� 6.5
Å2 to 10.6� 6.5 Å2; (e) The 1D structure of UV-FJU-200. The pore size has also
changed to 10.6� 6.5 Å2.
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Similarly, PhNH2@FJU-200 crystallizes in the triclinic space
group P-1. Its asymmetric unit is composed of one-half of H2L2�,
[NH2(CH3)2]+, and aniline. It also forms a 2D HOF. Compared with
FJU-200, the size of the hydrogen-bonded ring in PhNH2@FJU-200
has been changed. The hydrogen bond formed by adjacent H2L2� is
strengthened with the length decreased from 1.79 Å to 1.74 Å. In
addition, it can be seen from the a-axis that the 1D diamond-
shaped pores are occupied by aniline, and the pore size increased
from 10.5� 6.5 Å2 to 10.6� 6.5 Å2 (Fig. 1d). In the 2D structure
formed by PhNH2@FJU-200, the hydrogen bond between the
hydrogen-bonded bands is weakened with the length increased
from 2.52 Å to 2.62 Å, the length of N��H� � �O hydrogen bond
between dimethylammonium ion and the 1,3-phthalic acid group
is increased to 2.63 Å, but the hydrogen bond formed at the other
end is slightly strengthened with the length decreased to 2.52 Å
(Fig. 1d). What’s more, from the perspective of the b-axis, the
dihedral angle between the benzene ring of the 1,3-phthalic acid
group and the naphthalene ring of H2L2� in the middle is 87.7�

(Fig. S2c in Supporting information).
UV-FJU-200 also crystallizes in the triclinic space group P-1, and

forms a 2D HOFs. It is composed of H2L2�, [NH2(CH3)2]+, EtOH and
H2O. However, we found that there are three obvious differences
between UV-FJU-200 and FJU-200. The pore size is slightly larger,
increased from 10.5� 6.5 Å2 to 10.6� 6.5 Å2 (Fig. 1e). In the 2D
structure formed by UV-FJU-200, the hydrogen bond between the
hydrogen-bonded bands is weakened with the length increased
from 2.52 Å to 2.57 Å, and the length of the hydrogen bond
between dimethylammonium ion and the carbonyl group of H2L2�

in the next layer is decreased from 2.55 Å to 2.62 Å (Fig. 1e). In
addition, the dihedral angle between the benzene ring and the
naphthalene ring of H2L2� is decreased from82.5� to 80.5� (Fig. S2b
in Supporting information).

The detection of aniline is often affected by other aromatic
compounds. Therefore, we performed a specific identification test
for FJU-200. Some different aromatic compounds such as
bromobenzene, toluene, benzaldehyde were tested. Experiments
had proved that only aniline had a significant decrease in
fluorescence intensity (Fig. 2a). Interestingly, for these aromatic
compounds, the color of the crystals becomes darker only when
aniline is added (Fig. S3 in Supporting information). Therefore, we
further explored the detection of FJU-200 for aniline in DMF
solution. We use the titration method for testing. The results show
that it has a good linearity at low concentrations, and the linearity
will become worse as the concentration increases, which may be
due to self-absorption. The quenching efficiency can be evaluated
by the Stern-Volmer (SV) equation: I0/I = 1 + Ksv[M], combinedwith
3d/k [34,35], these two equations can be used to calculate the FJU-
200’s detection of aniline in DMF solution limited to 5.5�10�4

mol/L (Fig. 2). The comparison between various luminescence
sensors for aniline detection is shown in Table S2 (Supporting
information). In addition, the crystal can be easily deposited on
paper, so we tried to make a simple test paper that can be used for
aniline detection. The results show that FJU-200 can be made into
test paper, which can not only quickly detect aniline, but also the
color of the test paper will continue to deepen as the concentration
of aniline increases (Fig. 2d).

We found that when FJU-200 and H4L dispersed in DMF
solution, the emission peaks of the two are the same, which
indicates anilinemainly interacts with H2L2� (Fig. S4 in Supporting
information). From the results of single crystal X-ray diffraction,
there are significant differences between FJU-200 and
PhNH2@FJU-200. First, from the b-axis, the dihedral angle of
PhNH2@FJU-200 is 5.2� larger than that of FJU-200 (Fig. 3a).
Second, the aniline forms a hydrogen bond with the skeleton of
H2L2�. This is because aniline is a very good electron donor, andH4L
is a good electron acceptor. When aniline is present in FJU-200, the
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Fig. 2. (a) Fluorescence intensities of different aromatic compounds. The original sample followed by chlorobenzene, bromobenzene, toluene, aniline, and benzaldehyde
(0.01mol/L in DMF). Only aniline exhibited a decrease in fluorescence. (b) The luminescence of FJU-200 is dispersed in different concentrations of aniline solution. (c) The
Stern-Volmer curve of the solubility of I0/I and aniline of FJU-200 in DMF suspension. (d) Photos of FJU-200 test papers used to test different concentrations of aniline solution
(v/v).
[(Fig._3)TD$FIG]

Fig. 3. (a) From the b-axis direction, the dihedral angle of the benzene ring and
naphthalene ring of FJU-200 is 82.5�, while that of PhNH2@FJU-200 is 87.7�. The
two dihedral angles differ by 5.2� . (b) Aniline forms a hydrogen bond with the
carbonyl group on the PhNH2@FJU-200 skeleton, with a length of 2.50 Å.
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carbonyl group of H2L2� on the skeleton is a good site, which can
form a N��H� � �O (2.50 Å) hydrogen bond with the amino group of
aniline (Fig. 3b). The interactions of the two hydrogen bonds
increase the dihedral angle and decrease the overlap of the
electron cloud density, which lead the anti-bond orbital energy
increased, thereby decreasing the fluorescence.

UV-FJU-200, like ECUT�HOF-30 [36], is very sensitive to
ultraviolet rays. When using ultraviolet light (365 nm) to irradiate
FJU-200 only for 1min, the crystal changes from light yellow to
rustic brown. Since FJU-200 is sensitive to ultraviolet, we made
[(Fig._4)TD$FIG]

Fig. 4. (a) ESR spectra of FJU-200with and without UV irradiation. (b) UV–vis spectra of
papers in different duration of sun expose (taken in Fuzhou at 2 pm on Nov. 20, 2020,
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FJU-200 into test paper and exposed it to the sun. The test paper
changed color after 1min, and the color became darker after 3min.
These results show that it can be used for the rapid detection of
ultraviolet light (Fig. 4). FJU-200 solid-state UV–vis spectrum
display a broad absorption band of about 400 nm corresponds to n-
p* and p-p* transitions of the aromatic organic part [37].
Remarkably, after irradiation for 1min, several new additional
peaks (607 nm, 711 nm and 784 nm) were generated, which arises
from a photo-induced electron-transfer transition. Naphthalene-
tetracarboxdiimide (NDI) moiety is known to be redox-active and
can generate radicals upon light irradiation [38,39]. This radical
generation has been confirmed by the ESR spectra (Fig. 4a). FJU-
200 shows a weak ESR signal at g = 2.0030 before irradiation;
however, after irradiation the signal gets enhanced. Single crystal
X-ray diffraction shows that the UV-FJU-200 single crystal
structure has undergone subtle changes. The single crystal
structure of UV-FJU-200 shows that water molecules and H2L2�

form a lone-pair���p after light exposure was weakened with the
length increased from 2.96 Å to 2.97 Å. It plays an important role in
the electron transfer electron transfer transition [40–43]. At the
same time, we also found that the C��H� � �Ohydrogen bond formed
by the carbonyl group and the adjacent dimethylammonium ion
FJU-200 under ultraviolet light (365 nm) for 1min, 3min. (c) Photos of FJU-200 test
a sunny day). (d) Changes of hydrogen bonds in FJU-200 after UV irradiation.
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also weakened with the length increased from 2.55 Å to 2.62 Å.
Under the applied force, the naphthalene ring of H2L2� was
deflected, and the dihedral angle decreased from the original 82.1�

to 80.2�. This is the first time that the electronic transition process
caused by multiple forces has been observed in the hydrogen-
bonded organic framework after ultraviolet light.

In short, we chose the classic fluorescent linker H4L and
synthesized FJU-200 by hydrothermal method. When FJU-200 is
immersed in aniline solution, the transformation from single
crystal to single crystal can occur. Studies have shown that under
the synergistic effect of two N��H� � �O hydrogen bonds, the
dihedral angle of H4L can be changed. In this way, the fluorescence
intensity of the crystal can be changed and both naked eye and
fluorescent detection can be used. In addition, FJU-200 is sensitive
to ultraviolet and can be used to quickly and conveniently detect
ultraviolet. This provides a new way to design HOF materials for
rapid detection of aniline and ultraviolet light.
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