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Although the construction of specific functional crystalline materials is still challenging, the multi-
component molecular assembly has become a key solution for the design of functional materials. Here,
we report a hydrogen-bonded organic framework (HOF) material FJU-360 constructed from disodium
6-hydroxy-5-[(4-sulfophenyl)azo]-2-naphthalenesulfonate (SSY) and terephthalimidamide. The charge-
assisted hydrogen bonding between amidinium and sulfonate makes FJU-360 produce much stronger
fluorescence than SSY, and can be used as a luminescence sensor to rapidly quench aniline through
luminescence quenching. FJU-360 is sensitive and highly selective for the detection of aniline, and the
detection limit reached 3.2 nmol/L, which is the lowest value reported currently. The mechanism of ani-
line response was analyzed through the aniline@FJU-360 single crystal structure, and the luminescence
mechanism was clarified through density function theory calculations. This work is an important step
towards the rational synthesis and assembly of sensing materials.

Low detection limit

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

As a key role in molecular assembly, hydrogen bonding leads
to exciting supramolecular organizations such as organic molec-
ular cages [1-3], polymers [4,5], and hydrogen-bonded organic
frameworks (HOFs) [6-8]. The unique charge-assisted hydrogen
bonding interaction formed by sulfonic acid and amine has been
extensively explored to construct crystal network projects, such
as quasi-hexagonal guanidinium organosulfonate roof (GS roof)
[9-11], regular hexahedral hydrogen-bonded organic salts [12].
However, crystalline materials constructed by amidine and sulfonic
acid is rarely reported and applied. Similar to guanidine, amidine
will be protonated to form amidinium when reacting with sulfonic
acid [13]. In addition to multiple hydrogen bonds, the association
of the two also involves a favorable electrostatic force between the
positive (dispersed on the amidinium group) and the negative (dis-
persed on the sulfonate group) charge [11]. This peculiar interac-
tion is called “salt bridge” or charge-assisted hydrogen bond that
can closely connect different building blocks [14]. Due to the effect
of charge transfer, the bond length between the motifs is short-
ened. And a stronger H-bond with a shorter bond length is accom-
panied by better directivity (that is, a larger bond angle) [7]. From
the perspective of rational design, compared with weak hydrogen
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bonds, highly oriented and strong hydrogen bonds help simplify
the chemical process of self-assembly of organic molecules to ex-
pand the network [8].

Aniline plays an important role as an intermediate in chemical
[15], pharmaceutical [16] and food industries [17]. Due to the influ-
ence of its own chemical and physical properties, it is easy to cause
long-lasting environmental pollution. Aniline is easily to form a va-
por, which enters the human body through the skin, digestive tract,
and respiratory tract, and then resulting in anemia, toxic liver dis-
ease, and death in severe cases [18]. Although the traditional de-
tection methods in analytical chemistry have low detection limits,
high-performance liquid chromatography and gas chromatograph-
mass spectrometer all require expensive instruments [19], long
analysis time, and professional technical personnel [20].

In modern aniline detection technology, the colorimetric
method and electrochemical method have more extensive results
for the determination of aniline compounds, which are not suitable
for trace analysis and specific analysis [21]. Although the instru-
ment analyst is simple, the spectrophotometric method has low
sensitivity, cumbersome operation, and interference large, many
kinds of reagents are used, unstable and the used naphthalene
ethylenediamine hydrochloride has the achilles heel of potential
carcinogenic effects [22]. Therefore, low detection limit, high selec-
tivity, and reversibility of aniline detection methods are very im-
portant for air pollution control, food safety testing, and medical
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Fig. 1. (a) SSY undergoes tautomerism to form a planar structure (left) and the torsion angle formed by the two amidino groups of terephthalamidine and the benzene ring
(right); (b) The simplest structure of FJU-360 unit; (c) Two SSY and two terephthalimidamides form tetramer layer by hydrogen bonds, and the two layers are superimposed
in centrosymmetric by hydrogen bonds to form “X”-shaped column; (d) FJU-360 3D framework (hiding the guest molecule). Color code: S, yellow; C, gray; O, red; N, Blue;

H, white.

diagnosis. With the continuous exploration in the field of materi-
als, the good luminescence properties of metal-organic frameworks
(MOFs) [23-25] and hydrogen-bonded organic frameworks (HOFs)
[26,27] make them shine in aniline sensing and detection applica-
tions. These porous materials that achieve good fluorescence prop-
erties for aniline detection usually need to have suitable pores, bet-
ter stability, and sites that can strongly interact with aniline.

In today’s fluorescence sensing research, changes in lumi-
nous intensity (turned down or turned up) represent one of
the easiest responses to analyte identification. Compared with
turning on the counterpart, turning off fluorescence sensing is
more susceptible to other quenchers or environmental stim-
uli, resulting in lower sensitivity and reliability [28,29]. In this
work, we used charge-assisted hydrogen bonding to constructed
a stable hydrogen-bonded organic framework material FJU-360,
which is composed of disodium 6-hydroxy-5-[(4-sulfophenyl)azo]-
2-naphthalenesulfonate (Sunset Yellow, abbreviate the anion to
SSY) and terephthalimidamide. Interestingly, the transfer of elec-
trons between SSY and terephthalimidamide makes FJU-360 show
much stronger fluorescence than Sunset Yellow, and it shows an
ultrasensitive response to aniline in ethanol, with a detection limit
of 3.2 nmol/L. This response mechanism is unitary, and when there
is interference from other aromatics, its impact can be ignored.
Single crystal X-ray diffraction (SCXRD) measurements show that
the deprotonated hydroxyl groups on the FJU-360 frame form hy-
drogen bonds with aniline molecules, which changes the electron
cloud density of the frame and shrinks the crystal frame, show
sensitive fluorescence sensing to aniline.

FJU-360 is a red needle-like crystal obtained by slowly evap-
orating the solvent at room temperature. SCXRD analysis shows
that FJU-360 crystallizes in the orthogonal C2/C space group, and a
unique three-dimensional (3D) framework is formed by hydrogen
bonds assisted by SSY, terephthalimidamide, and water molecules
through multiple charges (Fig. 1b). Viewed along the b-axis, in
the 3D framework constructed by SSY and terephthalimidamide,

4318

SSY undergoes tautomerism to form a planar structure (Fig. 1a,
left) [30], and the two amidinium group planes of terephthalimi-
damide form a torsion angle of 39.95° and 39.68° with the mid-
dle benzene ring (Fig. 1a, right), thus forming a tetramer struc-
ture constructed by two SSY and two terephthalimidamide ions.
The five O-=sH-N hydrogen bonds formed between sulfonate and
amidinium groups are all in the range of 2.1 A to 2.8 A, indi-
cate they are strong hydrogen bonds. These five hydrogen bonds
can be divided into three categories, a double hydrogen bonds of
2122 A and 2.188 A formed by the amidinium group and an oxy-
gen atom of the sulfonate group on naphthalene; the other two
oxygen atoms of the sulfonate group and one hydrogen atom of
the amidinium group form a double hydrogen bonds with lengths
of 2178 A and 2.745 A; the sulfonate group on benzene and the
amidinium group form a single heavy hydrogen bond with a length
of 2.011 A (Fig. 1c). Along the b-axis, every two centrally symmet-
rical tetramers are connected by two singlet hydrogen bonds with
a length of 2.081 A to form a one-dimensional (1D) “X”-shaped
columnar structure (Fig. 1c). The bonding method between used
tetramers is stacked to form a 3D HOF (Fig. 1d). FJU-360 has 1D
diamond-shaped pores with a pore size of 5.8 x 13.8 A2, We tried
to test the nitrogen adsorption after activation of the material to
characterize the pore characteristics of the material. Unfortunately,
FJU-360 has no nitrogen adsorption, and the framework collapses
after losing the guest molecules because FJU-360 has a large pore
size, does not have an interpenetrating structure, and has poor
structural stability, water molecules act as a support framework in
the pores (Fig. S3 in Supporting information), and the removal of
guest molecules causes the pores collapsed.

Considering the exposed deprotonated oxygen atoms on the
framework of FJU-360 may serve as binding site for aniline. Inter-
action between the guest molecules and the exposed sites on the
framework may provide the feasibility for improving the sensitiv-
ity of aniline detection. Therefore, we tested the ability of FJU-360
to detect aniline in ethanol and the ability to sense other aromatic
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Fig. 2. (a) The change of fluorescence intensity of FJU-360 ethanol suspension after adding different analytes (5 pL analyte in 2 mL ethanol); (b) The luminescence of FJU-360
dispersed in different concentrations of aniline solution; (c) Stern-Volmer plot of FJU-360 Iy/I and aniline concentration in ethanol suspension.
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Fig. 3. Comparison of the detection limit of FJU-360 with other porous materials
and instrumental analysis for the detection of aniline.

compounds with similar structures but different functional groups,
including benzene, toluene, p-xylene, chlorobenzene, bromoben-
zene, and benzaldehyde. The test results indicate that FJU-360 has
specific selectivity for aniline, all tested aromatic compounds have
almost no effect on the fluorescence of FJU-360 except aniline
(Fig. 2a). Subsequently, the fluorescence response of FJU-360 as a
function of aniline concentration was quantitatively studied. The
results show that as the concentration of aniline increases, the flu-
orescence intensity of the material gradually decreases (Fig. 2b).
The quenching efficiency is calculated by the Stern-Volmer (SV)
equation: Ip/l = 1 + Ksy [M] (Ip/I is the ratio of fluorescence in-
tensity before and after the addition of aniline, Kgy is the quench-
ing constant (L/mol); [M] is the concentration of aniline in the ex-
periment). The SV chart shows a good linear relationship between
aniline and the fluorescence intensity of the sample at low con-
centrations (Fig. 2c). The deviation of the height curve with the
concentration may be caused by the self-absorption phenomenon
of the solution [31]. The quenching constant of FJU-360 reached
5.8 x 102 L/mol; the detection limit of FJU-360 reached 3.2 nmol/L
calculated according to 3o [k [32,33], which is the currently known
minimum detection limit of aniline in porous materials (Fig. 3, Ta-
ble S3 in Supporting information) [24-27,34-39].

The reusability of materials is an important indicator of FJU-360
in actual production and application. FJU-360 crystal can be reused
only by immersing and cleaning in ethanol and water (v/v = 5:1).
The fluorescence detection efficiency of regenerated FJU-360 for
aniline is very close to the original sample (Fig. S6b in Support-
ing information), indicating that FJU-360 has good recyclability in
sensing applications.

Solid-state emission fluorescence of Sunset Yellow and FJU-360
at room temperature shows that the fluorescence emission of FJU-
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360 at 645 nm is much stronger than that of Sunset Yellow, which
may be due to the intra- and inter-molecular proton transfer and
electron transfer [40,41]. Through density functional theory (DFT)
calculation and analysis of the double dipole part composed of two
SSY and two terephthalimidamide in FJU-360, it is found that elec-
tron transfer occurs between SSY and terephthalimidamide. The
highest occupied orbital energy calculated by SSY as a theoreti-
cal calculation is —4.85 eV, the theoretically calculated lowest oc-
cupied orbital is on terephthalimidamide with —4.60 eV (Fig. 4c).
When electrons return from LUMO to HOMO, strong fluorescence
is generated.

To explore the mechanism of FJU-360 fluorescence sensing in-
depth, we used SCXRD technology to determine the precise struc-
ture of FJU-360 treated with aniline. Aniline@FJU-360 is obtained
by immersing FJU-360 crystal in aniline solution through the sin-
gle crystal to single crystal structure conversion. In aniline@FJU-
360, the aniline molecule replaced two guest water molecules in
FJU-360 channel and distributed in the two corners of the parallel-
ogram channel, which can be well-identified (Fig. 4a). The amino
group of the aniline forms a hydro-gen bond with a bond length
of 2.426 A with the exposed O atom in the pore (Fig. 4b). Ani-
line is a good electron donor, and SSY is a good electron accep-
tor when it undergoes tautomerization into quinone. The hydro-
gen bond between aniline and the framework changes the distri-
bution of electron cloud density. Through DFT calculations, it is
found that energy difference between the HOMO and LUMO or-
bitals before and after the action of the aniline molecule increases
to 1.8 times (Fig. 4c) [42], the calculation results also show that the
charge transfer of FJU-360 occurs between terephthalimidamide
and SSY, while the electron transfer of aniline@FJU-360 occurs be-
tween terephthalimidamide and aniline. The decrease in electron
cloud density leads to an increase in the anti-bond orbital energy,
thereby reducing fluorescence of FJU-360.

In a word, we used SSY and terephthalimidamide as build-
ing blocks successfully synthesized a 3D HOF FJU-360 by charge-
assisted hydrogen bonding. FJU-360 exhibits much stronger fluo-
rescence than SSY and has the potential for rapid response and
highly selective detection of aniline. The detection limit reached
3.2 nmol/L, which is the lowest value currently reported among
porous materials. Single crystal X-ray diffraction measurements
and density functional theory calculations show that FJU-360 inter-
acts with aniline through the exposed oxygen atoms in the pores
as the binding site, which reduces the electron cloud density of
the framework and reduces the fluorescence of the material. The
use of charge-assisted hydrogen bond construction in the mode of
crystalline functional materials enriches crystal network engineer-
ing and provides new ideas for the design of functional materi-
als for multi-component molecular assembly. At the same time,
reusability, low detection limit, and high quenching constant Ksy
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Fig. 4. (a) Aniline adsorption sites in FJU-360 (selected fragments are highlighted); (b) Hydrogen bonding between aniline and oxygen atom on the inner wall of FJU-360
channels; (c) Calculated FJU-360 and aniline@FJU-360 selected fragment energy level difference diagram based on DFT at the b3lyp/631+g(d,p) basis set. The oxygen in the
inner wall of the pore as the action site and the aniline form a hydrogen bond of 2.426 A, which makes the activation energy of FJU-360 from HOMO to LUMO reach 0.44

eVv.

make FJU-360 promising for aniline detection, and may lead to im-
portant potential applications as a functional material in the fields
of industry, agriculture, medicine, and environmental systems.
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