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The effective removal and selective detection of explosive and toxic pollutant trinitrophenol (TNP) is
an attractive but challenging field. Herein, a double-cavity nor-seco-cucurbit[10]uril (ns-Q[10])-based
supramolecular assembly 8-HQ@ns-Q[10] was fabricated and its structure was characterized by X-ray sin-
gle crystal diffraction. In this assembly, the stoichiometric ratio of ns-Q[10] and 8-hydroxyquinoline (8-
HQ) is 1:2, which is also attributed to the special double-cavity structure of ns-Q[10]. The luminescence
sensing experiments showed that 8-HQ@ns-Q[10] can be used as a good fluorescence-enhanced sensing
material (enhanced 27-fold) for the rapid detection of explosives and the aqueous contaminant TNP, with
a limit of detection (LOD) of 2.07 x 10~> mol/L, without interference from other phenolic compounds. Fur-
thermore, TNP can be efficiently removed in the presence of assembly 8-HQ@ns-Q[10], and the removal
efficiency is more than 89%. Therefore, the supramolecular assembly 8-HQ@ns-Q[10], as a fluorescence-
enhanced luminescence sensor and adsorption material, has rich research value and potential application

prospect when applied to the detection and removal of TNP in aqueous environment.
© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The nitroaromatic compound, 2,4,6-trinitrophenol (TNP), com-
monly known as picric acid, is not only a dangerous component
of explosives, but also a contaminant in water and soil that can
cause dangerous damage to internal organs and the nervous sys-
tem [1]. Since TNP is an explosive and toxic pollutant, it is of great
importance in both national security and environmental protection
[2]. Therefore, the efficient identification and removal of TNP is
very attractive and important for scientists. Despite the selectiv-
ity and accuracy of current explosives detection methods, includ-
ing modern analytical techniques (colorimetric immunoassay [3],
surface-enhanced raman spectroscopy [4], and ion mobility spec-
trometry [5]), they also suffer from high operating costs, portabil-
ity issues during field use, and the need for frequent calibration.
Therefore, the detection of explosive compounds or their precur-
sors in a non-destructive manner is of considerable importance
in today’s security environment. In contrast, fluorescence detec-
tion methods have attracted increasing attention due to their cost-
effectiveness, high sensitivity and relatively easy operation [6-10].
Although there are known reports for the detection of TNP explo-
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sives, the challenges remain with their rapidity and high sensitiv-
ity. Among the different materials that can be used as fluorescent
sensors, organic frameworks are considered to be promising mate-
rials, metal-organic frameworks (MOFs) [11-13], polymers [14-16],
and hybrid materials [17,18] have been reported for this purpose,
which typically gradually change the fluorescence intensity of the
sensor by adding analytes. The method is simple and sensitive, and
can meet the requirements of rapid detection and high sensitivity
of pollutants.

The study of nitroaromatic compounds using organic frame-
works and supramolecular chemistry strategy has long been the
focus of scientists’ attention. Aggarwal reported a fluorescent Zr-
NDI based MOF for the selective detection of trinitrophenol (TNP)
in water. The limit of detection of TNP is as low as 8.1 ppm and
the quenching efficiency is 95% [19]. Morsali designed a dual-
responsive reproducible luminescent 2D-MOF for nitroaromatic
sensing via targeted modulation of active interaction sites [20].
Zhao constructed a series of fluorescent heteroporous covalent or-
ganic frameworks and realized their application in the spectro-
scopic and visual detection of TNP with high selectivity and high
sensitivity. The heteropore COFs exhibit spectroscopic and color
changes to TNP with extremely high selectivity and sensitivity,
which makes them excellent macroscopic chemosensors for the
selective detection of TNP [21]. However, among the fluorescent
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Scheme 1. Schematic diagram of the supramolecular assembly 8-HQ@ns-Q[10] for
the detection and removal of TNP.

organic framework materials that have been reported for the de-
tection of TNP, most of them are fluorescence quenching detec-
tion mechanisms. Therefore, the development of a fluorescence-
enhanced organic framework material for efficient and rapid de-
tection of TNP is an important part of the current research.
Herein, we report cucurbit[n]uril as a raw material for construct-
ing supramolecular assembly materials and successfully applied it
to fluorescence sensing of TNP.

Cucurbit[n]urils (Q[n] or CB[n]), a family of pumpkin shaped
macrocycle host molecules, have specific and strong binding affini-
ties to various guest molecules, which has developed immensely
over the past few decades on account of their high selectiv-
ity and exceptionally high binding constants in water [22-35].
In 2006, Isaacs reported the synthesis and isolation of nor-seco-
cucurbit[10]uril (ns-Q[10]), which is a double cavity host molecule,
each shaped by five glycolurils and connected by two CH,—bridge
[36]. Two cavities of ns-Q[10] are able to simultaneously encap-
sulate two guest molecules to form 1:2 ternary complexes [37].
To date, ns-Q[10] have been employed in a variety of applications
including molecular recognition [38,39], supramolecular polymers
[40,41], supramolecular hydrogel [42], host-guest complexes [43-
45], supramolecular organic framework [46], and adsorption sep-
aration materials [47]. However, its application as a supramolec-
ular assembly for the preparation of chemical sensors are rarely
reported yet.

In this paper, we use ns-Q[10] as the host molecule, which me-
diates two 8-hydroxyquinoline (8-HQ) molecules to form ternary
supramolecular assembly. The X-ray single crystal structure shows
that the supramolecular assembly 8-HQ@ns-Q[10] is mainly formed
by ns-Q[10] and 8-HQ through numerous intermolecular hydrogen
bonds. In addition, 8-HQ is arranged in a top-top conformation in
the cavity of ns-Q[10], and the two 8-HQ molecules distributed in
the two cavities are arranged parallel to each other through in-
termolecular hydrogen bonds, which result that the rotation of 8-
HQ in the cavity is greatly suppressed, and an extremely stable
supramolecular assembly 8-HQ@ns-Q[10] is formed. Subsequently,
the assembly 8-HQ@ns-[10] was used for the detection of TNP, and
the fluorescence intensity of 8-HQ@ns-[10] increased continuously
with the addition of TNP (with 27-fold enhancement), with a de-
tection limit of 2.07 x 10~ mol/L, which also can achieve effec-
tively removing TNP from the aqueous solution (Scheme 1). Thus,
this supramolecular assembly 8-HQ@ns-Q[10] provides a simple
and convenient strategy for the detection and removal of TNP in
aqueous environment for future research.

Herein, we constructed a supramolecular assembly 8-HQ@ns-
Q[10], that is, two 8-HQ molecules were mediated by ns-Q[10]
to form a ternary host-guest complex, which was induced by the
[CdCl4]?~ anions and slowly evaporated in aqueous hydrochlo-
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Fig. 1. (a, b) Two-dimensional network of supramolecular organic framework 8-
HQ@ns-Q[10]/Cd; (c) Intermolecular hydrogen bonding between ns-Q[10] host and
two 8-HQ molecules; (d) lon dipole interaction between ns-Q[10] host and its sur-
rounding eight [CdCl4]>~; (e) Two 8-HQ molecules were encapsulated in the ns-
Q[10] host to form near-co-planar structure; (f) The spatial arrangement structure
of ns-Q[10] host and two 8-HQ molecules in the vertical direction.

ric acid solution, and successfully obtained bright yellow mas-
sive single crystal particles, then the structure was characterized
by using single crystal X-ray diffraction (Fig. 1 and Table S1 in
Supporting information). Single crystal X-ray diffraction analysis
showed that supramolecular assembly 8-HQ@ns-Q[10] crystallized
in the triclinic crystal system with space group P-1. The asymmet-
ric unit of supramolecular assembly 8-HQ@ns-Q[10] contains an
ns-Q[10] macrocyclic host, two 8-HQ guest molecules, two tetra-
hedral [CdCl4]®>~ anions, and four protonated water molecules. As
shown in Figs. 1a and b, two 8-HQ molecules were encapsulated
in the ns-Q[10] host and formed a homologous ternary inclusion
complex 8-HQ@ns-Q[10], the hydrogen atoms on the benzene unit
and pyridine unit of the 8-HQ molecule are located at the nega-
tively charged ports of ns-Q[10], respectively. Furthermore, in the
assembly 8-HQ@ns-Q[10], the farthest distances from the hydro-
gen atom on the pyridine unit and benzene unit of 8-HQ molecule
escaping from the ns-Q[10] portal plane are 0.632A and 0.149 A,
respectively (Fig. 1f). Such a small distance indicates that the size
of 8-HQ molecule is almost perfectly consistent with the cavity
height of ns-Q[10]. The hydrogen atom of the 8-HQ molecule forms
a hydrogen bond with the carbonyl oxygen atom of the ns-Q[10]
host, and the C-H---O distance is 2.462-3.349A (Fig. 1c), the hy-
droxyl groups of two 8-HQ molecules distributed in different cav-
ities of ns-Q[10] can form intermolecular hydrogen bonds, and the
distance of H-0---H is 2.977 A (Fig. 1e). Interestingly, the two 8-HQ
molecules undergo a reverse subparallel arrangement with a face
angle of 176.58° (Fig. 1e). An important reason for such a paral-
lel arrangement is the multiple non-covalent interactions between
the 8-HQ guest molecule and the ns-Q[10] host. Another important
reason is the hydrogen bonding interaction between the hydroxyl
groups of two 8-HQ molecules, which further restricts the rotation
of 8-HQ molecules in the ns-Q[10] host cavity (Fig. 1e). The sophis-
ticated and abundant intermolecular hydrogen bonding resulted in
the regular arrangement of 8-HQ within the ns-Q[10] host cavity,
forming the supramolecular assembly 8-HQ@ns-Q[10].

Next, the extended structure of supramolecular assembly 8-
HQ@ns-Q[10] was analyzed. Since [CdCl4]?~ anions was doped as
an inducing reagent during the crystallization process, which also
played an important role in the assembly process of the assembly
8-HQ@ns-Q[10]. Each 8-HQ@ns-Q[10] unit is surrounded by four
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Fig. 2. (a) UV-vis spectral changes of 8-HQ upon addition of ns-Q[10] in aqueous
solution at 298K ([8-HQ]=2.0 x 10~>mol/L and [ns-Q[10]] =0-2.0 x 10~> mol/L).
(b) The UV-vis spectral changes versus the molecular ratio of ns-Q[10]/8-HQ.

repeating units and eight tetrahedral [CdCl4]?~ anions (Fig. 1c, Figs.
S1a and b in Supporting information), each [CdCl4]?>~ anions forms
C-H---Cl contact with adjacent ns-Q[10] hosts with a C-H---Cl dis-
tance of 2.733-3.353 A The C-H bonds of the methyl or methy-
lene groups on the outer surface of the ns-Q[10] host interact with
the carbonyl oxygens of the adjacent ns-Q[10] host to form abun-
dant C-H---0 hydrogen bonds, C-H---O distances with 2.573-3.192 A
(Figs. S1c and d in Supporting information). Both C-H..-Cl interac-
tions and C-H---O hydrogen bonds contribute to stabilize the struc-
ture of the supramolecular assembly 8-HQ@ns-Q[10], and these are
classified as "outer surface interaction of cucurbit[n]urils" [48-53].

A detailed analysis of the crystal structure of the supramolec-
ular assembly 8-HQ@ns-Q[10] showed that it does perform regu-
lar assembly in the solid state and the stoichiometric ratio of ns-
Q[10] to 8-HQ is 1:2. Further, we investigated whether it can also
be efficiently assembled in the liquid dispersion state by UV-vis
spectroscopy and 'H NMR. Firstly, the host-guest interaction be-
tween ns-Q[10] and 8-HQ was investigated by UV-vis spectroscopy,
as Fig. 2 shows, in the initial state, 8-HQ had an adsorption peak
(A=240nm) in aqueous solution. With the gradual addition of ns-
Q[10], the adsorption peak at 240 nm decreased gradually, accom-
panied by a red shift of 12 nm, and the adsorption peak at 252 nm
increased at the same time (Fig. 2a), Job’s plots and mole ra-
tio method of 8-HQ and ns-Q[10] measured by UV-vis absorption
spectrum prove that the stoichiometric ratio of ns-Q[10] and 8-HQ
is 1:2 (Fig. 2b and Fig. S2 in Supporting information). Then the 'H
NMR spectrum was used to further analyze its binding mode (Fig.
S3 in Supporting information), when the guest is encapsulated in
the cavity of ns-Q[10], the proton signal of the guest will shift to
the upfield. In contrast, the portal of ns-Q[10] is a proton deshield-
ing region. Therefore, it is convenient to infer the binding pattern
of the ns-Q[10] host to 8-HQ from the changes by their 'TH NMR
spectra. In the process of "H NMR titration, the amount of ns-Q[10]
(1.0 x 10~ mol/L, D,0) was fixed to continuously increase the con-
tent of 8-HQ in the system, which show that proton signal peaks
H,, undergo downfield shift (AH,= 0.11 ppm, AHp,= 1.12ppm),
and proton signal peaks H.¢ are shifted upfield (AHc= 0.55 ppm,
AHy= 0.26 ppm, AHe= 0.29 ppm, AH¢= 0.18 ppm). When the sto-
ichiometric ratio of ns-Q[10] to 8-HQ is 1:2, the system reaches
the equilibrium state. Meanwhile, only the edge hydrogen atoms
(Ha and Hy) of the benzene unit of the 8-HQ molecule are located
on the port of ns-Q[10], and all the remaining benzene ring units
are located inside the cavity of ns-Q[10]. This is in perfect agree-
ment with the structure of the assembly 8-HQ@ns-Q[10] in the
crystalline state. It can be concluded that both in the liquid state
and in the solid state, ns-Q[10] and 8-HQ are able to form a stable
assembly 8-HQ@ns-Q[10], and the stoichiometric ratio of ns-Q[10]
to 8-HQ is 1:2.

Based on the above experimental results, we applied the
supramolecular assembly 8-HQ@ns-Q[10] with good water solubil-
ity and stable structure to selectively detect and remove TNP. It
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Fig. 3. (a) Fluorescence spectra obtained for 8-HQ@ns-Q[10] (2.0 x 10> mol/L)
upon increasing the concentration of TNP in water (Aex =240nm). (b) Change in
fluorescence intensity with Nymnpj/Njs-Hoens-qio)» (€) fluorescence response ability
of 8-HQ@ns-Q[10] (2.0 x 10~> mol/L) to some analogues of TNP (HQ, 2,4-DCP, mAP,
PE, 4-IP, 4.0 x 10~° mol/L); (d) Photographs of 8-HQ@ns-Q[10] (2.0 x 10> mol/L) on
addition of HQ, 2,4-DCP, mAP, PE, 4-IP and TNP from left to right, respectively, and
let stand for 30 min.

was found that 8-HQ@ns-Q[10] shows almost fluorescence silent
in the aqueous, and when a certain amount of TNP was added
to the assembly 8-HQ@ns-Q[10] system, the fluorescence intensity
of the system was increased (Fig. 3a). Fig. 3b shows the change
trend of fluorescence intensity after adding TNP into the assem-
bly, and the molar ratio of TNP to 8-HQ@ns-Q[10] after interaction
reaches equilibrium. Specifically speaking, the fluorescence inten-
sity was enhanced from 22 to 600 with the gradual addition of
TNP to the assembly 8-HQ@ns-Q[10] system (0.0-4.0 equiv.), with
a 27-fold fluorescence enhancement (Aem=496nm). As a con-
trast, without ns-Q[10], this fluorescent enhanced detection can-
not occur, which also proves the important role of the assembly 8-
HQ@ns-Q[10] (Fig. S4 in Supporting information). Meanwhile, with
the continuous addition of TNP into the assembly 8-HQ@ns-Q[10]
aqueous solution, its UV-vis absorption spectrum also showed reg-
ular changes, with the UV-vis absorption peak at 240 nm continu-
ously enhanced, accompanied by a new absorption peak at 356 nm
(Fig. S5 in Supporting information). This indicates that the assem-
bly 8-HQ@ns-Q[10] can serve as a potential candidate for sensing
TNP in water. The detection limit of 8-HQ@ns-Q[10] to TNP was
2.07 x 10~> mol/L (Fig. S6 in Supporting information), in addi-
tion, the assembly 8-HQ@ns-Q[10] has no significant fluorescence
response ability to other phenolic pollutants (hydroquinone: HQ;
2,4-dichlorophenol: 2,4-DCP; m-aminophenol: m-AP; phenol: PE;
4-(imidazol-1-yl)phenol: 4-IP, Fig. 3c), and the detection process is
almost undisturbed when multiple pollutants coexist, which proves
that the detection of assembly 8-HQ@ns-Q[10] to TNP has good
specificity and anti-interference ability.

To investigate the sensing mechanisms of 8-HQ@ns-Q[10] to
TNP, the normalized absorption of TNP and emission spectra of
assembly 8-HQ@ns-Q[10] and 8-HQ@ns-Q[10]/TNP were measured,
which turns out that it's a FRET processes. As shown in Fig. S7
(Supporting information), a good overlap between the absorption
spectrum of TNP and the emission spectrum of assembly 8-HQ@ns-
Q[10] was clearly observed. Subsequently, the FRET process from
assembly 8-HQ@ns-Q[10] to TNP was monitored. With the gradual
addition of TNP into the 8-HQ@ns-Q[10] solution, the emission in-
tensity of 8-HQ@ns-Q[10] at 438 nm exhibited a dramatic decrease
accompanied by an obvious increase at 496 nm when excited at
240nm (Fig. 3a). The observed phenomena were consistent with
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Fig. 4. (a) UV-vis absorption standard curve of TNP; (b) Histogram of absorption efficiency of assembly 8-HQ@ns-Q[10] (2.0 x 10~°> mol/L) to TNP with different concentra-
tions (10--10~4 mol/L); (c) The UV-vis absorption spectrum of liquid phase with 10~4 mol/L TNP (before and after adsorption).

the typical FRET process in which the assembly 8-HQ@ns-Q[10]
acted as the donor and the TNP acted as the acceptor. This pro-
cess is also accompanied by a greatly enhanced fluorescence of the
system.

Interestingly, 8-HQ@ns-Q[10] not only specifically recognizes
TNP, but also effectively removes the residual TNP from aqueous
solutions. 8-HQ@ns-Q[10] was gradually added to the TNP solution
and left to stand for about 30 min, then a large amount of precip-
itate appeared at the bottom of the solution (Fig. 3d), which could
be separated by high-speed centrifugation. Subsequently, the lig-
uid phase were subjected to UV-vis spectroscopy, and the stan-
dard curve of TNP was plotted (y = 0.120 C + 0.012, R = 0.99983,
Fig. 4a). Based on Lambert’s law, the residual amount of TNP in
water was calculated to be 10.63 pumol/L when the initial concen-
tration of TNP is 100.07 pumol/L, and the average removal rate is
89.83% (Figs. 4b and c, Table S2 in Supporting information), which
indicates that 8-HQ@ns-Q[10] can effectively remove TNP from wa-
ter. Moreover, the precipitate was measured by Fourier Transform
infrared spectroscopy (FTIR) (Fig. S8 in Supporting information),
the characteristic bands of TNP and assembly 8-HQ@ns-Q[10] can
be observed in the FTIR spectrum of the precipitated product. The
O-H stretching vibration appearing at 3433 c¢cm~!, which can be
attributed to the carboxyl moiety of 8-HQ. The band at 1730 cm™!
arises from the C=0 stretching vibration of ns-Q[10]. The bend-
ing vibration of methylene of ns-Q[10] appears at 1470 cm™!, the
C-C stretching vibration and the deformation vibrations of the gly-
coluril ring appears at 967 cm~! and 803 cm™!, respectively. A
wider band appeared at 1229 cm~! belonging to the C-O stretch-
ing vibration of TNP. Therefore, it can be said that the precipitate
is a 8-HQ@ns-Q[10]/TNP complex.

Further experimental studies were carried out to investigate the
removal mechanism of the assembly 8-HQ@ns-Q[10] to TNP. With
the continuous addition of TNP to the assembly 8-HQ@ns-Q[10],
the TH NMR signal peak of 8-HQ is obviously weakened, gradually
blunted until disappearing, accompanied by a slight shift to the
downfield. Meanwhile, the signal peak of TNP became more and
more sharp and obvious, and did not shift and the signal peak of
ns-Q[10] did not shift and decrease from the beginning to the end
(Fig. 5 bottom). Furthermore, the solution changes from a colorless
clarified solution to a yellow suspension until a large amount of
yellow precipitate is produced (Fig. 5 top). As a comparison, the
interaction between TNP and ns-Q[10], as well as the interaction
between TNP and 8-HQ was also investigated, respectively. The re-
sults show that the mixture of ns-Q[10] and TNP can precipitate
rapidly (Fig. S9 in Supporting information), while the mixture of
8-HQ and TNP are always in solution state (Fig. S10 in Supporting
information). Based on the above experimental phenomena, since
the electropositive outer surface of ns-Q[10] possesses an inherent
affinity toward the electron negative TNP, we speculate that TNP
molecule contains aromatic ring, nitro group and hydroxyl group,
which is easy to form multiple non-covalent interactions with the
outer surface of ns-Q[10], these interactions between ns-Q[10] and

(1) a b c def
8.2 7.0 5.8 4.6 ppm

Fig. 5. (Top) the 8-HQ@ns-Q[10] solution changes in color and state after added
TNP, (bottom) '"H NMR titration spectra (400 MHz, D,0, 298 K) of 8-HQ@ns-Q[10]
(1.0 x 10-*mol/L) in the presence of TNP, (i) 0, (ii) 1.0, (iii) 2.0 equiv of TNP, (iv)
free 8-HQ and (v) free TNP.

TNP makes the formed complex precipitate out of solution, so as
to achieve an efficient removal of TNP.

In summary, we have successfully constructed a supramolecular
assembly 8-HQ@ns-Q[10], which has good water solubility and sta-
bility. Detailed analysis of its solid-state structure by X-ray single-
crystal diffraction. We also proved that its solid-state structure re-
mains highly consistent with the assembly under liquid conditions.
Due to the special double cavity structure of ns-Q[10], the stoichio-
metric ratio between ns-Q[10] and 8-HQ molecules in this assem-
bly 8-HQ@ns-Q[10] is 1:2. The luminescence sensing experiments
showed that assembly 8-HQ@ns-Q[10] can be applied as a good
luminescence sensing material for the detection of pollutants and
explosives TNP. The addition of TNP resulted in a rapid increase
in the fluorescence of the assembly 8-HQ@ns-Q[10], and the flu-
orescence response with a detection limit of 2.07 x 10~ mol/L.
The mechanism of action of assembly 8-HQ@ns-Q[10] to TNP is
attributed to FRET process, and the supramolecular assembly 8-
HQ@ns-Q[10] acts a donor, and TNP act as an acceptor. Further-
more, the collective aggregation precipitation of 8-HQ@ns-Q[10]-
TNP is triggered by the outer surface interaction with ns-Q[10],
so as to achieve effectively removing TNP from the water, and re-
moval efficiency is greater than 89%. From the perspective of ex-
perimentation and practice, the current work still has certain chal-
lenges and practicability. We will continue to construct lumines-
cent assembly based on double-cavity ns-Q[10] and explore its ap-
plication in environmental pollutant detection, we are conducting
in-depth excavations and innovative research in this field.
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