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The effective materials and methods for detection and separation of pesticides are urgently needed
because most of pesticides show very harmful influence on life and environment. As a new
kind of macrocyclic host compound, pillar[n]arenes show very good performance in the detection
and separation of pesticides, especially for paraquat (PQ). For the pesticide detection and separa-
tion materials, their structures determine performance. Therefore, this review summarizes the re-
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Pesticides The structure-performance relationships of these materials have been discussed according to the cavity
Dete“i?“ size, the synergistic or collaboration effect, the structure of the polymer or framework, the substrate of
f\;%alirs:tli):n the composites and the size of nanomaterials and so on. Based on these, we also look forward to the

future and point out the possible way for improving the pesticides detection sensitivity and separation

efficiency of this kind of materials.
© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia
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1. Introduction

Pesticides play an important role in the development of agri-
culture [1-4]. For example, paraquat (PQ), quinotrione (QO) and
benquitrione (BQ) are often used as herbicides [5-8]. However,
environmental safety and life health are seriously threatened by
the toxicity of pesticides [9-13]. So, it is of great significance to
develop effective methods and materials for detecting and sep-
arating pesticides [14-21]. So far, many analytical methods for
the determination of pesticides were developed based on cap-
illary electrophoresis [22], solid phase microextraction [23], gas
chromatography-mass spectrometry [24], high performance liquid
chromatography [25], fluorescence sensor [26-29] and so on. How-
ever, developing simple methods and materials to sensitively de-
tect and effectively separate pesticides is still a challenging task
[30].
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With the rapid development of supramolecular chemistry,
macrocyclic hosts [21-44] and porous framework materials [31,32]
show unique advantages in the pesticide detection and adsorption.
Due to the special cavity structure, macrocyclic compounds such as
cucurbituril [33], calixarene [34], cyclodextrin [35], pillar[n]arenes
[36-44] show nice inclusion and complex properties for differ-
ent pesticides. Among these macrocycles, pillar[n]arenes attracted
more and more attentions due to their special symmetrical struc-
ture, unique rigid cavity architecture and abundant supramolecu-
lar interactions [36-44]. The pillar[n]arenes cavity can bind guest
compounds through cation--m, C-H--m, -, hydrogen bonding,
hydrophobic interactions and so on [45-47]. It worth mention-
ing that the electron-rich cavity of pillar[n]arenes exhibit excellent
match for PQ, an electron-deficient 1,1’-methyl-4,4-bipyridynium
salt. The pillar[n]arenes derivatives also show nice binding prop-
erties for other pesticides such as QO and BQ through multi
supramolecular interactions. So, pillar[n]arenes provide good op-
portunities to develop novel and efficient materials for the detec-
tion and separation of these pesticides [48-52].

In recent years, there are lots of reviews [36,38,44,53-55] with
subject on pillar[n]arenes had been published, which indicated the
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pillar[n]arenes attracted wide interests. Despite the pillar[n]arenes
show various merits in pesticides detection and adsorption and
lots of research articles had been published in this field, by far,
there is no exclusive review article with specific subject on the ap-
plication of pillar[n]arenes in pesticides detection and adsorption
materials. Therefore, a specific review to systematically discuss the
structure effect relationship of pillar[n]arenes-based pesticide re-
sponsive materials and describe the application of pillar[n]arenes
in pesticide detection and adsorption is very necessary.

As we all know, the pesticides detection and separation fea-
tures, efficiency and mechanism depend on the materials’ struc-
ture [56]. Therefore, to improve the pesticides detection and sep-
aration efficiency, much efforts were put into through various
designs and approaches. This review summarizes the recent ef-
forts and progress on pillar[n]arenes-based materials for detec-
tion and separation of pesticides from the following aspects: sin-
gle pillar[n]arenes, multi-pillar[n]arenes, pillar[n]arenes-polymers
or frameworks, pillar[n]arenes-based composites, pillar[n]arenes-
functionalized nanomaterials and so on. Meanwhile, the structure
effect relationship including the influence of cavity size of dif-
ferent pillar[n]arenes, the synergistic effect between the adjacent
pillar[n]arenes, the collaboration of the pillar[n]arenes with other
functional groups, the structure of the pillar[n]arenes-based poly-
mer or framework, the substrate of the pillar[n]arenes-based com-
posites and the size of pillar[n]arenes-functionalized nanomateri-
als on the pesticides detection and separation efficiency of these
materials have been discussed. Moreover, the unsolved issues and
future directions of these materials are also discussed.

2. Single pillar[n]arenes
2.1. Host-guest interaction between pillar[5]arenes and pesticides

Pillar[n]arenes have been widely studied in host-guest chem-
istry due to their unique cavity structures [57]. Jia and Li et al
had selected a series of PQ derivatives to explore the host-guest
interaction between pillar[5]arene and PQ [58]. The experimental
results showed that PQ could enter the cavity of pillar[5]arene
well. This experiment indicated that the pillar[n]arenes could act
as nice candidate for the preparation of pesticide adsorption and
separation materials. Stimulus-response plays an important role in
host-guest chemistry [59-61]. Huang and co-workers synthesized
[n]ethylene glycol-functionalized (n=1, 3) pillar[5]arene 1 and
2 [62]. Compared with 1, the alkyl chain of the functional part
of 2 is longer. When an acetonitrile solution of pillar[5]arene 1
or 2 was mixed with equimolar PQ. The solution changed from
colorless to yellow. This phenomenon could be attributed to
the charge transfer between the electron-rich aromatic rings of
the pillar[5]arene host and the electron-poor pyridine-groups of
the PQ guest. This result can indicate the PQ entered the cavity
of the pillar[5]arene. The crystal structures of 1 and 1>PQ were
obtained, which further proved this conclusion. This phenomenon
can be used to detect PQ. In addition, the complexation constant
of 1 with PQ ((1.79 + 0.38) x 103 L/mol) is higher than that of 2
with PQ ((3.35 + 0.22) x 10* L/mol) (Fig. 1), which indicated that
the substituent groups on pillar[n]arenes-based host have a big
effect on the host-guest complexation in solution. In addition, the
complexation between 1 and PQ can be reversibly controlled by
adding or removing Zn powder. This redox-controlled reversible
complexation process provides new ideas for the design of
reversible materials for the detection and separation of pesticides.

Compared with direct irrigation of pesticides, spraying pesti-
cides on the surface of plants helps to reduce the use of pesticides
and reduce the pollution to the environment. However, most
of plant leaves are superhydrophobic, so pesticide droplets are
difficult to diffuse on the leaf surface [63]. BQ is a novel herbicide,
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Fig. 1. (a) Ball-stick views of the crystal structure of 1oPQ. Host 1 is red, guest
PQ is blue; (b) Chemical structures of 1, 2 and PQ and cartoon representation of
redox-responsive complexation between 1 and PQ. Reproduced with permission
[62]. Copyright 2013, American Chemical Society.
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Fig. 2. (a) The molecular structure of 3 and BQ; (b) Reaction diagram of 3 and BQ.

it has excellent herbicidal activity against a variety of weeds. So
Li and Yang et al. designed a water-soluble amino pillar[5]arene
(3) [64], which can improve the spreading of BQ on plant leaves
by forming effective supramolecular interaction with BQ (Fig. 2).
Therefore, this supramolecular interaction plays an important role
in improving the utilization of pesticides. And this also provides a
new idea for the removal of pesticide BQ.

Most fluorescent probes for pesticide detection only can work
in organic solvents, while most real conditions for application of
pesticide are carried out in water systems. Therefore, it is nec-
essary to construct a fluorescent probe for the effective detec-
tion of pesticides in aqueous phase. Xue and co-workers developed
a single fluorescent probe based on the complexation between
pillar[5]arene (4) and 10-methylacridinium iodide (G) (known as
strong fluorescence), which can detect PQ in water though fluores-
cence signals [65]. The experiment results showed that compound
4 and G are complexed at a stoichiometric ratio of 1:1. When G
was mixed with 4, it entered the cavity of 4 quickly, forming a 1:1
inclusion complex 4>G. While, because the complex constant of 4
and PQ ((1.32 + 0.25) x 10° L/mol) is much higher than that of 4
and G ((1.28 + 0.42) x 102 L/mol), when adding PQ into the 4>G
solution, the complex of 4 with G is dissociated, G came out of the
cavity of 4, and the PQ entered into the cavity of 4. During this
process, by observing the change of fluorescence, it can be judged
whether PQ existed. The weak-fluorescent complex 4>G is used as
a fluorescence “turn-on” probe for the detection of PQ. Moreover,
the PQ recognition process had pH-responsiveness, by changing the
pH of the solution, the assembly and disassembly process between
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Fig. 3. (a) The molecular structure of 4, G and PQ; (b) The illustration of the fluo-
rescence detection of PQ. Reproduced with permission [65]. Copyright 2014, Royal
Society of Chemistry.
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Fig. 4. (a) The molecular structure of 5; (b) The molecular structure of PQ; (c) Crys-
tal structure of 5; (d) Crystal structure of PQ; (e) Crystal structure of 55PQ; (f)
Space-filling model of 50PQ (top view). Reproduced with permission [66]. Copy-
right 2014, American Chemical Society.

host and guest can be reversibly controlled. This sensor provides a
new idea for fluorescent detecting PQ in aqueous phase (Fig. 3).

2.2. Host-guest interaction between pillar[6]arenes and pesticides

Compared with pillar[5]arenes, pillar[6]arenes have larger elec-
tron rich cavity. The interactions of pillar[6]arenes with pesticide
molecules also have been widely studied. Hou et al. synthesized
the per-hydroxylated pillar[6]arene (5), and the electron donat-
ing hydroxyl groups are arranged around the cavity of 5, which
showed that 5 is a good host for electron deficient guest, which
provided conditions for the separation of PQ. The inclusion proper-
ties of 5 with guest was studied, the crystal structures of 5 and 5-
based host-guest complex were obtained [66]. The resultant crys-
tal structure (Fig. 4) showed that PQ threaded through the cavity
of 5 to form a [2]pseudorotaxane in the solid state. The complex
stoichiometric ratio of 5 to PQ is 1:1, which is significantly differ-
ent from the previously reported complex stoichiometric ratio of
per-hydroxylated pillar[5]arene to PQ of 1:2 [58]. This may be at-
tributed to the larger cavity of 5. This method can be used to sep-
arate PQ.

It is very important to find water-soluble host with high bind-
ing ability with pesticide molecules. The complexation of PQ with
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Fig. 5. (A) The molecular structures of 6, 7 and PQ and schematic diagram of the
interaction between 6 and PQ. Reproduced with permission [67]. Copyright 2012,
American Chemical Society. (B) The molecular structures of 8 and D, Single crystal
structure of interaction between 8 and D. Reproduced with permission [68]. Copy-
right 2015, American Chemical Society.

water-soluble pillar[6]arene (6) was studied by Huang and his col-
laborators [67]. The interactions of these two molecules are mainly
driven by electrostatic, hydrophobic and w -7 stacking interaction,
they can form stable 1:1 complexes (Fig. 5A). In addition, a water-
soluble pillar[5]arene (7), an analogue of 6, was synthesized and
its interaction with PQ was studied. The result showed that the as-
sociation constant of 6o5PQ ((1.02 £ 0.10) x 108 L/mol) was much
higher than that of 75PQ ((8.20 + 1.70) x 10* L/mol). Because the
cavity of 6 was larger than that of 7, the compound 6 could bet-
ter match the size of PQ and made the interactions between 6 and
PQ more effective. This kind of molecular recognition not only has
high binding strength, but also has pH response. The complexa-
tion and dissociation of PQ with 6 can be controlled by adjusting
the pH. When 6 and PQ formed a stable host-guest complex, the
chance of interaction between PQ and intracellular reducing agent
is reduced, which made the formation of free radical cation more
difficult, thus effectively reducing the toxicity of PQ. This study is
expected to be applied to the detection and removal of PQ.

Both the pillar[5]arenes and pillar[6]arenes could bind some
pesticides such as the PQ and BQ through host-guest inclusion.
Pillar[6]arenes have lager cavity size and show easier as well as
more stable inclusion. While the pillar[5]arenes have the merits
of easy to synthesis, and the inclusion ability for PQ and BQ is
also considerable. The binding and sensing ability of pillar[n]arenes
host can be tuned by the functionalization of the pillar[n]arenes
moiety.

3. Multi-pillar[n]arenes

For pesticides detection and separation, high detection sensi-
tivity and separation efficiency are very important and urgently
needed. In order to improve the detection sensitivity and separa-
tion efficiency, lots of efforts have been devoted to enhancing the
host-guest binding properties. Among of various approaches, im-
proving the binding ability of pillar[n]arenes to pesticide molecules
through the synergistic effect between pillar[n]arenes and other
functional groups is an important way. Generally, the synergis-
tic effect is carried out through the collaboration of adjacent pil-
lar[n]arenes groups in the rational designed materials which based
on bis-pillar[n]arenes, tri-pillar[n]arenes and multi-pillar[n]arenes.
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Fig. 6. (a) The mechanism of “synergistic effect” in tripodal tri-pillar[5]arene (9). (b) Fluorescence color changes of 9 and 9 in the presence of PQ under UV lamp. (c) The

fluorescence changes of 9-based test papers after addition different concentration of PQ.

3.1. Bis-pillar[n]arenes

Wen et al synthesized a novel tricylic host molecule (8)
that consists of two pillar[5]arene units and a crown ether ring
[68]. The two pillar[5]arene subunits in 8 could selectively form
a double-threaded complex (2Dc8) with 1,4-dicyanobutane (D),
while PQ could enter the crown ether ring in 8 to form a stable
complex (PQc8) (Fig. 5B). In addition, the tricyclic host 8 could si-
multaneously bind two D and one PQ, and form a four-component
supramolecular complex 2Dc8>PQ. Due to the influence of the
shape and size of macrocyclic host and foreign guest, PQ entered
the crown ether cavity rather than the pillar[5]arene cavity. This
process can be used to separate PQ from the solution.

3.2. Tri-pillar[n]arenes

In order to improve the detection sensitivity and separation
efficiency of pillar[5]arenes-based materials for PQ, our group
designed and synthesized a novel tripodal tri-pillar[5]arene (9)
by connecting three pillar[5]arenes with tripyridyl triphenylamine
[69]. The tripodal tri-pillar[5]arene structure had a synergistic ef-
fect to increase the interaction between 9 and PQ (Fig. 6). There-
fore, the 9 showed better detection and removal efficiency for PQ.
The adsorption efficiency of 9 for pesticide PQ was up to 90.10%
and remove capacity was 99.11 mg/g, which higher than single pil-
lar[5]arenes based sorbent and active carbon (Table 1) [69-80]. In
this process, synergistic effect plays a key role. So, 9 has a good
application prospect in the detection and separation of pesticide
PQ.

For the purpose of investigating the structure-function relation-
ships of the tri-pillar[5]arenes based materials for detection and
separation of PQ, a new linear three pillar[5]arene based PQ re-
ceptor (10) was designed and synthesized [73]. The linear three
pillar[5]arene receptor not only detect PQ by fluorescence phe-
nomenon, but also can effectively separate PQ. Compared with ac-
tivated carbon, single pillar[5]arenes receptor and other adsorbents
(Table 1), the adsorption rate of PQ by linear tri-pillar[5]arene re-
ceptor is higher, which is due to the synergistic effect of two ad-
jacent pillar[5]arene groups in linear three pillar[5]arene receptor.
Based on this concept, the adsorption rate of PQ on pillar[5]arene
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Fig. 7. The possible host-guest interaction mechanism of host (10) and guest (PQ);
Schematic diagram of fluorescence recognition and adsorption for PQ.

adsorption material is successfully increased. The process of PQ
recognition by 10 is shown in the Fig. 7.

3.3. Tetra-pillar[n]arenes

To improve the PQ detecting sensitivity, tetra-pillar[n]arenes-
based system also has been investigated. Huang et al. synthe-
sized pillar[6]arene (11) [81] and compound AB [82], which is a
derivative of tetraphenylethylene. After adding AB into 11, the in-
tramolecular rotation of benzene ring in AB is hindered. So the
complex 11>AB emitted strong fluorescence in dilute solution [83].
When PQ was added to this complex, compound AB slipped out
of the cavity of 11 and 11 combined with PQ and fluorescence
quenching (Fig. 8). This host-guest complex can be used as a novel
material for highly sensitive detection of PQ.

Through the synergy between pillar[n]arenes and other func-
tional groups, the host-guest binding and recognition signal out-
put could be enhanced. It's a feasible way to improve the detection
sensitivity and separation efficiency of pillar[n]arenes-based pesti-
cides sensor and adsorbents.
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Table 1
Performance of some adsorbents and pillar[5]arenes-based materials.
Adsorbent Pesticides Detection limit (mol/L) Uptake (%) qe (mg/g) Refs.
Active carbon PQ / 62.87 69.19 [69]
Single-pillar(n)arene PQ | 12.10 26.62 [69]
Mesoporous silica PQ / / 13.6 [70]
TEMPO-oxidized cellulose nanofibers PQ / / 110.0 [71]
Methacrylic acid-modified rice husk PQ / / 144.6 [72]
9 PQ 2.23x 1077 90.10 99.11 [69]
10 PQ 1.95x10°° 90 198.0 [73]
12 PQ / / 209 [74]
14@graphene PQ 6.0x 1078 / / [75]
15-rGO PQ 3.5x10-° / / [76]
16-G PQ 1.04x 1073 / / [77]
18-Si PQ / / 64.11 [78]
19-Si PQ / / 157.63 (78]
23-PC-AuE Qo0 1.0x10°8 / / [79]
24@Ag@COF PQ 14x10°8 / / [80]
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Chemistry. / |\ ; \
4. Pillar[n]arenes-based polymer and framework 12D PQ

For pesticide adsorption materials, stability is as important as
efficiency. In order to improve the stability and adsorption effi-
ciency, polymer and framework structures are designed and ap-
plied to pesticide adsorption materials based on pillar[n]arenes. For
example, a pillar[n]arene-based porous polymers (12) was synthe-
sized by Ma research group [74]. This polymer could be used as ad-
sorbents to remove PQ from water through host-guest interactions
(Fig. 9). The adsorption was especially efficient for PQ with a very
fast uptake kinetics (at least 5 times faster than any existing adsor-
bent for PQ) and a high removal capacity. This excellent PQ uptake
ability is based on the unique rigid 7-rich cavities possessing nice
affinity for electron deficient PQ. While, the stable polymer struc-
ture makes these polymers promising adsorbents for waste-water
treatment.

Due to the porous characteristics, the framework structures
show good properties in adsorption and separation. Wen et al.
constructed a highly branched porous aromatic framework (PAF-
13) based on tetraphenylmethane- and phenyl-functionalized-
pillar[5]arene (13) moiety [84]. The 13 and tetraphenylmethane
scaffold were integrated into the porous aromatic frameworks to
produce a three-dimensional structure. Under the synergistic ac-
tion of the cavity of 13 and porous three-dimensional structure,
the adsorption capacity and selectivity would be enhanced. Then
the adsorption capacity of PAF-13 to different organic pollutants
in aqueous solution was studied [85-90]. The results showed that
PAF-13 could adsorb short chain alkyl derivatives I-IIl and pesti-
cides IV-VI with high sensitivity and could be reused (Fig. 10). The
adsorption of PAF-13 to I-VI was driven by the host guest interac-

Fig. 9. (a) The molecular structures of PA(n), TETN and the synthesis of 12;
(b) Schematic diagram of the role of 12 and PQ. Reproduced with permission [74].
Copyright 2017, Royal Society of Chemistry.
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Fig. 10. (a) The structures of 13 and PAF-13; (b) The structure of hosts I-VI;
(c) Adsorption of the short-chain alkyl compounds (I-Ill) and pesticides (IV-VI) by
13. Reproduced with permission [84]. Copyright 2021, American Chemical Society.
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Fig. 11. (a) Schematic illustrating the 14 assisted exfoliation and stabilization of
graphene; (b) competitive host-guest recognition for PQ sensing using 14@graphene
as receptor and AO as signal probe. Reproduced with permission [75]. Copyright
2019, Elsevier.

tion between 13 and pollutants. The described work offers a new
perspective for the separation of pesticides in wastewater.

Through the formation of polymer and framework structure, the
stability and efficiency of the pillar[n]arenes-based pesticide adsor-
bents could be improved. Porous frameworks structure can effec-
tively promote the interaction between pillar[n]arenes cavity and
pesticide molecules, and greatly improve the adsorption efficiency
of pesticides.

5. Composites based on pillar[n]arenes

For sensor and separation materials, composites have been
widely studied because of their excellent chemical stability, easy to
functionalization and so on. Graphene is widely used in the sensor
materials because of its unique two-dimensional single-layer struc-
ture. It has the characteristics of small volume, large surface area,
and good biocompatibility, which can improve the performance of
the sensors. This provides a new platform for the design of pesti-
cide sensing and adsorption materials based on pillar[n]arenes.

Graphene has been widely used in the preparation of nano-
fluorescent sensors [91,92]. For instance, Yang et al. reported
a novel approach for the synthesis of 2D graphene nanosheet
in water phase exfoliated by the water-soluble phosphate pil-
lar[6]arene (14) [75]. This method was environmentally friendly
and the obtained graphene nanosheets were stable. The obtained
14@graphene maintained the integrity of graphene crystal and im-
proved the dispersion of graphene in water. Acridine orange (AO)
is a fluorescent pigment with strong fluorescence. Upon the ad-
dition of 14@graphene into AO solution, with the increasing of
14@graphene concentration, the fluorescence intensity of AO de-
creased, which indicated that AO molecules entered the cavity of
14@graphene. Then PQ was gradually added to this system, and
with the continuous addition of PQ, the fluorescence of AO grad-
ually recovered and the fluorescence intensity was related to the
concentration of PQ. In this process, AO first entered the cavity of
14 to form 14>A0 complex, and then PQ entered the cavity due to
the competitive relationship, meanwhile, the AO was released from
the cavity (Fig. 11), which induced a fluorescence "on-off-on" re-
sponse. This competitive host-guest recognition provides a method
to detect PQ with low detection limit.

The host-guest recognition ability of phosphorylated
pillar[5]arenes is very excellent, which supplied a way for
pillar[5]arenes-based materials improving the selectivity and sen-
sitivity for PQ [93,94]. Tan and co-workers described a competitive
fluorescence sensing platform based on water-soluble phosphate
pillar[5]arene (15), which could be used to determine PQ [76]. The
introduction of phosphoric acid group into pillar[5]arene could
increase the water solubility of pillar[5]arene and improve the
sensitivity of PQ detection. The receptor (15-rGO) was obtained by
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connecting 15 to the surface of reduced graphene (rGO) by m-m
stacking. The indicator dye safranine T (ST) (strong fluorescence)
first bound to the receptor 15-rGO and forming ST@-15-rGO,
in this process, ST entered the cavity of 15 and fluorescence
quenched (turn-off). Then the competitive PQ was added to the
sensing ensemble. Due to the competitive relationship between
the objects, ST came out of the cavity of 15 and PQ entered, in the
meantime, ST fluorescence turn-on. Therefore, PQ was successfully
determined by a competitive fluorescence method based on host
and guest competitive recognition (Fig. 12). The sensor system
has great application space in detecting PQ in tap water and lake
water samples.

Graphene can be used as an "turn on" fluorescent probe to de-
tect biomolecules in cells [95,96]. Li research group synthesized
hydrazino-pillar[5]arene (16) [97] functionalized graphene (16-G),
which could be used as a fluorescent sensor to detect PQ in living
cells [77]. The hydrazine group could be used as a fixing unit. After
adding safranine T (ST) to 16, 16 could bind ST and ST fluorescence
quenching (Fig. 13). After addition of PQ, ST was released and PQ
combined with 16. It indicates that 16 has a better affinity for PQ.
In this process, ST fluorescence on. This process accompanied with
a phenomenon of fluorescence “off” to “on”. This can be used to
fluorescent “turn on” detection PQ. Graphene based materials can
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Fig. 14. (A) Schematic representation of (DAR/17-PQ)XDAR multilayer films and the
structures of the building blocks for the layer-by-layer assembly. Reproduced with
permission [103]. Copyright 2016, American Chemical Society. (B) Schematic illus-
tration of the immobilization of 19 onto silica surfaces and the adsorption of PQ
by the hybrid materials in an aqueous solution. Reproduced with permission [78].
Copyright 2015, American Chemical Society. (C) The molecular structure of 20 and
PQ and cartoon representation of redox-responsive complexation between 20 and
PQ.

be effectively transported to living cells, which has a good applica-
tion prospect in the detection of PQ in living cells, and provides a
novel idea for the detection in living cells [98].

For composites, silica and silica gel are good substrates. Layer
by layer (LBL) assembly has been widely used to construct multi-
layers composites [99-102]. Zhang et al. synthetized pillar[6]arene
(17)-containing multilayer films (DAR/17-PQ)xDAR [103]. Among
them, the part providing negative charge is specially treated silica.
Then, multilayer films with artificial binding sites were prepared
by removing PQ. The host molecule 17 acted as a very stable bind-
ing site in the polymer layer environment with its rigid structure.
The films showed good molecular absorption and release proper-
ties and selectivity to PQ molecules (Fig. 14A). In addition, the con-
ditions could be controlled so that the absorption and release of
PQ by the multilayer film were reversible. It can be reused when
PQ was removed. Therefore, this film has a potential application
prospect in the separation of PQ.

Yang et al. immobilized hydroxyl functionalized pillar[5]arene
and pillar[6]arene (18 and 19) onto the chlorinated surface of silica
supports, to form organic-inorganic hybrid materials 18-Si and 19-
Si (Fig. 14B). Pillar[n]arenes without additional modification usually
have poor solubility [78]. Loading it on the silicon surface could
increase its solubility. Due to host-guest interaction, this material
had specific adsorption capacity for PQ. Moreover, due to the in-
fluence of cavity size, the adsorption effect of 19-Si was more ob-
vious than that of 18-Si. So, pillar[n]arenes-silica hybrid materials
has potential application in separating PQ and other harmful sub-
stances from aqueous phase.

Li et al. created tiltable pillar[5]arene (20)-modified silicon sur-
face, the alkynyl group at the lower end of 20 can be connected
to the silicon surface and this silicon surface can simulate the sur-
face of leaves [104-106]. Through the interaction between the host
20 and guest PQ, the PQ droplets selectively and dynamically self-
assembled to the silicon surface (Fig. 14C) [107]. This work can ef-
fectively reduce the use of PQ and is expected to quickly detect PQ
in environmental monitoring.
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Fig. 15. (a) Schematic illustration for the formation of pillar[5]arene microcapsules;
(b) Graphical representation of “host-guest” micropump; nanoaggregate stabilized
MCs inside the chamber turn on fluid flow in presence of PQ; (c) Tracer velocity in-
creases with increasing “guest” concentration; (d) Temporal velocity of tracer par-
ticles in presence of 20 mmol/L PQ. Reproduced with permission [111]. Copyright
2020, Royal Society of Chemistry.

Developing pillar[n]arenes-based composites is an efficient way
to enhancing the stability, increasing the adsorption efficiency and
raising detection sensitivity of pesticides detection and separation
materials. Due to the high stability, this kind of materials show
good reusability. They have a good application prospect in the re-
moval of pesticides.

6. Nanomaterials containing pillar[n]arenes

Nanomaterials have the characteristics of large specific surface
area, many active sites and stable structure. These characteris-
tics provide opportunities for the detection and removal of pes-
ticides. Self-powered microengine mimicking the biological ma-
chineries [108] are new type of intelligent device with wide ap-
plication prospects in sensing [109] and drug delivery [110]. Patra
and Joseph et al. reported the fabrication of cationic and anionic
pillar[5]arenes (21, 22) stabilized microcapsules via self-assembly
and crosslinking of cationic 21 and anionic 22 nanoaggregates at
liquid-liquid interface [111]. Due to “host-guest” molecular recog-
nition, these microcapsules microengines turned on fluid flow in
the presence of PQ (Fig. 15). The fluid velocity was increased with
increasing PQ concentration. It will open up a new avenue for the
development of next generation microcapsules for application like
capture and release of micropollutants and other hazardous species
such as PQ.

In recent years, nanoporous sensors have become a research
hotspot due to their excellent selective recognition ability and
amazing sensitivity to analytes [112-114]. Li and Sun et al. syn-
thesized N-acetylcysteine-decorated pillar[6]arene (23) and it was
modified on the surface of nanoporous polycarbonate (PC) film
(23-PC) [79]. Finally, 23-PC was pressed on the surface of gold elec-
trode to prepare two kinds of nanopore sensors (23-PC-AuE) with



Z.-D. Tang, X.-M. Sun, T.-T. Huang et al.

(@) O}NHcocm
OH O [e]
CLCCK
o Pll e]
Qo
(6) .
Aug 1 ../
Imechanical immobilization "
© 23-PC-AuE

Fig. 16. (a) The molecular structures of 23 and QO. (b) Schematic diagram of
nanoporous electrode based on 23. (c) Calculated geometries for the interaction be-
tween 23 and guest molecules. Reproduced with permission [79]. Copyright 2021,
American Chemical Society.

different pore diameters (200 nm, 400 nm). This sensor could se-
lectively detect the pesticide QO (Fig. 16). Moreover, the nanopore
sensor with smaller pore diameter had higher sensitivity to detect
QO. That was because the synergetic effects of the increased dou-
ble layer overlap in smaller nanopores, creating enrichment of the
nanopores’ interior. This nanoporous sensor has potential applica-
tions in detecting trace amounts of QO.

Metal functionalized covalent organic framework (COF) is a hot
topic in recent years. It can be used as an effective heterogeneous
material and has a wide range of applications in catalysis and en-
ergy storage [115-117]. Zhao and Tan et al. reported a novel pil-
lar[6]arene (24)-modified Ag nanoparticle (24@Ag)-functionalized
two-dimensional (2D) COF hybrid material (24@Ag@COF), which
had high recognition capability for electrochemical detection of
PQ, as shown in Fig. 17 [80]. It had been successfully applied to
the detection of PQ, and had high sensitivity (the lowest detection
limit is 1.4 x 10~8 mol/L) and selectivity. The formed COF structure
had good porosity and high surface area, which was a key fac-
tor to improve the sensitivity of PQ identification. This is the first
report of a heterogeneous-functional composite material between
COF pillar[n]arenes and Ag nanoparticles. This functional material
has broad application prospects in the detection of PQ.

Amphiphilic molecules have attracted extensive attention be-
cause they can self-assemble into dynamic soft materials in wa-
ter [118]. Perylene bisimide is widely used in materials because
of its excellent properties. Yao and Sun et al. synthesized a hex-
amethylenediamine functionalized tetrachloropylene bisimide (A),
which can self-assemble to form nanotubes in aqueous solution.
The addition of H* to a protonated the amino group to form com-
pound B, which can be self-assembled into single-layer nanorib-
bons (weak fluorescence). Then, water-soluble pillar[5]arene (25)
were added to B, due to the interaction between host and guest,
B complexed with 25 to form a fluorescent vesicle 255B (strong
fluorescence) [119]. After adding PQ into 255B system, the vesi-
cle structure was destroyed and the fluorescence was quenched
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Fig. 17. (a) The synthetic route of COF and assembly of 24-modified Ag nanopar-
ticles on the surface of COF; (b) Its application for electrochemical sensing of PQ.
Reproduced with permission [80]. Copyright 2019, American Chemical Society.
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Fig. 18. Chemical structures and cartoon representations of hexamethylendiamine
functionalized tetrachloroperylene bisimides A, B, PQ, and 25. Reproduced with per-
mission [119]. Copyright 2017, Royal Society of Chemistry.

(Fig. 18). This is because the complexation constant between 25
and PQ is greater than that between 25 and ammonium group in
water [120]. This process can be applied to the ultrasensitive de-
tection of PQ in water.

Pillar[n]arenes-based nanomaterials show special merits on wa-
ter solubility and high sensitivity. It supplies a good opportunity to
developing feasible materials for ultrasensitive detection pesticides
in water and biosystems.

7. Conclusions and outlook

In brief, this review summarizes the recent progress on ap-
plication of pillar[n]arenes to developing novel materials for the
detection and separation of highly toxic pesticides such as PQ. Due
to its electron rich cavity structure and abundant intermolecular
interactions, pillar[n]arenes show nice binding ability for some
pesticide molecules. This review summarize and discuss the
structure-activity relationship of pillar[n]arenes-based materials
for detection and separation pesticides through pillar[5]arene,
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pillar[6]arene, mutli-pillar[n]arenes, pillar[n]arenes-based poly-
mers, frameworks, composites and nanomaterials. The application
property of pillar[n]arenes-based materials can be tuned by using
different pillar[n]arenes with different cavity size, employing
synergistic effect through mutli-pillar[n]arenes or by construct-
ing different materials such as frameworks, composites and
nanomaterials. Through corresponding methods, the detection
selectivity and sensitivity as well as adsorption efficiency of these
pillar[n]arenes-based materials could be improved. However, there
are still many challenges in this field.

(1) How to develop high-order pillar[n]arenes for the detection and
separation of some large pesticide molecules is an interesting
challenge.

(2) Developing pillar[n]arenes-based pesticide antidote is an impor-
tant and urgent task.

(3) How to increase the detection sensitivity and the separa-
tion efficiency for pesticide through the synergy between
pillar[n]arenes and other functional groups remains a lot of re-
search space.

Declaration of competing interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Acknowledgments

This work was supported by the National Natural Science
Foundation of China (NSFC, Nos. 22065031, 22061039) and the
Key R & D program of Gansu Province (No. 21YF5GA066), Nat-
ural Science Foundation of Gansu Province (Nos. 2020-0405-]JCC-
630, 20JR10RA088), Fundamental Research Funds for the Cen-
tral Universities (Nos. 31920190041, 31920200002, 31920190018,
31920190013) and Young Doctor Foundation of Gansu Province
(No. 2021QB-148).

References

[1] A. Donkor, P. Osei-Fosu, I. Asante, Environ. Sci. Pollut. Res. 23 (2016)
18966-18987.
[2] M.C. Camara, E.V.R. Campos, R.A. Monteiro, ]. Nanobiotechnol. 17 (2019) 1-19.
[3] M. Lykogianni, E. Bempelou, F. Karamaouna, K.A. Aliferis, Sci. Total Environ.
795 (2021) 148625.
[4] G. Odukkathil, N. Vasudevan, Environ. Sci. Technol. 12 (2013) 421-444.
[5] C.L. Bird, AT. Kuhn, Electrochemistry of the viologens, Chem. Soc. Rev 10
(1981) 49-82.
[6] C. Keawkumay, W. Rongchapo, J. Wittayakun, et al., Mater. Chem. Phys. 238
(2019) 121824-121832.
[7] W. Rongchapo, O. Sophiphun, K. Rintramee, S. Prayoonpokarach, ]. Wit-
tayakun, Water Sci. Technol. 68 (2013) 863-869.
[8] M.A. Aramendia, V. Borau, FJ. Urbano, et al., Food Chem. 97 (2006) 181-188.
[9] EH. Huang, HW. Gibson, W.S. Bryant, D.S. Nagvekar, ER. Fronczek, ]. Am.
Chem. Soc. 125 (2003) 9367-9371.
[10] QS. Zong, C.F. Chen, Org. Lett. 8 (2006) 211-214.
[11] K. Wang, D.S. Guo, Y. Liu, et al,, J. Med. Chem. 52 (2009) 6402-6412.
[12] M. Zhang, B. Zheng, FH. Huang, Chem. Commun. 47 (2011) 10103-10105.
[13] LM. Meftaul, K. Venkateswarlu, R. Dharmarajan, P. Annamalai, M. Megharaj,
Sci. Total Environ. 771 (2020) 134612.
[14] Y. Luo, W. Zhang, X. Xiao, et al., Chin. Chem. Lett. 32 (2021) 367-370.
[15] C.L. Tao, B. Chen, B.Z. Tang, et al., Chem. Commun. 53 (2017) 9975-9978.
[16] N.S. Sulaiman, K. Rovina, V.M. Joseph, J. Consum. Prot. Food Saf. 14 (2019)
209-221.
[17] H. Dai, Z.Y. Deng, Y.B. Zeng, et al., ]. Hazard. Mater. 398 (2020) 122845.
[18] B.X. Wang, HJ. Wang, R. Yuan, et al., Chem. Commun. 52 (2016) 5049-5052.
[19] W. Li, ZM. Zhang, ]. Chen, et al., ]. Hazard. Mater. 384 (2020) 121241.
[20] H. Zhang, Y.W. Yang, F. Liang, Chin. Chem. Lett. 33 (2022) 1537-1540.
[21] X. Zhang, J.X. Zhang, R.B. Wang, ]. Agric. Food Chem. 67 (2019) 7783-7792.
[22] E. Mallat, C. Barzen, R. Abuknesha, G. Gauglitz, D. Barcel6, Anal. Chim. 427
(2001) 165-171.
[23] J. Chen, X.W. Min, Q.H. Chen, et al., Anal. Chim. Acta 879 (2015) 41-47.
[24] N.C. Posecion, E.M. Ostrea, D.M. Bielawski, J. Chromatogr. B 862 (2008) 93-99.
[25] Y.G. Zou, Y.Y. Shi, LL. Wang, et al., J. Chromatogr. B 879 (2011) 1809-1812.

Chinese Chemical Letters 34 (2023) 107698

[26] L. Zhang, X.A. Liu, K.D. Gillis, TE. Glass, Angew. Chem. Int. Ed. 58 (2019)
7611-7614.

[27] H. Yao, Q. Zhou, Q. Lin, et al., Chin. Chem. Lett. 31 (2020) 1231-1234.

[28] M. Schdferling, Angew. Chem. Int. Ed. 51 (2012) 3532-3554.

[29] Y.X. Liu, L. Lonappanb, S.K. Brarb, S.M. Yang, Sci. Total Environ. 35 (2012)
64-74.

[30] M.K. Arfanis, P. Adamou, P. Falaras, et al., Chem. Eng. ]. 310 (2017) 525-
536.

[31] J.S. Liu, CJ. Feng, S.M. Wang, Spe. Purif. Technol. 288 (2022) 120644.

[32] R. Bhardwaj Chansi, K. Hadwani, T. Basu, Nanosci. Sustain. Agric. (2019)
75-99.

[33] W.T. Xu, X. Xiao, J.X. Liu, et al., ]. Agric. Food Chem. 69 (2021) 584-591.

[34] J.W. Li, Y.L. Wang, X]J. Li, S. Yan, S.Y. Pan, Food Chem. 192 (2016) 260-267.

[35] A. Alsbaiee, D.E. Helbling, W.R. Dichtel, et al., Nature 529 (2016) 190-194.

[36] Y.Y. Chen, T.B. Wei, Q. Lin, et al., Chem. Commun. 57 (2021) 284-301.

[37] S.. Liy, TS. Yan, Q.X. Wu, Z. Xu, J. Han, Chin. Chem. Lett. 33 (2022) 239-242.

[38] J.E. Chen, Q. Lin, Y.M. Zhang, T.B. Wei, H. Yao, Chem. Commun. 53 (2017)
13296-13311.

[39] Y.M. Cai, LH. Yuan, W. Feng, et al., J. Hazard. Mater. 405 (2021) 124214.

[40] KY. Wang, X.Y. Hu, LY. Wang, et al, Angew. Chem. Int. Ed. 60 (2021)
9205-9214.

[41] T. Ogoshi, T.A. Yoshiaki, N. Yamagishi, Chem. Rev. 116 (2016) 7937-8002.

[42] KYY. Wang, LY. Wang, X.Y. Hu, et al., Chin. Chem. Lett. 33 (2022) 89-96.

[43] W. Shao, X. Liu, LY. Wang, et al., Chem. Commun. 54 (2018) 9462-9465.

[44] M. Xue, Y. Yang, X.D. Chi, Z.B. Zhang, FH. Huang, Acc. Chem. Res. 45 (2012)
1294-1308.

[45] Y.Y. Fang, W. Feng, L.H. Yuan, et al., RSC Adv. 3 (2013) 12376-12383.

[46] T. Adiri, D. Marcianoz, Y. Cohen, Chem. Commun. 49 (2013) 7082-7084.

[47] H.C. Zhang, N.L. Strutt, J.F. Stoddart, et al., Chem. Commun. 47 (2011)
11420-11422.

[48] C. Li, L. Zhao, X. Jia, et al., Chem. Commun. 46 (2010) 9016-9018.

[49] Y. Ma, W. Chen, FH. Huang, et al., Chem. Commun. 47 (2011) 12340-12342.

[50] M. Tang, Q. Bian, Y. Liu, et al., RSC Adv. 10 (2020) 35136-35140.

[51] L.Q. Shangguan, B.B. Shi, FH. Huang, et al., Tetrahedron Lett. 60 (2019)
150949.

[52] Y.M. Yang, Q. Zhao, W. Feng, EY. Li, Chem. Rev. 113 (2013) 192-270.

[53] T. Ogoshi, Y.Nakamoto T.Yamagishi, Chem. Rev. 116 (2016) 7937-8002.

[54] N.L. Strutt, H.C. Zhang, S.T. Schneebeli, ].F. Stoddart, Acc. Chem. Res. 47 (2014)
2631-2642.

[55] X.Y. Loy, Y.W. Yang, Adv. Mater. 32 (2020) 2003263.

[56] Z.H. Zhang, Y.M. Zhang, T.B. Wei, et al., Chin. Chem. Lett. 34 (2023) 107085.

[57] C.G. Hou, LJ. Liu, XJ. Lao, et al., Chin. Chem. Lett. 32 (2020) 214-217.

[58] CJ. Li, Q.Q. Xu, J. Li, EN. Yao, X.S. Jia, Org. Biomol. Chem. 8 (2010) 1568-1576.

[59] EH. Huang, K.A. Switek, H.W. Gibson, Chem. Commun. (2005) 3655-3657.

[60] H.W. Gibson, H. Wang, C. Slebodnick, Org. Chem. 72 (2007) 3381-3393.

[61] H. Zhang, B. Zhou, H. Li, D.H. Qu, H,J. Tian, Org. Chem. 78 (2013) 2091-2098.

[62] X.D. Chi, M. Xue, Y. Yao, FH. Huang, Org. Lett. 15 (2013) 4722-4725.

[63] R. Wang, Y. Sun, H.B. Li, et al., Angew. Chem. 129 (2017) 5378-5382.

[64] Q.Q. Song, H.B. Li, G.F. Yang, et al., Chem. Commun. 56 (2020) 7593-7596.

[65] P. Wang, Y. Yao, M. Xue, Chem. Commun. 50 (2014) 5064-5067.

[66] YJ. Ma, EH. Huang, ]J.L. Hou, et al,, Org. Lett. 14 (2012) 1532-1535.

[67] G.C. Yu, XY. Zhou, EH. Huang, et al, ]J. Am. Chem. Soc. 134 (2012)
19489-19497.

[68] W.B. Hu, C.D. Xie, K. Wen, et al., ]. Org. Chem. 80 (2015) 7994-8000.

[69] Y.F. Zhang, H. Yao, Q. Lin, et al., Sens. Actuator. B: Chem. 327 (2021) 128885.

[70] M. Brigante, P.C. Schulz, ]. Colloid Interface Sci. 363 (2011) 355-361.

[71] C. Huang, W.C. Hung, K.Y.A. Lin, et al, Polym. Degrad. Stab. 161 (2019)
206-212.

[72] S.T. Hsu, T.C. Pan, Bioresour. Technol. 98 (2007) 3617-3621.

[73] Z.H. Wang, H. Yao, Q. Lin, et al., Mater. Sci. Eng. C 118 (2021) 11358-11364.

[74] S. Lan, SJ. Zhan, ].M. Ding, J.Q. Ma, D. Ma, J. Mater. Chem. A 5 (2017)
2514-2518.

[75] X.C. Qian, XJ. Zhou, L. Yang, et al., Microchemical J. 150 (2019) 104203.

[76] X.P. Tan, Y.W. Chen, Q. Gou, et al., Talanta 195 (2019) 472-479.

[77] X.W. Mao, T. Liu, H.B. Li, et al., Chem. Commun. 52 (2016) 4385-4388.

[78] T. Zhou, N. Song, H. Yu, Y.W. Yang, Langmuir 31 (2015) 1454-1461.

[79] J. Zhang, R.A. Lucas, H.B. Li, et al., Anal. Chem. 93 (2021) 5430-5436.

[80] X.P. Tan, T. Huang, G.F. Zhao, et al., ACS Sustain. Chem. Eng. 7 (2019)
20051-20059.

[81] G. Yu, M. Xue, FH. Huang, et al., J. Am. Chem. Soc. 134 (2012) 13248-13251.

[82] H. Tong, Y.N. Hong, B.Z. Tang, et al., Chem. Commun. 35 (2006) 3705-3707.

[83] P. Wang, X.Z. Yan, FH. Huang, Chem. Commun. 50 (2014) 5017-5019.

[84] Y.H. Guo, FE Gao, K. Wen, et al., ACS Appl. Mater. Interfaces 13 (2021)
16507-16515.

[85] S.N. Talapaneni, D. Kim, A. Coskun, et al., Chem. Mater. 28 (2016) 4460-4466.

[86] W. Cui, H. Tang, D. Cao, et al., Macromol. Rapid Commun. 38 (2017) 1700161.

[87] X. Li, Z. Li, Y.W. Yang, Adv. Mater. 30 (2018) 1800177.

[88] Z. Wang, H. Yang, K. Wen, et al., ACS Appl. Polym. Mater. 2 (2020) 5566-5573.

[89] B.B. Shi, H.X. Guan, FH. Huang, et al., J. Mater. Chem. A 5 (2017) 24217-24222.

[90] H.Q. Ju, EB. Zhu, H. Xing, Z.L. Wu, FH. Huang, Macromol. Rapid Commun. 38
(2017) 1700232.

[91] K.S. Novoselov, A.K. Geim, A.A. Firsov, et al., Nature 438 (2005) 197.

[92] Y.B. Zhang, Y.W. Tan, H.L. Stormer, P. Kim, Nature 438 (2005) 201-204.

[93] CS. Demmer, N. Krogsgaard-Larsen, L. Bunch, Chem. Rev. 111 (2011)
7981-8006.

[94] L. Hromadkova, Z. Bilkova, M. Slovakova, et al., Analyst 143 (2018) 466-474.



Z.-D. Tang, X.-M. Sun, T.-T. Huang et al.

[95] Z. Liu, ]J.T. Robinson, X.M. Sun, H. Dai, J. Am. Chem. Soc. 130 (2008)
10876-10877.
[96] X.M. Sun, Z. Lu, HJ. Dai, et al., Nano Res. 1 (2008) 203-212.
[97] G.C. Yu, Q.Z. Zhou, FH. Huang, et al., Chem. Commun. 48 (2012) 2958-2960.
[98] H. Li, F. Qu, Mater. Chem. 17 (2007) 3536-3544.
[99] G.S. Such, A.PR. Johnston, F. Caruso, Chem. Soc. Rev. 40 (2011) 19-29.
[100] J.B. Schlenoff, Langmuir 25 (2009) 14007-14010.
[101] X. Zhang, H. Chen, H.Y. Zhang, Chem. Commun. 14 (2007) 1395-1405.
[102] Y. Li, X. Wang, J.Q. Sun, Chem. Soc. Rev. 41 (2012) 5998-6009.
[103] B. Yuan, J.FE Xu, X. Zhang, et al., ACS Appl. Mater. Interfaces 8 (2016)
3679-3685.
[104] G.G. Qing, X. Wang, L. Jiang, H. Fuchs, T. Sun, Soft Matter 5 (2009) 2759-2765.
[105] G.G. Qing, T. Sun, Angew. Chem. Int. Ed. 53 (2014) 930-932.
[106] N.M. Feng, H.Y. Zhao, ].Y. Zhan, D.M. Tian, H.B. Li, Org. Lett. 14 (2012)
1958-1961.
[107] L. Luo, L. Jiang, H.B. Li, et al., Angew. Chem. Int. Ed. 55 (2016) 12713-12716.
[108] T.L. Xu, W. Gao, L.P. Xu, X]. Zhang, S.T. Wang, Adv. Mater. 29 (2017) 1603250.
[109] I Ortiz-Rivera, T.M. Courtney, A. Sen, Adv. Funct. Mater. 26 (2016) 2135-2142.

10

Chinese Chemical Letters 34 (2023) 107698

[110] D. Patra, S. Sengupta, A. Sen, et al., Nanoscale 5 (2013) 1273-1283.

[111] R. Varshney, M. Alam, C. Agashe, R. Joseph, D. Patra, Chem. Commun. 56
(2020) 9284-9287.

[112] I Vlassiouk, T.R. Kozel, Z.S. Siwy, J. Am. Chem. Soc. 131 (2009) 8211-8220.

[113] Z. Long, S.S. Zhan, F. Xia, et al., Anal. Chem. 90 (2018) 577-588.

[114] X.P. Zhao, S.S. Wang, M.R. Younis, X.H. Xia, C. Wang, Anal. Chem. 90 (2018)
896-902.

[115] H.B. Aiyappa, J. Thote, D.B. Shinde, R. Banerjee, S. Kurungot, Chem. Mater. 28
(2016) 4375-4379.

[116] S.Y. Ding, J. Gao, W. Wang, et al., ]. Am. Chem. Soc. 133 (2011) 19816-19822.

[117] BJ. Yao, F. Li, Y.B. Dong, et al, ACS Appl. Mater. Interfaces 10 (2018)
20448-20457.

[118] C. Wang, Z. Wang, X. Zhang, Acc. Chem. Res. 45 (2012) 608-618.

[119] Y. Sun, WX. Fu, CY. Chen, J. Wang, Y. Yao, Chem. Commun. 53 (2017)
3725-3728.

[120] T. Ogoshi, M. Hashizume, T. Yamagishi, Y. Nakamoto, Chem. Commun. 46
(2010) 3708-3710.





